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ABSTRACT Drosophila male germline stem cells (GSCs) divide asymmetrically, balancing self-
renewal and differentiation. Although asymmetric stem cell division balances between self-
renewal and differentiation, it does not dictate how frequently differentiating cells must be
produced. In male GSCs, asymmetric GSC division is achieved by stereotyped positioning of
the centrosome with respect to the stem cell niche. Recently we showed that the centrosome
orientation checkpoint monitors the correct centrosome orientation to ensure an asymmetric
outcome of the GSC division. When GSC centrosomes are not correctly oriented with respect
to the niche, GSC cell cycle is arrested/delayed until the correct centrosome orientation is
reacquired. Here we show that induction of centrosome misorientation upon culture in poor
nutrient conditions mediates slowing of GSC cell proliferation via activation of the centrosome
orientation checkpoint. Consistently, inactivation of the centrosome orientation checkpoint
leads to lack of cell cycle slowdown even under poor nutrient conditions. We propose that
centrosome misorientation serves as a mediator that transduces nutrient information into
stem cell proliferation, providing a previously unappreciated mechanism of stem cell regula-
tion in response to nutrient conditions.
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INTRODUCTION

Many adult stem cells use asymmetric stem cell division to main-
tain the critical balance between self-renewal and differentiation
(Morrison and Kimble, 2006). Although asymmetric stem cell divi-
sion balances stem cell self-renewal and differentiation, it does
not govern the rate at which new differentiated cells are pro-
duced; instead, the stem cell division rate must be modulated in
response to environmental stimuli (Drummond-Barbosa, 2008).
As is true for essentially all cell types, nutrient conditions have
been shown to control the division rate of many stem cells, in-
cluding Drosophila and Caenorhabditis elegans germline stem
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cells (GSCs), Drosophila follicle stem cells, and intestinal stem
cells, via insulin signaling (Drummond-Barbosa and Spradling,
2001; LaFever and Drummond-Barbosa, 2005; Narbonne and
Roy, 2006; Ueishi et al., 2009; McLeod et al., 2010; Michaelson
etal., 2010; Choi et al., 2011; O'Brien et al., 2011). Stem cells are
characterized by their high proliferation activity, yet how nutrient
conditions specifically affect these cell types compared with
other, more slowly cycling cell types is not known. Despite inten-
sive studies on the mechanisms by which cells respond to nutri-
ent conditions in general (Saltiel and Kahn, 2001; Taguchi and
White, 2008), it is poorly understood how nutrients regulate the
rate of stem cell division, and whether this regulation is distinct
from that of other cell types. Although it is clear that stem cells
are influenced by nutrients (LaFever and Drummond-Barbosa,
2005; Hsu et al., 2008; Hsu and Drummond-Barbosa, 2009;
Michaelson et al., 2010; Choi et al., 2011; O'Brien et al., 2011),
whether stem cell behavior is regulated in response to nutrient
conditions in a stem cell-specific manner and, if so, the nature of
the underlying cellular mechanisms that allow stem cells to re-
spond differently compared with other cell types remain
unknown.

Supplemental Material can be found at:
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FIGURE 1: Germline stem cell centrosome orientation is modulated by nutrient availability.

(a) Schematic diagram of centrosome movement during the GSC cell cycle. (b) Centrosome
misorientation frequencies in GSCs from flies cultured in rich or poor media. Numerical data are
presented as the mean + SD in all figures. n > 300/data point. Flies were cultured in the
indicated media until the adult stage and then kept in/transferred to the indicated media at day
0. (c) An example of an apical testis tip from a fly cultured in poor media. Although many
interphase GSCs (white circles) are misoriented, the mitotic spindle is correctly oriented (yellow
circle). Blue, Vasa (germ cells); green, phosphorylated histone H3 (pH3, mitotic chromosomes);
red, y-tubulin (centrosomes). The hub is marked by an asterisk. Scale bar, 10 pm.

(d) Bromodeoxyuridine incorporation in GSCs under poor or rich media conditions. n > 100/data

point.

Drosophila male germline stem cells (GSCs) always divide asym-
metrically by orienting their mitotic spindle perpendicular to hub
cells, a major component of the stem cell niche (Figure 1a; Yamashita
et al., 2003; Fuller and Spradling, 2007). The stereotypical move-
ment of centrosomes during interphase prepares spindle orienta-
tion in GSCs (Yamashita et al., 2003, 2007). The centrosome is
believed to be anchored to the hub-GSC interface through astral
microtubules and Apc2, a homologue of the adenomatous polypo-
sis coli tumor suppressor (Figure 1a, inset). Previously we demon-
strated that misoriented GSCs (i.e., GSCs in which neither of the two
centrosomes is juxtaposed to the hub-GSC interface) do not un-
dergo mitosis (Figure 1a). Instead, these GSCs are arrested in the
cell cycle until the centrosome orientation is corrected (Cheng et al.,
2008; Inaba et al., 2010; Yuan et al., 2012) due to a checkpoint (the
centrosome orientation checkpoint) involving a functional cen-
trosome as well as DE-cadherin (Inaba et al., 2010).

