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SUMMARY

Developing animals survive periods of starvation
by protecting the growth of critical organs at the
expense of other tissues. Here, we use Drosophila
to explore the as yet unknown mechanisms regulating
this privileged tissue growth. As in mammals, we
observe in Drosophila that the CNS is more highly
spared than other tissues during nutrient restriction
(NR). We demonstrate that anaplastic lymphoma
kinase (Alk) efficiently protects neural progenitor
(neuroblast) growth against reductions inamino acids
and insulin-like peptides during NR via two mecha-
nisms. First, Alk suppresses the growth requirement
for amino acid sensing via Slimfast/Rheb/TOR com-
plex 1. And second, Alk, rather than insulin-like recep-
tor, primarily activates PI3-kinase. Alk maintains
PI3-kinase signaling during NR as its ligand, Jelly
belly (Jeb), is constitutively expressed from a glial
cell niche surrounding neuroblasts. Together, these
findings identify a brain-sparing mechanism that
shares some regulatory features with the starvation-
resistant growth programs of mammalian tumors.

INTRODUCTION

The rate of growth (mass increase) during animal development is
regulated in line with the availability of nutrients. Most animal
species developing in the wild are subject to periods of nutrient
deprivation and, to survive these, have evolved a range of protec-
tive mechanisms. Moderate nutrient deprivation often results in
viable undersized adults, yet not all organs scale down isometri-
cally with body size. For example, it has been known for many
years that intrauterine growth restriction (IUGR) late in human
gestation can result in small-for-gestational-age newborns with
relatively large heads (Gruenwald, 1963). This asymmetric IUGR
involves preferential growth of the central nervous system
(CNS) at the expense of other organs, a process known as brain
sparing (Dobbing and Sands, 1971). Although sparing of the brain

and other vital organs is part of an important starvation survival
strategy used by many developing animals, relatively little is
known about the underlying molecular mechanisms.

Numerous studies of mouse knockouts and rare human muta-
tions indicate that insulin/IGF ligands, together with their recep-
tors and signal transduction pathways, are essential for fetal
growth (reviewed by Engelman et al., 2006; Randhawa and
Cohen, 2005). Insulin-like growth factor Il (IGF-Il) promotes fetal
brain growth largely via its effects on placental size (Baker et al.,
1993; Constancia et al., 2002). In contrast, IGF-I synthesized
by the brain itself appears to stimulate neural growth by local
activation of the IGF type 1 receptor (IGF1R) in nestin-positive
precursor cells (Beck et al., 1995; Liu et al., 1993; Liu et al.,
2009; Sjogren et al., 1999; Yakar et al., 1999). Downstream of
IGF1R, several conserved signal transduction components are
required for brain growth, including insulin receptor substrate 2
(IRS2), class IA phosphatidylinositol 3-kinase (PI3K), Akt1
(PKBuw), Akt3 (PKBy) and the inhibitory phosphatase and tensin
homolog (PTEN) (Bi et al., 1999; Chalhoub et al., 2009; Easton
et al., 2005; Groszer et al., 2001; Schubert et al., 2003; Taguchi
et al.,, 2007). In addition, the PI3K pathway intersects with a
conserved amino acid-sensing pathway comprising target of
rapamycin (Tor) kinase, Ras homolog enriched in brain (Rheb),
and the negative regulators tuberous sclerosis complex 1 and
2 (TSC1/TSC2). Like the PI3K pathway, the TOR signaling
pathway plays an essential role in fetal growth (reviewed by
Polak and Hall, 2009; Zoncu et al., 2011). In mice, loss-of-func-
tion of Tor kinase inhibits cell proliferation in the developing
brain, although some regions are more severely affected than
others (Hentges et al., 1999).

The insect model organism, Drosophila melanogaster,
develops via distinct embryonic, larval, pupal, and adult phases.
The bulk of the larva, including the epidermis, muscles, gut,
adipose tissue (fat body), and salivary glands, is composed of
polyploid cells. The larva also contains smaller amounts of diploid
tissues, such as the CNS and imaginal discs, which will function
during adult life. Feeding larvae grow an impressive ~150-fold
during 4 days, largely as a result of endoreplicating polyploid cells
increasing in size. Diploid tissues also grow during the larval
phase, but this occurs mostly by increasing cell number via
mitotic divisions. A substantial body of evidence indicates that
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the growth of diploid and polyploid tissues is strictly dependent
upon the insulin-like peptides (llps)/ insulin-like receptor (InR)/
PI3K pathway and also upon the amino acid/TOR pathway
(reviewed by Dann and Thomas, 2006; Edgar, 2006; Grewal,
2009; Shingleton et al., 2007; Teleman, 2010). Interestingly,
however, partial inactivation of Tor or Rheb throughout the larva,
or of Slimfast (Slif), an amino acid transporter lying upstream of
Tor signaling within the fat body, reduces the growth of diploid
imaginal discs less severely than that of polyploid salivary glands
(Colombani et al., 2003; Oldham et al., 2000; Stocker et al., 2003;
Zhang et al., 2000). It is also known that DNA replication is main-
tained more efficiently in the CNS and imaginal discs than in
the gut or fat body when larvae are fed on a concentrated
sucrose-only diet, lacking amino acids (Britton and Edgar,
1998). Together, these observations suggest that diploid tissues
are less sensitive than polyploid tissues to growth inhibition by
nutrient withdrawal, or by partial loss of insulin or TOR signaling.

