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Background: Numb/Notch signaling is essential for NSC self-renewal. How Numb works is not well defined.
Results: Numb interacts with �-Adaptin through newly defined domains to regulate the endocytosis of Notch pathway
components.
Conclusion: Endocytosis is critically involved in balancing the self-renewal versus differentiation choice of NSCs.
Significance:Aberrant Numb/Notch signaling has been associated with tumorigenesis. Results from this study have important
implications for cancer biology.

The ability to balance self-renewal and differentiation is a
hallmark of stem cells. In Drosophila neural stem cells (NSCs),
Numb/Notch (N) signaling plays a key role in this process. How-
ever, the molecular and cellular mechanisms underlying Numb
function in a stem cell setting remain poorly defined. Here we
show that �-Adaptin (�-Ada), a subunit of the endocytic AP-2
complex, interacts with Numb through a new mode of interac-
tion to regulateNSChomeostasis. In�-adamutants, N pathway
component Sanpodo and the N receptor itself exhibited altered
trafficking, and N signaling was up-regulated in the intermedi-
ate progenitors of type II NSC lineages, leading to their trans-
formation into ectopic NSCs. Surprisingly, although the Ear
domain of �-Ada interacts with the C terminus of Numb and is
important for �-Ada function in the sensory organ precursor
lineage, it was dispensable in the NSCs. Instead, �-Ada could
regulate Sanpodo, N trafficking, and NSC homeostasis by inter-
acting with Numb through new domains in both proteins previ-
ously not known to mediate their interaction. This interaction
could be bypassed when �-Ada was directly fused to the phos-
pho-tyrosine binding domain of Numb. Our results identify a
critical role for the AP-2-mediated endocytosis in regulating
NSC behavior and reveal a newmechanism bywhichNumb reg-
ulatesNSCbehavior throughN.These findings are likely to have
important implications for cancer biology.

In a stem cell hierarchy, daughter cells originate from the
same mother cell can acquire distinct abilities to self-renew or
differentiate. Differential cell-cell signaling activities among
daughter cells play key roles in establishing andmaintaining the

diverse cell fates within the lineage. For example, the Notch
(N)2 signaling pathway has been demonstrated to be one of the
prime signaling pathways in determining differential cell fates
within stem cell lineages in various tissues and species (1–6).
However, it remains unclear how differential N signaling is
established within a stem cell hierarchy in the first place.
Drosophilaneural stem cells (NSCs) called neuroblasts (NBs)

in the central brain (CB) or ventral nerve cord (VNC) regions
provide excellent model systems for understanding signaling
events regulating stem cell behavior. The CB area contains
eight type II NB lineages (7–9). Within each type II NB lineage,
the NB self-renews while giving rise to immature intermediate
progenitors (IPs), which soon become mature IPs. The mature
IPs, through self-renewing asymmetric divisions, produce gan-
glion mother cells that eventually differentiate into pairs of
postmitotic neurons and/or glia (Fig. 1A).
The N signaling pathway is a central pathway governing NB

homeostasis. In a type II NB lineage, E(spl)m�-GFP, a reporter
for N activity (10), is highly expressed in the NB but not imma-
ture IPs (Fig. 1B), indicating that differential N signaling within
the lineage confers distinct cell fates. Indeed, inactivation of N
signaling results in the depletion of all type II NBs (7, 11, 12),
whereas overactivation of N signaling leads to the dedifferenti-
ation of IPs back to NB cell fate and consequent ectopic NB
formation and brain tumor phenotypes (7, 12–14).
One strategy to establish differential N signaling among the

daughter cells of aNB lineage is through unequal segregation of
signaling modulators such as Numb. In a type II NB lineage,
Numb is asymmetrically segregated into the IPs, where it antag-
onizesN signaling andprevents IPs fromacquiringNB fate (Fig.
1B) (7, 11, 15, 16).
How Numb antagonizes N signaling within NB lineages,
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Numbmay act as an endocytic protein (17–26), butwhether the
endocytic pathway is critical for Numb function is uncertain
(27). Studies in non-stem cell settings have suggested that N
signaling can be modulated by the endocytic regulation of N
receptor (28–37). However, the reported effects of these endo-
cytic events on N signaling have been quite divergent and con-
troversial (38–40), partly because of cell type-specific differ-
ences in the regulation and function of N signaling (39).
Given the essential roles of N signaling in balancing stem cell

self-renewal versus differentiation in diverse organisms, it is
imperative to investigate the role of the endocytic machinery in
regulating N signaling during stem cell homeostasis and to
explore the mode of action of Numb in this process. Here we
show that Numb biases N signaling by promoting the endocy-
tosis and down-regulation of both N and Spdo in the IPs,
restraining their ability to self-renew and acquire stem cell fate.
We show that Numb does so via physical interaction with
�-Ada through newly identified interaction motifs.