Here we show that, in Drosophila male GSCs, modulation of the
division rate in response to nutrient conditions involves regulation
of centrosome orientation, mediated via the insulin receptor path-
way. Poor nutrient conditions or low insulin signaling leads to cen-
trosome misorientation as a result of delocalization of Apc2, a corti-
cal anchor for the GSC centrosome. The centrosome misorientation
ultimately results in activation of the centrosome orientation check-
point, thus slowing GSC proliferation. Mutant GSCs defective in the
centrosome orientation checkpoint do not slow their cell cycle even
in poor nutrient conditions, suggesting that the centrosome orien-
tation checkpoint may mediate the slowing of GSC proliferation in
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response to poor nutrient conditions. We
further show that slowdown of GSC prolif-
eration is required to maintain the GSC
number under poor nutrient conditions. To-
gether, our results reveal a previously unap-
preciated cellular mechanism by which nu-
trients and insulin signaling modulate stem
cell proliferation.
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RESULTS

Drosophila male GSCs show increased
centrosome misorientation under poor
nutrient conditions

We noticed that young wild-type flies, which
we previously reported to have stereotypi-
cally oriented centrosomes (Yamashita et al.,
2003), sometimes have a high frequency of
misoriented centrosomes. While investigat-
ing the cause, we realized that this high fre-
quency of centrosome misorientation was
associated with an overcrowded culture,
leading us to hypothesize that GSC cen-
trosome misorientation might reflect a re-
sponse to limited nutrient availability. To test
this possibility, we compared GSC cen-
trosome orientation in flies cultured in nutri-
ent-rich versus nutrient-poor media (see
Supplemental Table S1 for media recipe).
The poor media, which contained a lower
amount of yeast (protein source) and sugar
(carbon source) than rich media, supported
normal development and reproduction, al-
beit with a somewhat reduced fecundity
(David et al., 1971; Mair et al., 2004). The
centrosomes were scored as misoriented
when neither of the two centrosomes is located near the hub-GSC
junction (see Cheng et al., 2008, for the definition of centrosome
misorientation). As reported previously, in flies grown in rich media
~7% of the GSCs had misoriented centrosomes. This percentage
increased to ~25% in the flies grown in poor media (Figure 1, b and
c). However, we rarely observed misoriented spindles (Figure 1c and
Supplemental Table S2), suggesting that the centrosome orienta-
tion checkpoint was intact. This increase in centrosome misorienta-
tion in nutrient-poor media, combined with the intact centrosome
orientation checkpoint, indicates that the GSCs have a slower prolif-
eration rate. Indeed, slowing of the cell cycle was confirmed by a
lower S-phase index of GSCs in poor media (Figure 1d; see Materi-
als and Methods). Considering that the majority of misoriented
GSCs contain two centrosomes, we believe that they are arrested in
the G2 phase of the cell cycle (or at least post G1/S transition), al-
though we cannot exclude the possibility that a minor fraction of
GSCs are arrested in G1.

When flies were transferred from poor to rich media, proper cen-
trosome orientation was significantly restored within 3-5 d (Figure
1b), demonstrating the reversible nature of centrosome orientation
in response to nutrient availability. We also found that amino acids
are the essential component of the rich media required for correct
centrosome orientation (Supplemental Figure S1), similar to a report
in female GSCs and follicle cells (Drummond-Barbosa and Spra-
dling, 2001). We further found that essential amino acids are the
major determinants of centrosome orientation, with a minor (but
statistically significant) contribution from nonessential amino acids.

p<0.008

Rich Poor
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n=1665 n=1946 Methionine, which was reported to be a

5 major nutrient determinant of longevity
(Grandison et al., 2009), had a moderate but
4 statistically significant effect on centrosome
orientation (Supplemental Figure S1). To-

.[ gether, these results show that centrosome
3 l orientation is under tight control that corre-

O

lates with the nutrient conditions, in particu-
lar the presence of amino acids.

