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During asymmetric stem cell division, polarization of the cell cortex targets fate determinants unequally into
the sibling daughters, leading to regeneration of a stem cell and production of a progenitor cell with restrict-
ed developmental potential. In mitotic neural stem cells (neuroblasts) in fly larval brains, the antagonistic in-
teraction between the polarity proteins Lethal (2) giant larvae (Lgl) and atypical Protein Kinase C (aPKC)
ensures self-renewal of a daughter neuroblast and generation of a progenitor cell by regulating asymmetric
segregation of fate determinants. In the absence of lgl function, elevated cortical aPKC kinase activity perturbs
unequal partitioning of the fate determinants including Numb and induces supernumerary neuroblasts in lar-
val brains. However, whether increased aPKC function triggers formation of excess neuroblasts by inactivat-
ing Numb remains controversial. To investigate how increased cortical aPKC function induces formation of
excess neuroblasts, we analyzed the fate of cells in neuroblast lineage clones in lgl mutant brains. Surprising-
ly, our analyses revealed that neuroblasts in lgl mutant brains undergo asymmetric division to produce pro-
genitor cells, which then revert back into neuroblasts. In lgl mutant brains, Numb remained localized in the
cortex of mitotic neuroblasts and failed to segregate exclusively into the progenitor cell following completion
of asymmetric division. These results led us to propose that elevated aPKC function in the cortex of mitotic
neuroblasts reduces the function of Numb in the future progenitor cells. We identified that the acyl-CoA bind-
ing domain containing 3 protein (ACBD3) binding region is essential for asymmetric segregation of Numb in
mitotic neuroblasts and suppression of the supernumerary neuroblast phenotype induced by increased aPKC
function. The ACBD3 binding region of Numb harbors two aPKC phosphorylation sites, serines 48 and 52. Sur-
prisingly, while the phosphorylation status at these two sites directly impinged on asymmetric segregation of
Numb in mitotic neuroblasts, both the phosphomimetic and non-phosphorylatable forms of Numb sup-
pressed formation of excess neuroblasts triggered by increased cortical aPKC function. Thus, we propose
that precise regulation of cortical aPKC kinase activity distinguishes the sibling cell identity in part by ensur-
ing asymmetric partitioning of Numb into the future progenitor cell where Numb maintains restricted poten-
tial independently of regulation by aPKC.

© 2012 Elsevier Inc. All rights reserved.
Introduction

During asymmetric stem cell divisions, polarization of the cell cor-
tex allows unequal partitioning of the cell fate determinants that in-
struct the daughter progeny to either self-renew as a stem cell or
adopt the progenitor cell identity (Neumüller and Knoblich, 2009;
Prehoda, 2009). Progenitor cells possess restricted developmental po-
tential and undergo limited rounds of cell division that give rise to
differentiated progeny. Mis-regulation of cortical polarity in
rights reserved.
asymmetrically dividing stem cells can impinge on the accumulation
and/or function of fate determinants in the intended recipient cell.
Such defects can lead to generation of progenitor cells that possess
stem cell-like properties, perturbing homeostasis and contributing
to tumor initiation. Thus, insight into the mechanisms that distin-
guish sibling cell identity during normal tissue development will like-
ly improve our understanding of aberrant processes from congenital
birth defects to tumorigenesis.

In fly larval brains, two classes of neuroblast lineages can be un-
ambiguously identified based on expression of the cell fate markers
and properties of their daughter progeny (Chia et al., 2008; Doe,
2008; Egger et al., 2008; Knoblich, 2008, 2010; Weng and Lee,
2011) (Fig. S1A). A type I neuroblast expresses Deadpan (Dpn) and
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Asense (Ase) and divides asymmetrically to self-renew a neuroblast
and to generate a progenitor cell called a ganglion mother cell
(GMC). In contrast, a type II neuroblast (Dpn+Ase−) divides asym-
metrically to self-renew and to generate an immature intermediate
neural progenitor cell (INP) that lacks the expression of Dpn and
Ase and is transiently arrested in the cell cycle while acquiring INP
identity (Bello et al., 2008; Boone and Doe, 2008; Bowman et al.,
2008). Following maturation, an INP (Dpn+Ase+) undergoes limited
rounds of asymmetric divisions to regenerate and to produce GMCs. A
key functional property that distinguishes these two neuroblast line-
ages rests on their dependence on Notch signaling for maintenance of
their identity (Bowman et al., 2008; Song and Lu, 2011; Weng et al.,
2011). While dispensable for maintenance of a type I neuroblast,
Notch signaling is crucial in maintaining type II neuroblasts
(Figs. S1B–E).