EXPERIMENTAL PROCEDURES

Fly Genetics—Fly culture and crosses were performed
according to standard procedures and were raised at the indi-
cated temperatures. To generate various truncated version of
pUAST-GFP-�-Ada, pUAST-Spdo-GFP, and pUAST-Numb-
GFP transgenic flies, the corresponding cDNA constructs gen-
erated in the pUAST vector were injected into w- embryos to
obtain transgenic lines according to established procedures.
Drosophila stocks used in this study were numb15 (from W.
Chia); Scabous-GAL4, UAS-nb03 (from Y. Jan); 1407-GAL4
(from L. Luo); adaear5 (from F. Roegiers); lgl1 (from F. Matsu-
zaki); UAS-N (fromM. Fortini); spdoG104, AP-2�KG02457, UAS-
Tom, UAS-Dl-RFP, P{PZ}�-Adaptin06694 (�-ada1) (from the
Bloomington Drosophila stock center); l(2)SH0460 (ada5)
(from the Szeged Drosophila Stock Center); UAS-Dl RNAi
(TRiP). All other fly stocks were obtained from the Blooming-
tonDrosophila stock center, the SzegedDrosophila Stock Cen-
ter, and the VDRC.
Clonal Analysis and Temperature Shift Analyses—To gener-

ate NB mosaic analysis with a repressible cell marker
(MARCM) clones, newly hatched or 24 hours after larval hatch-
ing (ACH) larvae were heat-shocked at 37 °C for 90 min and
further aged for 3–4 days at 25 °C before dissection. MARCM
analyses were performed essentially as described (41).
NB Quantification—Quantification of either total or type II

neuroblasts was performed as described previously (12).
Cell Culture, Coimmunoprecipitation, and Western Blot

Analyses—HEK293T cells weremaintained in DMEMmedium
(Gibco) supplemented with 10% newborn calf serum (Lonza).
For coimmunoprecipitation experiments, HEK293T cells were
transfected with FuGENE 6 transfection reagent (Roche) fol-
lowing the protocol of the manufacturer. 48 h after transfec-
tion, cells were harvested, washed with ice-cold PBS, and incu-
bated for 20minwith 450�l of lysis buffer (50mMTris-HCl (pH
8.0), 120 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10% glyc-
erol) containing protease inhibitor mixture (Sigma) and phos-
phatase inhibitor mixture 1 (Sigma). The cell lysate was centri-
fuged for 5 min at 13,000 rpm, and the supernatant was
collected. The lysate was incubated with mouse anti-FLAGM2

antibody coupled to agarose beads (Sigma) with gentle mixing
at 4 °C for 3–4 h. Beads were washed with lysis buffer three
times for 5 min each. Proteins were eluted from agarose beads
by the addition of sample buffer (Bio-Rad), boiled for 5min, and
analyzed by Western blotting with the indicated antibodies.
For Western blot analysis of fly tissues, third instar larval

brains from wild-type, ada1 or ada5 mutants or 1407�GFP-
Ada animals were dissected in cold 1� PBS and directly
homogenized in 25 �l of SDS sample buffer using a motor-
driven pestle. After centrifugation at 13,000 rpm for 10min, the
supernatant was used in SDS-PAGE.
Statistical Analysis—Unpaired Student’s t-tests were used

for statistical analysis between two groups.
Molecular Biology and Protein Analysis—Detailed informa-

tion is provided in the supplemental data.

RESULTS

Inactivation of AP-2 Complex Subunits Resulted in Ectopic
NB Formation in the Drosophila Larval Brain—A key compo-
nent of the endocytic pathway is theAP-2 complex, which plays
a pivotal role in serving the endocytosis of a selective subset of
cargoes by linking these protein cargoes to clathrin at the
plasma membrane (42). We found that two lethal P-element
insertions in the Drosophila AP-2 subunit gene �-adaptin
(�-ada), P{PZ}�-Adaptin06694 (�-ada1) (71) and l(2)SH0460
(�-ada5) led to massive overgrowth of the CB areas, marked by
supernumerary NBs, but a dramatically reduced number of dif-
ferentiated neurons (Fig. 1C). Similar NB overproliferation
phenotypewas observed in trans-heterozygotes between�-ada
andDf(2L)al, a chromosomal deficiency that deletes the �-ada
locus (data not shown). Importantly, (�-ada1 or (�-ada5muta-
tions largely eliminated �-Ada protein expression in the larval
brains (Fig. 1D). Furthermore, NB-specific expression of GFP-
�-Ada through a transgene was able to completely rescue the
brain tumor phenotype of (�-ada1 and (�-ada5 (Fig. 5F and
data not shown), demonstrating that the observed phenotype
was specifically caused by �-Ada loss of function in the NB
lineages. Thus, loss of �-Ada function by the mutant alleles
analyzed here led to NB overproliferation, indicating that
�-Ada normally limits NB self-renewal or promotes NB differ-
entiation. To assess whether �-Ada acts cell-autonomously to
inhibit ectopic NB formation, we analyzed �-ada mutant NBs
within GFP-marked MARCM clones (43). In type II NB lin-
eages in the CB area, WT clones contained one and only one
Dpn� Elav� primary NB (bracket), which was associated with a
few smaller-sized Dpn� Elav� IPs and numerous Elav� post-
mitotic neurons (Fig. 1, E and F). In contrast, �-ada mutant
clones containedmultiple Dpn� Elav� NBs but very few differ-
entiated neurons (Fig. 1, E and F). Thus, �-Ada is required cell-
autonomously to inhibit ectopicNB formation in the type II NB
lineages.