Induction of centrosome
misorientation under poor nutrient
conditions is not due to increased
dedifferentiation
Previously we showed that GSCs dediffer-
entiated from spermatogonia have a high
0.05 048 pebs pEOVT n=o33 frequency of centrosome misorientation
P>0.6 P>0.2 (Cheng et al., 2008). Thus it is possible that
poor nutrient conditions induce GSC loss
and subsequent dedifferentiation of sper-
matogonia, resulting in an increase in GSC
centrosome misorientation. However, it is
unlikely that dedifferentiation underlies the
increase in centrosome misorientation un-
der poor nutrient conditions for the follow-
ing two reasons, First, using two previously
described independent criteria—1) LacZ
marking of cells that have once undergone
differentiation (Figure 2a) and 2) multiple
germ cells, while attaching the hub, being
40 connected by ring canals and disintegrating
e heatshock fusomes (Figure 2c; Brawley and Matunis,
2004; Cheng et al., 2008)—we did not de-
i tect any increase in dedifferentiation upon
culturing in poor media (Figure 2, b and d).
Second, dedifferentiated GSCs, induced by
transient expression of Bam (Sheng et al.,
20 2009), never recovered their interphase cen-
‘ trosome orientation (Figure 2e), in contrast
to GSCs that are shifted from poor to rich
10 media (Figure 1b). These results suggest
that distinct mechanisms underlie cen-
trosome misorientation induced by poor
nutrient conditions or dedifferentiation.
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FIGURE 2: Nutrient-poor media do not increase dedifferentiation of germline cells. (a) An to nutrient conditions
example of an apical testis tip with a dedifferentiated GSC, as observed by LacZ expression. Next we addressed whether centrosome

LacZ expression was induced by Bam-gal4/UAS-FLP-mediated activation of the LacZ gene, misorientation induced under poor nutrient
thus marking cells that had once committed to differentiation (Cheng et al., 2008). Green, conditions is physiologically relevant in the
Vasa (germ cells); red, LacZ; blue, 4’,6-diamidino-2-phenylindole. Hub, asterisk. Scale bar, regulation of stem cell behavior. Although
10 pm. (b) Frequency of LacZ-positive GSCs in rich and poor media (mean + SD). (c) An the poor nutrient conditions used in this

example of apical testes tip containing dedifferentiating GSCs and spermatogonia that are study fully support the growth of flies as de-
still connected to one another. Green, Pavarotti-GFP (contractile ring and ring canal); red,
adducin-like (spectrosome/fusome); blue, Vasa. (d) Frequency of dedifferentiation in rich and
poor media (mean + SD). Flies raised in rich media were transferred to new vials containing
either rich or poor media, and testes were examined 2 or 3 d later. (e) Dedifferentiated
GSCs do not recover proper centrosome orientation after a prolonged time period. Young

scribed earlier, it is formally possible that mal-
nutrition leads to multiple downstream phe-
nomena that compromise “normal” stem
cell behavior. To address this question, we

adult hs-Bam flies (day 0) were subjected to five heat shocks (30 min each) over the course tested whether insulin signaling, the major
of 2 d (Sheng et al., 2009) and then cultured at 25°C. GSC centrosome orientation was regulator of nutrient responses (Drummond-
scored at the indicated time. Barbosa, 2008; Taguchi and White, 2008), is
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FIGURE 3: Insulin signaling regulates GSC centrosome orientation.
(a) Centrosome misorientation frequency upon overexpression of a
dominant-negative (K1409A) or a constitutively active form (Del,
R418P, or A1325D) of InR using nos-gal4. n > 300/data point. Siblings
from the same cross without the nos-gal4 driver served as controls.

p values (Student'’s t test, two-tailed) are provided on each column
compared with its control. Statistically significant values (p < 0.01) are
highlighted with asterisks. (b) Akt functions downstream of InR in
regulating centrosome orientation. n > 300/data point. (c) Local
expression of dilp1, 2, 3, 5, and 6 in the testis reduces centrosome
misorientation in poor media. Each dilp was expressed in the testis
(nos-gal4>UAS-dilp).
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involved in the regulation of GSC centrosome orientation. Expression
of a dominant-negative form of insulin receptor (InR; nos-gal4>UAS-
INRK1409. Wy et al., 2005) resulted in a high centrosome misorienta-
tion frequency, even in rich media (Figure 3a), without increasing
dedifferentiation (Supplemental Figure S2). Conversely, and more im-
portant, expression of an active form of InR (nos-gal4>UAS-InRA1325D,
UAS-INRPe!, or UAS-INRR418P: \Wy et al., 2005; Werz et al., 2009) led to
a significantly lower frequency of centrosome misorientation, even in
poor media (Figure 3a). The hypomorphic InR mutant (inrf'%/inr%>51%)
also showed a high centrosome misorientation frequency irrespective
of the media conditions (Figure 3a), confirming the results obtained
from overexpression of the mutant form of InR. These data suggest
that centrosome orientation is downstream of insulin signaling regu-
lated by nutrient availability. The fact that correct centrosome orienta-
tion is acquired by activating InR even in poor media also strongly
argues against a nonspecific influence of malnutrition on GSC cen-
trosome misorientation.

