
coproteins. Low-affinity interactions with gly-
coproteins would be stabilized by increases in
avidity that accompany lengthening of a dsRNA
molecule. Longer molecules would bind more
stably to the cell surface and thereby increase
the concentration of dsRNA immediately sur-
rounding the dsRNA channel. Such a discrim-
inatory mechanism would enable organisms
to use long dsRNA to systemically silence
natural targets, including transposons or vi-
ruses, while spatially and temporally confin-
ing expression of short dsRNAs, such as
regulatory microRNAs (20, 21).

SID-1–mediated dsRNA transport may
have numerous functional genomic and ther-
apeutic applications. RNAi screens have been
highly effective in C. elegans and S2 cells,
which readily import dsRNA, whereas trans-
fection-based RNAi screens require substan-
tially more labor (8, 12, 22). Ectopic SID-1
expression may enable RNAi soaking screens

in a number of experimental systems. Per-
haps most important, sid-1 belongs to a pre-
viously uncharacterized gene family with
members within the human and murine ge-
nomes (2). Should these genes function sim-
ilarly to C. elegans sid-1, modulation of their
activity could enable in vivo use of RNAi to
regulate gene expression.
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Orientation of Asymmetric Stem
Cell Division by the APC Tumor
Suppressor and Centrosome

Yukiko M. Yamashita,1 D. Leanne Jones,1 Margaret T. Fuller1,2*

Stem cell self-renewal can be specified by local signals from the surrounding
microenvironment, or niche. However, the relation between the niche and the
mechanisms that ensure the correct balance between stem cell self-renewal and
differentiation is poorly understood. Here, we show that dividing Drosophila
male germline stem cells use intracellular mechanisms involving centrosome
function and cortically localized Adenomatous Polyposis Coli tumor suppressor
protein to orient mitotic spindles perpendicular to the niche, ensuring a reliably
asymmetric outcome in which one daughter cell remains in the niche and
self-renews stem cell identity, whereas the other, displaced away, initiates
differentiation.

Adult stem cells maintain populations of
highly differentiated but short-lived cells
such as skin, intestinal epithelium, or sperm
through a critical balance between alternate
fates: Daughter cells either maintain stem
cell identity or initiate differentiation (1).
In Drosophila testes, germline stem cells
(GSCs) normally divide asymmetrically,
giving rise to one stem cell and one gonial-
blast, which initiates differentiation start-
ing with the spermatogonial transient am-
plifying divisions. The hub, a cluster of

somatic cells at the testis apical tip, func-
tions as a stem cell niche: Apical hub cells
express the signaling ligand Unpaired
(Upd), which activates the Janus kinase–
signal transducers and activators of tran-
scription ( JAK-STAT) pathway within
GSCs to maintain stem cell identity (2, 3).

Analysis of dividing male GSCs by ex-
pression of green fluorescent protein (GFP)–
�-tubulin in early germ cells revealed that in
100% of the dividing stem cells observed
(n � 500), the mitotic spindle was oriented
perpendicular to the hub-GSC interface
throughout mitosis, with one spindle pole
positioned within the crescent where the GSC
contacted the hub (Fig. 1, A to C, and fig.
S1). Stem cell division was rare, averaging
one dividing stem cell observed per 5 to 10
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Fig. 4. SID-1 rapidly mediates passive uptake of
dsRNA in S2 cells. (A) SID-1–mediated dsRNA
uptake is resistant to ATP depletion. Cells (4 �
106) were plated in duplicate in 24-well plates in
5 �M oligomycin or dimethyl sulfoxide (DMSO)
control for 30min before addition of dsRNA. Cells
were incubated with dsRNA for 1 hour at 22°C,
washed once with cold phosphate-buffered saline
(PBS), treated with trypsin for 15 min, pelleted,
washed in PBS three times, and lysed. Radioactiv-
ity in lysates was measured and normalized to
total protein content. Washing cells with acidified
PBS was as effective as trypsin in removing ex-
tracellular label (3, 19). (B) SID-1–mediated
dsRNA uptake is resistant to reduced tempera-
tures. Cells (4 � 106) were plated in duplicate,
allowed to adhere for 30 min at 27°C, then
moved to 4°C for 10 min. dsRNA was added, and
cells either remained at 4°C or were warmed to
22°C. After 1 hour, both sets of cells were re-
turned to 4°C, washed once with cold PBS, and
trypsin was added. Both sets of cells were then
moved to 22°C and processed as in (A). (C) SID-
1–mediated uptake proceeds rapidly. Cells were
plated as in (B) before addition of dsRNA and,
after either 5 min or 60 min incubation (22°C),
were washed and processed in (A).
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testes (�2% of total stem cells) in 0- to
2-day-old adults. Spindles were not oriented
toward the hub in gonialblasts (Fig. 1C).