�-Ada is one of the large subunits of the AP-2 complex,
which is composed of another large subunit (�2), an interme-
diate subunit (�2), and a small subunit (�2) (44) (Fig. 1G).
Ectopic NBs (yellow arrowheads) were also observed in
MARCM clones derived fromNBsmutant for the AP-2�2 sub-
unit (Fig. 1H), supporting that �-Ada exerts its function in NB
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homeostasis by working together with other subunits of the
AP-2 complex.
Mutations in AP-2 Subunits or Numb Affect the Endocytosis

of Sanpodo—Because�-adamutantNBs showed aberrant acti-
vation of N signaling, we next investigated whether �-Ada reg-
ulatesN signaling through the endocytic pathway. Spdo, a four-
pass transmembrane protein involved in N signaling in
Drosophila, is regulated by endocytosis in the SOPs (20, 24,
45–47). Quantification of cortical versus cytoplasmic signals of
Spdo showed that in wild-type NBs, Spdo was primarily cyto-
plasmic at metaphase, and it displayed weak cortical localiza-
tion in the NB but not IPs at telophase (Fig. 2A and supplemen-
tal Fig. S1). In contrast, in �-ada mutant NBs, Spdo was
localized predominantly to the cell cortex throughout the cell
cycle (Fig. 2A and supplemental Fig. S1). Similar enriched cor-
tical localization of Spdo was also observed in the NBs and IPs of
numb orAP2�mutants (Fig. 2B and supplemental Fig. S2). These
results support that the AP-2 complex and Numb regulate N sig-
naling in NB lineages by promoting the endocytosis of Spdo.
To investigate the functional significance of endocytic regu-

lation of Spdo, we analyzed NB behavior in spdomutants. spdo
mutant MARCM clones in the type II NB lineages contained

fewer IPs and no primary NB (Fig. 2, C and D), indicating that
Spdo is required for maintaining NB identity in this lineage.
Importantly, a NB depletion phenotype was also observed in
the type II NB lineages when spdomutant clones were induced
in the �-adamutant background (Fig. 2,C andD), demonstrat-
ing that Spdo is essential for the formation and/ormaintenance
of both normal and ectopic type II NBs.
Preventing the Internalization of Spdo Is Not Sufficient to Pro-

mote NB Self-Renewal—To investigate the role of Spdo endo-
cytosis in mediating the effect of Numb onNB homeostasis, we
tested whether overexpression of a mutant form of Spdo with
constitutive cortical localizationmight be sufficient to promote
ectopic NB formation. We found that deleting a short putative
PTB domain-interacting motif (YTNPAF) in the N terminus of
Spdo (�Nm-Spdo) effectively abolished its binding to Numb
(Fig. 3, A–C), resulting in Spdo accumulating primarily at the
cell cortex (D). These findings are consistent with a previous
study examining the effect of similar alteration of Numb/Spdo
interaction on the endocytosis of Spdo in the SOPs (45). We
confirmed that �Nm-Spdo was fully functional on the basis of
its ability to completely rescue the type II NB loss phenotype of
the spdomutant (Fig. 3E).

FIGURE 1. The AP-2 complex acts to prevent NB overproliferation. A, schematic view of a type II NB lineage consists of NB (pink), immature IP (brown), mature
IP (light pink), GMC (light blue), and postmitotic neurons (blue). B, during each cycle of NB mitosis, Numb (orange) is asymmetrically segregated into the
immature IP. As a consequence, Notch signaling is activated in the NB (green) but inhibited in immature IPs (gray). C, �-ada1 or �-ada5 mutant larval brains
stained with the NB marker Deadpan (Dpn) and GMC and neuronal marker Prospero (Pros), containing supernumerary NBs but few neurons in the CB (boxed)
and ventral nerve cord (VNC, bracket) areas. D, �-Ada protein levels were greatly reduced in �-ada1 or �-ada5 mutant larval brains, indicating that both are
strong hypomorphic alleles. Note that the UAS-EGFP-�-Ada transgene specifically expressed in NBs by the 1407-GAL4 driver showed similar protein level as
endogenous �-Ada. E, WT or �-ada1 mutant MARCM clones induced from type II NBs that are marked by CD8-GFP. Neurons are marked with Elav. F, quantifi-
cation of data from E. G, schematic drawing of the AP-2 complex. H, AP-2�KG02457 mutant MARCM clones contained ectopic NB (Dpn�Pros�, yellow arrowhead).
Scale bars: 20 �m (E) and 10 �m (H).
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Interestingly, although NB-specific overexpression of Numb
led to a complete depletion of type II lineage NBs, coexpression
of �Nm-Spdo blocked this effect (Fig. 3, F and G), indicating
that internalization of Spdo is a critical step through which
Numb inhibits NB self-renewal. However, pan-NB overexpres-
sion of this cortically localized Spdo was insufficient to cause
ectopic NB formation (Fig. 3, F and G). Thus, cortical localiza-
tion of Spdo appears to be necessary but not sufficient to pro-
mote NB self-renewal. This result implicates the involvement
of deregulated endocytosis of other key target(s) of Numb in
promoting ectopic NB formation.