The mutually antagonistic interaction between Lgl and aPKC in
mitotic neuroblasts ensures that Numb segregates exclusively into
the cortex of the presumptive progenitor cell where Numb functions
to specify progenitor cell identity (Lee et al., 2006; Rolls et al., 2003;
Wang et al., 2006). In lgl mutant brains, increased cortical aPKC func-
tion disrupts asymmetric segregation of Numb in mitotic neuroblasts
and triggers formation of supernumerary neuroblasts. Consistent
with Numb acting as a conserved inhibitor of Notch signaling, neuro-
blasts lacking numb function or expressing constitutively active Notch
generate supernumerary neuroblasts at the expense of progenitor
cells (Bowman et al., 2008; Frise et al., 1996; Guo et al., 1996; Lee
et al., 2006; Rhyu et al., 1994; San-Juán and Baonza, 2011; Wang
et al., 2006; Zhong et al., 1997). Thus, elevated cortical aPKC kinase
activity induces supernumerary neuroblast formation likely by atten-
uating Numb-dependent regulation of Notch signaling. The fly Numb
protein contains five evolutionarily conserved aPKC phosphorylation
sites, and the non-phosphorylatable form of the Numb transgenic
protein at these sites (Numb5A) fails to segregate asymmetrically in
mitotic sensory organ precursor cells (Dho et al., 2006; Nishimura
and Kaibuchi, 2007; Smith et al., 2007). aPKC can indeed directly
phosphorylate Numb through these sites and render Numb non-
functional (Dho et al., 2006; Nishimura and Kaibuchi, 2007; Smith
et al., 2007; Wirtz-Peitz et al., 2008). Together, these results led to
the hypothesis that increased cortical aPKC kinase activity induces su-
pernumerary neuroblasts by perturbing the localization and the func-
tion of Numb. Thus far, evidence supporting this proposed
mechanism appears largely correlative. First, direct evidence linking
aPKC kinase activity to the de-localization of Numb from the cortex
of mitotic neuroblasts is absent. Second, whether phosphorylation
by aPKC indeed renders Numb inactive in progenitor cells has never
been tested. Finally, type II neuroblasts require Notch signaling for
maintenance of their identity; therefore, over-expression of Numb
or Numb5A most likely induces supernumerary type II neuroblasts
in lgl mutant brains to undergo premature differentiation rather
than restoring proper specification of INP identity (Wirtz-Peitz
et al., 2008) (Figs. S1B–G). As such, whether increased cortical aPKC
kinase activity induces supernumerary neuroblasts by impinging on
the localization and the function of Numb remains an open question.

In this study, we show that despite failing to segregate Numb
asymmetrically, neuroblasts in lgl mutant brains reproducibly under-
go asymmetric division to generate progenitor cells. This result sug-
gests that increased cortical aPKC kinase activity impinged on the
segregation but not the function of Numb. Surprisingly, the non-
phosphorylatable Numb5A at the five conserved aPKC phosphoryla-
tion sites exclusively partitioned in mitotic neuroblasts, indicating
that Numb contains additional aPKC phosphorylation sites required
for asymmetric segregation. Indeed, the two aPKC phosphorylation
sites, serines 48 and 52, in the ACBD3 binding region played a pivotal
role in asymmetrically segregating Numb into the cortex of the future
progenitor cell. Most unexpectedly, Numb suppressed supernumerar-
y neuroblasts induced by increased cortical aPKC function regardless
of the phosphorylation status at serines 48 and 52. Thus, we propose
that the antagonistic interaction between Lgl and aPKC ensures that
sufficient Numb reaches the future progenitor cells where Numb
maintains their limited potential irrespective of its phosphorylation
by aPKC.
Materials and methods

Fly stocks and transgenes

The novel lglmutants were generated by EMSmutagenesis follow-
ing standard procedures. The numb deletion constructs were generat-
ed by site-directed mutagenesis of the numb cDNA, sequenced, and
cloned in the pUAST-HA vector for germline transformation. The
UAS-numbS2A and UAS-numbS2D flies were generated using the
pUAST-attB-HA vector for insertion into an identical docking site in
the fly genome via the ϕC31 integrase-mediated transgenesis
(Bischof and Basler, 2008). Erm-lacZ flies were generated by cloning
the R9D11 enhancer element upstream of a minimal promoter and
the lacZ gene followed by ϕC31 integrase-mediated transgenesis.
Drosophila cultures were maintained at 25 °C under standard condi-
tions. Other mutant and transgenic flies used in the study include
lgl334 (Peng et al., 2000), aPKC06403 (Rolls et al., 2003), UAS-aPKCcaax

(Sotillos et al., 2004), Erm-GAL4 (Pfeiffer et al., 2008), Wor-GAL4,
Ase-GAL4 (Zhu et al., 2006), UAS-numb (Knoblich et al., 1997), UAS-
numb5A (Smith et al., 2007), UAS-numbΔN (Knoblich et al., 1997),
UAS-Notchintra (Chung and Struhl, 2001), and aph-15072 (Weng et al.,
2011). The UAS-NotchRNAi and UAS-spdoRNAi lines were obtained
from the Vienna Drosophila Resource Center. Oregon R, Sca-GAL4,
UAS-dcr2, aph-1D35, hs-flp, Act-FRT-Stop-FRT-GAL4, UAS-GFP, UAS-flp,
Act-FRT-Stop-FRT-lacZ, and tubGal80ts flies were obtained from the
Bloomington Drosophila Stock Center.
Immunofluorescent staining and antibodies

Antibody staining was performed as previously described. Anti-
bodies used in this study include rat anti-Dpn (1:1), rabbit anti-Ase
(1:400), mouse anti-Pros (1:100), sheep anti-Lgl (1:1000, S. Goode),
guinea pig anti-Numb (1:2500, J. Skeath), mouse anti-Dlg (1:50,
DSHB), mouse anti-β-gal (1:100, Sigma), chicken anti-GFP (1:2000,
Aves Labs), rat anti-α-tubulin (1:100, Serotec), rabbit anti-aPKC
(1:1000, Sigma), rabbit anti-phospho-HistoneH3 (1:1000, Upstate),
mouse anti-HA (1:1000, Covance), and mouse anti-c-Myc (1:50,
DSHB). Secondary antibodies were from Invitrogen and Jackson
ImmunoResearch (details are available upon request). Fluorescent
conjugates of phalloidin (Invitrogen), which stain F-actin, were used
to mark the cell cortex. All images are single confocal sections ac-
quired on a Leica SP5 scanning confocal microscope.
Lineage clone induction