Drosophila male GSCs maintained a fixed
orientation toward the hub throughout the cell
cycle, unlike Drosophila embryonic neuro-
blasts or the Caenorhabditis elegans P1 cell,
in which spindle orientation is established
during mitosis by a programmed rotation of
the spindle (5, 6). The single centrosome in
early interphase GSCs was consistently locat-
ed adjacent to the hub (Fig. 1D, arrow). After
centrosome duplication, one centrosome re-
mained adjacent to the hub, whereas the other
migrated to the opposite side of the nucleus
(Fig. 1, D to F). The mechanisms responsible
for Drosophila GSC spindle orientation may
differ between sexes. In female GSCs, the
spectrosome, a spherical intracellular mem-
branous structure, remains localized next to
the apical cap cells, where it may help anchor
the spindle pole during mitosis (7). In inter-
phase male GSCs, in contrast, the spectro-
some was often located to the side, whereas at
least one centrosome held the stereotyped
position adjacent to the hub (Fig. 1G).

To investigate centrosome function in orien-
tation of male GSCs, we analyzed males that
were null mutant for the integral centrosome
component centrosomin (cnn) (8, 9), which is
required for normal astral microtubule function
(10). In cnn mutant males, mitotic spindles were
not oriented toward the hub in �30% (n � 100)
of the dividing GSCs examined (Fig. 2A). In an
additional 10 to 20%, spindles were properly
oriented, but the proximal spindle pole was no
longer closely associated with the cell cortex at
the hub-GSC interface and the entire spindle
was displaced away from the hub (Fig. 2B). The
frequency of spindle orientation defects was
highest in metaphase (Fig. 2C). Loss of function
of cnn also partially randomized the interphase
centrosome positioning in male GSCs. In more
than 35% of the cnn mutant GSCs with dupli-
cated centrosomes that were scored (table S1),
neither centrosome was positioned next to the
hub (Fig. 2, D and E).

The number of germ cells associated with
the hub was increased 20 to 30% in cnn
mutant males, from an average of 8.94 GSCs
per hub in the wild type to 11.89 GSCs per
hub in cnnHK21/cnnHK21 (P � 1.3 � 10–8)
and 10.69 GSCs per hub in cnnHK21/cnnmfs3

(P � 7.2 � 10–6) (Fig. 2F and table S1). Hub
size was not significantly different in cnn
compared with wild-type males (table S1). In
cnn testes with many stem cells, GSCs ap-
peared crowded around the hub and often
seemed attached to the hub by only a small
region of cell cortex (Fig. 2, G to J). Finite
available physical space around the hub may
limit the increase in stem cell number in cnn
mutant males.

As suggested by the increased stem cell
number, there were several cases in both live

and fixed samples from cnn males in which a
stem cell that had recently divided with a
mitotic spindle parallel to the hub-GSC inter-
face produced two daughter cells that re-
tained contact with the hub (Fig. 2K), a find-
ing that was not observed in the wild type.
We also observed GSCs dividing with a mis-
oriented/detached spindle that lost attachment
to the hub (Fig. 2L), probably explaining the
mild increase in stem cell number relative to
the frequency of misoriented spindles.

The normal close attachment of one spindle
pole to a region of the GSC next to the hub and
the effects of cnn mutants on centrosome and
spindle orientation suggest that a specialized
region of the GSC cell cortex touching the hub
might provide a polarity cue toward which astral
microtubules from the centrosome and spindle
pole orient. High levels of DE-cadherin (fly

epithelial cadherin) and Armadillo (Arm; fly
�-catenin) colocalized at the hub-GSC interface
(Fig. 3, A to C), as well as at the interface
between adjacent hub cells, marked by high
levels of Fas III (Fig. 3C). High levels of DE-
cadherin and Arm were not detected around the
rest of the GSC surface. Forced expression of
DE-cadherin–GFP specifically in early germ
cells (4) confirmed that DE-cadherin in GSCs
colocalized to the hub-GSC interface (Fig. 3D).