�-Ada and Numb Promote the Internalization of N in type II
NBs and IPs—We next examined whether the N receptor itself
might be an endocytic target of Numb. Ectopic NBs induced by
overactivation of N signaling have been proposed to originate
from the IPs of type II NB lineages through a dedifferentiation
process (7, 12, 13). We examined N distribution in �-ada or
numbmutant NBs and IPs. �-adamutant NBs and IPs showed
modestly enhanced cortical localization of N (Fig. 4A) com-
pared with the wild-type controls. Furthermore, quantitative
analysis of the relative distribution of N showed that the
increase inNdistribution at the cell cortexwas accompanied by
its decreased cytoplasmic localization (Fig. 4C). Similar changes

in N distribution were also observed in numbmutant NBs and
IPs (Fig. 4, B and D), with the effects of numb mutation
appeared to be more pronounced. These observations strongly
suggest that N endocytosis was impaired in �-ada or numb
mutant IPs andNBs.More direct proof of alteredNendocytosis
in �-ada or numb mutant IPs may come from a live antibody
uptake assay, as done in other tissues (34, 37, 48, 49). However,
the thickness of whole brain tissues has so far posed a technical
challenge for this approach.
Consistent with the view that Numb acts through �-Ada to

promote the endocytosis and down-regulation of N in the IPs,
knockdown of N by RNAi but not overexpression of Numb
completely suppressed ectopicNB formation in�-adamutants
(Fig. 4, E and F). Furthermore, NB lineage-specific overexpres-
sion of a full-length N transgene was sufficient to induce
ectopic NB formation (Fig. 4, E and F). Together, these data
suggest that the elevated abundance of N at the cell cortex and
the consequent N overactivation in �-ada or numbmutant IPs
may account for the ectopic formation of NBs.
Ada-Ear, a Domain Important for �-Ada Function in the

SOPs, Is Dispensable in the NBs—�-Ada contains an N-termi-
nal Trunk domain, a C-terminal Ear domain, and a flexible
Hinge domain in between (Fig. 1G). The Ear domain (Ada-Ear)

FIGURE 2. �-Ada and Numb promote Spdo endocytosis. A, WT (G-G’’, I-I’’) or �-ada1 (H-H’’, J-J’’) mutant NBs at metaphase or telophase stages triple-labeled
with Mira, Spdo, and DNA. B, cortical localization of Spdo in numb15 mutant NBs and adjacent IPs (pink arrowhead). C, MARCM analysis of type II NB lineages of
WT control, �-ada1 mutant, spdoG104 mutant, and �-ada1; spdoG104 double mutant genotypes. NBs were marked with stars. The number of type II NBs (� 10 �m)
per clone in these various genotypes are quantified in D. Scale bars � 10 �m (A and B) and 20 �m (C).

Regulation of Notch by Numb in NSCs

MAY 18, 2012 • VOLUME 287 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 17719



Regulation of Notch by Numb in NSCs

17720 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 21 • MAY 18, 2012



binds to a large number of accessory proteins and is thought to
be important for clathrin-mediated endocytosis (50, 51). Previ-
ous studies revealed an Ada-Ear interaction with the Asp-pro-
phe (DPF)motif in Numb-C (25, 27). This interaction is critical
for proper cell fate determination in the SOPs (19). Indeed, a
strong cell fate transformation phenotype in the SOP lineage
manifested as multiple sockets was observed in the �-adaear5
mutant (Fig. 5A), which causes a premature truncation within
the Ear domain of �-Ada (19). Unexpectedly, the �-adaear5
mutant showed neither the NB overproliferation (Fig. 5B) nor
Spdo cortical localization phenotypes (Fig. 5C), indicating that
the C-terminal half of Ada-Ear is dispensable for �-Ada func-
tion in the NBs.
A New Mode of Protein-Protein Interaction between �-Ada

and Numb in Regulating NB Homeostasis—The results
described above raised the question as to whether there exists
additional interaction between �-Ada and Numb proteins
other than the interaction mediated by Ada-Ear and Numb-C.
To probe for such an interaction, HEK293T cells were trans-
fectedwith full-length and various deletion constructs of�-Ada
and Numb (Fig. 5D), and coimmunoprecipitation experiments
were performed. As expected, Ada-FL but not a control GFP
protein efficiently coprecipitated full-length Numb (Nb-FL)
(Fig. 5E and supplemental Fig. S3A). Ada-�Ear or Ada-Trunk
also coprecipitated with Numb, albeit with reduced strength
than Ada-FL (Fig. 5E). Reciprocally, Numb proteins with its
C-terminal domain deleted (Nb-N and Nb-�CT) still bound to
Ada-FL (supplemental Fig. S3B). These results suggested that a
new interaction between Ada-Trunk and Numb-N might be
sufficient to regulate type II NB homeostasis.
These results prompted us to further investigate whether

there is any functional importance associated with the previ-
ously identified interaction between the Ada-Ear domain and
Numb-C domain in NBs. Like full-length Ada (Ada-FL), NB-
specific expression (driven by 1407-GAL4) of �-Ada proteins
with either the C-terminal half of its Ear domain or the entire
Ear domain deleted (Ada-�Ear5 and Ada-�Ear, respectively)
could completely rescue the NB overproliferation and Spdo
cortical localization phenotypes in �-ada1 or �-ada5 mutants
(Fig. 5, F andG, and data not shown). In fact, an �-Ada deletion
form with only the Trunk domain remaining (Ada-Trunk) was
still fully functional in rescuing�-adamutants (Fig. 5, F andG),
suggesting that, unlike in the SOPs, the entire Ear domain is
dispensable for �-Ada function in the NBs. This result high-
lights the differential deployment of the endocyticmachinery in
different cell types and emphasizes the importance of studying
the endocytic control of N signaling in multiple tissues.