For neuroblast clone induction, wild-type or lglmutant larvae con-
taining hs-flp were heat-shocked as follows to induce recombination
and marking by the Act-FRT-STOP-FRT-GAL4 driving UAS-GFP expres-
sion. After hatching, larvae were cultured for 24 h at 25 °C, subjected
to a 1 hour heat-shock at 37 °C, and returned to 25 °C for 24 or 48 h as
indicated. For INP clone induction, wild-type or lglmutant larvae con-
taining erm-GAL4, tubGAL80ts, and UAS-flp were cultured at 33 °C for
72 h to induce recombination and marking by the Act-FRT-STOP-
FRT-lacZ reporter. For clones over-expressing Notchintra, larvae con-
taining hs-flp were cultured at 25 °C and heat-shocked at 24 h after
hatching for 2 h at 37 °C to induce Act-FRT-STOP-FRT-GAL4 recombi-
nation and expression of UAS-Notchintra and UAS-GFP. Larval brains
were then dissected and stained as described previously.
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Over-expression experiments

For expression of transgenes using wor-GAL4 alone or in the lgl
rescue experiments using ase-GAL4, larvae were cultured at 32.5 °C
for 72 h. For aPKCcaax overexpression studies, larvae were cultured
at 31 °C for 72 h and at 33 °C for 96 h when using Erm-GAL4. Larval
brains were then dissected and stained as described previously.
Results

Supernumerary neuroblasts in lgl mutant brains most likely arise from
progenitor cells

Increased cortical aPKC kinase activity phosphorylates Numb, an
evolutionarily conserved protein instrumental for specification of
the daughter sibling cell fate during asymmetric cell division, possibly
rendering it inactive in lgl mutant brains (Guo et al., 1996; Nishimura
Fig. 1. lgl is required for the maintenance, but not specification, of progenitor cells. (A–B) A
mutant brains contained a single neuroblast surrounded by GMCs and neurons (n=30 and
in wild-type brains still contained a single neuroblast surrounded by GMCs and neurons; ho
blast immediately adjacent to GMCs and neurons with supernumerary neuroblasts located i
of the number of neuroblasts per type I neuroblast clone is shown for wild-type and lgl mut
clone induction, type II neuroblast clones in both wild-type and lgl334/3644 mutant brains c
(n=15 and 25 clones, respectively). (H–I) At 48 h after clone induction, type II neuroblast
INPs, INPs, GMCs and neurons; however, type II neuroblast clones in lgl334/3644 mutant brains
immature INPs, INPs, GMCs and neurons (n=8 and 144 clones, respectively). (J) Quantificat
lgl mutant clones at 24 (open) and 48 (filled) hours after clone induction. (K) The table sho
with the indicated markers. Single neuroblast clones marked by GFP are circled by the dotte
planes of the same clone are shown at 0 mm and +7.5 mm (C–D and H–I). All scale bars a
and Kaibuchi, 2007; Rhyu et al., 1994; Smith et al., 2007; Wirtz-Peitz
et al., 2008; Zhong et al., 1997). In addition, analyses of various lgl
mutant alleles showed that both type I and II neuroblasts become ab-
errantly expanded in lgl mutant brains (Figs. 1E, J and S2). These data
led us to hypothesize that supernumerary neuroblasts in lgl mutant
brains arise from symmetric neuroblast divisions. We tested this hy-
pothesis by assessing the identity of cells in the lineage clones derived
from single type I neuroblasts in wild-type or lgl mutant brains at 24
or 48 h after clone induction. In wild-type brains, we detected a single
neuroblast (Dpn+Ase−) per type I neuroblast clone, and the neuro-
blast was always surrounded by GMCs (Dpn−Ase+) and their daugh-
ter progeny (Dpn−Ase−) (Figs. 1A, C, E, K and S1A). Unexpectedly, all
24-hour type I neuroblast clones in lgl mutant brains also contained a
single neuroblast surrounded by GMCs and their daughter progeny
(Figs. 1B, E and K). However, 25% of the 48-hour type I neuroblast
clones in lgl mutant brains contained more than one neuroblast per
clone, and we frequently observed supernumerary neuroblasts
formed basally in the clones (Figs. 1D, E and K; n=91). Thus, we
t 24 h after clone induction, type I neuroblast clones in both wild-type and lgl334/3644

28 clones, respectively). (C–D) At 48 h after clone induction, type I neuroblast clones
wever, type I neuroblast clones in lgl334/3644 mutant brains contained a parental neuro-
n the basal portion of the clone (n=11 and 91 clones, respectively). (E) Quantification
ant clones at 24 (open) and 48 (filled) hours after clone induction. (F–G) At 24 h after
ontained a single neuroblast surrounded by immature INPs, INPs, GMCs and neurons
clones in wild-type brains still contained a single neuroblast surrounded by immature
contained a parental neuroblast isolated from the supernumerary neuroblasts by many
ion of the number of neuroblasts per type II neuroblast clone is shown for wild-type and
ws the frequency of clones containing supernumerary neuroblasts. Brains were stained
d line. Arrows indicate the neuroblasts (white, Type I; yellow, Type II). Single confocal
re 10 μm.
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propose that in lgl mutant brains, type I neuroblasts divide asymmet-
rically to self-renew and to generate GMCs, which revert back into
type I neuroblasts.