DE-cadherin and Armadillo at the hub-
GSC interface may provide an anchoring
platform for localized concentration of
Apc2, one of two Drosophila homologs of
the mammalian tumor suppressor gene Ad-
enomatous Polyposis Coli (APC) (11, 12),
which in turn may anchor astral microtu-
bules to orient centrosomes and the spindle.
Immunofluorescence analysis revealed Apc2

Fig. 1. Male GSCs orient toward the hub throughout the cell cycle. (A) In the apical tip of a Drosophila
testis, male GSCs are visualized with nos-gal4-VP16/upstream activating sequence (UAS)–GFP–�-
tubulin (4). GSCs form a rosette of GFP-positive cells around and touching the GFP-negative hub (*).
(Arrowhead) A GSC undergoing mitosis. (B) A schematic of GSCs (green) surrounding the hub (orange).
The proximal spindle pole in GSCs always associated with the hub-GSC interface (red line), with the
other pole on the opposite side. (C) Spindles oriented perpendicular to the hub in GSCs but not
gonialblasts. Pro, prophase; prome, prometaphase; meta, metaphase; and, anaphase; tel/later, telophase

or later phase. (D and E) Oriented centro-
some position in interphase male GSCs
around the hub. GFP–�-tubulin (green);
antibody to �-tubulin (red). [(D), arrow]
Early interphase cell with a single centro-
some. [(E), arrows] A recently duplicated
centrosome pair adjacent to the hub of a
midinterphase cell. [(D) and (E), arrow-
heads] Later interphase cells with one
centrosome adjacent to the hub and the
other migrating around the nucleus. Cen-
trosomes are marked only when all cen-
trosomes in a cell were visible in a single
confocal microscope plane. (F) Centro-
some position in male GSCs during the
cell cycle, with the approximate percent-
age of cells that were observed for each
indicated centrosome position (n � 300).
The hub (blue), centrosomes (red), and
microtubule (green) are shown. (G) The
spectrosome (blue, arrowhead, antibody
to �-spectrin) was not consistently ori-
ented toward the hub in interphase. An-
tibody to Centrosomin (red, arrow); GFP–
�-tubulin (green). Scale bar, 10 �m.
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protein localized to the hub-GSC interface
(Fig. 3, E to H). In apc2 mutant males, we
observed GSCs with mispositioned centro-
somes (16 to 21%, n � 100), misoriented
spindles (10 to 14%, n � 35) (Fig. 3I and
table S1), or detached spindles (8 to 11%,
n � 35). Both the average number of stem
cells (11 to 12 per testis; n � 100) and hub
diameter increased in apc2 mutant males
compared with that of the wild type. Unlike
in cnn mutants, GSCs did not appear crowded
around the hub in apc2 males, perhaps as a
result of the enlarged hub.

The second Drosophila APC homolog,
apc1, may also contribute to normal orientation
of the interphase centrosome and mitotic spin-
dle. Apc1 protein localized to centrosomes in
GSCs (Fig. 3J) and spermatogonia during late
G2/prophase, after centrosomes were fully sep-
arated but before nuclear envelope breakdown.
Apc1 was not detected at centrosomes from
prometaphase to telophase. Spindle orienta-
tion (�20%, n � 15) and centrosome posi-
tion (22 to 45%, n � 100) were perturbed in
GSCs from apc1 males (Fig. 3K and table
S1), and the number of stem cells per testis

and the diameter of the hub both slightly
increased in apc1 mutant testes compared
with those of the wild type (table S1).

We propose that the reliably asymmetric
outcome of male GSC divisions is controlled by
the concerted action of (i) extrinsic factor(s)
from the niche that specify stem cell identity,
and (ii) intrinsic cellular machinery acting at the
centrosome and a specialized region of the GSC
cortex located at the hub-GSC interface to ori-
ent the cell division plane with respect to the
signaling microenvironment (Fig. 3L). Astral
microtubules emanating from the centrosome

Fig. 2. Misoriented spindle and centrosomes and increased stem cell number
in cnn mutant testes. (A and B) GSCs around the hub (*) from cnnHK21

homozygous males. [(A), arrowhead] A misoriented spindle. [(B), arrowhead]
A detached spindle. (C) Frequency of abnormal spindles in cnnHK21 male
GSCs. Misori, misoriented. (D) Confocal image of cnnHK21 male GSCs show-
ing mispositioned centrosomes (arrowheads). GFP–�-tubulin (green); anti-
body to �-tubulin (red). (*) Hub. (E) Frequency of GSCs with mispositioned
centrosomes. Only cells with two visible duplicated centrosomes were
scored. Cells were counted as having mispositioned centrosomes if neither
centrosome was located near the interface with the hub. (F) Distribution of
stem cell number in the wild-type compared with cnnHK21 mutant testes,