We further investigated the involvement of insulin signaling by
testing other components of the pathway. Akt, a major downstream
effector of insulin signaling (Taguchi and White, 2008), was required
for regulation of GSC centrosome orientation. RNA interference
(RNAi)-mediated knockdown of Akt (Parrish et al., 2009) resulted in
high centrosome misorientation, even in rich media, whereas overex-
pression of hemagglutinin (HA)-tagged Akt (Akt-HA; Verdu et al.,
1999) resulted in low centrosome misorientation, even in poor media
(Figure 3b). Coexpression of Akt-RNAi with constitutively active InR
(INRA132D) led to higher centrosome misorientation frequency,
whereas coexpression of Akt-HA with dominant-negative InR
(INRK14094) resulted in low centrosome misorientation frequency. These
results are consistent with Akt being downstream of InR (Figure 3b).

The involvement of insulin signaling was further suggested by
the fact that increasing the local concentration of Drosophila insulin-
like peptides (dilp1, 2, 3, 5, and 6, but not dilp4 and 7) in the testes
(Brogiolo et al., 2001; Hsu and Drummond-Barbosa, 2009) leads to
a lower centrosome misorientation frequency, even in poor media
(Figure 3c). Although these results show the potential of dilps to
modulate GSC centrosome orientation, the identity of the physio-
logically relevant dilp(s) and their tissue of origin remain to be deter-
mined. In addition, it should be noted that the expression of dilp4
caused constitutively high centrosome misorientation irrespective of
the media conditions, although the underlying mechanism remains
to be elucidated in future studies. Together, these data indicate the
involvement of insulin signaling in the regulation of GSC centrosome
orientation and thus GSC proliferation.

Changes in the localization of Apc2 mediate GSC
centrosome orientation in response to the nutrient
conditions

We next investigated the cellular basis for the regulation of cen-
trosome orientation under the influence of nutrient signaling. Previ-
ously Akt was reported to regulate spindle orientation in Drosophila
embryos via regulation of the cortical localization of Apc2 (Buttrick
et al., 2008). Because Apc? is believed to function as a cortical an-
chor of centrosomes in male GSCs (Yamashita et al., 2003), we
tested the possibility that insulin signaling and Akt might regulate
GSC centrosome orientation via regulation of the Apc2 protein. In-
deed, we found that localization of Apc2 dynamically changes in
response to nutrient conditions. In rich media, Apc2 was predomi-
nantly associated with the cell cortex at the hub-GSC interface
(Figure 4a), as reported previously (Yamashita et al., 2003). In con-
trast, in poor media Apc2 was localized to the hub-GSC interface in
only ~40% of GSCs (Figure 4c), with the remaining GSCs exhibiting
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FIGURE 4: Apc2 mediates centrosome orientation in response to nutrients. (a, b) Representative Apc2 staining in apical
testes tips from flies raised in rich (a) or poor (b) media. Cortical Apc2 localization is indicated with yellow lines.
Cytoplasmic punctae of Apc2 are indicated with yellow arrowheads. Green, Apc2; blue, Vasa. (c) Quantification of Apc2
localization in rich or poor media. “Cortical” indicates Apc2 protein at the hub-GSC junction; “diffuse/puncta” indicates
Apc2 in the cytoplasm or occasionally at the GSC cortex outside the hub-GSC interface. n = GSCs scored. (d) Pixel
intensity analysis of Apc2 protein around the GSC cortex. Circumference of GSC was traced and the pixel intensity was
analyzed (see Materials and Methods for detail). Fourteen GSCs from the rich media and 19 GSCs from the poor media
were analyzed. Average pixel intensity for rich vs. poor media is shown at the far right. (e) Localization of GFP-Apc2 to
the hub-GSC interface following mild expression (nos-gal4>UAS-GFP-Apc2; at 18°C) in poor media. Green, GFP-Apc2;
blue, Vasa. (f) The frequency of GSC centrosome misorientation upon mild expression of GFP-Apc2. n > 300/data point.
(9) The frequency of GSC centrosome misorientation in the InR mutant that expresses Apc2. n > 300/data point. (h) The

frequency of GSC centrosome misorientation in the apc2 mutant. n > 300/data point. (i) The S-phase index (BrdU

incorporation) of apc2 mutant GSCs. n > 300/data point.

either a diffuse or punctate pattern of cytoplasmic Apc2 (Figure 4, b
and c). The punctate structure is unlikely to be an artifact of immu-
nofluorescence staining because known partners of Apc2, such as
Shaggy (Supplemental Figure S3b) and axin (not shown), colocal-
ized to this structure. To further quantitatively analyze Apc2 localiza-
tion at the GSC cortex, we measured the pixel intensity of Apc2
staining around the entire GSC cortex in rich versus poor media

1528 | T M.Roth etal.