The 24-hour or 48-hour type II neuroblast lineage clones in wild-
type brains contain a single neuroblast (Dpn+Ase−) per clone, and
the neuroblast was always directly surrounded by immature INPs
(Dpn−Ase− or Dpn−Ase+) while INPs (Dpn+Ase+), GMCs and
their daughter progeny were typically one or more cells away
(Figs. 1F, H, J–K and S1A). Surprisingly, all 24-hour type II neuroblast
clones in lgl mutant brains also contained a single neuroblast sur-
rounded by immature INPs, INPs and their daughter progeny
(Figs. 1G, J and K). Most importantly, 47% of the 48-hour clones in
lgl mutant brains contained more than one neuroblast per clone,
and we reproducibly observed supernumerary neuroblasts formed
basally in the clones (Figs. 1I, J and K; n=144). These results led us
to conclude that in lgl mutant brains, type II neuroblasts also divide
asymmetrically to self-renew and to produce immature INPs that ma-
ture into INPs, but INPs revert back into type II neuroblasts. Based on
these data, we propose that Lgl functions to maintain restricted po-
tential in progenitor cells including INPs and GMCs.

Increased cortical aPKC kinase activity triggers reversion of INPs back
into neuroblasts

If Lgl indeed functions to maintain restricted potential in progenitor
cells, we predict that the genetic clones derived from INPs in lglmutant
brains should contain supernumerary type II neuroblasts. In order to in-
duce the INP lineage clones, we first examined whether INPs in lglmu-
tant brains show expression of the INP-specific earmuff-lacZ reporter
transgene (Weng et al., 2010) (this study). earmuff-LacZ was detected
in small Dpn+Ase+ cells surrounding type II neuroblasts but was unde-
tectable in both type I and II neuroblasts in wild-type and lgl mutant
brains (Figs. 2A–B). Thus, the INP-specific enhancer element in the
earmuff gene remains active in lgl mutant brains, allowing us to
Fig. 2. lglmutant and aPKCcaax overexpressing INPs revert back to type II neuroblasts. (A–B)W
neuroblasts. (C–D) While an INP-derived clone in a wild-type brain only contained neurons
type II neuroblasts (n=31 and 21 brains, respectively). (E–F) Overexpression of aPKCcaax dr
type brain (n=8 and 9 brains, respectively). Brains were stained with the indicated marker
neuroblasts (white, Type I; yellow, Type II) and yellow arrowheads indicate the INPs. All sc
induce lineage clones derived from INPs in wild-type or lgl mutant
brains by expressing flipase driven by the earmuff-Gal4 (Weng
et al., 2010). All INP clones in wild-type brains (n=31) contained
only progeny that lack Dpn and Ase expression but never type II
neuroblasts (Fig. 2C). In contrast, lgl mutant brains (86%, n=21)
contained INP clones with one or more type II neuroblasts
(Fig. 2D). These aberrant neuroblasts can indeed undergo asym-
metric division to self-renew and to produce progenitor cells as in-
dicated by the presence of immature INPs within the clones. Thus,
INPs can indeed revert back into type II neuroblasts in lgl mutant
brains.

Since Lgl functions with aPKC in mitotic neuroblasts, we examined
if reversion of INPs back into type II neuroblasts in lgl mutant brains
occurs due to increased cortical aPKC kinase activity. We first tested
if reduced function of aPKC can suppress supernumerary type II neu-
roblasts and INPs in lgl mutant brains. While a wild-type brain lobe
contained 8 type II neuroblasts and 58±8 INPs (Dpn+Ase+earmuff-
LacZ+), an lgl mutant brain lobe possessed 36±9 type II neuroblasts
and 131±25 INPs (Fig. S3B). Consistent with our hypothesis, an lgl
mutant brain lobe heterozygous for aPKC contained 13±5 type II
neuroblasts and 66±19 INPs (Fig. S3B). We next directly assessed if
unrestrained cortical aPKC kinase activity is sufficient to trigger rever-
sion of INPs back into type II neuroblasts. Indeed, INPs ectopically
expressing constitutively membrane localized aPKCcaax under the
control of earmuff-Gal4 generated supernumerary type II neuroblasts
(Figs. 2E–F and S3A). Thus, precise regulation of aPKC kinase activity
plays a critical role in maintaining restricted potential in INPs.
Numb requires the ACBD3 binding region for its localization and function
in neuroblasts

Numb, which localized in the basal cortex of mitotic INPs and type
I neuroblasts, is an excellent candidate for acting downstream of Lgl
ild-type and lgl334/3644 mutant brains expressed erm-lacZ specifically in INPs, but not in
, an INP-derived clone in an lgl334/3644 mutant brain contained multiple supernumerary
iven by Erm-GAL4 leads to supernumerary type II neuroblasts in comparison to a wild-
s. Clones marked by β-galactosidase are circled by the dotted line. Arrows indicate the
ale bars are 10 μm.

