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Age-related changes in long-lived tissue-resident stem cells may be tightly linked to aging and age-
related diseases such as cancer. Centrosomes play key roles in cell proliferation, differentiation and
migration. Supernumerary centrosomes are known to be an early event in tumorigenesis and senescence.
However, the age-related changes of centrosome duplication in tissue-resident stem cells in vivo remain

Keywords: unknown. Here, using anti-y-tubulin and anti-PH3, we analyzed mitotic intestinal stem cells with super-
Centrosome numerary centrosomes in the adult Drosophila midgut, which may be a versatile model system for stem
:g;ﬂ; stem cell cell biology. The results showed increased centrosome amplification in intestinal stem cells of aged and
PVR oxidatively stressed Drosophila midguts. Increased centrosome amplification was detected by overex-
EGFR pression of PVR, EGFR, and AKT in intestinal stem cells/enteroblasts, known to mimic age-related changes

including hyperproliferation of intestinal stem cells and hyperplasia in the midgut. Our data show the
first direct evidence for the age-related increase of centrosome amplification in intestinal stem cells
and suggest that the Drosophila midgut is an excellent model for studying molecular mechanisms under-

Drosophila midgut

lying centrosome amplification in aging adult stem cells in vivo.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Adult stem cells play a key role in tissue homeostasis and
regeneration based on their ability to sustain both self-renewal
and the production of differentiated cells. Therefore, age-related
changes in tissue-resident stem cells may be tightly linked to aging
and age-related diseases arising from these tissues.

Centrosomes are the microtubule organizing centers of most
animal cells and play many important roles in key cellular pro-
cesses, including cell division, cell migration and cell polarity [1].
Numerical centrosome aberrations, including amplification, are
well known to be an early event in tumorigenesis and senescence
[2-4]. Recently, centrosome amplification was shown to drive
tumor metastasis [5]. It was established in Drosophila that
centrosome amplification can switch asymmetric division of stem
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cells to symmetric division, which lead to expansion of stem cell
population and hyperplasia [6]. Recent works also show that the
enteroendocrine cells (EEs) of the intestine play an important role
in regulating the longevity of the organism by sending longevity
signals to the rest of the organism [7-9]. The homeostasis of cen-
trosome in tissue-resident stem cells, especially in high turnover
tissues such as the intestine, is a critical factor for tissue homeosta-
sis, regeneration, and longevity.

Centrosome amplification has been known to be inducible by
various genotoxic stresses, especially DNA double-strand breaks
[10]. DNA damage-induced cell cycle arrest, especially in the G2
phase, is involved in centrosome amplification [11,12]. DNA dam-
age in long-lived tissue-resident stem cells, especially in high turn-
over tissues such as the intestine, increases with age [13]. These
facts support the hypothesis that the centrosome amplification in
long-lived tissue-resident stem cells, especially in high turnover
tissues such as the intestine, may increase with age, leading to tis-
sue aging, decreased longevity, and age-related diseases such as
cancer. However, evidence for age-related centrosome amplifica-
tion in tissue-resident stem cells in vivo remains unreported.

The adult Drosophila midgut is a versatile model system for
stem cell biology [14-17]. The Drosophila midgut undergoes rapid
cell turnover by intestinal stem cells (ISCs), similar to the intestine
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of vertebrate [14,15,18]. ISCs are the only mitotic cells in the intes-
tine. They produce diploid enteroblasts (EBs), which differentiate
to either polyploid enterocytes or diploid EEs [14-15]. These cell
types are detectable by specific markers [14,15,19]. Previous stud-
ies have described age-related changes in the midgut, such as
hyperproliferation of ISCs, abnormal Delta-positive (ISC marker)
and esg-GFP (ISC/EB marker) polyploid cells, DNA damage accumu-
lation, and hyperplasia [13,20-23]. Several signaling pathways
including epidermal growth factor receptor (EGFR), platelet-
derived growth factor/vascular endothelial growth factor (PVF)/
PVF receptor (PVR), and AKT (known as Protein Kinase B) path-
ways, have been demonstrated to be involved in age-related
changes including hyperproliferation of ISCs and hyperplasia in
the midgut [17,21,23,24]. The damage patterns induced by both
intrinsic (a Catalase mutant) and extrinsic oxidatively stressed guts
have been reported to mimic the age-related phenotypes [21,25],
suggesting that similar mechanisms may be involved in both pro-
cesses leading to loss of normal stem cell function.

In this study, we analyzed mitotic intestinal stem cells with
supernumerary centrosomes in the adult Drosophila midgut using
anti-y-tubulin and anti-PH3.