(Figure 4d; see Materials and Methods for details). This analysis
clearly showed a higher Apc2 level at the hub-GSC cortex in rich,
but not poor, media. The location of other proteins that are known
to localize to the hub-GSC interface, such as DE-cadherin and arma-
dillo (B-catenin), did not change in response to poor media (Supple-
mental Figure S4), demonstrating the specificity of the change in
localization of Apc2. The Apc2 protein level appears to be slightly
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decreased in poor media, as suggested by Western blotting (Sup-
plemental Figure S3a), which might partly contribute to the de-
creased Apc2 localization at the hub-GSC interface. We further
tested whether InR and Akt regulate centrosome orientation via
regulation of Apc2 localization and found that modulation of InR
and Akt activity affected Apc2 localization (Figure 5). Expression of
a dominant-negative form of InR decreased Apc2 localization at the
hub-GSC interface, whereas Apc2 was consistently observed at the
hub-GSC cortex when a constitutively active form of InR was ex-
pressed, irrespective of media conditions. The same trend was ob-
served upon modulation of Akt activity. However, modulation of
these genes did not significantly affect Apc2 protein level (Supple-
mental Figure S3c), suggesting that these genes influence GSC cen-
trosome orientation primarily through regulating the localization of
Apc2.

We postulate that delocalization of Apc2 from the hub-GSC in-
terface, due to either a change in Apc2 protein localization or
amount, plays a role in regulating GSC centrosome orientation. It is
striking that mild overexpression of Apc2 in GSCs (nos-gal4>UAS-
GFP-Apc2 at 18°C; Figure 4e; Inaba et al., 2010) was sufficient to
suppress centrosome misorientation (Figure 4f). It should be noted
that mild overexpression of Apc2 was achieved by raising flies at
18°C, since strong overexpression of Apc2 at 25°C causes cortical
localization of Apc2, leading to centrosome misorientation (Inaba
et al., 2010). At 18°C, wild-type/control flies showed somewhat
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FIGURE 5: Apc2 localization is regulated by the insulin signaling pathway. (a—d) Examples of
Apc2 staining in apical testes tips from flies that express a dominant-negative (K1409A) or
constitutively active (A1325D) form of InR in rich vs. poor media. Cortical localization of Apc2 is
indicated with yellow lines. Cytoplasmic punctae of Apc2 are indicated with yellow arrowheads.
Green, Apc2; blue, Vasa (germ cells). () Quantification of Apc2 localization upon overexpression
of a dominant-negative (K1409A) or constitutively active (A1325D) form of InR, Akt-RNAI, or

lower centrosome misorientation (~17%
compared with ~25%) in poor media, al-
though it was still significantly higher than in
rich media (Figure 4f). Mild overexpression
of Apc2 clearly reduced centrosome misori-
entation in the poor media (Figure 41). It is
interesting to note that mildly overexpressed
Apc2 protein can still localize to the hub-
GSC interface, supporting correct cen-
trosome orientation. This suggests that de-
localization of endogenous Apc2 from the
hub-GSC interface in poor media is largely
achieved by down-regulation of the protein
amount, although additional modes of reg-
ulation, such as posttranslational modifica-
tion of Apc2 protein, may also contribute to
changes in Apc2 localization in response to
poor nutrient conditions. In this case, an in-
creased amount of Apc2 protein might be
recruited to the hub-GSC interface, albeit at
a lower affinity. Collectively, these data sug-
gest that Apc2 is a major mediator of nutri-
ent-regulated  centrosome  orientation
downstream of InR signaling. Indeed, Apc2
expression in an InR mutant background
considerably suppressed centrosome mis-
orientation (Figure 4g) although not to the
extent of the wild type. The incomplete sup-
pression of centrosome misorientation in Inr
mutant background may suggest that Apc2
is not the sole target of the InR pathway in
mediating GSC centrosome orientation,
which is also supported by the observation
to be described.

We reasoned that if Apc2 localization to
the cortex is required for correct centrosome
orientation and thus active GSC divisions,
an Apc2 mutant that does not have cortical Apc2 (Yamashita et al.,
2003) would have a lower cell cycle index, even in rich media, and
would respond less efficiently to poor media. In control GSCs, cen-
trosome misorientation increased 2.7-fold in poor media compared
with rich media (Figure 4h), which corresponded to a 2.5-fold de-
crease in the S-phase index (Figure 4i). In contrast, in the Apc2 mu-
tant, GSCs have high centrosome misorientation, even in rich media
(consistent with the previous report using the standard media;
Yamashita et al., 2003), which was increased only 1.3-fold in poor
media (Figure 4h), leading to a 1.6-fold decrease in the S-phase in-
dex (Figure 4i). These results show that Apc2 mutant GSCs are less
active in proliferation, even in rich media, and thus are less effective
in responding to poor media. However, because Apc2 mutant GSCs
can still slow their proliferation to some extent, additional
mechanism(s) likely exist that contribute to centrosome misorienta-
tion and cell cycle slowdown in response to poor nutrient condi-
tions. The results, taken together, lead us to conclude that Apc2 is a
key (but not the sole) component in modulating GSC centrosome
orientation and proliferation in response to nutrient conditions.