Consistently, NB lineage-specific expression of Nb-�CT
or Numb-PTB (supplemental Fig. S3A), which contains the
PTB domain that is essential for Numb to interact with N
and Spdo (20, 52), effectively suppressed the NB overprolif-
eration phenotypes induced by loss of function of the tumor
suppressor gene lethal giant larvae (lgl), which is linked to
aberrant Numb/N signaling (14, 53) (supplemental Fig. S3C).
Further deletion of the C-terminal portion of the PTB
domain rendered the resulting protein, Nb-03 (54), nearly
inactive (supplemental Fig. S3, A and C), suggesting that
Numb-PTB is the minimal functional unit of Numb in inhib-
iting ectopic NB formation.
We also generated additional deletions in Ada-Trunk in an

effort to further narrow down the minimal domain of �-Ada
that is functional inNBs.Deletion of approximately one third of
Ada-Trunk from theN terminus orC terminus (Ada-�NT�Ear
or Ada-N2, respectively) abolished the ability of Ada-Trunk to
functionally rescue �-ada mutant phenotypes in terms of NB
number and Spdo localization (supplemental Fig. S4), suggest-
ing that the Trunk domain of �-Ada is an indivisible functional
unit of the protein.
It was recently shown that NB-specific overexpression of a

phospho-mimetic form of Numb (Nb-TS4D), but not its corre-
sponding non-phosphorylatable form (Nb-TS4A), led to a
strong NB overproliferation phenotype (supplemental Fig.
S5A) (55). The TS4D mutations did not alter the interaction
betweenNumb and its cargo Spdo, but nevertheless led to Spdo
cortical localization by unknown mechanisms (55). Given that
Numb acts as an adaptor by linking �-Ada with its cargo pro-
teins Spdo and N to regulate NB homeostasis, we investigated
the possibility that the TS4Dmutationsmight alter the interac-
tion between Numb and �-Ada. Intriguingly, compared with
Nb-WT or Nb-TS4A, Nb-TS4D exhibited a markedly
enhanced interaction with �-Ada (supplemental Fig. S5B), sug-
gesting that the dominant-negative effects exerted byNb-TS4D
on endogenous Numb might be due to its deregulated interac-
tion with �-Ada, which could impair the normal activity of the
AP-2 complex (see “Discussion”).
A Numb-PTB-�-Ada Chimera Recapitulates the Functional

AP-2/Numb Complex—Although overexpression of a full-
length Numb transgene led to a complete depletion of type II
NB lineages (Fig. 3, F andG, and 6, A and B), overexpression of
Numb-PTB showed no effect on normal NB maintenance (Fig.
6,A–C), suggesting that the missing portion of Numbmight be
required to ensure a tighter interaction with �-Ada and, hence,
its full activity in N inhibition. To test this idea, we tethered
full-length �-Ada to the C terminus of Nb-PTB-GFP to gen-

FIGURE 3. Forced cortical localization of Spdo is not sufficient to promote the formation of ectopic NBs from IPs. A, schematic representation of Numb
and Spdo domain structures. These various Numb or Spdo deletion or mutant versions were used for coimmunoprecipitation experiments or in vivo functional
assays. B, interaction between Spdo and Numb-PTB. FLAG-tagged PTB or the M domains of Numb and a Myc-tagged Spdo with the C-terminal transmembrane
domain deleted (Spdo�TM) were expressed in HEK-293T cells, and coimmunoprecipitation (IP) experiments were performed as indicated. C, evidence that the
Spdo YTNPAF motif is essential for Spdo-Numb interaction. FLAG-tagged full-length or truncated versions of Spdo�TM and Myc-tagged Numb were expressed
in HEK-293T cells, and coimmunoprecipitation experiments were performed as indicated. D, telophase NBs expressing either the Spdo-GFP or �Nm-Spdo-GFP
transgene were triple-labeled with GFP, Mira, and DNA. The arrowheads point to vesicular (upper) versus cortical (lower) GFP localization in future IP daughter
cells. Note that �Nm-Spdo-GFP also localized to some intracellular membrane structures. E, type II lineage NB clones of various genotypes marked with
CD8-GFP (encircled by the dashed line). The Mira� primary NB in each clone is marked with a star. F, the effects of NB-specific overexpression of Nb or �Nm-Spdo
or Nb and �Nm-Spdo, driven by 1407-GAL4, on type II NB maintenance. Quantification of data from E is shown in F. Note that �Nm-Spdo overexpression driven
by 1407-GAL4 does not change the total NB number per brain lobe. NS, not significant. *, p � 0.0001, Student’s t test. Scale bars � 10 �m (D), 20 �m (E), and 100
�m (F).
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erate an Nb-PTB-�-Ada chimeric protein (Fig. 6A). Like full-
length Numb, expression of Nb-PTB-�-Ada led to a com-
plete depletion of type II NBs (Fig. 6, B and C). Furthermore,
although full-length �-Ada rescued NB overproliferation in
�-ada mutants and brought NB number back to normal,
expression of PTB-�-Ada in the �-ada background further
depleted all type II NBs (Fig. 6, B and C). In addition,
Nb-PTB-�-Ada, but not full-length �-Ada, completely sup-
pressed the NB overproliferation phenotype of numb