2. Material and methods
2.1. Fly stock

Fly stocks were maintained at 25 °C on standard food under a
~12 h/12 h light/dark cycle. Food consisted of 79.2% water, 1% agar,
7% cornmeal, 2% yeast, 10% sucrose, 0.3% bokinin and 0.5% propi-
onic acid. To avoid larval overpopulation in all vials, 50-60 adult
flies per vial were transferred to new food vials every 2-3 days
for a period of 50-60 days or longer. esg-GAL4,UAS-GFP/CyO flies
were provided by the Drosophila Genetic Resource Center. Tem-
perature-inducible esg-Gal4;tub-Gal80",UAS-GFP/Cyo (esg™ > GFP)
[16], UAS-APVR [26] and UAS-EGFR*™P [27] were kindly provided
by B. Ohlstein, P. Rerth and Z. Paroush, respectively. Catalase
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Fig. 1. Centrosome amplification in mitotic ISCs of aged and oxidative stressed guts. (A) Representative images of y-tubulin signal in mitotic ISCs (PH3-positive cell) of 10-
day-old wild-type flies. The guts of 10-day-old wild type flies were stained with anti-PH3 (green), anti-y-tubulin (red) and DAPI (blue). (B) Images showing the mitotic ISCs
with various centrosome numbers in aged wild-type flies and young Catalase mutants. The guts of 45-day-old wild type flies and 10-day-old Cat"!/+ flies were stained with
anti-PH3 (green), anti-y-tubulin (red) and DAPI (blue). Original magnification is 400x. (C) Increased number of mitotic ISCs with supernumerary centrosomes (>3) in the gut
of 45-day-old wild-type flies and 10-day-old Cat"’/+. (a) Age- and oxidative stress-related increases of mitotic ISCs in the midguts. (b) Frequency of abnormal y-tubulin cell
per mitotic ISC. (c) Number of abnormal y-tubulin cell per midguts. The guts of 10-day-old and 45-day-old wild type flies and 10-day-old Cat"!/+ flies were stained with anti-
PH3 (green), anti-y-tubulin (red) and DAPI (blue). The centrosome numbers were counted in the PH3-positive cells of these guts. Data (mean * SE) in 10-day-old and 45-day-
old wild type and 10-day-old Cat™'/+ flies were collated from 181, 527 and 1732 mitotic cells of 49, 24 and 30 guts, respectively, from three separate experiments. p-Values
were calculated using Student’s t-test. ***p < 0.0001 compared to that of young wild-type flies. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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mutant (Cat"’/TM3) and y'w'"'8;P{UAS-Akt1.Exel}2 (UAS-AKT) were
kindly provided by the Bloomington Stock Center. Oregon-R flies
were used as the wild-type. Cat"!/+ flies were obtained from a cross
of the Oregon-R males to the Cat"/TM3 females. esg > GFP flies
were obtained from a cross of the Oregon-R males to the
esg-GAL4,UAS-GFP/CyO females. esg™ > GFP + UAS-)PVR, esg" > GFP +
UAS-EGFR*™? and esg'® > GFP + UAS-AKT flies were obtained from a
cross of the UAS-APVR, UAS-EGFR™P, or UAS-AKT males to the
esg™ > GFP females, respectively. All experiments were conducted
in females.

2.2. Temperature-controlled expression

For transgene expression in specific developmental stages, the
Gal80" technique was used [28]. The flies were set up and main-
tained at 22°C until adulthood. Three-day-old females were
shifted to 29 °C for 2 days to allow expression of the transgenes
in ISCs/EBs.

2.3. Immunochemistry

Intact adult guts were dissected and then fixed at room temper-
ature. For immunostaining with anti-GFP antibody, the guts were
fixed for 1h in 4% formaldehyde (Sigma-Aldrich, St. Louis, MO,
USA). For immunostaining with anti-yH2AvD and anti-Delta anti-
bodies, the guts were fixed for 30 min in 4% paraformaldehyde

(Electron Microscopy Science, USA); dehydrated for 5 min in 50%,
75%, 87.5% and 100% methanol; rehydrated for 5 min in 50%, 25%
and 12.5% methanol in PBST [0.1% Triton X-100 in phosphate-
buffered saline (PBS)] for postfixation; and incubated overnight
with primary antibody at 4 °C. After washing with PBST, the sam-
ples were incubated for 1 h with secondary antibodies at 25 °C,
washed in PBST, mounted with Vectashield (Vector Laboratories,
Burlingame, CA, USA), and analyzed using a Zeiss Axioskop 2plus
microscope (Carl Zeiss Inc., Gottingen, Germany). For the quantita-
tive analysis of abnormal y-tubulin cells (>3) in the mitotic ISCs,
the images were processed using PhotoshopCS5 (Adobe Systems,
San Jose, CA, USA). The number of abnormal y-tubulin cells was
counted in the whole midgut.