image of Fig.�2


Fig. 3. The localization and function of Numb in neuroblasts requires the ACBD3 binding region. (A–B) Numb localized to the basal cortex of a wild-type INP, but distributed uni-
formly throughout the cortex of an lgl334/3644 mutant INP (n=8 and 9, respectively). (C–H)Wild-type neuroblasts showed asymmetric localization of Numb at metaphase and telo-
phase, while lgl334/3644 mutant neuroblasts showed uniform cortical Numb localization at metaphase and basal enrichment of Numb at telophase. Additionally, the heterozygous
mutant aPKC06403/+ restored the asymmetric localization of Numb in lgl334/3644 mutant neuroblasts at metaphase and telophase (n=30, 23, 46, 13, 9 and 9, respectively). (I)
The diagram shows an illustration of the Numb protein as well as the deletion and mutant constructs used. (J–N) Similar to the full-length Numb transgenic protein, Numb5A,
NumbΔN, and NumbΔPTB localized exclusively in the basal cortex of telophase neuroblasts; however, NumbΔAB did not localize exclusively to the basal cortex (tag indicates the
myc epitope tag in J–L and the HA epitope tag in M–N) (n=21, 10, 15, 57, and 27, respectively). (O–R) Supernumerary expression of either full-length Numb or NumbΔC using
Ase-GAL4 suppressed the supernumerary type I neuroblasts in lgl334/3644 mutant brains, but expression of NumbΔAB or NumbΔPTB failed to rescue the supernumerary neuroblast phe-
notype (n=7, 10, 6, and 5, respectively). (S) Quantification of the number of type I neuroblasts per brain lobe is shown for expression of each transgenic Numb protein by Ase-GAL4
in lgl334/3644 mutant brains. (T–V) Expression of NumbΔC, but not NumbΔAB or NumbΔPTB, suppressed the supernumerary neuroblasts induced by expression of aPKCcaax driven by
Wor-GAL4 (n=6 per genotype). Brains were stained with the indicated markers. Dotted lines mark the location of the apical cortex. White arrows indicate the type I neuroblasts.
Scale bars are 5 μm (A–B), 10 μm (C–N), and 25 μm (O–V).

223J.M. Haenfler et al. / Developmental Biology 365 (2012) 219–228
to maintain restricted potential in progenitor cells (Figs. 3A, C–D). In
lgl mutant brains, Numb localized uniformly in the cortex of
metaphase INPs (100%, n=9) and type I neuroblasts (100%, n=46)
and became enriched in the cortex of the future GMC in telophase neu-
roblasts (76%, n=13) (Figs. 3B, E and F). Furthermore, heterozygosity
of aPKC restored asymmetric localization and segregation of Numb in
mitotic INPs and type I neuroblasts in lgl mutant brains (Figs. 3G–H;
metaphase=78%, n=9; telophase=89%, n=9). Moreover, neuro-
blasts ectopically expressing aPKCcaax showed uniform cortical localiza-
tion of Numb in both metaphase and telophase (Fig. S4) (Wang et al.,
2006). These data led us to conclude that increased cortical aPKC kinase
activity perturbs asymmetric localization of Numb in the cortex of mi-
totic neuroblasts and likely reduces the function of Numb in the cortex
of the future progenitor cell in lgl mutant brains.

image of Fig.�3
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We tested if aPKC regulates asymmetric localization of Numb in
mitotic neuroblasts via the five conserved aPKC phosphorylation
sites proposed by a previous study (Wirtz-Peitz et al., 2008). Surpris-
ingly, ectopic expression of the non-phosphorylatable Numb5A trans-
genic protein at these sites in the presence of the endogenous Numb
segregated exclusively into the cortex of the future progenitor cell in
telophase neuroblasts (Fig. 3J; 100%, n=21). This result strongly sug-
gested that aPKC regulates Numb via alternative phosphorylation
sites prompting us to first identify the domain(s) required for asym-
metrically localizing Numb in mitotic brain neuroblasts. We ectopi-
cally expressed the UAS-numb transgenes that encode various
truncated forms of Numb in type I neuroblasts in the presence of en-
dogenous Numb and examined their localization pattern (Fig. 3I).
Identical to the full-length Numb transgenic protein, NumbΔN,
NumbΔPTB and NumbΔC segregated exclusively into the cortex of the
future GMC in the telophase neuroblasts (Figs. 3K–L and N; data not
presented; 100%, n=10, 15, and 27, respectively). In contrast, the
NumbΔAB transgenic protein failed to segregate exclusively into the
cortex of the future GMC in the telophase neuroblasts (Fig. 3M; 61%,
n=57). Thus, we conclude that the ACBD3 binding region is neces-
sary for asymmetric segregation of Numb.

We next ectopically expressed this series of the UAS-numb trans-
genes in type I neuroblasts, where Notch signaling is dispensable for
maintenance of their identity, to determine which domains mediate
the function of Numb in suppressing reversion of progenitor cells in
lgl mutant brains. While ectopic expression of Numb, NumbΔN and
NumbΔC efficiently suppressed supernumerary neuroblasts in lgl mu-
tant brains, expression of NumbΔPTB did not have any effects on the
supernumerary neuroblast phenotype (Figs. 3O and Q–S). The PTB
domain mediates Numb binding to the Notch receptor protein and
is essential for Numb suppression of Notch signaling (Frise et al.,
1996; Yaich et al., 1998). Additionally, ectopic expression of Numb
in type I neuroblasts of wild-type brains using ase-GAL4 had no effect
on neuroblast number (data not presented). These data strongly sug-
gest that aberrant activation of Notch signaling leads to supernumer-
ary type I neuroblasts in lgl mutant brains. Most importantly, the
NumbΔAB transgenic protein also failed to suppress supernumerary
neuroblasts in lgl mutant brains (Figs. 3P and S). We independently
Fig. 4. Phosphorylation of Numb at serines 48 and 52 regulates its localization, but not func
neuroblast, while NumbS2D was enriched in the basal cortex (n=17 and 19, respectively). (
merary neuroblasts in lgl334/3644 mutant brains (n=8 and 9, respectively). (E) Quantification
genic Numb proteins by Ase-GAL4 in lgl334/3644 mutant brains. (F–I) Similar to full-length N
induced by expression of aPKCcaax driven by Wor-GAL4, while expression of NumbΔAB did
Brains were stained with the indicated markers. White arrows indicate the type I neurobla
tested whether the ACBD3 binding region is indeed necessary for sup-
pressing supernumerary neuroblasts induced by unrestrained cortical
aPKC kinase activity. While ectopic expression of Numb or NumbΔC

efficiently suppressed massive supernumerary neuroblasts induced
by aPKCcaax, expression of NumbΔAB or NumbΔPTB did not have any ef-
fects on the supernumerary neuroblast phenotype (Figs. 3T–V; data
not presented). Thus, Numb requires the ACBD3 binding region to
suppress reversion of progenitor cells in lgl mutant brains. Together,
we conclude that the ACBD3 binding region is necessary for the local-
ization and the function of Numb during asymmetric division of brain
neuroblasts.