In vivo genetic studies in mammals and many other species
have, thus far, led to the notion that the growth of all developing
animal tissues requires inputs from insulin/IGF receptors and
from the amino acid-sensing TOR pathway. However, this
hypothesis has not been thoroughly tested and, for some devel-
oping organs, the tissue-autonomous requirements for these
signaling pathways are not yet known. Equally importantly, the
molecular mechanisms permitting certain tissues to grow at
the expense of others when nutrients are limiting remain largely
unidentified. We now address both issues in Drosophila by quan-
tifying, organ by organ, how growth and proliferation are affected
by starvation and insulin/PI3K/TOR manipulations. Strikingly, at
late-larval stages, we find that progenitors in the CNS are able
to grow and divide at the normal rate during nutrient restriction
that is severe enough to shut down all net body growth. Focus
is then placed on identifying the key tissue-specific modifica-
tions in TOR and insulin/PI3K signaling that account for this
brain-sparing mechanism.

RESULTS

Growth of the CNS Is Spared More Than that of Other
Tissues

If Drosophila larvae are food deprived after attaining critical
weight, at ~60 hr after larval hatching, they metamorphose into
undersized adult flies with no developmental delay (Bakker,
1959; Beadle et al., 1938). In this study, we used a post-critical
weight regime of severe but not total nutrient restriction (NR)
from 60-96 hr (Figure 1A). This results in reduced hemolymph
levels of llps (Géminard et al., 2009) (data not shown) and amino
acids (Figure 1B). Under these NR conditions, we observed that
the larval body attains less than half its normal fed size by pupar-
iation at 96 hr (42% by mass, 45% by volume). However, the
volumes of five different internal tissue/cell types do not all scale
down isometrically with the body such that the CNS (mostly
diploid) and the oenocytes (polyploid hepatocyte-like cells)
(Gutierrez et al., 2007) display strong positive allometry at 96 hr
(Figures 1C and 1D and Table S1 available online). For each
organ, volume gains from 60-96 hr were then used to calculate
the percentage of growth that is spared specifically during
the fasting period (Figures 1C and 1E and Table S1; see the
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Extended Experimental Procedures). From these measure-
ments, it is clear that NR efficiently shuts down all net growth
of the body and its internal polyploid tissues, such as the salivary
gland, oenocytes, and adipose tissue (fat body). In contrast, the
wing imaginal disc gains ~40% of its 8-fold volume increase and
the CNS sustains ~50% of its 2-fold volume increase from 60—
96 hr. These results demonstrate that the growth of diploid but
not polyploid tissues is protected during NR and that not all
diploid organs are equally spared.

To investigate the cellular basis for neural sparing, we focused
on neuroblasts, the multipotent stem cell-like progenitors that
generate most of the CNS. These undergo a series of asym-
metric divisions, each time self-renewing and generating a
ganglion mother cell (GMC) that, in turn, usually divides only
once to produce two postmitotic neurons/glia (reviewed by
Egger et al., 2008; Knoblich, 2010; Sousa-Nunes et al., 2010;
Zhong and Chia, 2008). Using mosaic analysis (Lee and Luo,
1999), we GFP labeled single neuroblast lineages in the intact
larva, calculating the overall volume of each clone (a measure
of growth) and also the number of cells within each clone (a
measure of proliferation). Remarkably, neuroblasts in NR larvae
could still generate ~100% of their normal complement of
neurons/glia by 96 hr (fed = 42 + 3.2 cells, n = 15 clones; NR =
40 + 1.4 cells, n =10 clones). Likewise, the volumes of neuroblast
clones do not differ significantly between fed and NR conditions
(Figures 1C, 1E, and 2A). This striking finding contrasts with
epithelial progenitors in the wing disc, where the NR regime
spares only ~33% of clonal growth during 60-96 hr (Figures
1C, 1E, and 2B). Together, these results demonstrate that the
generation of adult-specific neurons/glia by larval neuroblasts
is highly prioritized, well above the 50% sparing of overall CNS
growth, by a process that we refer to as super sparing.

CNS Growth Is Buffered against Changing Levels

of Systemic Insulin-like Peptides

We next investigated whether a reduction in hemolymph lips
would be sufficient to account for selective organ sparing during
fasting. llps are secreted into the hemolymph from insulin-
producing cells (IPCs) in the brain (Brogiolo et al., 2001; Ikeya
et al., 2002; Rulifson et al., 2002). However, overexpressing /ip2
or an llp2 RNA interference (RNAI) transgene (Broughton et al.,
2008) within IPCs failed to alter body size significantly (Figure S1
and data not shown), suggesting compensation by posttran-
scriptional /lp2 regulation or by other llps (Broughton et al.,
2008; Géminard et al., 2009; Gronke et al., 2010). We therefore
developed an alternative method for manipulating llp levels. In
mammals, PI3K signaling in pancreatic B cells acts at several
levels to promote insulin secretion (Kaneko et al., 2010). Similarly,
in Drosophila, we found that expressing activated PI3K within
IPCs (lp2 > p110°4%) significantly increased IPC size, elevated
lIp2 hemolymph secretion by ~50% and boosted larval volume
to 142% (Figure S1). llp2 RNAI suppresses this body overgrowth,
confirming that it is mediated via the observed increase in
secreted lIp2 (Figure S1). The converse IPC manipulation, ex-
pressing a PI3K inhibitor (/lp2 > p60), moderately reduced IPC
size and diminished larval volume to 72% (Figure S1). The size
of the CNS and wing disc were not significantly affected by either
IPC manipulation, indicating that both tissues are strongly
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Figure 1. Organ Sparing during Fasting after Critical Weight

(A) Larval developmental timeline from 0-96 hr depicting the three larval instars (L1-L3) and, below, the three feeding/fasting regimes used in this study (Fedeonr,
Fedgshr, and NRogny)-

(B) Hemolymph concentrations of amino acids from fed and NR larvae at 84 hr.

