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In insects, 20-hydroxyecdysone (20E) limits the growth period by
triggering developmental transitions; 20E also modulates the
growth rate by antagonizing insulin/insulin-like growth factor sig-
naling (lIS). Previous work has shown that 20E cross-talks with IIS,
but the underlying molecular mechanisms are not fully understood.
Here we found that, in both the silkworm Bombyx mori and the
fruit fly Drosophila melanogaster, 20E antagonized IS through
the AMP-activated protein kinase (AMPK)-protein phosphatase 2A
(PP2A) axis in the fat body and suppressed the growth rate. During
Bombyx larval molt or Drosophila pupariation, high levels of 20E
activate AMPK, a molecular sensor that maintains energy homeo-
stasis in the insect fat body. In turn, AMPK activates PP2A, which
further dephosphorylates insulin receptor and protein kinase B
(AKT), thus inhibiting 1IS. Activation of the AMPK-PP2A axis and
inhibition of IIS in the Drosophila fat body reduced food consump-
tion, resulting in the restriction of growth rate and body weight.
Overall, our study revealed an important mechanism by which 20E
antagonizes IIS in the insect fat body to restrict the larval growth
rate, thereby expanding our understanding of the comprehensive
regulatory mechanisms of final body size in animals.
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he final body size in animals is a fundamental feature that

influences many traits, such as fitness, mobility, predation,
and competition. In animals undergoing defined growth, the final
body size is gradually attained at a relatively steady level during
development, but the mechanism underlying this process remains
mostly unknown (1, 2). By regulating the growth rate and growth
period, respectively, insulin/insulin-like growth factor (IGF) sig-
naling (IIS) and the steroid hormone 20-hydroxyecdysone (20E)
are considered the two major factors determining the final body
size in insects (3-5). IIS and nutrition coordinate with the intrinsic
growth program to regulate the growth rate. Insulin/IGF is mainly
synthesized by insulin-producing neurons and secreted to hemo-
lymph upon stimulation by nutrients. The binding of insulin/IGF
to the insulin receptor (InR) activates the intrinsic tyrosine ki-
nase activity of its receptor, which activates a downstream sig-
naling cascade, including phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K), protein kinase B (AKT), and the two main
downstream targets of IIS: That is, the target of rapamycin
complex 1 (TORC1) and the FOXO transcription factor (6).
Meanwhile, 20E signaling triggers developmental transitions
and, therefore, controls the growth period and developmental
timing. The binding of 20E to its nuclear receptor complex
(EcR-USP) triggers a transcriptional cascade that induces molting
and metamorphosis (7).
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In addition to controlling the growth period, 20E modulates
the growth rate by antagonizing IIS in the fat body (8-11). The
insect fat body is the major organ of energy storage and nutrient
mobilization, and moreover, it plays a critical role in the in-
tegration of hormonal and nutritional signals that regulate
autophagy and the larval growth rate (12-14). In general, auto-
phagy is induced by the reductions in cell growth, which are
caused by nutrient deprivation or other stresses (15). IIS and 20E
oppositely regulate fat body autophagy in both the fruit fly
Drosophila melanogaster and the silkworm Bombyx mori. 1IS-
activated TORCI prevents starvation-induced autophagy, while
20E signaling induces autophagy by suppressing IIS during
metamorphosis (8, 16-19). Meanwhile, 20E signaling impedes
IIS, which increases the growth rate by activating TORC1 and
inhibiting FOXO, thus restricting the final body size in insects.
As the center molecule of energy response, TORC1 promotes
the larval growth rate partially by repressing autophagy in Dro-
sophila (8, 9, 20, 21). Meanwhile, TORC1 promotes protein
synthesis, cell-cycle progression and, thus, cell growth by acti-
vating S6K and inhibiting 4EBP (22). The FOXO transcription
factors are inactivated by IIS via the translocation from nucleus
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to cytoplasm (23). In Drosophila, FOXO regulates nearly 28% of
the nutrient-regulated genes (24). In Bombyx and other lepi-
dopteran species, 20E activates FOXO to promote lipolysis and
proteolysis during insect molting to suppress cell growth (25, 26).
There were two reports about the molecular mechanism of how
20E cross-talks with IIS. In the Drosophila fat body, 20E sig-
naling represses the expression of a microRNA, miR-8 (11). This
microRNA inhibits the expression of u-shaped (ush), which acts
as an inhibitor of PI3K and thus IIS (27). In addition, 20E might
regulate insulin production and secretion in the brain and thus
IIS (28). Nevertheless, the underlying molecular mechanisms by
which the steroid hormone 20E antagonizes the receptor tyro-
sine kinase pathway IIS are still not well understood.