Serines 48 and 52 are required for asymmetric localization of Numb but
likely dispensable for regulating specification of progenitor cells

Our data showed that the ACBD3 binding region is indispensable
for the localization and the function of Numb during neuroblast
asymmetric division; therefore, we investigated if aPKC might regu-
late Numb through the phosphorylation sites in this domain. The
ACBD3 binding region of Numb harbors two aPKC phosphorylation
sites, serines 48 and 52 (Nishimura and Kaibuchi, 2007; Smith et al.,
2007). If aPKC indeed regulates the localization of Numb through
the ACBD3 binding region, the phosphorylation status at serines 48
and 52 should directly impinge on the distribution of the Numb pro-
tein in mitotic neuroblasts. Consistently, the non-phosphorylatable
NumbS2A transgenic protein localized throughout the cortex of the
telophase neuroblasts (Figs. 3I and 4A; 100%, n=17). In contrast,
the phosphomimetic NumbS2D transgenic protein became basally
enriched in the telophase neuroblasts (Figs. 3I and 4B; 74%, n=19).
Together, these data strongly suggest that aPKC excludes Numb
from the apical cortex of mitotic neuroblasts by phosphorylating ser-
ines 48 and 52.

We next tested if increased cortical aPKC kinase activity inacti-
vates the function of Numb by phosphorylating serines 48 and 52 in
the ACBD3 binding region during neuroblast asymmetric division.
We ectopically expressed NumbS2A or NumbS2D in type I neuroblasts
in lgl mutant brains. Surprisingly, either NumbS2A or NumbS2D effi-
ciently suppressed supernumerary type I neuroblasts in lgl mutant
tion. (A–B) NumbS2A localized uniformly throughout the entire cortex of the telophase
C–D) Expression of NumbS2A or NumbS2D driven by Ase-GAL4 suppressed the supernu-
of the number of type I neuroblasts per brain lobe is shown for expression of the trans-
umb, expression of NumbS2A or NumbS2D suppressed the supernumerary neuroblasts
not have an effect on the supernumerary neuroblast phenotype (n=8 per genotype).
sts. Scale bars are 10 μm (A–B) and 25 μm (C–I).

image of Fig.�4


Fig. 5. The ACBD3 binding region of Numb specifically mediates the inhibition of Notch signaling in larval neuroblasts. (A) Quantification of type II neuroblasts per brain lobe is
shown for Wor-GAL4 driving expression of NumbΔAB, NumbS2A, or NumbS2D (n=5 per genotype). (B–F) Compared to wild-type flies, overexpression of NumbΔAB, NumbS2A,
NumbS2D, or NumbΔC driven by Sca-GAL4 leads to a loss of scutellar bristles (n=259, 187, 83, and 34, respectively). (G) Quantification of the number of bristles per scutellum is
shown for Sca-GAL4 driving expression of NumbΔAB, NumbS2A, or NumbS2D.
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brains (Figs. 4C–E). In addition, while NumbΔAB failed to suppress su-
pernumerary neuroblasts induced by aPKCcaax in larval brains,
NumbS2A or NumbS2D completely suppressed the supernumerary
neuroblast phenotype in the same genetic background (Figs. 4F–I).
Thus, the phosphorylation status of serine 48 and 52 has no effects
on the ability of the Numb transgenic protein to restore restricted po-
tential in progenitor cells in lgl mutant brains. We propose that ser-
ines 48 and 52 play a critical role in asymmetric localization of
Numb but are likely dispensable for regulation of progenitor cell
potential.
The ACBD3 binding region mediates Numb-dependent suppression of
Notch signaling specifically in brain neuroblasts

The ACBD3 binding region is necessary for the function of the
mouse Numb protein, but how this domain mediates the function of
the fly Numb protein has never been investigated (Zhou et al.,
2007). The ACBD3 binding region is necessary for Numb to suppress
supernumerary type I neuroblasts in larval brains lacking lgl function
or ectopically expressing aPKCcaax, phenotypes that required
Fig. 6. Diagram of proposed model. In wild-type neuroblasts, the mutual antagonism betwee
Numb antagonizes Notch signaling via its PTB and ACDB3 protein binding domains. In the ab
the dividing neuroblast, potentially leading to insufficient Numb to inhibit Notch in the pro
genitor cell to revert back into a neuroblast. Furthermore, expression of the phosphomime
Numb and the inhibition of Notch activity in the progenitor cell.
activation of Notch signaling (Figs. 3 and S5). Thus, we hypothesize
that the ACBD3 binding region mediates Numb suppression of Notch
signaling. We tested this hypothesis by ectopically expressing the
UAS-numbΔAB transgene under the control of a pan-neuroblast Wor-
Gal4 driver in the larval brain. While increased function of numb or
decreased function of Notch led to premature differentiation of type
II neuroblasts, expression of NumbΔAB did not have any effects on
maintenance of the type II neuroblast identity (Figs. S1C–E, G and
5A). Importantly, expression of NumbS2A or NumbS2D led to complete
loss of type II neuroblasts prematurely in larval brains, indicating that
the phosphorylation status at serines 48 and 52 does not affect the
function of Numb to antagonize Notch signaling (Fig. 5A).