(C) Histograms of fold volume gains, relative to Fedgon,, for eight organs/clones/cells from Fedgg, and NRggy,, larvae. All unprocessed volume measurements are
given in Table S1. *p < 0.001 except for the CNS, where p = 0.086. In this, and all subsequent figures, error bars represent 1 standard error of the mean (SEM).
Beneath each histogram are photomicrographs of Fedeon, (left), Fedgen, (middle), and NRggy,, (right) tissue.

(D) Schematic drawing of a larva depicting the tissue/cell types measured in (C). Most of the body, including the adipose tissue (fat body), salivary gland, and
oenocytes are polyploid (gray). Imaginal tissues such as the wing disc and CNS are diploid (green). Note that each brain lobe of the CNS contains a cluster of
seven insulin-producing cells (small green circles).

(E) Histograms of the percentage of growth spared during fasting between 60 and 96 hr. Polyploid tissues undergoing little/no net growth (gray) contrast with
diploid tissues showing varying percentages of growth sparing (green).

See also Figure S1 and Table S1.

buffered, relative to the body, against changes in llps. Neverthe-
less, we previously showed that the CNS was spared to a higher
degree than the wing disc during NR. Together, these findings
suggest that the CNS is more strongly buffered than the wing
disc against fluctuations in molecules other than llps, such as
amino acids, which are also reduced during NR.

Slimfast, Rheb, and TORC1 Are Not Required for Larval
Neuroblast Growth

To dissect the molecular basis for CNS super sparing, we
analyzed components of the amino acid-sensing TOR pathway.

Larvae carrying a hypomorphic combination of Tor alleles that
reduced body volume to 48% had a salivary gland of only 27%
normal size, whereas the wing and CNS were 100% and 130%
of wild-type volume respectively at 96 hr (Figure S2). This
extends previous findings (Oldham et al., 2000) by showing
that CNS growth is at least as resistant as imaginal disc growth
to partial Tor inactivation. As the surprising CNS overgrowth in
Tor hypomorphs could be due to influences from other tissues,
we next used clonal analysis to measure cell-autonomous TOR
pathway requirements. In wing discs, inactivation of Slif, Rheb,
Tor, or the TOR complex 1 (TORC1) component Raptor severely
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Figure 2. Functions of the TOR Pathway in

Neuroblast and Wing Disc Clones

— (A) Diagram of the larval CNS (left) indicating
neuroblasts (small circles) indicate and the
approximate thoracic field of view (dotted square)
for the confocal image (right) showing four tub >
nlsGFP marked neuroblast clones (dotted outlines)
at 96 hr. Each clone contains one neuroblast (large
Miranda-positive [Mira*] cell) which, during M
phase, expresses phosphorylated histone H3
(PH3).

(B) Diagram of a wing disc (left) indicating
approximate field of view for the confocal image
(right) showing multiple clones at 96 hr. Three tub >
nlsGFP negative clones are indicated (dotted
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(C and D) Histograms represent overexpression
(UAS) or loss of function of the TOR pathway
components indicated (see the main text for
details and Table S2 for m, SEM, and n values for
each genotype). Wing imaginal disc clones
showing the relative clone area (mutant GFP/
wild-type twin-spot GFP* pixels) normalized to
control clones (C). CNS neuroblast clones,
showing the clone volume or the number of cells
per clone, relative to controls (D). In this and all
subsequent graphs, the key indicates that green
bars represent an increase (p < 0.05), red bars
a decrease (p < 0.05) and gray bars no significant
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reduced clonal growth in a cell-autonomous manner, whereas
loss of function of Tsc1 greatly increased it (Figure 2C) (Colom-
bani et al., 2003; Lee and Chung, 2007; Oldham et al., 2000;
Stocker et al., 2003; Tapon et al., 2001; Zhang et al., 2000). In
postembryonic neuroblast clones, loss-of-function for Tsc7
similarly increased growth, yet, importantly, inactivation of Slif,
Rheb, TOR, or Raptor had no significant growth effect in this
tissue context (Figure 2D). Nevertheless, neuroblast clones
lacking Slif, Rheb, Tor, or Raptor activity, as well as those
expressing RNAI for RagA, a GTPase linking amino acid sensing
to Tor activation (Kim et al., 2008), did contain ~50% more cells
than normal (Figure 2D; see the Discussion). Consistent with
this, cell proliferation is increased in Tor mutant neuroblast
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growth of neuroblast clones but that its
hyperactivation can nevertheless stimu-
late overgrowth.