Centrosome orientation checkpoint is required for GSC

cell cycle slowdown in nutrient-poor media

We hypothesized that the cell cycle in GSCs is slowed under limited
nutrient conditions through misorientation of GSC centrosomes,
which activates the centrosome orientation checkpoint. This
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FIGURE 6: An intact centrosome orientation checkpoint is required to slow the GSC cell cycle in
poor media. (a) Centrosome misorientation frequency in GSCs mutant for cnn or expressing
dominant-negative E-cadherin (dCR4h). n > 150/data point. p value (Student'’s t test, two-tailed)
comparing centrosome misorientation in rich vs. poor media is shown. n.s., not statistically
significant. (b) The S-phase index (BrdU incorporation frequency) in GSCs from checkpoint-
defective mutants and those expressing InRA'32%0, n > 450/data point. p value (Student’s t test,
two-tailed) comparing BrdU incorporation in rich vs. poor media is shown. n.s., not statistically
significant. (c) Changes in GSC numbers in testes from control genotypes, cnn mutants, or those

after eclosion in rich and poor nutrient con-
ditions (Figure 6c). In contrast, cnn mutant
flies or those expressing InRA1325P showed a
significant decrease in GSC number when
cultured in poor media for 10 d (Figure éc).
This is not due to a general problem in
maintaining the GSC number, because the
GSC number did not decrease when these
mutants were cultured in rich media. In-
stead, these results indicate that the slow-
down of GSC proliferation is critical to
maintain the GSC number in response
to poor nutrient conditions. Expression of
a dominant-negative form of E-cadherin
(dCR4h) significantly decreased the GSC
number after 10 d irrespective of media
conditions, presumably due to defective
cell adhesion to hub cells (Inaba et al.,
2010). Together, we concluded that the cell
cycle slowdown mediated by the cen-
trosome orientation checkpoint is required
to maintain GSC number under poor nutri-
ent conditions.

DISCUSSION

Here we show that male GSC centrosome
misorientation is induced by poor nutrient
conditions. Such centrosome misorientation
is associated with a lower cell proliferation
rate, presumably due to activation of the
centrosome orientation checkpoint (Figure

expressing dCR4h or InRA132%D after 10 d in rich vs. poor media. p value (Student's t test,
two-tailed) comparing the GSC number in rich vs. poor media after 10 d is shown. n.s., not
statistically significant. Asterisk indicates that a mild but statistically significant decrease in the
GSC number was observed in this control group for unknown reasons. However, the degree of
GSC loss was significantly (p < 0.01) more severe in InRA'32P-expressing testis compared with
the control. n = 70-100 testes/data point. (d) Model of the regulation of the GSC division rate

by nutrient availability and insulin signaling (see the text for details).

hypothesis predicts that mutants defective in this checkpoint would
be defective in slowing the cell cycle in poor media. To test this, we
examined two mutant conditions that are deficient in the cen-
trosome orientation checkpoint: the centrosomin (cnn) mutant and
dominant-negative E-cadherin (dCR4h; Inaba et al., 2010). These
two mutant conditions caused high centrosome misorientation,
even in rich media (Figure 6a), but maintained a high S-phase index
(bromodeoxyuridine [BrdU] incorporation; Figure 6b), confirming
that these mutants are defective in the centrosome orientation
checkpoint. It is striking that GSCs in these mutants neither in-
creased centrosome misorientation nor slowed the cell cycle in poor
media (Figure 6, a and b). These results clearly demonstrate that cell
cycle slowdown of GSCs in response to poor nutrients requires an
intact GSC centrosome orientation checkpoint and places the cen-
trosome orientation checkpoint upstream of cell cycle slowdown in
response to poor nutrient conditions.