Asymmetric divisions of sensory organ precursors give rise to the
bristles on the scutellum of the adult fly and are highly sensitive to
changes in Notch signaling (Frise et al., 1996; Knoblich et al., 1997;
Rhyu et al., 1994; Yaich et al., 1998). Similar to over-expression of
NumbΔC, unexpectedly, ectopic expression of NumbΔAB, NumbS2A or
NumbS2D all led to cell fate transformation in the sensory organ pre-
cursor lineage and resulted in decreased bristles on the scutellum
(Figs. 5B–G). This result indicates that the ACBD3 binding region is
dispensable for Numb-mediated suppression of Notch signaling in
n Lgl and aPKC ensures asymmetric segregation of Numb into the progenitor cell, where
sence of lgl, increased cortical aPKC kinase activity redistributes Numb in the cortex of
genitor cell. This increases the Notch activity in the progenitor cells and drives the pro-
tic NumbS2D rescues the lgl mutant supernumerary neuroblast phenotype by restoring
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sensory organ precursor cells in the peripheral nervous system. To-
gether, we conclude that the ACBD3 binding region specifically medi-
ates the function of Numb in suppressing Notch signaling in the brain
regardless of the phosphorylation by aPKC.

Discussion

The antagonistic interaction between the polarity proteins Lgl and
aPKC provides an evolutionarily conserved mechanism for regulating
the cell fate determinants inherited into the daughter siblings during
asymmetric cell division (Beatty et al., 2010; Betschinger et al., 2003;
Hoege et al., 2010; Lee et al., 2006). However, regulation of the local-
ization and the function of fate determinants by the polarity proteins
can be uncoupled in a context-dependent manner. Our study led us to
conclude that the antagonistic interaction between Lgl and aPKC
maintains limited potential in progenitor cells at least in part by en-
suring asymmetric partitioning of Numb into the future progenitor
cells, where Numb acts irrespective of its phosphorylation by aPKC
(Fig. 6). We showed that neuroblasts in lgl mutant brains undergo
asymmetric division to self-renew and to generate progenitor cells,
which can produce post-mitotic progeny but can also revert back
into neuroblasts (Figs. 1 and 2). This indicates that although progen-
itor cells initially establish the proper identity these cells fail to main-
tain their limited potential. Additionally, Numb remained localized in
the cortex of telophase neuroblasts lacking lgl function or ectopically
expressing aPKCcaax (Fig. 3F and data not presented). The phosphomi-
metic Numb2D transgenic protein at serines 48 and 52, which are es-
sential for asymmetric cortical localization of Numb, also remained
localized in the cell cortex of telophase neuroblasts (Fig. 4B). Finally,
increased function of Numb efficiently suppressed supernumerary
neuroblasts in lgl mutant brains irrespective of the phosphorylation
status at serines 48 and 52 (Figs. 4C–D). Thus, we propose that Lgl an-
tagonizes aPKC to ensure a necessary threshold of Numb in the pro-
genitor cells where Numb maintains limited potential regardless of
phosphorylation by aPKC (Fig. 6).

Lgl maintains limited potential in progenitor cells

How Lgl suppresses formation of supernumerary neuroblasts in
larval brains has remained a mystery largely due to the existence of
a phenomenon called “telophase rescue” (Albertson and Doe, 2003;
Cai et al., 2001). In lgl mutant brains, the basal proteins including Mi-
randa and Numb fail to localize to the basal crescent in metaphase
neuroblasts but by and large re-localize asymmetrically in telophase
neuroblasts (Lee et al., 2006; Rolls et al., 2003; Wirtz-Peitz et al.,
2008). Furthermore, Miranda and Numb appear to localize indepen-
dently of each other in mitotic neuroblasts (Lu et al., 1998; Shen et
al., 1997). Thus, the transcription factor Dpn whose expression and
localization pattern is not impinged upon by defective cortical cell po-
larity provides an excellent cell identity marker to investigate the cel-
lular origin of supernumerary neuroblasts in lgl mutant brains (Fig.
S1A; Komori and Lee, unpublished). Surprisingly, only the 48-hour,
but not the 24-hour, type I and II neuroblast lineage clones in lgl mu-
tant brains contained supernumerary neuroblasts, which frequently
localized basally from the parental neuroblasts (Fig. 1). The most re-
cently born daughter always remains immediately adjacent to the pa-
rental neuroblasts while the earlier born progeny gradually becomes
displaced away from the parental neuroblasts (Bayraktar et al., 2010;
Bowman et al., 2008; Weng et al., 2010). Thus, supernumerary neuro-
blasts in lgl mutant brains most likely originated from the progenitor
cells rather than symmetric neuroblast division. We propose that in
the type I neuroblast lineage Lgl prevents aPKC kinase activity in the
basal cortex to ensure that GMCs maintain limited potential and gen-
erate only post-mitotic progeny. In the type II neuroblast lineage, Lgl
prevents aPKC kinase activity in the basal cortex to ensure that after
maturation the INP can maintain limited potential and generate
only GMCs during limited rounds of asymmetric divisions.