In contrast to the unexpected lack of a growth input for Slif,
Rheb, Tor, and Raptor, strong neural growth phenotypes are
detected for two downstream TOR effectors: the translational
activator S6-kinase (S6k) and the translational inhibitor 4E-BP/
Thor (Jinger et al., 2003; Montagne et al., 1999; Teleman
et al.,, 2005). Loss of S6k activity reduced neuroblast clonal
growth and cell number 4-fold, whereas loss of 4E-BP activity
doubled clonal growth without significantly affecting cell number
(Figure 2D). The strong positive and negative growth inputs of
S6k and 4E-BP, respectively, indicate that they are functional
despite the lack of detectable growth inputs from their usual
upstream regulators Slif, Rheb, Tor, and Raptor. Accordingly,
Tor and/or RagA are required for Thr37/46 phosphorylation of
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Figure 3. Functions of the PI3K Pathway in Neuroblast and Wing Disc Clones
Histograms represent overexpression (UAS) or loss of function of the PI3K and TOR pathway components indicated (see the main text for details and Table S2 for

m, SEM, and n values for each genotype).

(A) Wing imaginal disc clones showing the relative area (mutant GFP~/wild-type GFP* pixels), normalized to controls.
(B and C) CNS neuroblast clones showing the clone volume or the number of cells per clone, relative to controls.

See also Figure S4 and Figure S5.

4E-BP in fat body but not in neuroblasts (Figures S3A-S3C).
Interestingly, Thr37/46 phosphorylation of 4E-BP predominates
during M phase of the cell cycle in neuroblasts and in GMCs (Fig-
ure S3B). Consistent with RagA/Tor independence in both
progenitor types, M phase phosphorylation of 4E-BP is retained
during NR (Figure S3C). Hence, tissue-specific uncoupling of
4E-BP, and probably also S6k, from Slif amino acid sensing/
TORCH1 helps protect CNS growth from reduced dietary amino
acids during NR.

The PI3K Signaling Pathway Is Required for Larval
Neuroblast Growth

In the wing disc, PI3K signaling promotes growth such that loss-
of-function clones for the gene encoding the catalytic subunit
of class | PI3K (p770) or one of its downstream targets, Akt7,
have a smaller-than-normal area (Figure 3A) (Verdu et al., 1999;
Weinkove et al., 1999). Similarly, postembryonic neuroblast
clones mutant for Pdk1 or Akt1 displayed an ~50% reduction
in clonal volume and a corresponding decrease in cell number
(Figure 3B). Comparable growth decreases were also measured
in p7710 mutant clones and in clones overexpressing the PI3K
signaling inhibitors p60, Foxo, or PTEN (Figure 4B). Conversely,
PTEN inactivation increased neuroblast clonal growth by ~50%
(Figure 3B). Surprisingly, however, these PTEN mutant clones

contained somewhat fewer cells than normal, correlating with
a reduced cell-cycle speed and altered cyclin A/B expression
but not with increased apoptosis (Figures S4E and S4F and
data not shown). This unusual PTEN loss-of-function prolifera-
tion (but not growth) phenotype is suppressed by rapamycin,
suggesting linkage with the atypical cell cycle-restraining role
of TOR in neuroblast lineages (Figures 4A and 4B). We also found
that overexpression an activated form of Pdk1 in neuroblast
clones resulted in a modest increase in cell number and also in
clonal volume (Figure 3B). In summary, growth in neuroblast line-
ages, as in other tissues, requires PI3K, Pdk1, and Akt1 and is
inhibited by PTEN.

To characterize further the role of PI3K signaling, we analyzed
Akt1 mutant clones in detail and found that the neuroblast
cell-cycle speed was reduced without disrupting asymmetric
division or significantly increasing apoptosis (Figures S4A and
S4B and data not shown). Akt7 mutant neuroblasts finally
cease dividing during pupal stages, after generating only about
half the normal number of progeny (Figure S4C). We also
used immunostaining for phosphorylated Akt (phospho-Akt) as
a readout for PI3K signaling (Figure S5A) (Kockel et al.,
2010). Due to background staining, we were unable to detect
consistent decreases in phospho-Akt in clones lacking PI3K
activity (Figure S5B). Despite this limitation, increases in
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Figure 4. Jeb and Alk Regulate the Growth and Sparing of Neuroblast Clones

Histograms represent overexpression (UAS) or loss of function of the Alk, InR, PI3K and TOR pathway components indicated (see the main text for details and
Table S2 for m, SEM, and n values for each genotype).

(A and B) CNS neuroblast clones showing clone volume (A) or number of cells per clone (B), relative to controls. Rapamycin, an inhibitor of TORC1 activity, is
administered in the larval diet (Extended Experimental Procedures).

(C) Alk is required for CNS super sparing. Alk inactivation reduces the percentage of neuroblast clonal growth spared during the 60-96 hr fasting period from 96%
to 34%.

(D) Alk and Jeb expression in the larval CNS. Alk protein is strongly expressed under fed and NR conditions in neurons and, at lower levels, in neuroblasts (large
Mira* cells) and in glia (marked with Repo > mGFP). Jeb protein is strongly expressed under fed and NR conditions in glia but also localizes, at lower levels, in
neuroblasts and in their neuronal progeny.

(E) Glial Jeb expression is required for the growth of neuroblast lineages. Neuroblast clones (marked with nLacZ) from heat-shocked hsFlp; UAS-Jeb™™A';
Repo-Gal4, act > > nLacZ (Repo > Jeb™ ') larvae are significantly reduced in both volume and cell number, relative to those from controls.

See also Figure S4, Figure S5, and Figure S6.
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phospho-Akt above background were reproducibly observed in
clones expressing activated p110 and, more markedly, in
strongly overgrowing clones lacking PTEN activity (Figure S5B).
In contrast, neuroblast clones mutant forAkt1’, encoding a phos-
phorylatable but kinase-inactive protein that can be used as
a sensor for negative feedback in wing discs (Kockel et al.,
2010), did not display elevated phospho-Akt (Figure S5B). Hence,
S6k and TORC1-mediated negative feedbacks are unlikely to
regulate Akt1 in neuroblast lineages. Together, the genetic and
expression analyses demonstrate that PI3K signaling, kept in
check by PTEN, is essential for the growth of neuroblast clones.

We then defined the regulatory relationship between PI3K and
TOR signaling in neuroblast clonal growth and proliferation. As
shown above, Rheb mutant neuroblast clones are normal in
volume but contain excess cells, whereas p60- or FoxO-overex-
pressing clones are reduced in both volume and cell number.
Combination of these TOR and PI3K pathway genotypes
(Rheb; UAS-p60 or Rheb; UAS-FoxO) resulted in neuroblast
clones with reduced cell number and growth, demonstrating
that p60 or FoxO overexpression is epistatic to loss of Rheb
activity (Figure 3C). This indicates that PI3K activity lies either
downstream of Rheb repression or in a parallel pathway. To
distinguish between these possibilities, we examined phos-
pho-Akt levels in Rheb mutant neuroblast clones, but we did
not observe any detectable increase (Figure S5B). These results
show that, although Rheb is not detectably required for neuro-
blast clonal growth, it probably acts in parallel with PI3K to regu-
late proliferation.

Alk, Not InR, Activates PI3K Signaling and Growth
in the Late-Larval CNS
We have shown that CNS growth requires PI3K signaling but is
well buffered against reduced hemolymph llps. To investigate
the molecular basis for lip-insensitive activation of PI3K, we first
tested the role of the InR. At late-larval stages, InR activity is not
required for neuroblast clonal growth or proliferation, irrespec-
tive of whether this is under fed or NR conditions (Figures 4A
and 4B). We therefore sought to identify an alternative receptor
tyrosine kinase (RTK) that might substitute for InR. By testing
a panel of RTKs, we were able to find a strong growth require-
ment for Drosophila anaplastic lymphoma kinase (Alk) (Bazigou
et al., 2007; Englund et al., 2003; Lee et al., 2003; Lorén et al.,
2001, 2003). Alk is strongly expressed in the developing CNS
(Lorén et al.,, 2001), and its catalytic domain has a higher
sequence similarity to InR (4.5 x 107®" E value) than to any
other Drosophila RTK. Neuroblast lineages lacking Alk activity
or expressing a dominant-negative form of Alk were strongly
compromised by the late-larval stage, both in terms of their
volume and cell number (Figures 4A and 4B). As with Akt7 loss
of function, Alk mutant clones retained an asymmetrically
dividing neuroblast but failed to produce the full complement
of neurons/glia by pupal stages (Figures S4B and S4C). Again
similar to Akt1, this was associated with a slower cell cycle
without any significant increase in cell death (Figures S4A and
S4D). Thus, Alk, not InR, is required for the growth and prolifer-
ation of postembryonic neuroblast lineages.

To identify the Alk signal transduction pathway in neuroblasts,
we first tested the role of the Ras/mitogen-activated protein

kinase cascade, known to lie downstream of Alk in Drosophila
(Englund et al., 2003; Lee et al., 2003). Surprisingly, neither
loss of function of Ras1 nor overexpression of the activated
form, Ras1V"?, significantly altered the number of cells in neuro-
blast clones (Figure S6). However, Alk-overexpressing neuro-
blasts did moderately upregulate phospho-Akt to levels compa-
rable to those seen with activated p110, indicating that Alk
activates the PI3K pathway (Figure S5B). Consistent with this,
the Alk growth and proliferation phenotype was rescued by over-
expressing activated p110 or Pdk1 and even wild-type Akt1
provided partial rescue (Figures 4A and 4B). Together, these
results demonstrate that Alk promotes CNS growth by activating
the PI3K pathway.

Alk Protects CNS Growth against Reduced InR and Tor
Activity during NR

Importantly, NR halves both the volume and cell number of Alk
mutant neuroblast clones at 96 hr (Figures 4A and 4B). Corre-
spondingly, the percentage of neuroblast clonal growth spared
during the fasting period falls markedly from 96% to 34% (Fig-
ure 4C). This demonstrates that Alk activity is essential for super
sparing during fasting. Under fed conditions, comparable reduc-
tions in clonal volume and cell number at 96 hr were also
observed in Alk mutant neuroblast clones simultaneously lacking
InR (Alk; UAS-InRPN) or Tor (UAS-AIKPY; Tor) activities (Figures
4A and 4B). Hence, in the absence of Alk activity, InR and Tor
in the CNS lose their atypical roles and revert to being positive
growth and proliferation regulators, as they usually are in other
tissues. Alk inhibition also significantly reduces the percentage
of GMCs expressing Thr37/46 phosphorylated 4E-BP during M
phase (Figure S3C). 4E-BP phosphorylation is further compro-
mised in GMCs, and also in neuroblasts, by NR (UAS-AIKPN
NR) or by simultaneous removal of InR (UAS-AIKPN; UAS-InRPM)
(Figure S3C). Together with the previous 4E-BP analysis, this
indicates that Alk is required for NR-resistant 4E-BP phosphory-
lation in neural progenitors. In addition, the unusual requirement
for PTEN as a positive cell-cycle (not growth) regulator in neuro-
blast clones reverts to the typical negative role when Alk activity
is inhibited (UAS-AIKPN; PTEN) (Figure 4B). Thus, Alk is required
for the atypical CNS-specific regulation/function of at least
four TOR/PIBK components: InR, Tor, 4E-BP, and PTEN. We
conclude that Alk promotes CNS super sparing by suppressing
the growth requirements for Tor and InR, thus enabling neuro-
blast lineages to be less reliant on amino acids and lips than
other tissues.