AMP-activated protein kinase (AMPK), which consists of
three subunits (AMPKa, AMPKp, and AMPKy) is a molecular
sensor that plays a vital role in the maintenance of energy ho-
meostasis at both the cellular and organismal levels (29, 30). In
response to metabolic stress, the cellular AMP/ATP ratio in-
creases, leading to the activation of AMPK, which restores en-
ergy homeostasis by turning on catabolic pathways and turning
off ATP-consuming pathways (31-34). In addition to its role in
energy metabolism, AMPK also plays important roles in animal
development, tissue growth, and autophagy. Regarding its role in
animal development, mutations in o- or p-subunits of AMPK
cause death in Drosophila at the pupal stage (35-37). In terms of
tissue growth, AMPK acts as a tumor suppressor that represses
the excessive proliferation of cancer cells in mammals (38);
tissue-specific (eyes and wings) overexpression of the upstream
AMPK activating kinase LKB1 in Drosophila shrinks the sizes of
these organs (39). In respect to autophagy, AMPK promotes
autophagy in mammals in the following two ways: 1) By directly
activating Ulk1, which is a homolog of ATG1 (31, 40); and 2) by
inhibiting mTORCI1 through phosphorylating raptor, which is a
key component of TORC1 (41). In a genetic screen, AMPKy was
revealed to play a role in 20E-induced autophagy in the Dro-
sophila fat body (36).

Interestingly, AMPK and IIS might reciprocally antagonize
each other. In mammals, AKT suppresses AMPK activity by
decreasing the cellular AMP/ATP ratio or through the phos-
phorylation Ser485 of the AMPK al subunit and Ser491 of the
AMPK o2 subunit (42—44), while AMPK inhibits AKT activity
by dephosphorylating AKT through protein phosphatase 2A
(PP2A) (45, 46). In Caenorhabditis elegans, PP2A also interacts
with DAF-18 (PTEN) and AMPK (47). Additionally, PP2A
might suppress AMPK activation by dephosphorylating Thr172
of AMPK a-subunits in both mammals and nematode (48-50).
However, it remains completely unknown how AMPK and PP2A
are involved in the mutual antagonism between 20E and IIS in
the control of body size in insects.

In this study, we first discovered that AMPK activity was
positively correlated with 20E signaling in the fat body tissues
during Bombyx larval molting and Drosophila pupariation, while
IIS was negatively correlated with 20E signaling. Second, we
unraveled the following mechanism underlying the antagonism
of IIS by 20E in the fat body: AMPK acts through PP2A to in-
hibit IIS, and 20E relies on the AMPK-PP2A axis to antagonize
IIS. Finally, activation of the AMPK-PP2A axis and inhibition
of IIS in the Drosophila fat body reduced food consumption,
resulting in the restriction of growth rate and body weight. These
data contribute to our understanding of how 20E antagonizes IIS
and modulates the insect growth rate.