with average stem cell number (	SE). (G and I) Male GSCs around the hub
(*) visualized live with nos-Gal4-VP16/UAS-GFP–�-tubulin in (G) the wild
type and (I) cnnHK21. (H and J) Trace of GSCs. The thicker focal plane of
the regular fluorescent microscope used allowed visualization of almost
all the stem cells in a single image. Gray outlines in ( J) indicate cells
contacting the hub in a different focal plane. (K) A GSC in a cnnHK21/
cnnmfs3 testis dividing so that both daughter cells retain attachment to
the hub. (Arrow) cytoplasmic bridge. GFP–�-tubulin (green); antibody to
Armadillo (red). (L) Time-lapse series of a dividing GSC with detached
and misoriented spindle (arrowhead) in cnnHK21, showing loss of cell
attachment to hub. Scale bar, 10 �m.
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may be captured by a localized protein complex
including Apc2 at the GSC cortex where it
interfaces with the hub (Fig. 3L), similar to the
way in which cortical Apc2 may orient mitotic
spindles in the syncytial embryo (13) or epithe-
lial cells (14).

Mechanisms that orient the mitotic spin-
dle by attachment of astral microtubules to
specific cortical sites may be evolutionally
conserved. In budding yeast, spindle orienta-
tion is controlled by capture and tracking of
cytoplasmic microtubules to the bud tip (15,
16), dependent on Kar9, which has weak
sequence similarity to APC proteins (17, 18).
Kar9 has been localized to the spindle pole
body (19) and the cell cortex of the bud tip
(20, 21), reminiscent of the localization of
Drosophila Apc1 at centrosomes and Apc2 at
the cell cortex (22).

Polarization of Drosophila male GSCs to-
ward the hub could result simply from the
geometry of cell-cell adhesion. GSCs appear
to be anchored to the hub in part through
localized adherens junctions (23). Homotypic
interactions between DE-cadherin on the sur-
face of hub cells and male GSCs could con-
centrate and stabilize a patch of DE-cadherin.
The resulting localized DE-cadherin cyto-
plasmic domains could then provide localized
binding sites for �-catenin and Apc2 at the

GSC cortex (Fig. 3L). Although binding of
E-cadherin and APC to �-catenin is thought
to be mutually exclusive (24), APC could be
anchored at the cortical patch through the
actin cytoskeleton, which in turn could inter-
act with �-catenin/�-catenin.

Orientation of stem cells toward the niche
appears to play a critical role in the mecha-
nism that ensures a reliably asymmetric out-
come of Drosophila male GSC divisions,
consistently placing one daughter within the
reach of short-range signals from the hub and
positioning the other away from the niche.
Oriented stem cell division may be a general
feature of other stem cell systems, helping
maintain the correct balance between stem
cell self-renewal and initiation of differenti-
ation throughout adult life.
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Fig. 3. Apc tumor suppressor homologs are required for
spindle orientation in male GSCs. Confocal microscope
images of testis apical tips. (A) DE-cadherin (green) and
Arm (red) colocalize at the hub-GSC interface (arrow-
heads). (B) GSCs in the same field as (A) shown with
GFP–�-tubulin. (C) DE-cadherin (green) but not Fas III (red)
localizes to the hub-GSC interface. DE-cadherin and Fas III
colocalize between hub cells (arrowheads). (D) DE-cad-
herin–GFP expressed specifically in early germ cells (4)
localized to the hub-GSC interface. (*) Hub. (E to H) (F) and
(H) show the same fields as (E) and (G), respectively. Apc2
localized to the hub-GSC interface in the wild type [(E) and

(F)] but not in apc2
S/apc2
S [(G) and (H)], apc2
S/apc2d40, apc2
S/apc2N175K, or apc2d40/apc2N175K (not shown). Antibody to Apc2 (red);
GFP–�-tubulin (green); antibody to Fas III (blue). (*) Hub. (I) Misoriented spindle in apc2
S/apc2d40 (nos-Gal4-VP16/UAS-GFP–�-tubulin). (*) Hub. (J)
Apc1 localized to centrosomes in G2/prophase male GSCs (arrowheads). Anti-body to Apc1 (red); GFP–�-tubulin (green). (*) Hub. (K) Mispositioned
centrosomes (arrowheads) in an apc1Q8/Df(3R)3450 mutant testis. (*) Hub. Antibody to �-tubulin (red); GFP–�-tubulin (green). (L) Model for
asymmetric stem cell division in Drosophila male GSCs. Scale bar, 10 �m.
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