The Alk Ligand, Jelly Belly, Is Expressed in Glia

and Promotes CNS Growth

To determine the mechanism by which Alk is able to retain
activity during NR, we first examined its expression pattern
within the CNS. Under both fed and NR conditions, Alk protein
was expressed at high levels in neurons and at lower levels in
neuroblasts and glia (Figure 4D). The only known ligand for
Drosophila Alk is Jelly belly (Jeb), a secreted LDL repeat contain-
ing protein that stimulates Alk signaling during visceral muscle
development and photoreceptor axon guidance (Bazigou et al.,
2007; Englund et al., 2003; Lee et al., 2003; Weiss et al., 2001).
We found that the highest levels of Jeb protein are present in

Cell 146, 435-447, August 5, 2011 ©2011 Elsevier Inc. 441



Salivary gland clones

Salivary gland NR Figure 5. Ectopic Alk Expression in the Sali-

| >
| o

UAS-InRPN || UAS-AIKPN (o}

vary Gland Induces Organ Sparing
(A) Alk is expressed strongly in the CNS but not in

Control || AB1>Alk

Alk__DAPI
GFP__DAPI
DAPI

the salivary gland.

(B and E) Under fed conditions, salivary gland cells
expressing UAS-InRPM (GFP*) have a greatly
reduced nuclear volume relative to their control
(GFP™) neighbors, whereas those expressing
UAS-AIKPN (GFP*) are not significantly different.
Flp-out clones are GFP marked and DAPI stained
in (B).

(C, F, and G) After NR, salivary gland volume at

| Control

NR

| c

Foxo Lamin DAPI

E F °
1.0 o 50
2 £
E B
§ £ %, 404
I o c
© o =
g : 3
3
2 5 E a0
n > ]
0.5 ) o
& : £
+ % 204
o °
[ 2
o o
ES
104
0.0 [
@ Q?e \?.e
0006’\0 ® &
NNy

Control AB1>Alk

glia, with lower expression within the neuroblasts themselves
and in their neuronal progeny (Figure 4D). Both Jeb and Alk are
expressed strongly during fed and fasting conditions, indicating
that Jeb/Alk signaling could function in CNS sparing (Figure 4D).
Importantly, specific knockdown of Jeb in glia (hsFlp; UAS-
Jeb™ - Repo-Gald, actin > stop > nlacZ) resulted in a significant
~40% reduction in both the volume and cell number of neuro-
blast clones (Figure 4E). Together, the expression and functional
analyses demonstrate that glial synthesis of the Alk ligand Jeb is
NR-resistant and is required in a non-cell-autonomous manner
for the growth of neuroblast lineages.

Alk Misexpression in a Polyploid Tissue Confers

Organ Sparing

We next addressed whether experimentally inducing Alk
signaling in a nonspared polyploid tissue would be sufficient to
protect its growth during fasting. The salivary gland expresses
little or no detectable Alk and, consistent with this, clonal anal-
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96 hr (C, dotted outline) and percentage tissue

growth spared during 60-96 hr fasting (F and G)
both increase, relative to controls, when UAS-Alk
is expressed under the control of AB7-GAL4
(ABT1 > Alk).

(D and H) Foxo cytoplasmic versus nuclear
expression (D) and quantitation of the corre-
sponding cytoplasmic/nuclear ratios (H) in salivary
glands at 96 hr from control fed, control NR, AB7 >
Alk fed, and AB1 > Alk NR larvae. Alk significantly
reduces the accumulation of Foxo in salivary gland
nuclei during fasting.

For histograms in (E)-(H), see Table S2 for m, SEM,
and n values for each genotype.

See also Figure S3.

ysis revealed a strong growth require-
ment for InR but not for Alk (Figures 5A,
5B, and 5E). Wild-type Drosophila Alk,
when overexpressed, displays constitu-
tive activity without Jeb (Lorén et al.,
2001). We therefore ectopically ex-
pressed wild-type Alk in the salivary
gland, either in clones or throughout the
entire organ (AB1 > Alk), and we observed
a large increase in the percentage of
growth spared during the fasting period
from ~2% to ~48% (Figures 5C, 5F,
and 5G and data not shown). In line with
this, Alk misexpression in salivary gland clones is also sufficient
to stimulate Thr37/46 phosphorylation of 4E-BP under both fed
and fasting conditions (Figure S3D). Finally, we used the cyto-
plasmic versus nuclear localization of the growth inhibitor Foxo
as a readout for PI3K signaling (Delanoue et al., 2010; Puig
et al., 2003). We found that Alk significantly reduces nuclear
accumulation of Foxo during NR, almost doubling the cyto-
plasmic: nuclear ratio (Figures 5D and 5H). These results indicate
that, in the salivary gland as in the CNS, Alk stimulates PI3K
signaling and 4E-BP phosphorylation. Together, the salivary
gland experiments also demonstrate that, unlike InR, Alk
promotes tissue growth during NR, and it is sufficient to confer
organ sparing on a nonspared tissue.

FOXO Cyt: Nuc ratio

DISCUSSION

This study found that CNS progenitors are able to continue
growing at their normal rate under fasting conditions severe



enough to shut down all net body growth. Jeb/Alk signaling was
identified as a central regulator of this brain sparing, promoting
tissue-specific modifications in TOR/PI3K signaling that protect
growth against reduced amino acid and llp concentrations.
These findings highlight that a “one size fits all”’ wiring diagram
of the TOR/PI3K network should not be extrapolated between
different cell types without experimental evidence. We now
discuss the two molecular mechanisms by which Jeb/Alk
signaling confers brain sparing and how they may be integrated
into an overall model for starvation-resistant CNS growth.

Jeb/Alk Uncouples Slif Amino Acid Sensing from S6K
and 4E-BP Growth Outputs

One mechanism by which Alk spares the CNS is by suppressing
the growth requirement for amino acid sensing via Slif, Rheb,
and TORC1 components in neuroblast lineages. An important
finding here is that in the presence of Alk signaling Tor has no
detectable growth input (evidence from Tor clones), but in its
absence (evidence from UAS-AIKPN; Tor clones) Tor reverts to
its typical role as a positive regulator of both growth and prolifer-
ation. The growth requirement for Slif/TORC1 is clearly much
less in the CNS than in other tissues such as the wing disc but
a low-level input cannot be ruled out due to possible perdurance
inherent in any clonal analysis. Although Slif, Rheb, Tor, and
Raptor mutant neuroblast clones attain normal volume, this
reflects increased cell numbers offset by reduced average cell
size. Atypical suppression of proliferation by TORC1 has also
been observed in wing discs, where partial inhibition with rapa-
mycin advances G2/M progression (Wu et al., 2007).

Alk signaling in neuroblast lineages does not override the
growth requirements for all TOR pathway components. The
downstream effectors S6k and 4E-BP retain functions as
positive and negative growth regulators, respectively. 4E-BP
appears to be particularly critical in the CNS as mutant animals
have normal mass (Teleman et al., 2005), but mutant neuroblast
clones are twice their normal volume. In many tissues, 4E-BP is
phosphorylated by nutrient-dependent TORC1 activity. In CNS
progenitors, however, 4E-BP phosphorylation is regulated in
an NR-resistant manner by Alk, not by TORC1. Hence, although
the pathway linking Alk to 4E-BP is not yet clear, it makes an
important contribution toward protecting CNS growth during
fasting.

Jeb/Alk Substitutes for lips/InR during PI3K Signaling
and Growth
A second mechanism by which Alk spares CNS growth is by
maintaining PI3K signaling during NR. Alk suppresses or over-
rides the genetic requirement for InR in PI3K signaling, which
may or may not involve the direct binding of intracellular domains
as reported for human ALK and IGF-IR (Shi et al., 2009). Either
way, in the CNS, glial Jeb expression stimulates Alk-dependent
PI3K signaling and thus neural growth at similar levels during
feeding and NR. In contrast, in tissues such as the salivary gland,
where PI3K signaling is primarily dependent upon InR, falling llp
concentrations during NR strongly reduce growth.

The finding that Alk signals via PI3K during CNS growth differs
from the Ras/MAPK transduction pathway described in
Drosophila visceral muscle (Englund et al., 2003; Lee et al.,

2003). However, a link between ALK and PI3K/Akt/Foxo signal-
ing during growth is well documented in humans, both in glio-
blastomas and in non-Hodgkin lymphoma (Bai et al., 2000; Gu
et al., 2004; Morris et al., 1994; Powers et al., 2002; Slupianek
et al., 2001). Similarities with mammals are less obvious with
regard to Alk ligands, as there is no clear Jeb ortholog and
human ALK can be activated, directly or indirectly, by the
secreted factors Pleiotrophin and Midkine (Bowden et al.,
2002; Perez-Pinera et al., 2007; Stoica et al., 2002).

A Central Role for Jeb and Alk in CNS Super Sparing

A comparison of our results with those of previous studies indi-
cates that CNS super sparing only becomes fully active at late-
larval stages. Earlier in larval life, dietary amino acids are essen-
tial for neuroblasts to re-enter the cell cycle after a period of
quiescence (Britton and Edgar, 1998). This nutrient-dependent
reactivation involves a relay whereby Slif-dependent amino
acid sensing in the fat body stimulates llp production from a glial
cell niche (Sousa-Nunes et al., 2011). In turn, glial-derived llps
activate InR and PISK/TOR signaling in neuroblasts thus stimu-
lating cell cycle re-entry (Chell and Brand, 2010; Sousa-Nunes
et al., 2011). Hence, the relative importance of llps versus Jeb
from the glial cell niche may change in line with the develop-
mental transition of neuroblast growth from high to low nutrient
sensitivity.

