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N signal transduction pathways in regulating AMP differentiation,
we expressed the dominant-negative forms of N and br
(esg'>NPN+br; n=38 guts; Fig. 6B) or the constitutively activated
forms of N and bR (esg™> N34+ R; n=47 guts; Fig. 6D) in AMPs.
Surprisingly, the expression of either N°N+br or N¥#*+pr'R still led
to the premature differentiation of AMPs into Pdm1-positive EC-like
cells (Fig. 6B,D), indicating that the activation of either the Br or N
pathways can drive AMP differentiation.

To directly investigate whether Br regulates the N signal
transduction pathway, we examined the expression of Su(H)GBE-
lacZ (a reporter of N signaling) (Furriols and Bray, 2001) in
midguts that overexpressed br'® (esg™>br'?) (Fig. 6G,H). We found
that bR overexpression did not affect Su(H)GBE-lacZ expression,
compared with the wild-type control (supplementary material Fig.
S5C,C").

Together, these results suggest that the Br and N signal
transduction pathways may function in parallel pathways to
regulate AMP differentiation.

The neuroendocrine organ, the ring gland,
regulates Br expression in AMPs

During insect larva-pupa transition, both 20E and JH titers change
to regulate this transition. To investigate the potential role of JH in
AMPs, we knocked down JH candidate receptor Methoprene-
tolerant (Met) and found that the knockdown of Met by RNAI led
to the premature differentiation of AMPs into Pdm1-positive EC-
like cells (supplementary material Fig. S6A,A"). Interestingly,
knockdown of Met and Kriippel homolog 1 (Kr-hl), a JH response
gene, resulted in precocious Br expression in AMPs
(supplementary material Fig. S6B-C"), but knockdown of Germ
cell-expressed (gce), another JH candidate receptor, did not cause
precocious Br expression in AMPs (supplementary material Fig.
S6D,D"). This is consistent with previous reports that JH inhibits
Br expression through Kr-h1 (Huang et al., 2011; Konopova and
Jindra, 2008; Suzuki et al., 2008; Zhou et al., 1998; Zhou and
Riddiford, 2002). JH may act in concert with 20E to regulate AMP
differentiation by controlling Br expression.

Fig. 5. br overexpression in AMPs drives
premature differentiation of AMPs.
(A-D) A wild-type control (A,C) or UAS-br
(B,D) was driven by esg® (A,B) or Pswitch*M?,
UAS-GFP (C,D) in AMPs and PCs. br
overexpression caused premature
differentiation of AMPs and PCs into Pdm1-
positive EC-like cells. (E-H) A wild-type
control (E,G) or UAS-br (F,H) was driven by
PC-specific driver Su(H)® (E,F) or Pswitch’™,
UAS-mCD8-GFP (G,H). br overexpression in
PC cells caused PC differentiation into Pdm1-
positive EC-like cells. (I) The wild-type PMML
PC clone. (J) The PMML PC clone that
overexpressed br. (K) The nuclear size of wild-
type control and Pdm1-positive cells caused
by br overexpression. Data were represented
as meanzs.e.m. (**P<0.01). GFP, green;
Pdm1, nuclear red; DAPI, nuclear blue. All
larvae were stained at the late L3 stage.
Arrows point to Pdm1-positive differentiated
cells. Scale bars: 10 um.

The ring gland is the major organ in which JH and 20E are
produced. The decapentaplegic (Dpp) signal transduction pathway
in the corpus allatum (CA) of the ring gland and the Torso-Ras/Raf-
MAPK and insulin-like receptor (InR)-PI3K-Akt pathways in the
prothoracic gland (PG) of the ring gland were reported to regulate
JH and 20E production, respectively (Fig. 7E) (Caldwell et al., 2005;
Gibbens et al., 2011; Huang et al., 2011; Mirth et al., 2005; Rewitz
et al., 2009). Manipulating these signaling pathways in the ring gland
may change the Br expression pattern in AMPs through JH or 20E.
To test this hypothesis, we knocked down dpp and one of its
receptors, thick vein (tkv), by expressing transgenic RNAI lines using
a CA-specific driver, Aug21-Gal4 (Huang et al., 2011). We also
overexpressed constitutively activated forms of Ras (UAS-Ras¥'?),
Raf (UAS-Raf) and PI3K (UAS-PI3K**X) using a PG-specific
driver, phm-Gal4 (Gibbens et al., 2011). Indeed, compared with
wild-type controls (supplementary material Fig. STA,A'C,C"), the
knockdown of dpp (Fig. 7A,A") and tkv (supplementary material Fig.
S7B,B’) in CA or the overexpression of constitutively activated
forms of Ras (Fig. 7C,C"), Raf (supplementary material Fig. S7D,D")
and PI3K (Fig. 7D,D") in PG resulted in precocious Br expression in
AMPs. Interestingly, knocking down dpp with Su(H)" in PCs did not
result in precocious Br expression in AMPs (Fig. 7B,B’). PCs
function as an AMP niche by expressing Dpp to activate the Dpp
signal transduction pathway in AMPs and preventing AMP
differentiation before the onset of metamorphosis (Mathur et al.,
2010).