Results

AMPK Inhibits IS in Bombyx. To understand the correlation be-
tween AMPK activity and IIS in the Bombyx fat body, we first
examined the developmental profiles of the phosphorylation
levels of AMPKa at T172 (reflecting AMPK activity), InR at
Y1135/1136 (reflecting IIS), and 4EBP at T37/46 (reflecting
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TORCI activity) in the Bombyx fat body from the early fourth
instar to the middle fifth instar. Western blot analysis revealed
that the AMPKa phosphorylation level was low during the
feeding stages in both larval instars but greatly increased during
the fourth larval molting (4M) and day 1 of the fifth instar
(L5D1) (Fig. 14). In contrast, the phosphorylation levels of
4EBP and InR were high during the larval feeding stages but
decreased at ~4M, when the decrease of 4EBP phosphorylation
was more significant (Fig. 14). In addition, using immunohisto-
chemistry, we previously showed that FOXO nuclear localization
is abundant at 4M but nearly undetectable during the larval
feeding stages (25). Thus, according to the developmental pro-
files, a negative correlation between AMPK activity and IIS
occurred in the fat body at ~4M. Interestingly, the expression
level of the AMPKa protein exhibited a developmental profile
that was similar to that of AMPKa phosphorylation with high
protein levels at 4M and L5D1 (Fig. 14). Subsequently, we in-
vestigated the developmental profiles of the mRNA levels of
AMPKa, AMPKp, and AMPKy in the Bombyx fat body. Similarly,
the expression levels of all three AMPK subunits were high at
4M (Fig. 1B), suggesting that AMPK might be transcriptionally
activated by 20E signaling or starvation at ~4M to inhibit IIS.

Next, we tested the hypothesis that AMPK inhibits IIS in
Bombyx both in vivo and in cultured cells. First, we treated L5D2
larvae with metformin, an AMPK activator that is a drug widely
used to treat type 2 diabetes, or 5-aminoimidazole-4-carbox-
amide 1-p-p-ribofuranoside (AICAR), a cell permeable activator
of AMPK. Notably, both metformin and AICAR not only pro-
moted AMPKa phosphorylation but also inhibited the phos-
phorylation of InR and 4EBP in the fat body (Fig. 1 C and D).
Second, we treated 4M larvae with compound C, an ATP-
competitive inhibitor of AMPK. In contrast, compound C
inhibited AMPKa phosphorylation and simultaneously elevated
the phosphorylation of InR and 4EBP in the fat body (Fig. 1E).
These in vivo experiments strongly suggest that AMPK inhibits
IIS in the Bombyx fat body. Third, we examined whether AMPK
inhibits IIS in the Bombyx cell line DZNU-Bm-12 to the same
extent as that in the Bombyx fat body. We treated DZNU-Bm-12
cells with AICAR, compound C, or both. The basal level of AMPKa
phosphorylation was very low in the untreated DZNU-Bm-12 cells.
The AICAR treatment dramatically activated AMPK in these
cells, and this activation was markedly reduced following com-
pound C treatment. In contrast, the untreated DZNU-Bm-12
cells showed high levels of InR phosphorylation and 4EBP
phosphorylation. The AICAR treatment greatly reduced these
phosphorylation levels both in the absence and presence of
compound C (Fig. 1F). In addition to activating AMPK with
chemicals, we overexpressed a constitutively active form of
AMPK (V5-AMPK“?) in DZNU-Bm-12 cells and found that
the phosphorylation levels of both InR and 4EBP were inhibited
by AMPK* (Fig. 1G). Thus, AMPK inhibits IIS in Bombyx.

AMPK Inhibits 11S in Drosophila Fat Body. To determine whether the
inhibition of IIS by AMPK is conserved in other insects, we
turned to Drosophila, the classic genetic and developmental
model insect. First, we characterized the developmental profiles
of phosphorylation levels of AMPKa at T172 (reflecting AMPK
activity), InR at Y1135/1136 and AKT at S505 (reflecting IIS),
and S6K at T398 and 4EBP at T37/46 (reflecting TORCI1 ac-
tivity) in the Drosophila fat body from the feeding stage of third-
instar larvae to 6 h after puparium formation (6 h APF). The
AMPK activity was low during the larval feeding stages, in-
creased during the early wandering stage (EW), reached the
maximal level during the late wandering stage (LW), remained
high during the white prepupal stage (WPP), and decreased at
6 h APF (Fig. 24). However, IIS and its downstream TORCI1
activity exhibited profiles that were opposite to those of AMPK
activity (Fig. 24). Moreover, the protein level of AMPKa and
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Fig. 1.

AMPK inhibits 1IS in Bombyx. (A) The developmental phosphorylation profile of AMPK, InR, and 4EBP in the Bombyx fat body from the early fourth

instar to the prepupal stage. (B) The developmental profiles of mRNA levels of AMPKa (blue), AMPK (red), and AMPKy (green) in the Bombyx fat body as well
as ecdysteroid titers (71) from the early fourth instar to the prepupal stage. Fold-changes shown are relative to Rp49. (C and D) Metformin or AICAR treatment

activated AMPK and reduced the phosphorylation of InR and 4EBP. AC, the

treatment of AICAR; Ctrl, control. (E) Compound C treatment reduced the

phosphorylation of AMPK and promoted InR and 4EBP. CC, the treatment of compound C. (F) Phosphorylation levels of the target proteins when the Bombyx
cell line DZNU-Bm-12 treated with AICAR, compound C, or both. (G) The phosphorylation levels of the target proteins when the active form of AMPK (V5-
AMPK) overexpressed constitutively in DZNU-Bm-12 cells. Note: Overexpression of EGFP was used as control.

the transcription levels of all three AMPK subunits exhibited
developmental profiles that were quite similar to the profile of
AMPKa phosphorylation from the larval feeding stage to WPP
(Fig. 2 A and B), suggesting that 20E/starvation might tran-
scriptionally activate AMPK to inhibit IIS during pupariation.

To confirm that AMPK indeed inhibits IIS in Drosophila, we
genetically manipulated AMPK activity in the fat body of Dro-
sophila larvae using the binary Gal4/UAS system. Driven by a fat
body-specific Gal4 line (i.e., Adh-Gal4), a constitutively active
form of AMPK (UAS-AMPK“?) was overexpressed. The AMPK“"
overexpression greatly impeded IIS in the fat body during the
larval feeding stages (Fig. 2C). To complement the gain-of-function
studies, we employed another fat body-specific Gal4 line (i.e., Lsp2-
Gal4) to overexpress a dominant-negative form of AMPK (UAS-
AMPKPM). In contrast, the AMPK"" overexpression greatly in-
creased IIS in the larval fat body at LW (Fig. 2D).

PI3K is an essential component of IIS. PI3K activity can be
directly visualized in vivo using a reporter consisting of GFP
fused to its pleckstrin homology domain tGPH. Thus, the tGPH
membrane localization reflects PI3K activity and, thus, IIS (51).
To clarify whether AMPK cell-autonomously regulates tGPH
membrane localization and thus PI3K activity, we generated
overexpression clones of AMPK! or AMPKP that were marked
with RFP in the fat body using the Drosophila Flp-out technique.
AMPK“* overexpression inhibited tGPH membrane localization
in the RFP* clones when compared to the neighbor cells, sup-
porting a cell-autonomous mechanism (Fig. 2E). In contrast,
AMPKPN overexpression cell-autonomously increased PI3K ac-
tivity and, thus, IIS in mosaic clone cells (Fig. 2F). In conclusion,
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AMPK inhibits IIS in the Drosophila fat body by reducing
phosphorylation of at least two key components in IIS: InR
and AKT.

AMPK Acts through PP2A to Inhibit IIS in Drosophila Fat Body. Since
AMPK acts through PP2A to inactivate AKT in mammalian cells
(45, 46, 52), we hypothesized that AMPK might also act through
PP2A to antagonize IIS in the Drosophila fat body by dephos-
phorylating AKT, and probably InR. Importantly, the develop-
mental profile of PP2A activity in the fat body underwent
changes similar to that of AMPK activity from the feeding stage
of third-instar larvae to 6 h APF (Fig. 34). Moreover, PP2A
activity in the larval fat body was significantly increased and
decreased by AMPK“' overexpression and AMPK”N over-
expression driven by Lsp2-Gal4, respectively (Fig. 34), showing
an AMPK-PP2A axis in the Drosophila fat body.

Then, we tested whether PP2A also inhibits IIS in the Dro-
sophila fat body using both the Gal4/UAS system and Flp-out
technique. Driven by Lsp2-Gal4, the overexpression of PP24<*
and PP2APN greatly reduced and enhanced IIS in the larval
fat body, respectively (Fig. 3B). Similarly, the overexpression
of PP2A“! and PP24PYN cell-autonomously decreased and in-
creased tGPH membrane localization and, thus, PI3K activity
and IIS in larval fat body cells, respectively (Fig. 3C).

Since AMPK activates PP2A and both AMPK and PP2A in-
hibit IIS in the Drosophila fat body, we assumed that PP2A might
mediate AMPK activity to inhibit IIS. To explore the inhibition
of IIS by the AMPK-PP2A axis, we investigated the genetic in-
teraction between AMPK and PP2A in the Drosophila fat

Yuan et al.
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Fig. 2. AMPK inhibits IIS in Drosophila. (A) Developmental phosphorylation profile of AMPK, AKT, InR, S6K, and 4EBP in the Drosophila fat body at different
stages (feeding, EW, LW, WPP, and 6 h after pupation). (B) Developmental profiles of mRNA levels of AMPKa (blue), AMPKB (red), and AMPKy (green) in the
Drosophila fat body and ecdysteroid titers (72, 73) at different stages. Fold-changes shown are relative to Rp49. (C) Phosphorylation levels of InR, AKT, S6K,
and 4EBP were decreased in Adh-Gal4 > UAS-AMPK?. Adh-Gal4 drives fat body-specific Gal4 expression. (D) Phosphorylation levels of InR, AKT, S6K, and
4EBP were increased in Lsp2-Gal4 > UAS-AMPKPN, Lsp2-Gal4 also drives fat body-specific Gal4 expression. (E) The Flp-out experiment revealing that the
activity of PI3K is inhibited in red-positive clones in HsFlpase; Act > CD2 > Gal4, UAS-RFP, tGPH; UAS-AMPK™ at the feeding stage. RFP (red), tGPH (green).
(F) The Flp-out experiment revealing that the activity of PI3K is increased in red-positive clones in HsFlpase; Act > CD2 > Gal4, UAS-RFP, tGPH::UAS-AMPKP" at

the LW stage. RFP (red), tGPH (green).

body using both the Gal4/UAS system and Flp-out technique.
Upon the simultaneous overexpression of PP24“* and AMPK"Y,
PP2A“A abolished the stimulatory effects of AMPKPN on IIS.
In contrast, upon the simultaneous overexpression of PP24”N
and AMPK®!, PP2APN continued to promote IIS even in the
presence of AMPK“* (Fig. 3 4 and B). Furthermore, PP2A
cell-autonomously mediated AMPK activity to inhibit tGPH
membrane localization in the Drosophila fat body (Fig. 3C).
According to these genetic interaction experiments in the
Drosophila fat body, we conclude that AMPK acts through
PP2A to inhibit IIS by dephosphorylating InR and AKT.

Yuan et al.

20E activates the AMPK-PP2A Axis and Inhibits IIS in Insect Fat Body.
The 20E signaling plays a central role in triggering develop-
mental transitions and, thus, limiting the growth period (7). As
shown in Figs. 1-3, the activity of AMPK (and PP2A in Dro-
sophila) was elevated, but IIS was reduced in the Bombyx fat
body at ~4M and the Drosophila fat body during pupariation,
suggesting that both the AMPK-PP2A axis and IIS in the fat
body might be modulated by 20E or starvation to regulate the
growth rate. To alter 20E signaling in Bombyx, we injected 20E
on L5D2 and performed USP RNAIi at the initiation of the
wandering stage (19, 53). At 12 h after 20E treatment, the
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AMPK activity in the fat body greatly increased, whereas IIS
vastly decreased. In contrast, 24 h after the USP RNAI treat-
ment, the AMPK activity in the fat body decreased, whereas IIS
increased (Fig. 44). To manipulate 20E signaling in Drosophila,
we added 20E to the diet during the feeding stages of the third
larval instar and overexpressed a dominant-negative form of EcR
(UAS-EcR”M) in the larval fat body using both the Gal4/UAS
system and Flp-out technique. At 12 h after 20E treatment, the
activity of AMPK and PP2A in the fat body increased, whereas
IIS decreased. In contrast, EcRP™ overexpression decreased the
activity of AMPK and PP2A and increased IIS in the larval fat
body at LW (Fig. 4 B-E). Altogether, 20E activates the AMPK-
PP2A axis and inhibits IIS in the insect fat body.

Since the protein level of AMPKa and the mRNA levels of all
three AMPK subunits in the fat body exhibits developmental
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profiles that are similar to the activity profile of AMPK in
Bombyx or the activity profiles of AMPK and PP2A in Drosophila
(Figs. 1-3), we investigated the possibility that 20E might tran-
scriptionally activate AMPK to promote PP2A activity and in-
hibit IIS. In Bombyx, the 20E treatment induced the expression
of AMPKa, AMPKJ, and AMPKy in the fat body, while USP
RNAI decreased their expression (Fig. 4 F and G). Slmllarly, in
Drosophila 20E treatment and EcRPN overexpression up-
regulated and down-regulated the mRNA levels of all three
AMPK subunits, respectively (Fig. 4 H and I). Altogether, our
hypothesis that AMPK is transcriptionally activated by 20E to
inhibit IIS in the insect fat body is supported.

Because both Bombyx and Drosophila larvae cease feeding at
~4M and during pupariation, respectively, AMPK activity is also
likely regulated by the poor nutrition status coordinated by 20E
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Fig. 4. 20E activates the AMPK-PP2A axis and inhibits IIS in insect fat body. (A) p-AMPKa, total-AMPKa, p-InR, and p-4EBP levels were measured after the 20E
treatment (5 pg per larva) or USP RNAi in Bombyx. (A, Right) Anti-USP was used. (B) The levels of p-AMPKa, total-AMPKa, p-InR, p-AKT, p-S6K, and p-4EBP
were measured in 20E-fed (2.5 pg/ul) or Lsp2 > EcRPN Drosophila. (C) tGPH membrane localization in the fat body of Drosophila following different
treatments (5% DMSO and 2.5 ug/uL 20E). tGPH (green). (D) Relative PP2A activity in 20E-fed (2.5 ug/uL) or Lsp2 > EcR®N Drosophila. Fold-changes shown are
relative to the W''"®, Statistical significance between samples was evaluated using ANOVA: Bars labeled with different lowercase letters are significantly
different (P < 0.05). (E) Flp-out experiment revealing that the activity of PI3K is increased in red-positive clones in HsFlpase; Act > CD2 > Gal4, UAS-RFP,
tGPH::UAS-EcRPV at the LW stage. RFP (red), tGPH (green). (F and G) mRNA levels of AMPKa, AMPKp, and AMPKYy in the fat body of Bombyx following 20E
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W' respectively. Statistical significance between samples was evaluated using Student’s t test (*P < 0.05, **P < 0.01).

signaling (8, 9, 25, 26). Then, we extended our investigation to  activated in the fat body, and the activation increased at 24 h
the mechanism by which 20E-induced starvation-like conditions  after the 20E injection (Fig. 44 and SI Appendix, Fig. S24),
activate AMPK in the Bombyx fat body (54-56). At 12 h, but not  suggesting that 20E slowly elevated AMPK activity. In contrast
6 h, after L5D2 larvae were injected with 20E, AMPK was to the slow activation of AMPK by 20E, starvation activated
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AMPK in the fat body within 6 h, and the rapid activation of
AMPK by starvation was attenuated by refeeding the starved
larvae with mulberry leaves for 3 h or a longer period after a 12-h
starvation pretreatment (SI Appendix, Fig. S2 B and C). To
further corroborate that the AMPK activity in the fat body de-
pends on the energy status, we injected glucose or leucine into
starved larvae or larvae at 4M and examined the changes in
AMPK activity and IIS. Importantly, glucose inhibited AMPK
activity and induced IIS and 4EBP phosphorylation. However,
leucine had no effects on AMPK activity or InR phosphorylation
but greatly induced 4EBP phosphorylation (SI Appendix, Fig.
S2D). Therefore, in addition to the transcriptional activation of
AMPK, 20E should also slowly induce a sugar starvation-like
condition to activate AMPK (54-56).

The AMPK-PP2A Axis Is Required for 20E to Antagonize IIS in Insect
Fat Body. The results mentioned above showed that 20E activates
the AMPK-PP2A axis and inhibits IIS in the insect fat body
(Figs. 1-4). Next, we examined whether the AMPK-PP2A axis is
required for 20E to antagonize IIS in both Bombyx and Dro-
sophila. As shown in Fig. 1E, compound C inhibited AMPK
activity in the Bombyx fat body and elevated IIS at ~4M when
20E signaling is high, while injection of 20E into L5D2 larvae
increased the AMPK activity and blocked IIS in the fat body.
Importantly, a simultaneous injection of the AMPK inhibitor
compound C nearly abolished the stimulatory effects of 20E on
AMPK activity and its inhibitory effects on IIS (Fig. 54).
Accordin%)to the results presented in Figs. 2 D and F and 3 B and
C, AMPKP" overexpression inhibited PP2A activity in the Dro-
sophila fat body and elevated IIS at LW when 20E signaling is
high. Using the Flp-out technique, AMPK™ overexpression inter-
dicted the inhibitory effects of 20E on PI3K activit% and, thus, IIS in
mosaic clone cells (Fig. 5B). Similar to AMPK™" overexpression,
PP24PN overexpression cell-autonomously blocked the inhibition
by 20E (Fig. 5C). Altogether, the AMPK-PP2A axis is activated by
and required for 20E to antagonize IIS in the insect fat body.

Activation of the AMPK-PP2A Axis and Inhibition of IIS in Insect Fat
Body Reduce Food Consumption and Restrict Growth Rate. After
demonstrating that the AMPK-PP2A axis is activated by 20E to
antagonize IIS in the insect fat body, we examined the possible
role of AMPK-PP2A activation by 20E in controlling the larval
growth rate. We injected Bombyx larvae with the AMPK acti-
vators metformin and AICAR on L5D2. Metformin and AICAR
dose-dependently resulted in larval lethality, a reduction in the
larval growth rate, a decrease in larval body weight, a delay in
pupation, and a decrease in food consumption (Fig. 6 A-D and
SI Appendix, Figs. S3 and S4). We previously found that the PI3K
inhibitor wortmannin exerted inhibitory effects on larval growth,
development, and feeding (57). Thus, the AMPK activators and
PI3K inhibitor similarly inhibited growth, development, and
feeding in Bombyx larvae.

Finally, we examined whether the specific activation of the
AMPK-PP2A axis in the Drosophila larval fat body is sufficient to
reduce the growth rate as showed by the inhibition of IIS in the
Drosophila larval fat body (9, 58, 59). Similar to the fat body-
specific overexpression of PTEN and Dpl10”" to suppress IIS,
the fat body-specific overexpression of AMPK* and PP24“* to
activate the AMPK-PP2A axis resulted in a reduction of larval
growth rate, a delay in pupation, and decreases in pupa size,
body weight, and food consumption; significant lethality was
also observed following PP24“* overexpression (Fig. 6 E-H and
SI Appendix, Fig. S5 A and B). In addition, fat body-specific
overexpression of AMPK”Y, PP2APN, and Dp110“? generally
increased developmental timing and body weight. Since these
animals grew bigger with delayed developmental timing, their
larvae might consume more food than the control animals (S
Appendix, Fig. S5 C and D).
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In summary, the AMPK-PP2A axis in insect fat body is ac-
tivated by 20E to antagonize IIS and reduce food consumption,
resulting in the restriction of growth rate and body weight. (S
Appendix, Fig. S6).

Discussion

Activation of AMPK Is Induced by 20E Signaling in Two Ways. In this
study, we discovered that in the insect fat body, 20E activates
AMPK in two ways: By up-regulating the mRNA levels of all
three AMPK subunits and by inducing energy stress to activate
AMPK (SI Appendix, Fig. S6).

The transcription levels of all three AMPK subunits, the
protein level of AMPKa, and the phosphorylation level of
AMPKa were all elevated in the Bombyx fat body at ~4M and in
the Drosophila fat body during pupariation, showing develop-
mental profiles that were consistent with those of 20E signaling
(Figs. 1 and 2). Both the gain-of-function and loss-of-function
experiments further demonstrate that AMPK is transcription-
ally activated by 20E signaling (Fig. 4). According to our pre-
liminary data, 20E-EcR-USP does not directly induce the
expression of the AMPK-PP2A subunit genes, and further
studies should be performed to investigate the detailed
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Fig. 6. Activation of AMPK-PP2A axis and inhibition of IIS in insect fat body reduce food consumption and restrict growth rate. (A-D) Changes in lethality (4),
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pp! > PTEN, and ppl > Dp110°V. *P < 0.05, **P < 0.01, ***P < 0.001.

mechanisms whereby the 20E-triggered transcriptional cascade
is involved in this transcriptional activation.

20E is well known to act through the insect larval central
nervous system (CNS) to induce wandering behavior and escape
from food (60, 61). Moreover, 20E slowly reduces insect feeding
behavior and, thus, food consumption (54, 55). Nevertheless,
both the induction of wandering behavior and the reduction of
feeding behavior can cause energy stress, such as sugar starva-
tion, which ultimately increases the cellular AMP/ATP ratio,
leading to the activation of AMPK (31-34). According to the

Yuan et al.

Bombyx fat body results at ~4M, such a poor nutrition status
promoted AMPK activity and inhibited IIS (SI Appendix, Fig. S2).
Altogether, 20E slowly induces a sugar starvation-like condition to
activate AMPK in the fat body by modulating CNS-controlled
feeding behavior and wandering behavior in insects.

Roles of the AMPK-PP2A Axis Are Linked to the Antagonism of IIS by
20E. As summarized in the Introduction, IIS is an anabolic
pathway, while AMPK accounts for catabolism, thus it naturally
exists a mutual inhibition between IIS and AMPK. AMPK and
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PP2A might affect each other, and the AMPK-PP2A axis has
been documented in mammalian cells (45, 46). In this study, we
confirmed that the AMPK-PP2A axis exists in the Drosophila fat
body (Fig. 3), linking the antagonism of IIS by 20E (Figs. 3-5).

In addition to the dephosphorylation of AKT by PP2A (45),
PP2A also dephosphorylates S6K (62), playing a key role in the
attenuation of IIS and its downstream TORCI activity. Our
studies determined that PP2A not only dephosphorylates AKT
and inhibits TORCI activity but also dephosphorylates InR and
inactivates PI3K, showing that PP2A inhibits IIS starting from
the dephosphorylation of InR (Fig. 3). We hypothesize that PP2A
might dephosphorylate InR, PI3K, and AKT and, thus, inhibit IIS
in an integrative manner.

Finally, we demonstrated that 20E activates the AMPK-PP2A
axis to antagonize IIS in the insect fat body (Fig. 4). After blocking
either AMPK or PP2A, 20E no longer antagonizes IIS in the fat
body (Fig. 5). In summary, the AMPK-PP2A axis in the insect fat
body is activated by 20E to antagonize IIS.

Considering the similar regulatory functions in the antagonism
of IIS by 20E, we examined the possible relationship between
miR-8/Ush (11, 27) and AMPK-PP2A. Via bioinformatics pre-
diction, we found that miR-8 does not target AMPK or PP2A
transcripts. Meanwhile, our preliminary data showed that over-
expression of AMPK“? or PP24“* did not affect Ush expression
in the fat body. Thus, we suppose that AMPK-PP2A should
function in parallel with miR-8 in the antagonism of IIS by 20E.
We conclude that the AMPK-PP2A axis is a crucial, but not a
unique, pathway linking 20E to IIS.

Activation of the AMPK-PP2A Axis and Inhibition of IIS in Insect Fat
Body Restrict Larval Growth Rate. The previous studies (9, 58, 59)
and our results (Fig. 6 and SI Appendix, