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Although the mechanisms that balance self-renewal and differentiation of a stem cell lineage have
been extensively studied, it remains poorly understood how tissues that contain multiple stem cell
lineages maintain balanced proliferation among distinct lineages: when stem cells of a particular
lineage proliferate, how do the other lineages respond to maintain the correct ratio of cellsamong
linages? Here, we show that Merlin (Mer), a homolog of the human tumor suppressor neurofibromatosis
2, is required to coordinate proliferation of germline stem cells (GSCs) and somatic cyst stem cells
(CySCs) in the Drosophila testis. Mer mutant CySCs fail to coordinate their proliferation with that of
GSCs in multiple settings, and can be triggered to undergo tumorous overproliferation. Mer executes
its function by stabilizing adherens junctions. Given the known role of Mer in contact-dependent
inhibition of proliferation, we propose that the proliferation of CySCs are regulated by crowdedness,
or confluency, of cells in their lineage with respect to that of germline, thereby coordinating the
proliferation of two lineages.

The balance between stem cell self-renewal and differentiation is critical for maintenance of functional tissues.
Asymmetric stem cell division balances the number of stem cells and differentiated cells of a particular lineage®
2. However, tissues that contain multiple stem cell lineages must further coordinate the proliferation rates among
distinct lineages such that the correct ratio of all cell types is maintained within the tissue. The lack of coordina-
tion among multiple stem cell lineages may cause unbalanced proliferation of a certain lineage with respect to
others, leading to disruption of tissue architecture. Such disruption can be a triggering event for more complex
pathologies, including tumorigenesis and tissue degeneration. Indeed, recent findings reveal the presence of coor-
dination between multiple stem cells that share the niche®*. However, the mechanisms by which proliferation of
multiple stem cell lineages is coordinated remain poorly explored.

Drosophila testis contains two stem cell populations, germline stem cells (GSCs) and somatic cyst stem cells
(CySCs), which cohere to and regulate each other. Both stem cell types attach to hub cells at the apical tip of the
testis (Fig. 1A)°. Each GSC is encapsulated by a pair of CySCs, whereas the differentiating daughter of the GSC,
gonialblast (GB), is encapsulated by a pair of cyst cells (CCs; differentiating daughters of CySCs). Encapsulation
of germ cells by somatic cells is essential for GSC maintenance and germ cell differentiation®. These relationships
between germline and somatic lineages create the necessity for coordinated proliferation between GSCs and
CySCs. Indeed, we have shown that mitotic indices of GSCs and CySCs is 1:2 in ratio’, indicating the presence of
mechanism(s) that coordinate their proliferation. However, underlying mechanisms of their coordination remain
unknown.

Merlin (Mer) is a homolog of the neurofibromatosis 2 (Nf2) tumor suppressor gene, which is mutated in a
rare cancer neurofibromatosis type 2, characterized by central and peripheral nervous system tumors derived
from Schwann cells®®. Mer’s function to regulate cell proliferation is conserved through evolution'®''. Mer
encodes a protein closely related to ezrin, radixin, and moesin (ERM) proteins, and functions to stabilize the
membrane-cytoskeleton interface. In cell culture models, Mer has been shown to function in contact-dependent
inhibition of proliferation (‘contact inhibition’ in short) through stabilization of adherens junctions and regulation
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Figure 1. Mer protein localizes to the surfaces of CySCs and CCs. (A) Diagram of the Drosophila testicular stem
cell niche. GSCs and CySCs are attached to the hub cells, where each GSC is encapsulated by a pair of CySCs.
GB, the differentiating daughter of a GSC, which will become spermatogonia (SGs), is encapsulated by a pair

of CCs generated by CySC divisions. (B and C) The wild-type testis apical tip shows Mer protein localization

on the cell surface (arrowheads). The pseudocolor of immunofluorescent staining is shown in the colored text.
GSCs are indicated by white dots. Bar, 10 um. Hub (*). (D) RNAi-mediated knockdown of Mer in the CySC
lineage (c587 > Mer®N4), Residual cytoplasmic staining can be seen in the germline. (E) RNAi-mediated Mer
knockdown in the germline (105 > MerfNAi),

SCIENTIFICREPORTS|7:2502 | DOI:10.1038/s41598-017-02768-z



www.nature.com/scientificreports/

of signaling events at the cell cortex” 2. Contact inhibition is characterized by halted proliferation of cells in
culture, when cells reach confluence. Transformed cells override contact inhibition and maintain proliferation,
yielding a multilayered stack of cells. Contact inhibition is triggered by cell-cell contact, where the adherens junc-
tion plays a key role in sensing confluency and inhibiting further proliferation. In mouse models, Mer is required
for tissue homeostasis in the liver, where Mer mutation leads to overgrowth of the tissue'® 4. However, it is not
well understood how the contact inhibition mechanism elucidated through cell culture models applies to in vivo
settings, where multiple cell types are organized into complex tissue architecture.

Here we show that Mer is required to prevent excess proliferation of CySCs in relation to GSCs in the
Drosophila testis. In Mer mutant testes, CySCs’ proliferation is not well coordinated with GSCs, leading to an
increase in the number of CCs. This lack of coordination is further highlighted when CySC proliferation is stim-
ulated by expression of bone morphogenetic protein ligand decapentaplegic (Dpp). Although Dpp’s activity to
stimulate CySC proliferation is normally masked by the Mer-dependent mechanism that suppresses excess CySC
proliferation, the combination of Dpp stimulation and Mer mutation leads to unlimited proliferation of CySCs/
CCs. In another setting, in which germ cells are depleted, wild type CySCs cease proliferation, whereas Mer
mutant CySCs continue to proliferate, demonstrating Mer’s role to suppress CySC proliferation in the absence
of germ cell proliferation. We further provide evidence that Mer’s function to regulate CySC/CC proliferation
involves E-cadherin. We propose that Mer regulates coordination of proliferation between GSCs and CySCs by
limiting excess proliferation of CySCs via the mechanism equivalent to contact inhibition. Our work provides
insights into how tissues composed of multiple cell types might achieve coordinated proliferation rates to main-
tain tissue homeostasis.

Results

Mer protein localizes to the cell cortex of somatic CySCs and CCs at the apical tip of the
Drosophila testis. Using the anti-Mer antibody described previously'®, we found that Mer protein localizes
to the cell cortex at the apical tip of the Drosophila testis (Fig. 1B and C). GSCs were identified by expression of
Vasa, a germline-specific protein, and attachment to the hub. CySCs and their recent daughters were identified by
the expression of the transcriptional repressor Zth-1'. By using these markers and anti-Mer antibody, Mer was
clearly observed on the plasma membrane of cells in the apical tip of the testes. Because germ cells and somatic
cells closely associate with each other, it is impossible to distinguish whether Mer protein localizes to the germ
cell cortex or the somatic cell cortex. In some cases, however, membrane localization was observed between two
somatic cells (Fig. 1B and C, arrowheads), suggesting that Mer protein localizes to the somatic cell cortex. This
notion was further confirmed by lineage-specific, RNAi-mediated knockdown of Mer. When Mer was knocked
down in the CySC lineage (c587-gal4 > UAS-Mer®™4), the membrane localization of Mer protein was almost com-
pletely abolished (Fig. 1D). In contrast, when Mer was knocked down in the germline (nos-gal4 > UAS-MerRN4i),
the cortical localization of Mer protein remained intact (Fig. 1E), suggesting that the majority of observed cortical
localization of Mer protein is due to its expression in the CySC lineage. Furthermore, the phenotype of Mer®™ 4/ in
the CySC lineage recapitulates the loss-of-function allele (Mer*!, see below), suggesting that Mer mainly functions
in the CySC lineage in the Drosophila testis.

Mer is required to suppress excess numbers of cyst cells. To examine the function of Mer in the
Drosophila testis, we used a temperature sensitive, loss-of-function allele of Mer (Mer*') and RNAi-mediated
knockdown of Mer (Mer®4i) in the CySC lineage (c587-gal4 > UAS-Mer®N4i). To assess possible changes in the
GSC/CySC/CC populations, we used above-mentioned Vasa and Zth-1, as well as the transcription factor Traffic
jam (Tj): Tj marks CySCs and CCs at early stages of differentiation'’, a slightly broader range of CCs compared to
the population marked by Zth-1.

In wild type/control testes, due to coordinated proliferation of GSCs and CySCs’, we barely observed excess
germ cells that were not associated with any CCs, or excess CCs that were not associated with any germ cells.
Accordingly, CCs positive for Tj were well interspersed among germ cells in control testis (Fig. 2A). In con-
trast, we found that Mer*! or Mer®f™' testes contained higher number of CCs (~140 Tj* cells in Mer®fN' testes
and ~160 Tj* cells in Mer™! testes compared to ~100 Tj cells in control testes, Fig. 2B and C), and we often
observed excess CCs that did not apparently touch any germ cells (Fig. 2B, white circle, and D). Excess CCs were
not due to increased CySC number (Zth-1* cell number) or division rate (Supplementary Figure S1A). Also,
both in wild type and Mer mutant testes, the only somatic cells observed in mitosis were CySCs (Supplementary
Figure S1B, C, 100% for N =48 for Mer™! control, N = 66 for Mer™! at 29°C, N =57 for c587-gal4 control, N=114
c587-gald > UAS-Mer®™4)), excluding the possibility that Mer mutant CCs divide to increase in number. In addi-
tion, the increase of Tj* cells in Mer mutant testes was unlikely due to a defect in CC differentiation, since we
observed normal expression patterns of Eyes absent (Eya), a marker for differentiated CCs (Supplementary
Figure S2).

It is well established that Mer functions via the regulation of the Hippo pathway in many cell types exam-
ined. Mer acts upstream of the Hippo pathway to ultimately downregulate the function of the pro-proliferative
transcription factor Yki, leading to suppression of cell proliferation® ! %1% Qverexpression of yki can mimic
the loss of function of Hippo pathway components. However, we found no significant changes in the number of
GSCs or Tj* CCs upon overexpression of wild-type yki or a constitutive-active form of yki in the CySC lineage
(Supplementary Figure S3), suggesting that Mer functions independently of yki to regulate the number of CCs.
RNAi-mediated knockdown of hippo using independent RNAi lines had no effect on Tj* CC number, either
(Supplementary Figure S3). These results suggest that the CySC proliferation by Mer is unlikely mediated by the
canonical Hippo pathway. Hippo-independent function of Mer is reminiscent of Nf2 function reported in mouse
liver'® and culture cells®. It was recently shown that Hippo pathway is active in CC lineage and that hippo mutant
CySCs outcompete wild type CySCs in the niche?!. This suggests that CySCs’ proliferation within its own lineage
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Figure 2. CCs are increased in number upon loss of Mer function.(A and B) The testis apical tip stained for Tj
(green), Vasa (blue), adducin-like (Add), and fasciclin III (Fas III, red) in a control (A) and (Mer*") mutant (B)
testis. Circles in (B) indicate Tj* cells without clear association with germ cells (“lone CCs”). GSCs are indicated
by white dots. Hub (*). Bar, 10 um. (C) The number of Tj™ cells/testis in control, Mer™!, and c587 > Mer®4i
testes. Data are expressed as the mean 4= SD, and p values were obtained using the Student’s ¢ test (two-tailed) by
comparing to wild type. N = 15 testes for data point. (D) The frequency of testes containing lone CCs in control
and Mer mutants. N > 40 testes for data point.

is under the regulation of Hippo pathway, whereas CySCs’ coordinated proliferation in relation to germline is
regulated by Mer, independent of Hippo pathway. How these two pathways may together regulate overall CySC
proliferation awaits future investigation.

Adherens junction between CCs is compromised in Mer mutant testes. Because the Hippo path-
way is apparently not involved in Mer-mediated regulation of CC number, we sought other mechanisms that
could explain Mer mutant phenotypes in the Drosophila testis. In cultured cells, Mer/Nf2 plays a role in the
contact-dependent inhibition of proliferation via its ability to regulate the adherens junctions®?>2. Therefore,
we examined possible effect(s) of Mer™! mutation on adherens junctions. In wild-type testes, we observed that
E-cadherin, a major component of adherens junctions, localized to the cell-cell junction between CCs (Fig. 3A,B,
arrows), in addition to its well-characterized localization to the hub-GSC and hub-CySC interface (Fig. 3A, aster-
isk), where E-cadherin supports anchorage of GSCs and CySCs to the hub®-?’. In Mer"! mutants, E-cadherin
localization at hub cells was not visibly affected (Fig. 3C, asterisk). However, its localization between CCs was less
prominent, compared to wild type (Fig. 3C). Similarly, GFP-Armadillo (Arm, 3-catenin), another component of
adherens junctions, was observed between somatic cells in control (Fig. 3D) but not in Mer"! mutant (Fig. 3E),
suggesting that Mer is required for adherens junction stability between CCs.

We further characterized the cell-cell junctions in Mer"! mutants using transmission electron microscopy
(TEM). We observed electron dense cell-cell junctions at the CC-CC interface in control testis (Fig. 3F, arrows).

SCIENTIFICREPORTS|7:2502 | DOI:10.1038/s41598-017-02768-z A



www.nature.com/scientificreports/

Vasa E-cad Add

Arm-GFP Vasa Add

Arm-GFP

Figure 3. Mer is required for stability of adherens junction between CCs. (A-C) Apical tip of a wild-type (A
and B) and Mer™! mutant (C) testis stained for E-cadherin (Blue), Vasa (Green), and Add (Red). GSCs are
indicated by white dots. Hub (*). Bar, 10 um. (D and E) Apical tip of wild-type (D) and Mer"! mutant (E) testis
visualized for Arm-GFP (Green), Vasa (Blue), and Add (Red). (F and G) Transmission electron microscopy
showing junctions between two somatic cells in a wild-type (F) and Mer™! (G) testis. Arrows indicate cell-cell
junctions. Blue, double-headed arrows in (F) indicate gaps in cell-cell junction structure. We noted that Mer"!
mutant somatic cells have numerous multilamellar bodies (yellow arrowhead), although its meaning is currently
unclear. Bar, 500 nm.

Such electron-dense junctions between two CCs were consistently observed along the cell-cell interface. In con-
trast, we found that the cell-cell junction between two somatic cells was significantly weaker in Mer! mutants
(Fig. 3G, arrows), and patches that lacked electron-dense junctional structures were frequently observed in Mer*!
mutants (Fig. 3G, double-headed blue arrows). Although its significance remains unclear, we frequently observed
vesicular compartment resembling multivesicular bodies in Mer*! mutant CCs (Fig. 3G, yellow arrowhead). The
TEM analysis, combined with immunofluorescent staining analysis of multiple adherens junction markers, sug-
gests that Mer is required for stabilization of cell-cell adhesion between CCs.

Mer mutant CySCs are triggered to undergo tumorous overproliferation upon stimulation by
the bone morphogenetic protein (BMP) ligand Dpp. A moderate increase in the number of CCs in the
Mer mutant/RNAi testes suggests that Mer is required for suppressing CySC proliferation. Contact-dependent
inhibition of proliferation is a mechanism that safe-guards against overproliferation of cells, making cells resistant
to stimulation by mitogens. Therefore, defects in contact-dependent inhibition may not have a profound effect in
the absence of mitogens.

We reasoned that, if Mer regulates CySC proliferation via the mechanism of contact inhibition, Mer mutant
may not exhibit severe phenotypes unless stimulated by mitogens. Based on this idea, we examined a poten-
tial effect of ectopically expressing signaling ligands in Mer™! mutant background. Dpp, Hedgehog (Hh), Delta
(DI), Wingless (Wg), or Spitz (Spi, an Egf ligand), which are known to be expressed in the Drosophila testicular
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niche!® 283, were expressed in wild type or Mer™! mutant background (+; nos-gal4 > UAS-ligand or Mer™;

nos-gald > UAS-ligand) and its effect was examined. Expression of Hh, DI, Wg or Spi did not cause any detectable
defects in tissue architecture in wild type or Mer"! background (Supplementary Figure S4). Overexpression of
Dpp in wild type background led to expansion of SGs due to its known role to suppress differentiation (Fig. 4B
double-headed arrow)30-3>3% 35 However, overall architecture of the tissue was maintained with differentiation
progressing along the apical-to-basal axis of the testis. In contrast, when Dpp overexpression was combined with
Mer*!, massive proliferation of CySC/CCs were observed, leading to perturbed tissue architecture due to tumor-
ous overproliferation of cells (Fig. 4C-H). The numbers of Tj* CCs as well as Zth-1* CySCs increased dramat-
ically in Mer'! Dpp-expressing testes compared to Dpp-expressing testis in wild type background (Fig. 4C-F).
We often observed large clusters of Tj™ CC cells, especially near the Fas III-positive hub-like clusters (Fig. 4F,
circles), indicating that Mer®! mutant CySCs overproliferated without coordinating with germ cells. Moreover, in
Mer"! Dpp-expressing testes, hub cells were enlarged (Fig. 4D, 48% of testes, N =42), or multiple hub-like clusters
were observed (Fig. 4C and E, 33% of testes, N =42). These hub-like cells may be derived from transformation
of CySCs/CCs to hub-like fate associated with expansion of CySC/CC pool*. In a Mer*! mutant background,
not only CySCs, but also CCs as well as hub-like cells, underwent cell division visualized by mitotic cell marker
phosphor-histone H3 (Fig. 4G and H, 0 mitotic CCs/testis in Mer™! control, N =117 testes, 0.64 mitotic CCs/testis
in Mer™!; nos-gal4 > UAS-Dpp, N = 120 testes), whereas CCs or hub cells never underwent mitosis in a wild-type
background?®” 3¢ or in Dpp-overexpressing testis. These results indicate that Mer's! mutant somatic cells are sensi-
tive to proliferative stimuli due to expression of Dpp. Importantly, the fact that Dpp overexpression in wild type
background does not cause CySC/CC expansion suggests that wild type CySCs/CCs are resistant to stimulation

by Dpp.

Dpp pathway in CySCs functions to promote CySC mitosis separately from its known function
ingerm cells. Based on the results described above, we hypothesized that CySCs/CCs are normally prevented
from overproliferation by the function of Mer, and that Dpp has a mitogenic effect on CySCs/CCs. Dpp over-
expression in wild type background would not lead to CySC/CC overproliferation because Mer prevents them
from overproliferating. Mer mutant CySCs/CCs would not overproliferate on its own, either, because mitogenic
stimulation (Dpp) is limited. Only when combined, however, ectopically expressed Dpp stimulates Mer mutant
CySCs/CCs, leading to overproliferation.

This hypothesis postulates that Dpp has a mitogenic activity on CySCs/CCs. To test in which cell type Dpp sig-
naling must be active to stimulate the proliferation of Mer"! mutant CySCs/CCs, we first expressed a constitutively
active form of Tkv (Tkv*), the receptor for Dpp, in germ cells of Mer mutant testes (Mer™!; nos-gald > UAS-tkv*):
Unlike the expression of the ligand (Dpp), which can be secreted and act in both autocrine and paracrine man-
ners, the receptor (Tkv) would be confined within the cell in which the expression is driven. Expression of Tkv*
in germ cells in combination with Mer*! did not cause tumorous overproliferation, although a spermatogonial
tumor was observed consistent with the role of Tkv in the germline to suppress differentiation (Supplementary
Figure S5A, double-headed arrow)*-3>3% 3, This result suggests that Dpp-Tkv pathway does not operate in germ
cells to stimulate CySC/CC proliferation. Instead, this result suggests that Dpp-Tkv pathway operates in CySC/
CCs to stimulate their proliferation.

Strikingly, expression of Tkv* in the CySC lineage (c587-gal4 > tkv*) was sufficient to induce CySC overprolif-
eration even in the wild type background (Supplementary Figure S5B,C). This result has two important implica-
tions. First, it supports the idea that Dpp-Tkv signaling in CySC lineage functions to promote their proliferation.
Second, the fact that overexpression of Tkv* is sufficient to drive CySC/CC proliferation even without Mer muta-
tion indicates that Mer functions downstream of Dpp secretion/reception but upstream of Tkv activation. Taken
together, these results suggest that Dpp functions as a mitogen for CySC lineage, and CySC proliferation is con-
trolled at least at two levels: limiting available Dpp and Mer-dependent mechanism that makes CySCs resistant
to stimulation by Dpp.

Mer functions with E-cadherin in regulating CC number.  Nf2/Mer mediates contact-dependent inhi-
bition of proliferation through regulation of adherens junction®>?. The results described above (Fig. 3) are con-
sistent with Mer’s role in regulating adherens junction. To gain further insights into the relationship between Mer
and E-cadherin in suppressing proliferation of CySCs/CCs, we examined potential genetic interactions between
these two genes in regulating CC number.

We first tested whether expression of wild-type E-cadherin (UAS-DEFL) might be able to suppress the increase
in Tj* CC number due to Mer®N4, As described above, Mer®™4! in the CySC lineage caused a moderate but sig-
nificant increase in Tj* CC number. Expression of E-cadherin in Mer® background reduced Tj* CC num-
ber significantly (Fig. 5A), suggesting that the phenotypes of Mer®i comes at least partly from destabilized
adherens junction. We next tested whether expression of E-cadherin can suppress the increase in Tj* CC num-
ber due to combinatory effect of Mer®¥/ and ectopic Dpp expression. Similar to the case of Mer*!, the increase
in Tj" CC number in Mer® testis was further enhanced by co-expression of Dpp (Fig. 5A, ~100 Tj* CCs in
¢587-gald > UAS-Mer®™4 compared to ~250 Tj* CCs in ¢587-gal4 > UAS-Mer®™4, UAS-dpp). Such increase in Tj*
CC number was dramatically suppressed by co-expression of E-cadherin (Fig. 5A, ~150 Tj* CCs), suggesting that
increased stability of adherens junction can rescue defects caused by loss of Mer function.

Ifan increase in Tj" CC number in Mer®™4/ is due to, at least in part, destabilized adherens junctions, weaken-
ing adherens junctions by overexpressing a dominant-negative E-cadherin mutant (UAS-dCR4h, an E-cadherin
mutant that lacks the extracellular domain®’) might be sufficient to make CySCs/CCs sensitive to Dpp overex-
pression. Indeed, combined expression of Dpp and dCR4h significantly increased Tj* CC number, even in the
absence of the Mer mutation or RNAI (Fig. 5B), demonstrating that CCs with weakened cell-cell junctions are
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Figure 4. Ectopic expression of Dpp drives tumorous CySC/CC expansion in the Mer mutant. (A-C) The apical
tip of the testis in Mer*! (A), nos > dpp (B), and Mer*’; nos > dpp (C) stained for Tj (Green), Vasa (Blue), Add,
and Fas III (Red). Bar, 50 um. (D) The apical tip of the testis from Mer"'; nos > dpp stained for Zth-1 (Green),
Vasa (Blue), and Fas III (Red). (E) The apical tip of the testis from Mer"; nos > dpp stained for Tj (Green), Vasa
(Blue), and Fas IIT (Red). Expansion of hub cells are shown by arrows. (F) The apical tip of the testis from Mer™;
nos > dpp stained for Tj (Green), Vasa (Blue), and Fas III (Red). Clusters of Tj* CCs are indicated by white
circles. (G and H) Examples of mitotic somatic cells [positive for phosphorylated histone H3 (pH3)] away from
the hub (G) and within the expanded hub-like structure (H) in a Mer™’; nos > dpp testis. Hub (*).
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Figure 5. E-cadherin functionally interacts with Mer and Dpp in regulation of CySC/CC proliferation. (A)

Tj™ CC number in control, Mer®™4, and Mer®N4% nos > dpp testes in the presence or absence of E-cadherin
overexpression. N = 15 testes for each data point. (B) Tj* CC number in control, c587 > dCR4h, c587 > dpp, and
c587 > dCR4h, dpp testes. c587-gal4 was combined with tub-gal80", and expression was induced upon eclosion
by shifting young males from 18 °C to 29 °C for 7 days. N > 15 testes for each data point. p values were obtained
using the Student’s ¢ test (two-tailed).

more susceptible to stimulation by Dpp. Taken together, these data support the model, in which Mer functions to
stabilize adherens junctions, which in turn suppresses excess proliferation of CySCs.

Mer is required to prevent CySC overproliferation in the absence of germ cells. While the sen-
sitivity of Mer mutant CySCs/CCs to Dpp overexpression reveals that they are defective in preventing overpro-
liferation, Dpp is not normally expressed broadly in the testis®. Thus, our experimental model described above
(ectopic expression of Dpp) might be somewhat artificial, although it highlights the defective nature of Mer
mutant in preventing CySC proliferation. To further address the role of Mer in preventing excess proliferation
of CySCs/CCs in coordination with germ cells, we examined the effect of germ cell depletion on CySCs/CCs in
Mer mutant. Bam is a master regulator of differentiation®, and its expression in germ cells (nos-gald > UAS-bam)
results in complete loss of germ cells by the time of eclosion. In a wild-type background, bam-induced germ
cell depletion was associated with underdeveloped testicular structure, frequently containing few or no Tj™ cells
(Fig. 6A-C, E, type I and II testes). Compared to the wild-type testis that has an average of ~100 Tj* cells (Fig. 2C),
bam-expressing testes contain much fewer Tj* cells, indicating that CySCs responded to the lack of germ cells
and ceased proliferation during development. In stark contrast to the wild-type testis depleted of germ cells,
the Mer*! mutant testes depleted of germ cells (Mer™’; nos-gal4 > UAS-bam) often exhibited overproliferation of
Tj* CCs (Fig. 6D-F, type III and IV). CCs in such testes maintained proliferation, as assessed by the presence of
phosphorylated histone H3 (pH3) (Fig. 6D and E, arrowheads, and 6G). Similar results were obtained even when
bam was turned on after eclosion by temperature shift (Mer’; nos-gal4 AVP16, tub-gal80* > UAS-bam)(Fig. 6H),
suggesting that Mer-dependent prevention of CySC/CC proliferation in response to germ cell depletion operates
during development as well as adult tissue homeostasis.

Taken together, these results suggest that Mer is required for suppressing CySC proliferation when not accom-
panied by germ cell proliferation. We propose that Mer prevents CySC overproliferation via a mechanism similar
to contact-dependent inhibition of proliferation, wherein ‘overcrowding), or confluency, of CySCs/CCs in relation
to germ cells suppresses CySC proliferation.

Discussion
Despite its paramount importance in tissue development and maintenance, the mechanisms by which multiple
stem cell lineages coordinate proliferation remain poorly understood. Does one lineage have instructive or per-
missive roles over the other lineage(s)? Do they crosstalk to coordinate proliferation? How do the tissues sense
the correct number and/or ratio of cells among multiple lineages to maintain the functional tissue? Our previous
study using overexpression of Cdc25, a major mitotic regulator, suggested that CySCs have a permissive (but
not instructive) role over GSC proliferation’. However, how CySC proliferation might be coordinated with GSC
proliferation remains unclear.

The present study showed that Mer is an important regulator of CySC division. We propose Mer functions in
a manner reminiscent of Nf2’s role in contact-dependent inhibition of proliferation® !> 2. In the absence of Mer
function, the number of CCs mildly increased in relation to germ cells, leading to extra CCs. Such a phenotype
could be easily missed, as Mer mutant testes show only a slight increase in CC number and maintain an overall
normal tissue architecture. However, Mer’s requirement for the regulation of CySC proliferation was revealed in
a sensitized background. First, when cell proliferation was stimulated by ectopic expression of Dpp, Mer mutant
CySCs/CCs underwent tumorous overproliferation. Importantly, Dpp overexpression in a wild-type background
does not lead to tumorous overgrowth of CySCs/CCs, suggesting that Mer plays a role to make CySCs/CCs resist-
ant to mitogenic stimulation. Second, Mer mutant CySCs/CCs continue to proliferate in the absence of germ cells
due to overexpression of Bam, a master regulator of differentiation.

By drawing a parallel between the established role of Nf2 in contact inhibition and that of Mer in preventing
CySC/CC overproliferation, we propose that ‘confluency’ of one lineage (e.g. CySC lineage) with respect to the
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Figure 6. Mer is required to prevent CySC/CC overproliferation in the germ cell-depleted testis. (A-C) The
apical tip of the testis from nos > bam stained for Tj, FasIII, and phosphorylated histone H3 (pH3). The testis
apical region is marked by white lines. Terminal epithelium (TE). Bar, 50 um. (D and E) The apical tip of the
testis from Mer"! nos > bam. Overproliferated Tj* cells stained for FasIII (D’ and E’). Arrowheads indicate
mitotic somatic cells. (F) Summary of the testis phenotype upon depletion of germ cells in the wild-type or
Mer"! background. Types I-IV correspond to the designations in A-E. n > 27 testes for each data point. (G)
The mitotic index in testes expressing bam in a wild-type or Mer*! mutant background. N =30 testes for each
data point. (H) The number of Tj* cells in wild-type and Mer! background after induction of germ cell loss by
expression of bam upon eclosion. N > 10 testes for each data point. p values were obtained using the Student’s t
test (two-tailed) by comparing to control at corresponding time points.

other lineage (e.g. germline) serves as a mechanism to coordinate the proliferation of two lineages in a given
tissue. In this scenario, CySCs proliferate until they and their progeny occupy the surface of germline, reaching
‘confluency’, at which point contact inhibition mechanism mediated by Mer and adherens junctions halts CySC
division. Once GSCs divide, it would increase ‘substrate surface’ (i.e. surface generated by production of more
germ cells) on which CySC lineage can proliferate, until their progeny reach to confluency again. In this man-
ner, GSC and CySC divisions would balance their proliferation to maintain correct ratio of cell numbers. Taken
together, our study illuminates the mechanism by which two distinct stem cell populations within a tissue coor-
dinate their proliferation to maintain tissue homeostasis, and provide insights into how contact inhibition may
operate in tissues in the in vivo context.
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Materials and Methods
Fly Husbandry and Strains.  All fly stocks were raised in standard Bloomington medium. The following fly
stocks were used: Mer"! *; a gift from Ilan Davis), c587-gal4"’, nos-gal4*!, UAS-Mer®™4{ (GD1484 from the Vienna
Drosophila Research Center), UAS-tkv**; a gift from Ting Xie), UAS-Bam* a gift from Dennis McKearin), UAS-
DEFL¥; a gift from Hiroki Oda), hs-FLP; act > stop > gald UAS-GFP*; a gift from Yu Cai), UAS-dpp, UAS-yki,
UAS-ykiS168A, socs36EFY9666>, and Df(2L)Exel7070 (obtained from the Bloomington Stock Center). These strains
are described in Flybase (http://flybase.org). nos-gal4 without VP16 is denoted as nos-gal4 AVP16 to distinguish
it from nos-gal4- VP16 that was generated by*!, which has been often referred to as nos-gal4. nos-gald AVP16 was
combined with tubulin-gal80* to achieve temperature-dependent, temporal control of UAS-bam expression.
Mer*™! flies were raised at 18 °C and shifted to 29 °C upon eclosion for 2-3 days before analysis. Expression of
Dpp or DEFL under the c587-gal4 driver was performed by raising flies at 18 °C to avoid lethality during develop-
ment and shifted to 25°C upon eclosion for 2-3 days before analysis. Other fly crosses were performed at 25°C.
Control experiments were conducted with matching temperature-shift schemes.

Immunofluorescent Staining. Immunofluorescent staining was performed as described previously*.
Briefly, testes were dissected in phosphate-buffered saline (PBS) and fixed in 4% formaldehyde in PBS for
30-60 minutes. Next, testes were washed in PBST (PBS +0.1% Tween 20) for at least 30 minutes, followed by
incubation with primary antibody in 3% bovine serum albumin (BSA) in PBST at 4 °C overnight. Samples were
washed for 60 minutes (three times for 20 minutes each) in PBST, incubated with secondary antibody in 3% BSA
in PBST at 4°C overnight, and then washed for 60 minutes (three times for 20 minutes each) in PBST. Samples
were then mounted using VECTASHIELD with 4/,6-diamidino-2-phenylindole (DAPI). The primary antibod-
ies used were as follows: mouse anti-adducin-like [1:20, developed by H. D. Lipshitz and obtained from the
Developmental Studies Hybridoma Bank (DSHB)], anti-Fasciclin III (1:100, developed by C. Goodman and
obtained from DSHB), anti-3PS (1:20, developed by D. Brower and obtained from DSHB), anti-E-cadherin
(1:20, developed by T. Uemura and obtained from DSHB), rabbit anti-Thr3-phosphorylated histone H3 (1:200;
Upstate), rat anti-Vasa (1:40; developed by A. Spradling and D. Williams, and obtained from DSHB), rabbit
anti-Zfth-1 (1:4000; a gift from Ruth Lehmann), guinea pig anti-Tj (1:400, a gift from Dorothea Godt), and guinea
pig anti-Mer (1:2000, a gift from Rich Fehon). AlexaFluor-conjugated secondary antibodies were used at a dilu-
tion of 1:200. Images were taken using a Leica TCS SP5 or SP8 confocal microscope with a 63 X oil immersion
objective (NA = 1.4) and processed using Adobe Photoshop software.

Transmission Electron Microscopy. Drosophila testes were dissected in 1 x PBS and fixed in 2% glutaral-
dehyde/2% paraformaldehyde (EM grade) in 0.1 M cacodylate (pH 7.4) for 5 minutes at room temperature. This
step was followed by an additional 25-minute fixation on ice. The tissue was rinsed three times for 10 minutes
each in cacodylate buffer and then post-fixed for 30 minutes in 2% osmium tetroxide in the same buffer on ice.
Next, the samples were rinsed in double-distilled water and then stained en bloc for 1 hour in aqueous 7% uranyl
acetate. The samples were then dehydrated in increasing concentrations of ethanol, treated with propylene oxide,
and embedded in Epon epoxy resin. Semi-thin sections were stained with toluidine blue for tissue identification.
Selected regions of interest were serially sectioned (70-nm thickness) and mounted on Formvar/carbon-coated
slotted grids. The grids were post-stained with uranyl acetate and lead citrate, and samples were examined using a
Philips CM100 electron microscope at 60 kV. Images were recorded digitally using a Hamamatsu ORCA-HR digital
camera system, which was operated using AMTsoftware (Advanced Microscopy Techniques Corp., Danvers, MA).

References
1. Morrison, S. J. & Kimble, J. Asymmetric and symmetric stem-cell divisions in development and cancer. Nature 441, 1068-1074
(2006).
2. Chen, C., Fingerhut, J. M. & Yamashita, Y. M. The ins(ide) and outs(ide) of asymmetric stem cell division. Curr Opin Cell Biol 43,
1-6, d0i:10.1016/j.ceb.2016.06.001 (2016).
3. Chang, C. Y. et al. NFIB is a governor of epithelial-melanocyte stem cell behaviour in a shared niche. Nature 495, 98-102,
doi:10.1038/nature11847 (2013).
4. Issigonis, M. et al. JAK-STAT signal inhibition regulates competition in the Drosophila testis stem cell niche. Science 326, 153-156,
doi:10.1126/science.1176817 (2009).
5. Matunis, E. L., Stine, R. R. & de Cuevas, M. Recent advances in Drosophila male germline stem cell biology. Spermatogenesis 2,
137-144, doi:10.4161/spmg.21763 (2012).
6. Fuller, M. T. & Spradling, A. C. Male and female Drosophila germline stem cells: two versions of immortality. Science 316, 402-404
(2007).
7. Inaba, M., Yuan, H. & Yamashita, Y. M. String (Cdc25) regulates stem cell maintenance, proliferation and aging in Drosophila testis.
Development 138, 5079-5086, doi:10.1242/dev.072579 (2011).
8. McClatchey, A. I. & Fehon, R. G. Merlin and the ERM proteins-regulators of receptor distribution and signaling at the cell cortex.
Trends Cell Biol 19, 198-206, doi:10.1016/j.tcb.2009.02.006 (2009).
9. Cooper, J. & Giancotti, F. G. Molecular insights into NF2/Merlin tumor suppressor function. FEBS Lett 588, 2743-2752,
doi:10.1016/j.febslet.2014.04.001 (2014).
10. Boggiano, J. C. & Fehon, R. G. Growth control by committee: intercellular junctions, cell polarity, and the cytoskeleton regulate
Hippo signaling. Developmental cell 22, 695-702, doi:10.1016/j.devcel.2012.03.013 (2012).
11. Fehon, R. G., McClatchey, A. I. & Bretscher, A. Organizing the cell cortex: the role of ERM proteins. Nat Rev Mol Cell Biol 11,
276-287, doi:nrm2866 [pii] 10.1038/nrm2866 (2010).
12. McClatchey, A. I. & Yap, A. S. Contact inhibition (of proliferation) redux. Current opinion in cell biology, doi:10.1016/j.
ceb.2012.06.009 (2012).
13. Benhamouche, S. et al. Nf2/Merlin controls progenitor homeostasis and tumorigenesis in the liver. Genes Dev 24, 1718-1730,
doi:10.1101/gad.1938710 (2010).
14. Zhang, N. et al. The Merlin/NF2 tumor suppressor functions through the YAP oncoprotein to regulate tissue homeostasis in
mammals. Dev Cell 19, 27-38, doi:10.1016/j.devcel.2010.06.015 (2010).

SCIENTIFICREPORTS |7: 2502 | DOI:10.1038/s41598-017-02768-z 10


http://flybase.org
http://dx.doi.org/10.1016/j.ceb.2016.06.001
http://dx.doi.org/10.1038/nature11847
http://dx.doi.org/10.1126/science.1176817
http://dx.doi.org/10.4161/spmg.21763
http://dx.doi.org/10.1242/dev.072579
http://dx.doi.org/10.1016/j.tcb.2009.02.006
http://dx.doi.org/10.1016/j.febslet.2014.04.001
http://dx.doi.org/10.1016/j.devcel.2012.03.013
http://dx.doi.org/10.1038/nrm2866
http://dx.doi.org/10.1016/j.ceb.2012.06.009
http://dx.doi.org/10.1016/j.ceb.2012.06.009
http://dx.doi.org/10.1101/gad.1938710
http://dx.doi.org/10.1016/j.devcel.2010.06.015

www.nature.com/scientificreports/

15. McCartney, B. M. & Fehon, R. G. Distinct cellular and subcellular patterns of expression imply distinct functions for the Drosophila
homologues of moesin and the neurofibromatosis 2 tumor suppressor, merlin. J Cell Biol 133, 843-852 (1996).

16. Leatherman, J. L. & Dinardo, S. Zth-1 controls somatic stem cell self-renewal in the Drosophila testis and nonautonomously
influences germline stem cell self-renewal. Cell Stem Cell 3, 44-54 (2008).

17. Li, M. A,, Alls, J. D., Avancini, R. M., Koo, K. & Godt, D. The large Maf factor Traffic Jam controls gonad morphogenesis in
Drosophila. Nat Cell Biol 5, 994-1000 (2003).

18. Zhao, B., Li, L., Lei, Q. & Guan, K. L. The Hippo-YAP pathway in organ size control and tumorigenesis: an updated version. Genes
Dev 24, 862-874, d0i:10.1101/gad.1909210 (2010).

19. Yin, E et al. Spatial organization of Hippo signaling at the plasma membrane mediated by the tumor suppressor Merlin/NF2. Cell
154, 1342-1355, d0i:10.1016/j.cell.2013.08.025 (2013).

20. Hikasa, H., Sekido, Y. & Suzuki, A. Merlin/NF2-Lin28B-let-7 Is a Tumor-Suppressive Pathway that Is Cell-Density Dependent and
Hippo Independent. Cell Rep 14, 2950-2961, doi:10.1016/j.celrep.2016.02.075 (2016).

21. Amoyel, M., Simons, B. D. & Bach, E. A. Neutral competition of stem cells is skewed by proliferative changes downstream of Hh and
Hpo. EMBO ] 33, 2295-2313, doi:10.15252/embj.201387500 (2014).

22. Lallemand, D., Curto, M., Saotome, I., Giovannini, M. & McClatchey, A. I. NF2 deficiency promotes tumorigenesis and metastasis
by destabilizing adherens junctions. Genes Dev 17, 1090-1100, doi:10.1101/gad.1054603U-10546R (2003).

23. Curto, M,, Cole, B. K., Lallemand, D., Liu, C. H. & McClatchey, A. I. Contact-dependent inhibition of EGFR signaling by Nf2/
Merlin. ] Cell Biol 177, 893-903, d0i:10.1083/jcb.200703010 (2007).

24. Yamashita, Y. M., Jones, D. L. & Fuller, M. T. Orientation of asymmetric stem cell division by the APC tumor suppressor and
centrosome. Science 301, 1547-1550 (2003).

25. Cheng, J., Tiyaboonchai, A., Yamashita, Y. M. & Hunt, A. J. Asymmetric division of cyst stem cells in Drosophila testis is ensured by
anaphase spindle repositioning. Development 138, 831-837, doi:10.1242/dev.057901 (2011).

26. Voog, J., D’Alterio, C. & Jones, D. L. Multipotent somatic stem cells contribute to the stem cell niche in the Drosophila testis. Nature
454, 1132-1136, doi:10.1038/nature07173 (2008).

27. Inaba, M., Yuan, H., Salzmann, V,, Fuller, M. T. & Yamashita, Y. M. E-cadherin is required for centrosome and spindle orientation in
Drosophila male germline stem cells. PLoS ONE 5, doi:10.1371/journal.pone.0012473 (2010).

28. Terry, N. A,, Tulina, N., Matunis, E. & DiNardo, S. Novel regulators revealed by profiling Drosophila testis stem cells within their
niche. Dev Biol 294, 246-257 (2006).

29. Schulz, C., Wood, C. G., Jones, D. L., Tazuke, S. I. & Fuller, M. T. Signaling from germ cells mediated by the rhomboid homolog stet
organizes encapsulation by somatic support cells. Development 129, 4523-4534 (2002).

30. Kawase, E., Wong, M. D., Ding, B. C. & Xie, T. Gbb/Bmp signaling is essential for maintaining germline stem cells and for repressing
bam transcription in the Drosophila testis. Development 131, 1365-1375 (2004).

31. Shivdasani, A. A. & Ingham, P. W. Regulation of stem cell maintenance and transit amplifying cell proliferation by tgf-Beta signaling
in Drosophila spermatogenesis. Curr Biol 13, 2065-2072 (2003).

32. Schulz, C. et al. A Misexpression Screen Reveals Effects of bag-of-marbles and TGFbeta Class Signaling on the Drosophila Male
Germ-Line Stem Cell Lineage. Genetics 167, 707-723 (2004).

33. Michel, M., Kupinski, A. P, Raabe, I. & Bokel, C. Hh signalling is essential for somatic stem cell maintenance in the Drosophila testis
niche. Development 139, 2663-2669, doi:10.1242/dev.075242 (2012).

34. Chen, D. & McKearin, D. Dpp Signaling Silences bam Transcription Directly to Establish Asymmetric Divisions of Germline Stem
Cells. Curr Biol 13, 1786-1791 (2003).

35. Chen, D. & McKearin, D. Gene circuitry controlling a stem cell niche. Curr Biol 15, 179-184 (2005).

36. Dinardo, S., Okegbe, T., Wingert, L., Freilich, S. & Terry, N. lines and bowl affect the specification of cyst stem cells and niche cells
in the Drosophila testis. Development 138, 1687-1696, doi:10.1242/dev.057364 (2011).

37. Oda, H. & Tsukita, S. Nonchordate classic cadherins have a structurally and functionally unique domain that is absent from chordate
classic cadherins. Dev Biol 216, 406-422 (1999).

38. Ohlstein, B. & McKearin, D. Ectopic expression of the Drosophila Bam protein eliminates oogenic germline stem cells. Development
124, 3651-3662 (1997).

39. MacDougall, N. et al. Merlin, the Drosophila homologue of neurofibromatosis-2, is specifically required in posterior follicle cells for
axis formation in the oocyte. Development 128, 665-673 (2001).

40. Decotto, E. & Spradling, A. C. The Drosophila ovarian and testis stem cell niches: similar somatic stem cells and signals. Dev Cell 9,
501-510 (2005).

41. Van Doren, M., Williamson, A. L. & Lehmann, R. Regulation of zygotic gene expression in Drosophila primordial germ cells. Curr
Biol 8, 243-246 (1998).

42. Xie, T. & Spradling, A. C. decapentaplegic is essential for the maintenance and division of germline stem cells in the Drosophila
ovary. Cell 94,251-260 (1998).

43. Chen, D. & McKearin, D. M. A discrete transcriptional silencer in the bam gene determines asymmetric division of the Drosophila
germline stem cell. Development 130, 1159-1170 (2003).

44. Wang, L., Li, Z. & Cai, Y. The JAK/STAT pathway positively regulates DPP signaling in the Drosophila germline stem cell niche. J
Cell Biol 180, 721-728 (2008).

45. Inaba, M., Buszczak, M. & Yamashita, Y. M. Nanotubes mediate niche-stem-cell signalling in the Drosophila testis. Nature,
doi:10.1038/nature14602 (2015).

46. Cheng, J. et al. Centrosome misorientation reduces stem cell division during ageing. Nature 456, 599-604 (2008).

Acknowledgements

We thank Ilan Davis, Ting Xie, Ruth Lehmann, Liz Gavis, Drothea Godt, Dennis McKearin, Hiroki Oda, Yu
Cai, Rich Fehon, Cheng-Yu Lee, the Bloomington Drosophila Stock Center, and the Developmental Studies
Hybridoma Bank for reagents; Krystyna Pasyk and Bruce Donahoe at the University of Michigan Microscope
Imaging Laboratory for EM studies; Andrea McClatchey, Rich Fehon, Michael Hortsch, Sun-Kee Kim, and Kent
Christensen for comments and advice; and the Yamashita lab members for discussion. This work was supported
by Howard Hughes Medical Institute (to Y.M.Y.).

Author Contributions

M.IL and Y.M.Y. designed and conducted experiments. M.K. and V.S. conducted experiments. D.R.S. conducted
transmission electron microscopy. M.I. and Y.M.Y. interpreted the data, prepared figures and wrote the
manuscript.

SCIENTIFICREPORTS |7: 2502 | DOI:10.1038/s41598-017-02768-z 11


http://dx.doi.org/10.1101/gad.1909210
http://dx.doi.org/10.1016/j.cell.2013.08.025
http://dx.doi.org/10.1016/j.celrep.2016.02.075
http://dx.doi.org/10.15252/embj.201387500
http://dx.doi.org/10.1101/gad.1054603U-10546R
http://dx.doi.org/10.1083/jcb.200703010
http://dx.doi.org/10.1242/dev.057901
http://dx.doi.org/10.1038/nature07173
http://dx.doi.org/10.1371/journal.pone.0012473
http://dx.doi.org/10.1242/dev.075242
http://dx.doi.org/10.1242/dev.057364
http://dx.doi.org/10.1038/nature14602

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02768-z

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 2502 | DOI:10.1038/s41598-017-02768-z 12


http://dx.doi.org/10.1038/s41598-017-02768-z
http://creativecommons.org/licenses/by/4.0/

	Merlin is required for coordinating proliferation of two stem cell lineages in the Drosophila testis

	Results

	Mer protein localizes to the cell cortex of somatic CySCs and CCs at the apical tip of the Drosophila testis. 
	Mer is required to suppress excess numbers of cyst cells. 
	Adherens junction between CCs is compromised in Mer mutant testes. 
	Mer mutant CySCs are triggered to undergo tumorous overproliferation upon stimulation by the bone morphogenetic protein (BM ...
	Dpp pathway in CySCs functions to promote CySC mitosis separately from its known function in germ cells. 
	Mer functions with E-cadherin in regulating CC number. 
	Mer is required to prevent CySC overproliferation in the absence of germ cells. 

	Discussion

	Materials and Methods

	Fly Husbandry and Strains. 
	Immunofluorescent Staining. 
	Transmission Electron Microscopy. 

	Acknowledgements

	Figure 1 Mer protein localizes to the surfaces of CySCs and CCs.
	Figure 2 CCs are increased in number upon loss of Mer function.
	Figure 3 Mer is required for stability of adherens junction between CCs.
	Figure 4 Ectopic expression of Dpp drives tumorous CySC/CC expansion in the Mer mutant.
	Figure 5 E-cadherin functionally interacts with Mer and Dpp in regulation of CySC/CC proliferation.
	Figure 6 Mer is required to prevent CySC/CC overproliferation in the germ cell-depleted testis.