We next examined what happens to GSCs under conditions in
which the cell cycle does not slow, even in poor media. In addition
to GSCs from cnn mutants or those expressing dominant-negative
E-cadherin (dCR4h), expression of a constitutively active form of
INR (INRA325D) in the germline (nos-gal4>InRA132%D) resulted in fail-
ure of cell cycle slowdown in poor media (Figure 6b), as expected
from their low centrosome misorientation in these conditions (Fig-
ure 3a). Control testes maintained the GSC number well for 10 d
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6d). Similar to Drosophila male GSCs,
Drosophila female GSCs (Drummond-
Barbosa and Spradling, 2001; LaFever and
Drummond-Barbosa, 2005; Hsu and Drum-
mond-Barbosa, 2009) and intestinal stem
cells (McLeod et al., 2010; Choi et al., 2011;
O'Brien et al., 2011), as well as C. elegans
GSCs (Michaelson et al., 2010), respond to nutrient availability and
insulin signaling. However, it is not well understood how nutrient
information is transmitted to the cell cycle control of stem cells.
Although a considerable amount of knowledge has accumulated
over past decades on how nutrient information regulates cell pro-
liferation, and some components of the pathway have been tested
in in vivo stem cell settings, it remains unclear how nutrient infor-
mation might be transduced to the cell cycle control of stem cell
divisions in what is a possibly a stem cell-specific manner. The pres-
ent study provides the first link between nutrient signal, stem cell
polarity (i.e., centrosome orientation), and cell cycle regulation.
Use of a stem cell-specific mechanism such as the centrosome ori-
entation checkpoint could provide distinct regulation of prolifera-
tion in stem cells: it is tempting to speculate that stem cells might
respond to a distinct threshold of nutrient levels that is different
from other cell types, and thus the centrosome orientation check-
point functions as an additional layer of regulation of proliferation
posed specifically on stem cells. For example, proliferation of stem
cells could be more (or less) sensitive to nutrient depletion than
proliferation of other cell types. In this regard, it will be interesting
to investigate in future studies not only the involvement of other
components of the nutrient/insulin signaling pathway, but also the
differential regulation of those components between stem cells
and other cell types.
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It is interesting to note that female GSCs do not have stereo-
typical centrosome orientation (Stevens et al., 2007). In addition,
C. elegans GSCs do not undergo stereotypical asymmetric division
(Crittenden et al., 2006). Thus the cellular mechanisms that slow cell
cycle progression in response to nutrient/insulin signaling are likely
to be different in these systems. Other stem cell populations, such
as Drosophila neuroblasts (Januschke and Gonzalez, 2008) and
mouse radial glia progenitors (Wang et al., 2009), that display ste-
reotypical centrosome orientation might use a mechanism similar to
that of male GSCs to modulate cell cycle progression. A recent re-
port described an InR pathway—mediated mechanism that regulates
the GSC number in response to protein starvation (McLeod et al.,
2010). McLeod et al. (2010) showed that centrosome misorientation
does not increase upon protein starvation, in contrast to our obser-
vation in poor media. To reconcile these potentially conflicting re-
sults, we examined centrosome orientation upon protein starvation
and found that centrosome misorientation transiently increases prior
to observed GSC loss and then decreases (unpublished data). This
demonstrates that the GSC responses to poor media that contain
proteins and to protein starvation are different, at least regarding
centrosome orientation. The transient increase in centrosome mis-
orientation presumably reflects the systemic environment before
protein is completely removed, which is similar to poor media.

Recently it was shown that nutrient status affects the mode of
stem cell division in Drosophila intestinal stem cells (ISCs; O’Brien
et al., 2011): when the intestine is stimulated to grow by refeeding
of a starved animal, the ISCs predominantly divide symmetrically, in
contrast to the homeostatic state, when ISCs predominantly divide
asymmetrically. Although it is not clear how ISCs divide asymmetri-
cally under homeostatic conditions and how such a mechanism is
modulated to divide symmetrically upon stimulation, it is tempting
to speculate that ISCs possess a mechanism that links nutrient sens-
ing and asymmetric stem cell division similar to that in male GSCs
reported here. However, we have not yet found any physiological
conditions that inactivate the centrosome orientation checkpoint
and result in symmetric divisions in Drosophila male GSCs. Thus the
similarity between ISCs and male GSCs awaits further assessment.

How the InR pathway regulates the GSC division rate via sensing
of amino acid levels remains to be elucidated. In Drosophila, many
stem cell types respond to amino acid level (but often not to sugar
level), and this response is mediated by insulin signaling (LaFever
and Drummond-Barbosa, 2005; Hsu et al., 2008; MclLeod et al.,
2010). Our unpublished results show that TOR is also involved in the
regulation of GSC centrosome orientation in response to poor nutri-
ents. However, how the insulin pathway and TOR pathway interact
to mediate nutrient response awaits future investigation.

In summary, the present findings illuminate a mechanism for how
environmental information (such as nutrient availability) is translated
into a cellular response (i.e., slowed cell cycle progression) using a
cell-intrinsic mechanism (cell cycle delay/arrest associated with cen-
trosome misorientation). We propose that the centrosome orienta-
tion checkpoint, whose primary function is to ensure asymmetric
stem cell division, is used to modulate the stem cell proliferation
rate in response to nutrient conditions in Drosophila male GSCs.