mutants (supplemental Fig. S6), whereas full-length Numb
was unable to rescue �-adamutant phenotypes (Fig. 4, E and
F). These data provide compelling evidence that most of Numb
and �-Ada function in NBs is mediated by the Numb-�-Ada
complex formed through direct protein-protein interaction,
which might contain other protein components as well. They
also offer more molecular insights about how Numb functions
in the NB lineages. Through its interaction with N and Spdo
cargo proteins and the endocytic protein �-Ada, asymmetri-

FIGURE 4. The functional relationships among �-Ada, Numb, Spdo, and N. A, distribution of N as detected with the anti-N extracellular domain (NECD)
antibody in WT and �-ada5 NBs at the metaphase stage. B, N distribution in a numb15 mutant NB MARCM clone marked with CD8-GFP (red). NBs are labeled with
stars. White open or closed arrowheads point to N distribution at the cell cortex of control or numb15 mutant NBs, whereas pink open or closed arrowheads
indicate N localization at the cell cortex of control or numb15 mutant IPs, respectively. The dashed line indicates the boundary between control (�, left) and
numb15 mutant (right) cells. C and D, quantification of the relative distribution of N immunofluorescence at the cell cortex or cytoplasm of �-ada5 versus control
(C) or numb15 mutant versus control (D) NBs or IPs. E, NBs in the signal larval brain lobe of various genotypes were marked with Mira. Data from E were quantified
in F. *, p � 0.0001. Scale bars � 10 �m (A and B) and 100 �m (E).
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cally segregated Numb in the IPs incorporates these NB self-
renewal-promoting cargos into the AP-2 complex to promote
their internalization and down-regulation, thereby preventing
the IPs from acquiring stem cell fate.

Because the Nb-PTB-�-Ada chimeric protein contains the
full activity of both Numb and �-Ada, its distribution could
reveal the cellular location of the functional pool of AP-2/
Numb-dependent endocytic vesicles. Interestingly, we found

FIGURE 5. The Ada-Ear domain, important for �-Ada function in the SOPs, is dispensable in the NBs. The �-adaear5 mutant showed cell fate transformation
in external sensory (ES) organs (A) but no phenotype in the type II NB lineages (B). Bracket, NB; arrowhead, immature IP. C, Spdo was localized to the cell cortex
of �-ada1 NBs but remained at the cytosol of �-adaear5 NBs. D, schematic representation of the �-Ada domain structures and various �-Ada deletion constructs
used for generating transgenic lines and for coimmunoprecipitation experiments. E, interaction between Numb and �-Ada Trunk. FLAG-tagged full-length or
truncated forms of �-Ada and Myc-tagged full-length Numb were expressed in HEK293T cells. Cell extracts were immunoprecipitated (IP) with anti-FLAG
antibody, followed by Western blotting with anti-FLAG or anti-Myc antibodies. F, rescue of the �-ada5 mutant phenotype (H, H’) by NB-specific expression
(driven by 1407-GAL4) of full-length (Ada-FL) or truncated versions (Ada-�Ear or Ada-Trunk) of the �-Ada transgenes. G, quantification of data from F. *, p �
0.0001. Scale bars � 10 �m (C) and 100 �m (F).
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that N and Nb-PTB-�-Ada puncta (arrowheads) colocalized in
the differentiating daughter cells (arrowheads) but not the NBs
(Fig. 6D). In comparison, colocalization of N puncta with either
�-Ada-GFP-positive vesicles or Numb protein in the NBs or
differentiating daughter cells was rarely detected (Fig. 6E and
data not shown), emphasizing the importance of Numb in
bringing N and �-Ada together. With the caveat that trans-
gene-derived proteins were used here, the differential colocal-
ization ofNwithNb-PTB-�-Ada and�-Ada-GFP still provided
strong support for the notion that N receptor is asymmetrically
internalized and down-regulated in the IPs byNumb andAP-2-
mediated endocytosis.
The N Ligand Delta Is Critically Involved in NBHomeostasis,

but the Ectopic NB Formation in �-adaMutant Is Unlikely due
to Altered Delta Trafficking or Function—Although it is well
known that N signaling is activated within the NBs to maintain
stem cell fate, the source and identity of theN ligand involved in
NB regulation remain unresolved (56). To begin to address this
issue, we first examined the distribution of the E3 ubiquitin
ligase Neuralized (Neur), which is required for the activation of
N ligand Delta (Dl) in the signal-sending cell in the SOP lineage