Although these results do not exclude the possibility that GMCs in
the type II neuroblast lineages in lgl mutant brains can revert back
into neuroblasts, we believe that reacquisition of the type II neuro-
blast fate by GMCs might be less likely. First, the basal protein Pros-
pero plays a critical role in regulating the function of GMCs, and
mosaic clones derived from prospero mutant INPs contained massive
supernumerary INPs but never supernumerary type II neuroblasts
(Hirata et al., 1995; Knoblich et al., 1995; Spana and Doe, 1995;
Weng et al., 2010). Second, mosaic clones derived from numb mutant
INPs contained supernumerary INPs but never supernumerary type II
neuroblasts (Komori and Lee, unpublished). Thus, blocking differenti-
ation in GMCs allows them to retain the identity of their immediate
parental cell type, which is INP in the type II neuroblast lineage.
Until the enhancer elements that exhibit GMC-specific expression be-
come available, we cannot conclusively rule out the possibility that
GMCs can re-acquire the type II neuroblast fate in lgl mutant brains.

aPKC regulates asymmetric localization but not the function of Numb in
neuroblasts

A previous study strongly suggested that increased cortical aPKC
kinase activity induces supernumerary neuroblasts in lgl mutant
brains by phosphorylating Numb, therefore, displacing it from the
neuroblast cortex and inactivating its function (Wirtz-Peitz et al.,
2008). This proposed mechanism was in part based on studies in ver-
tebrates showing that phosphorylation by aPKC perturbs cortical lo-
calization and the function of Numb (Nishimura and Kaibuchi, 2007;
Smith et al., 2007). Inconsistent with this proposed mechanism, we
reproducibly detected disruption in asymmetric distribution of
Numb in the cortex of mitotic neuroblasts in lgl mutant brains
(Figs. 3E–H). Failure to displace Numb from the cortex of mitotic neu-
roblasts in lgl mutant brains was unlikely due to insufficient aPKC ki-
nase activity as Numb remained localized uniformly in the cortex of
neuroblasts over-expressing aPKCcaax (Fig. S4). Additionally, the
phosphomimetic Numb2D transgenic protein at serines 48 and 52,
two residues required for asymmetric segregation of Numb in mitotic
neuroblasts, remained localized in the neuroblast cortex (Fig. 4B).
Thus, increased cortical aPKC kinase activity most likely disperses
Numb in the cortex of mitotic neuroblasts and reduces accumulation
of Numb in the cortex of the future progenitor cell in lgl mutant
brains. Most importantly, over-expression of Numb2D suppressed su-
pernumerary neuroblasts in lgl mutant brains as efficiently as
Numb2A, strongly suggesting that phosphorylation by aPKC does not
inactivate the function of Numb (Fig. 4). Together, these data led us
to propose that increased cortical aPKC kinase activity induces super-
numerary neuroblasts in lgl mutant brains by reducing accumulation
of Numb rather than inactivation of Numb in the progenitor cells
(Fig. 6).

Studies in vertebrates identified five conserved aPKC phosphory-
lation sites in the fly Numb, and the non-phosphorylatable Numb5A

transgenic protein at these sites localized uniformly cortical in mitotic
sensory organ precursors (Nishimura and Kaibuchi, 2007; Smith et al.,
2007). Surprisingly, Numb5A localized asymmetrically in mitotic
brain neuroblasts, indicating that these sites are dispensable for ex-
clusion of Numb from the apical cortex by aPKC (Fig. 3J). Thus,
many important questions regarding the significance of these five
conserved aPKC phosphorylation sites on the localization and the
function of Numb remain to be tested. For example, does the phos-
phomimetic Numb5D transgenic protein indeed fail to localize to the
cell cortex of mitotic sensory organ precursors? Furthermore, is
Numb5D indeed non-functional? Does over-expression of Numb5D

have any effects on cell fate determination in the sensory organ pre-
cursor cell lineage? Are the non-conserved aPKC phosphorylation
sites dispensable for the function of Numb in the sensory organ
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precursor cell lineage? Most importantly, the extent to which these
conserved and non-conserved aPKC phosphorylation sites might im-
pinge on other biological processes regulated by Numb requires addi-
tional direct and rigorous assessment.

The ACBD3 binding region mediates Numb suppression of Notch
signaling specifically in the brain

Numb is a highly conserved protein and exerts its antagonistic ef-
fect on Notch signaling via the PTB domain, which mediates direct
binding to the Notch receptor protein (Frise et al., 1996; Knoblich et
al., 1997; Yaich et al., 1998; Zhong et al., 1997). A previous study iden-
tified that the ACBD3 binding region is required for asymmetric local-
ization of the Numb protein and Numb-dependent suppression of
Notch signaling (Zhou et al., 2007). Our study extended this result
and showed that the ACBD3 binding region mediates asymmetric cor-
tical localization of the fly Numb protein in mitotic neuroblasts
through an aPKC-regulated mechanism (Fig. 3). Interestingly, the
ACBD3 binding region regulates tissue-specific suppression of Notch
signaling by Numb despite the presence of the PTB domain (Fig. 5).
Since the ACBD3 binding region appears to mediate direct protein–
protein interactions, we propose that this domain serves as a platform
in which tissue-specific regulators can exert precise control of the
Numb function in antagonizing Notch signaling. Identification and
functional characterization of proteins that interact with Numb
through the ACBD3 binding region will provide novel mechanistic in-
sight into how the evolutionarily conserved Numb-dependent sup-
pression of Notch signaling can be precisely regulated in a tissue-
specific manner.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2012.02.027.
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