The results of this study suggest a working model for super
sparing in the late-larval CNS (Figure 6; see the legend for details).
Central to the model is that Jeb/Alk signaling suppresses Slif/
RagA/Rheb/TORC1, InR, and 4E-BP functions and maintains
S6k and PI3K activation, thus freeing CNS growth from the high
dependence upon amino acid sensing and llps that exists in
other organs. The CNS also contrasts with other spared diploid
tissues such as the wing disc, in which PISBK-dependent growth
requires a positive Tor input but is kept in check by negative
feedback from TORC1 and S6K (Kockel et al., 2010; Zhang
et al., 2000). Alk is both necessary (in the CNS) and sufficient
(in the salivary gland) to promote organ growth during fasting.
However, both Alk manipulations produce organ-sparing
percentages intermediate between the 2% salivary gland and
the 96% neuroblast values, arguing that other processes may
also contribute. For example, some Drosophila tissues synthe-
size local sources of llps that could be more NR resistant than
the systemic supply from the IPCs (Brogiolo et al., 2001; Okamoto
etal., 2009; Slaidina et al., 2009). In mammals, this type of mech-
anism may contribute to brain sparing as it has been observed
that IGF-I1 messenger RNA (MRNA) levels in the postnatal CNS
are highly buffered against NR (Calikoglu et al., 2001). It will
also be worthwhile exploring whether mammalian neural growth
and brain sparing involve Alk and/or atypical TOR signaling.
In this regard, it is intriguing that several studies show that acti-
vating mutations within the kinase domain of human ALK are
associated with childhood neuroblastomas (Carén et al., 2008;
Chen et al., 2008; George et al., 2008; Janoueix-Lerosey et al.,
2008; Mossé et al., 2008). In addition, fetal growth of the mouse
brain was recently reported to be resistant to loss of function of
TORC1 (Zou et al., 2011). Finally, a comparison between our
findings and those of a cancer study (Kalaany and Sabatini,
2009), highlights that insulin/IGF independence and constitutive
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Figure 6. Alk Regulates CNS Sparing via the
TOR and PI3K Pathways

The panels on the left show the genetic interac-
tions between Alk, InR, TOR, and PI3K signaling
components in the super-spared CNS (upper
panel) and in the unspared salivary gland (lower
panel). The genetic circuitry (direct or indirect
interactions) depicted for super-spared growth in
neuroblast lineages is a working model from this
study, whereas the circuitry from nonspared
growth in the salivary gland is derived from
previous studies (see the main text for details).
Growth-promoting (green), growth-inhibiting (red),
and growth-neutral (gray) components are indi-
cated. The vertical ruler (right panel) depicts
percentage sparing of growth during late-larval

fasting for individual organs. Alk inactivation in
CNS neuroblast clones (Neuroblast lineages — Alk)
dramatically reduces sparing, and, conversely,
ectopic expression of Alk in the salivary gland
(Salivary gland + Alk) strongly increases sparing.

Salivary gland
+Alk

blotting as described (Géminard et al., 2009).

Non-spared growih (Salivary gland

Amino acid concentrations were measured by
nuclear magnetic resonance analysis of hemo-
lymph derived from groups of 20 larvae under
fed and NR conditions.
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PI3K activity are features of NR-resistant growth in contexts as
diverse as insect CNS development and human tumorigenesis.

EXPERIMENTAL PROCEDURES

Drosophila Genetics, Clone Induction, Organ, Cell, Clone,

and Hemolymph Measurements

Descriptions of most genetic elements can be found in Flybase (Drysdale et al.,
2005) (http://flybase.bio.indiana.edu/). Developmental timings, relative to
larval hatching at 0 hr, were calculated chronologically except for the 96 hr
stage, which was selected by morphological and behavioral criteria. Unless
stated otherwise, all larvae were dissected for tissue, clone or cell analysis
at critical weight (60 hr) or at the wandering L3 stage (96 hr). CNS neuroblast
clones were induced for 1 hr at 37°C at 24-30 hr. Twin spot clones in wing
discs were induced for 45 min at 37°C at 24-36 hr. Salivary gland flipout clones
were induced for 7 min at the end of embryogenesis. Details of genetic strains,
antibodies, immunostaining, and further details of organ, cell, clone, and
hemolymph measurements are provided in the Extended Experimental Proce-
dures. In brief, body mass was measured in triplicate for groups of five white
prepupae. Body volumes were estimated with the formula mr?l. Tissue and
clone volume measurements were acquired from 3D reconstructions of
1.5 um spaced confocal Z stacks with Volocity software (Improvision) or Amira
5 (Visage Imaging). Areas of GFP* and GFP™~ twin spot clones in wing discs
were calculated using Leica LAS software and the Image J (National Institutes
of Health) plug-ins “freehand selection” and “measure.” Volumes of salivary
gland nuclei were estimated with the formula 4/37r®, with r measured from
single confocal sections using the Leica LAS software to average orthogonal
measurements of nuclear diameter (2r). For each organ/clone/cell type, the
percentage growth spared during the fasting period was calculated with
the formula (Volume NRggh, — Volume Fedgon) + (Volume Fedggn, — Volume
Fedeon) X 100%. Flag-tagged lIp2 was measured in hemolymph with western
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Larval Dietary Manipulations

Drosophila were raised at 25°C on our standard

cornmeal/yeast/agar medium (composition in Gu-
tierrez et al., 2007) supplemented with live bakers yeast granules, unless other-
wise stated. For NR experiments, larvae were raised on our standard medium
and selected morphologically 0-1 hr after the L2-to-L3 molt, then aged a further
12 hr to attain critical weight. Larvae were then transferred to NR medium (1%
agarose/PBS) in 1.5 ml microcentrifuge tubes, plugged with nonabsorbant
cotton wool, until 96 hr.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,
six figures, and two tables and can be found with this article online at
doi:10.1016/j.cell.2011.06.040.
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