MATERIALS AND METHODS

Fly husbandry and strains

Al fly stocks were raised on rich or poor media (see Supplemental
Table S1 for recipe) at 25°C unless otherwise noted. Young adult
flies (day 0) were used unless indicated otherwise. The following fly
stocks were used: c587-Gal4 from Steven Hou (Kai and Spradling,
2003), Ubi-Pavarotti-GFP from David Glover (Minestrini et al., 2002),
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UAS-GFP-Apc2 from Mariann Bienz (Hamada and Bienz, 2002),
Bam-gal4 from Dennis McKearin (Chen and McKearin, 2003), UAS-
Akt-HA from Morris Birnbaum (Verdu et al., 1999), UAS-dilp1-7
from Ernst Hafen and Daniella Drummond-Barbosa (lkeya et al.,
2002), nanos (nos)-Gal4 (Van Doren et al, 1998), UAS-FLP
(Duffy et al., 1998), Actin>stop>LacZ (Act5C-FRT-stop-FRT-LacZ)
(Struhl and Basler, 1993), UAS-InR (wild type and mutants; Fly Base,
http://flybase.org/reports/FBrf0178856.html) from the Bloomington
Drosophila Stock Center (Indiana University, Bloomington IN), and
UAS-Akt-RNAi (v2902) from the Vienna Drosophila RNAi Center
(Vienna, Austria).

Immunofluorescence staining

Immunofluorescence staining was performed as described previ-
ously (Cheng et al., 2008). The following antibodies were used:
mouse anti—y-tubulin (1:100; GTU-88, Sigma-Aldrich, St. Louis, MO),
mouse anti—fasciclin lll (1:20; developed by C. Goodman and ob-
tained from the Developmental Studies Hybridoma Bank, University
of lowa, lowa City, IA), mouse anti-adducin-like (1:20; developed by
H. D. Lipshitz (Ding et al., 1993) and obtained from the Develop-
mental Studies Hybridoma Bank), rabbit anti-Thr 3-phosphorylated
histone H3 (1:200; Upstate, Millipore, Billerica, CA), mouse anti—f3-
galactosidase (1:200; G4644; Sigma-Aldrich), goat anti-Vasa (1:100;
dC-13; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-Vasa
(1:100; d-26; Santa Cruz Biotechnology), mouse anti-BrdU (1:200;
BU-33; Sigma-Aldrich), mouse anti—acetylated tubulin (1:100; Sigma-
Aldrich), and rabbit anti-Apc2 (1:5000; a generous gift from Marian
Bienz). GSCs were scored as misoriented when neither of the two
centrosomes was observed away from the hub-GSC interface, as
described previously (Cheng et al., 2008). MetaMorph software
(Molecular Devices, Sunnyvale, CA) was used to compare the inten-
sity of Apc2 staining near the hub with staining around the rest of
the cell circumference. Briefly, we traced the cells of interest with the
multiline tool set at a thickness of five pixels and made a data log of
the pixel intensity values. This was done for GSCs from flies grown
in rich media and in poor media. We then used Excel (Microsoft,
Redmond, WA) to make line graphs using the pixel intensity data
from MetaMorph. The average intensity for each pixel point was
used to make a line graph to compare the nutrient-rich and -poor
sets. GSC centrosome misorientation was defined as GSCs in which
neither of the two centrosomes is closely associated with the hub-
GSC junction (Cheng et al., 2008).

BrdU incorporation

Day 0 adult flies were dissected into 1x phosphate-buffered saline
(PBS) within 15 min and incubated with 0.1 pg/ml BrdU (final con-
centration) for exactly 45 min. Testes were then fixed in 4% formal-
dehyde in 1x PBS for 30-60 min, treated with DNasel in 1x DNasel
buffer (Invitrogen, Carlsbad, CA) for 2 h, and incubated with primary
antibody (anti-BrdU and anti-Vasa) overnight at 4°C. Finally, the
samples were processed using the standard immunofluorescence
staining protocol described earlier.

Western blotting

Testes (60 pairs/sample) were dissected in PBS at room temperature
within 20-30 min. Testes were then dissolved in lithium dodecyl sul-
fate sample buffer (NuPAGE; Invitrogen) supplemented with 2%
SDS and protease inhibitor cocktail (EDTA-free; Roche, Indianapolis,
IN). The samples were separated on NuPAGE Bis-Tris gels (4-12%;
Invitrogen) and transferred onto polyvinylidene fluoride membranes
(Immobilon-P; Millipore). Blots were blocked in PBS containing 5%
nonfat milk powder and 0.1% Triton X-100, followed by incubation
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with primary antibodies diluted in PBS containing 5% nonfat milk
powder and 0.1% Triton X-100. Next the blots were washed with
PBS containing 0.1% Triton X-100, followed by incubation with the
secondary antibody. After washing, detection was performed using
the enhanced chemiluminescence system (Amersham-Pharmacia
Biotech, GE Healthcare Bio-Sciences, Piscataway, NJ). Primary anti-
bodies were anti-Apc2 (1:100; rabbit, a kind gift from Mariann Bienz)
and anti—a-tubulin (1:200; mouse, monoclonal, clone DM1a; Sigma-
Aldrich). Secondary antibodies were horseradish peroxidase (HRP)-
conjugated anti-mouse and anti-rabbit (1:4000; Jackson Immuno-
Research Laboratories, West Grove, PA).
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