These results, along with those of previous reports (Gibbens
et al., 2011; Huang et al., 2011), suggest that signals from the
ring gland and morphogenetic hormones converge on Br
expression in AMPs to regulate AMP differentiation during
metamorphosis.

DISCUSSION

Although it is well known that adult ISCs arise from AMPs, the
mechanisms that regulate AMP specification were unclear. In this
study, we demonstrated that Br-mediated hormone signaling plays
a key role in regulating AMP differentiation and that Br is required
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Fig. 6. Br and N regulate AMP differentiation in parallel pathways. (A-D) UAS-NPN (A), UAS-NPN+UAS-br (B), UAS-N*342 (C) or UAS-NA344
UAS-br'® (D) was driven by esg®. Even though N activity was blocked by NPN, br overexpression caused AMP premature differentiation (compare B
with A). Likewise, even though Br was knocked down, N overactivation caused AMP differentiation (compare C with D). The yellow arrowheads
point to Pdm1-positive cells. DAPI, nuclear blue; GFP, green; Pdm1, nuclear red. (E,F) UAS-N*3*2 (E) or UAS-NPN (F) was driven by esg®.
Overexpression of an activated form of N in AMPs resulted in premature AMP differentiation into separated EC-like cells, but did not result in
precocious Br expression. Overexpression of a dominant-negative form of N in AMPs induced AMP expansion and blocked AMP differentiation into
ECs, but it did not repress Br expression. GFP, green; Br, nuclear red; DAPI, nuclear blue. (G,H) UAS-br® was driven by Su(H)GBE-lacZ; esg®. The
knockdown of br did not affect the N activity because the expression of Su(H)GBE-lacZ, an N activity reporter, was not affected. GFP, green; 3-

galactosidase, red; DAPI, nuclear blue. Scale bars: 10 um.

for AMPs to develop into functional ISCs. Interestingly, our
genetic interaction analyses revealed that Br regulates AMP
differentiation through a pathway that is parallel to the N signaling
pathway. We also provide evidence suggesting that Br expression
in AMPs is regulated by multiple signaling pathways in the ring
gland, which is a neuroendocrine organ. Our results reveal a
molecular mechanism whereby Br-mediated hormone signals
directly regulate progenitors/stem cells to generate adult cells
during metamorphosis.

With the decline of JH at the end of L3, a strong 20E pulse
triggers the larval-pupal transition (King-Jones and Thummel,
2005; Riddiford, 2008; Thummel, 1996). During metamorphosis,
the larval tissues undergo histolysis through programmed cell
death, while adult structures grow from adult cells generated by
adult progenitor cells (Jiang et al., 1997; Thummel, 1996). Type I
programmed cell death (PCD), apoptosis, and type II PCD,
autophagy, are both involved in larval tissue histolysis (Liu et al.,
2009; Ryoo and Bachrecke, 2010; Yin and Thummel, 2005). In
comparison to the extensive studies on hormone-regulated PCD
during metamorphosis, there is a major information gap between
the direct actions of the hormones and AMP differentiation. In this
study, we show that Br is one of the key missing connectors. Br is
highly enriched in AMPs immediately before the onset of
metamorphosis, and it regulates AMP cell-fate specification. We
also demonstrat that neuroendocrine signals regulate Br expression
in AMPs via JH and 20E. Previous studies suggested that the N
signal transduction pathway plays a major role in regulating AMP
differentiation during metamorphosis (Mathur et al., 2010;
Takashima et al., 2011a); however, we did not find any direct
connection between the hormones-Br pathway and the N pathway
in regulating AMP differentiation. These pathways may function in
parallel, converging on downstream factors that directly regulate
AMP differentiation. A previous study also found that larval
midgut degeneration is blocked in b7 mutants (Restifo and White,

1992), suggesting that Br regulates not only adult cell generation
but also larval PCD. It will be very interesting to examine in future
experiments how Br coordinates larval cell death with adult cell
generation during the onset of metamorphosis.

During larval development, AMPs generate at least one PC
through asymmetric division, to wrap around the AMPs. PCs
function as a niche to maintain undifferentiated AMP by secreting
Dpp to activate Dpp signaling in AMPs before the onset of
metamorphosis (Mathur et al., 2010). Dpp may regulate AMP
differentiation from two directions. In one direction, Dpp signaling
regulates JH biosynthesis in CA and indirectly regulates Br
expression in AMPs to drive differentiation. In the other direction,
Dpp in PCs may directly activate the Dpp signal transduction
pathway in AMPs (Mathur et al., 2010), thereby regulating AMP
differentiation through a Br-independent pathway.

In the early stages of metamorphosis, AMPs are released from
the PC niche and AMP islands start to merge (Mathur et al., 2010).
We speculate that because both AMPs and PCs express high levels
of Br, Br-mediated hormone signals trigger AMP differentiation to
be released from the PCs by controlling both AMPs and PCs at the
same time. AMPs with br or usp loss of function still stay in
contact and do not differentiate in 5 hours APF, indicating that
hormone signaling controls the dispersion and differentiation of
AMPs directly. Furthermore, PCs start to express the differentiation
marker Pdml and exhibit polyploid nuclei when br is
overexpressed in PCs at the larval stage. These differentiating PCs
may not fulfill normal niche functions to encase the AMPs to
prevent their release.

Adult ISCs develop from AMPs, but AMPs and ISCs also share
many similarities. First, both express the same specific marker, DI
(Mathur et al., 2010; Ohlstein and Spradling, 2007). AMPs and ISCs
can also both give rise to EEs and ECs (Micchelli and Perrimon,
2006; Ohlstein and Spradling, 2006; Takashima et al., 2011a).
Another similarity is that N signaling controls the fate of AMPs and
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Fig. 7. Neuroendocrine regulation of Br expression in AMP. (A,A’) CA-specific knockdown of dpp (Aug21>dpp'®) induced precocious Br
expression. (B,B’) PC-specific knockdown of dpp [Su(H)*>dpp'?] did not induce precocious Br expression. (C,C’) Prothoracic gland (PG)-specific
expression of a constitutively activated form of Ras (phm>Ras""?) induced precocious Br expression. (D,D’) PG-specific expression of a constitutively
activated form of PI3K (phm>PI3K“*X) induced precocious Br expression. The arrow indicates precocious Br expression in AMPs. Arm or GFP, green;
Br, nuclear red; DAPI, nuclear blue. Scale bars: 10 um. (E) The model for AMP differentiation during metamorphosis regulated by Br-mediated

hormone signals.

ISCs. Finally, the epidermal growth factor (EGF) signal from the
visceral muscle supports AMP and ISC proliferation (Biteau and
Jasper, 2011; Buchon et al., 2010; Jiang and Edgar, 2009; Jiang et
al., 2011; Xu et al.,, 2011). Interestingly, we also found that
ectopically expressing br in AMPs and ISCs drives their
differentiation into Pdm1-positive EC-like cells, which indicates that
Br may regulate the differentiation of AMPs and ISCs by a general
mechanism. Strikingly, the transient expression of Br in AMPs in the
late larval and early pupal stages is essential for AMPs to develop
into functional ISCs. AMPs with br loss of function develop into
ISC-like cells, which may not divide and/or differentiate in the adult
stage. The transient expression of Br may be one of the key factors
involved in programming AMPs into functional ISCs.

Br is also expressed in imaginal disc cells and histoblast during
metamorphosis and it plays a key role in regulating imaginal disc
differentiation and histoblast proliferation (Kiss et al., 1988;
DiBello et al., 1991; Zhou and Riddiford, 2002). Thus, Br may play
a universal role in regulating the differentiation of progenitors,
including imaginal cells during metamorphosis.

In mammals (including humans), the passage through puberty
has some similarities to insect metamorphosis. In both cases,
neuropeptide signaling in response to developmental,
environmental and physiological cues regulates the expression of
steroid hormones that further trigger the transition process from
juveniles into sexually mature adults. The onset of puberty in
humans is marked by breast development in girls, testicular
enlargement in boys and pubic hair growth in both girls and boys
(Carel and Leger, 2008). However, it is unclear how
neuropeptide/steroid hormone signaling regulates the biological
changes occurring in peripheral tissues. Human puberty, unlike
insect metamorphosis, does not involve massive cell death. Rather,
it mostly involves developing new tissues/organs. Transcription
factors, such as homologues of Br, may relay
neuroendocrine/steroid hormone signals to regulate the generation
of adult cells from their progenitor/stem cells, leading to pubic hair
production from follicle stem cells, spermatogenesis from testis
germline stem cells, and breast development from mammary gland

stem cells. Future experiments in mammals along these lines, and
new details about metamorphosis in insects and amphibians, may
provide novel insights into human puberty and the disorders
affecting it.
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