(49). Neur was asymmetrically segregated into the IPs during
NB division (Fig. 7A), suggesting that the IPs might be the cells
that present the Dl signal. Consistent with a unidirectional N
signaling from the IPs to the NB, the N reporter is on in the NB
but off in the IP (10, 12). Secondly, to evaluate the functional
significance of Dl in the NB lineages, we performed either
RNAi-mediated knockdown of Dl or overexpression of its
inhibitor, Tom (57). Down-regulation of Dl specifically within
the NB lineages led to a complete depletion of type II NBs (Fig.
7,B andC), demonstrating that Dl is absolutely required for NB
formation or maintenance. Furthermore, NB lineage-specific
inactivation ofDl also completely suppressedNBoverprolifera-
tion in�-adamutants (Fig. 7,D and E), indicating that Dl is also
needed for N activation in the formation or maintenance of
ectopic NBs.
The demonstration that Dl is required within the type II NB

lineages for the activation of N signaling required for NB self-
renewal and maintenance, and the fact that endocytosis is a
critical step in the activation of Dl (57–62), raised the possibil-
ity that impairment of the endocytosis of Dl might account for
the NB overproliferation phenotype seen after the inactivation

FIGURE 6. An Nb-PTB-�-Ada chimera recapitulates the functional AP-2/Numb complex. A, schematic diagrams of Nb-FL, Nb-PTB, and Nb-PTB-�-Ada
chimeric constructs. C, effects of overexpressing Nb-PTB, �-Ada, or Nb-PTB-�-Ada on type II NB number in WT or �-ada1 mutants. Data quantification is shown
in B. *, p � 0.0001. D, N and Nb-PTB-GFP-�-Ada vesicles (arrowhead) colocalize (solid arrowheads) in the differentiating daughter cells but not NBs (star), in
�-ada1; 1407�Nb-PTB-GFP-�-Ada background. E, in �-ada1; 1407�GFP-�-Ada background, N (open arrowheads) and GFP-�-Ada positive vesicles (solid arrow-
heads) rarely colocalize in either the NBs (star) or differentiating daughter cells. Scale bars � 100 �m (C) and 5 �m (D and E).
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of �-Ada. However, such a scenario seemed unlikely, on the
basis of the following observations.We did not observe obvious
change of Dl protein distribution in a-adamutant NB lineages
compared with control wild-type NB lineages (supplemental
Fig. S7). Unlike the overexpression of N, overexpression of a
Dl transgene (63) within the NB lineages had no obvious
effect onNB number (Fig. 7, F andG). These data support the
notion that ectopic NB formation seen in �-ada mutants is
largely attributable to altered trafficking and activity of N
instead of Dl.

DISCUSSION

Understanding how differential cell fates were established
and maintained within a stem cell lineage is fundamental to
stem cell biology and has important implications for cancer
research. Our results uncover a critical role for the cell fate

determinant Numb in regulating NSC homeostasis by prevent-
ing ectopic NSC formation through interaction with the endo-
cytic protein�-Ada. This interaction serves to down-regulateN
signaling by promoting the internalization of both N and Spdo,
ensuring that the IP that receives the majority of the Numb
protein will not acquire the NB fate.
Previous studies indicated that Numb uses its C-terminal

domain to interact with the�-Ada Ear domain and that such an
interaction is essential for asymmetric cell fates in the SOP
lineage (19). Surprisingly, we found that neither Numb-C nor
Ada-Ear is required for NB lineage homeostasis regulation.
Instead, a novel interaction between Numb-N and �-Ada
Trunk domain is sufficient to exert their functions in NBs. This
is one of the several differences between the NBs and SOPs we
have uncovered in this study in terms of the regulation and
function of the endocytic machinery, and it highlights the need

FIGURE 7. The function of N ligand Delta in regulating stem cell homeostasis in the type II NB lineages. A, WT NBs at metaphase, anaphase, or telophase
stages were triple-labeled with Neur, Mira, and DNA. B–E, NB lineage-specific overexpression of the Tom or Dl RNAi transgenes led to a complete depletion of
type II NBs (B) and complete suppression of NB overproliferation in �-ada1 mutants (D). Arrowheads in B indicate type II NB lineages. Quantification of NB
number is shown in C and E. *, p � 0.0001. F, NB lineage-specific overexpression of a full-length Dl transgene had no effect on NB number. Quantification of NB
number is shown in G. Scale bars � 10 �m (A) and 100 �m (B and D).
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to further study the endocytic regulation of N signaling in
NSCs, even though much has been done in non-stem cell set-
tings. Interestingly, the protein sequences of both the Numb-N
and �-Ada Trunk domain are highly conserved in vertebrates
(supplemental Fig. S8).WhethermammalianNumb and�-Ada
utilize a similar mode of protein interaction to exert their func-
tion in inhibiting ectopicNSC formationwithin vertebratewar-
rants future investigation.
Our structure-function studies identify the Trunk domain of