2.4. Antisera

In these experiments, the following primary antibodies diluted
in PBST were used: mouse anti-y-tubulin (Sigma-Aldrich, St. Louis,
MO, USA), 1:1000 dilution, rabbit anti-phospho-histone H3 (PH3)
(Millipore, Billerica, MA, USA), 1:1000, rabbit anti-GFP (Molecular
Probes, Eugene, OR, USA), 1:1000, and rat anti-GFP (Nacalai Tesque
Inc., Kyoto, Japan), 1:1000. The following secondary antibodies
diluted in PBST + 2% BSA were used: goat anti-rabbit FITC (Cappel,
Solon, OH, USA), 1:400; goat anti-mouse Cy3 (Jackson ImmunoRe-
search, West Grove, PA, USA), 1:400; goat anti-rat FITC (Jackson
ImmunoResearch), 1:400, and goat anti-rabbit Alexa Fluor® 647
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Fig. 2. Supernumerary centrosome in the esg-positive polyploid cell of aged midgut. (A) Images showing the mitotic ISCs with various centrosome numbers in young and
aged esg-GFP flies. The guts of 10-day-old (a-f) and 45-day-old (g-r) esg > GFP flies were stained with anti-GFP (green), anti-y-tubulin (red), anti-PH3 (white), and DAPI (blue).
b-f, h-1, and n-r were enlarged image of white square in a, g, and m, respectively. Yellow dotted lines in e, k, and q indicate the area of dividing esg-positive cell. Original
magnification is 400x. (B) Increased number of mitotic ISCs with supernumerary centrosomes ( >3) in the gut of 10-day-old and 45-day-old esg > GFP flies. (a) Age-related
increases of mitotic ISCs in the midguts. (b) Frequency of abnormal y-tubulin cell per mitotic ISC. (c) Number of abnormal y-tubulin cell per midguts. The guts of 10-day-old
and 45-day-old esg > GFP flies were stained with anti-PH3 (green), anti-y-tubulin (red), anti-PH3 (white), and DAPI (blue). The centrosome numbers were counted in the PH3-
positive cells of these guts. Data (mean # SE) in 10-day-old and 45-day-old esg > GFP flies were collated from 73 and 294 mitotic cells of 33 and 15 guts, respectively, from
three separate experiments. p-Values were calculated using Student’s t-test. “**p < 0.0001 and *p < 0.01 compared to that of young esg > GFP flies. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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(Jackson ImmunoResearch), 1:400. DAPI (Molecular Probes,
Eugene, OR, USA) was diluted at 1:1000.

2.5. Statistical analyses

Quantified data are expressed as the mean * SE values. Signifi-
cance testing was conducted via Student’s t-test (unpaired-, two-
sided t-test).

3. Results and discussion

Using anti-y-tubulin (a marker of centrosome) and anti-PH3 (a
marker of mitotic ISC), we addressed whether centrosome duplica-
tion in mitotic ISCs is modulated by aging in the adult midgut. The
midguts of 10-day-old and 45-day-old wild-type flies were exam-
ined, and 10-day-old Catalase mutant (Cat"’/+) flies were used as a
model of oxidatively stressed tissues.

Generally, two centrosomes were detected in the ISCs in the
mitotic phase, which included prophase, metaphase, anaphase
and telophase, of the 10-day-old flies (Fig. 1A), but mitotic ISCs
with 3-12 abnormal centrosomes were detected in aged Drosophila

midguts (Fig. 1B). We quantified the frequencies of these mitotic
ISCs with supernumerary centrosomes (>3), which were 3.65%
in the 45-day-old wild-type flies (N = 24, n = 527, N indicates num-
ber of guts, n indicates number of PH3-positive cells), 7.31% in the
10-day-old Catalase mutants (N =30, n=1732), and 1.42% in the
10-day-old wild-type flies (N = 49, n = 181) (Fig. 1C-b). The number
of mitotic ISCs with supernumerary centrosomes ( >3) per gut was
1.26 in the 45-day-old wild-type flies, 4.63 in the 10-day-old
Catalase mutants, and 0.125 in the 10-day-old wild-type flies
(Fig. 1C-c). Overall, these results show a higher incidence of
centrosome amplification in the aged and oxidative-stressed ISC
populations.

We also found supernumerary centrosomes in the esg-GFP posi-
tive polyploid cells (Fig. 2A-m-r) and increased centrosome ampli-
fication (Fig. 2B) in aged guts with esg > GFP (normally marking
diploid ISC/progenitor cells). This indicates that supernumerary
centrosomes can be responsible for abnormal ISC polyploid cells.

Next, we assessed how centrosome amplification is induced in
aged midguts. Overexpression of PVR, EGFR, and AKT in ISCs and
EBs has been demonstrated to mimic age-related changes in the
midgut, such as hyperproliferation of ISCs and hyperplasia
[21,23,24]. In mammals, elevated VEGF, EGFR, and AKT signaling
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Fig. 3. Increased centrosome amplification by the ISCs/EBs-specific overexpression of YPVR, EGFR active form, and AKT. (A) Images showing the mitotic ISCs with various
centrosome numbers in esg > GFP (a-f), esg®® > GFP + UAS-/PVR (g-1), esg"* > GFP + UAS-EGFR*™ (m-r1), and esg' > GFP + UAS-AKT (s-x) flies. Three-day-old females were
shifted to 29 °C for 2 days and dissected guts were immunostained with anti-GFP (green), anti-y-tubulin (red), anti-PH3 (white), and DAPI (blue). b-f, h-1, n-r, and t-x were
enlarged image of white square in a, g, m, and s, respectively. Original magnification is 400x. (B) Increased number of mitotic ISCs with supernumerary centrosomes ( >3) in
the gut of esg® > GFP + UAS-/PVR, esg* > GFP + UAS-EGFR*™P, and esg" > GFP + UAS-AKT flies. (a) ISCs/EBs-specific YPVR, EGFR*P, or AKT overexpression-induced increases of
mitotic ISCs in the midguts. (b) Frequency of abnormal y-tubulin cell per mitotic ISC. (c) Number of abnormal y-tubulin cell per midguts. Three-day-old females were shifted
to 29 °C for 2 days and dissected guts were immunostained with anti-GFP (green), anti-y-tubulin (red), anti-PH3 (white), and DAPI (blue). The centrosome numbers were
counted in the PH3-positive cells of these guts. Data (mean + SE) in esg'® > GFP, esg* > GFP + UAS-/PVR, esg'* > GFP + UAS-EGFR’™P, and esg'* > GFP + UAS-AKT flies were collated
from 161, 1346, 468, and 576 mitotic cells of 56, 21, 21, and 24 guts, respectively. p-Values were calculated using Student’s t-test. ***p < 0.0001 compared to that of esg® > GFP
flies. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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reportedly are involved in centrosome amplification [29-31].
Therefore, we examined whether overexpression of PVR, EGFR, or
AKT in ISCs and EBs induces centrosome amplification in adult
Drosophila midgut by using esg® > GFP, esg® > GFP + UAS-/PVR,
esg® > GFP + UAS-EGFR’™P, and esg™ > GFP + UAS-AKT flies. The
mitotic ISCs with supernumerary centrosomes ( >3) were detected
in the ISCs/EBs-specific /PVR, EGFR*™, and AKT overexpressed
midguts (Fig. 3A). Significant increases of mitotic ISCs with
supernumerary centrosomes (>3) were detected in esg” > GFP +
UAS-/PVR, esg® > GFP+ UAS-EGFR'™P, and esg® > GFP + UAS-AKT
flies (Fig. 3B). These results indicate that activation of PVR, EGFR,
and AKT signaling in ISCs/EBs can induce mitotic ISCs with super-
numerary centrosomes (>3).

Here, we show the first direct evidence for the age-related
increase of centrosome amplification in ISCs. Centrosomal abnor-
malities are strongly correlated with tumorigenesis and tumor pro-
gression [2] and have been reported to interfere with asymmetric
stem cell division, which leads to expansion of the stem cell popu-
lation and hyperplasia [30]. Therefore, our data support the view
that centrosome amplification of tissue-resident stem cells could
be a cause of chronic age-related diseases such as cancer. Our data
also suggest that supernumerary centrosomes can be a useful mar-
ker for aging stem cells.

We also show that overexpression of PVR, EGFR, and AKT in
ISCs/EBs can induce mitotic ISCs with supernumerary centrosomes
(=3). These pathways are involved in age-related changes in the
midgut, such as hyperproliferation of ISCs and hyperplasia
[21,23,24]. Therefore, our data suggest that PVR, EGFR and AKT
pathways may contribute to the increased centrosome amplifica-
tion in aged Drosophila and also that centrosome amplification
may lead to hyperplasia in the midgut. We also observed increased
phospho-AKT signal in ISCs and EBs of esg” > GFP + UAS-/PVR and
esg™ > GFP + UAS-EGFR’™P flies (data not shown), suggesting that
AKT can be a potential mediator in activated PVR and EGFR-
induced centrosome amplification in ISCs. However, the mecha-
nisms of centrosome amplification of stem cells in vivo remain
largely unknown. Therefore, further studies on the factors and sig-
nals leading to centrosome amplification in tissue-resident stem
cells are required for increased longevity and the prevention and
treatment of age-related diseases, including cancer. Our findings
suggest that the Drosophila midgut is an excellent model for study-
ing the molecular mechanisms-underlying centrosome amplifica-
tion in adult stem cells in vivo, and so increase our ability to
therapeutically intervene in these processes in the future.
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