�-Ada as the minimal functional unit in mediating �-Ada/
Numb interaction. It is kind of surprising that the Ear domain of
�-Ada, which binds to a large number of accessory proteins
important for endocytosis, is dispensable for �-Ada function in
theNBs.One possibility is that through interactionwith�-Ada,
which also contains an Ear domain, �-Ada-Trunk may still be
able to recruit the accessory proteins to the AP-2 complex.
Consistent with this notion, the C-terminal 1/3 of �-Ada-
Trunk, which may mediate the interaction between �-Ada and
�-Ada (44), is indispensable for �-Ada-Trunk function. The
N-terminal 1/3 of �-Ada-Trunk, which may be required for
interaction with the phospholipids PIP2/PIP3 and other subunits
of the AP-2 complex (44, 64, 65), is also indispensable for �-Ada-
Trunk domain function. The Trunk domain of �-Ada thus repre-
sents one indivisible functional unit.
Despite the fact that Numb plays an evolutionary conserved

role in inhibiting N signaling (52, 66–69), it remains unclear
how it exerts such a function. Previous studies in other systems
have led to divergent proposals of Numb regulation of N signal-
ing, including endocytosis- and proteasome-independent
mechanism (27), ubiquitination and degradation of N (70), or
promotion of Spdo endocytosis (20, 24). It is worth noting that
all of these previous studieswere done in non-stemcell settings.
Here we provide compelling evidence that in Drosophila NBs,
Numb inhibits N signaling specifically in the IPs of the type II
NB lineages through promoting the endocytosis of N and Spdo.
Our finding that the expression of a mutant form of Spdo,
which no longer binds toNumb and thus escapes the regulation
by Numb, is sufficient to rescue the Numb overexpression-in-
duced type IINB loss provides compelling evidence that Spdo is
an important downstream mediator of Numb function in reg-
ulating NB self-renewal.
To directly test the model that Numb primarily acts as an

adaptor protein to link N and Spdo to the �-Ada-containing
AP-2 complex, we fused�-Ada to the C terminus of theNumb-
PTB domain. This fusion protein possesses the full activities of
both Numb and �-Ada, thus recapitulating the function of the
active Numb/�-Ada complex. Interestingly, the resulting
Nb-PTB-�-Ada chimeric protein displayed stronger activity
than�-Ada protein alone in inhibiting theNBoverproliferation
phenotype of �-adamutants. One plausible explanation is that
�-Ada normally interacts with many cargo proteins directly or
indirectly in vivo. Hence, only a small portion ofAP-2 endocytic
vesicles containsN and/or Spdo under normal condition. How-
ever, when �-Ada is replaced by Nb-PTB-�-Ada, more AP-2
endocytic vesicles cannowgain access toNand/or Spdo, result-
ing in more efficient inhibition of N signaling and NB self-re-
newal. Interestingly, we observed colocalization betweenN and

Nb-PTB-�-Ada vesicles in the differentiating daughter cells but
notNBs. Although this observation is on the basis of transgene-
derived Nb-PTB-�-Ada, it nevertheless provides compelling
evidence that N is asymmetrically internalized in AP-2-depen-
dent endocytic vesicles and is down-regulated in the differenti-
ating daughter cells. Under normal physiological conditions,
this process is likely facilitated byNumb, which is preferentially
segregated into the differentiating daughter cell after stem cell
division.
Although the interaction between Numb and �-Ada is abso-

lutely critical for the endocytic regulation of N signaling in NB
lineages, our data also suggested that such interactionmight be
delicately and dynamically regulated in vivo. It is possible that
the N/Spdo cargo-Numb-AP-2 complex goes through cycles of
association anddissociation, and this dynamic regulationmight
be partly mediated by phosphorylation/dephosphorylation
cycles of Numb, as in the case of Numb regulation of integrin
endocytosis during directional cell migration (23). We found
that the phospho-mimetic form of Numb (Nb-TS4D) binds
to �-Ada protein with an unusually high affinity. This tight
binding might hinder the recruitment of other important
endocytic proteins by �-Ada and disrupt the endocytic
cycles, resulting in deregulated protein trafficking, overacti-
vation of N signaling, and tumorigenesis. The detailed
molecular mechanisms underlying the effects of Nb-TS4D
on the endocytic regulation in the NB lineages warrant fur-
ther investigations.
Furthermore, our results offer the first evidence that the N

ligand Dl is required for type II NB self-renewal and/or main-
tenance and that it actswithin theNB lineages.Wepropose that
Dl, likely coming from the immature IP, activates N in the type
II NB to maintain its NSC fate. This cell-cell interaction medi-
ated by Dl-N signaling could happen between two immediate
daughter cells of a NB division or between the NB and some
earlier born IPs, which tend to cluster around the parental NBs.
In other cell types, Dl has been shown to require an endocytosis
step in the signal-sending cell to become competent for activat-
ing N in neighboring signal-receiving cells (57–62). Our data
suggest that the overall distribution of Dl was not as signifi-
cantly altered as N by the inactivation of �-Ada, and unlike
overexpression of N, which causes ectopic NB formation, the
overexpression ofDl did not affectNBnumber. Thus, alteration
of Dl trafficking is unlikely to be a major contributor of the
ectopic NB phenotype seen in �-adamutants.
In summary, our studies unveil new insights into the modes

of action of Numb in antagonizing N signaling within the NB
lineages. Through interactingwith�-Ada,NumbbridgesN and
Spdowith theAP-2-dependent endocyticmachinery, promotes
N and Spdo internalization, and directs these stem cell fate-
promoting factors to a presumably degradative route. Our
results also reveal that there exist dual modes of interaction
between �-Ada and Numb and that stem cells and non-stem
cells may exploit these interactions in qualitatively different
ways, highlighting the need to study the endocytic regulation of
N signaling specifically in a stem cell setting to better under-
stand the general involvement ofN signaling in stem cell home-
ostasis regulation.
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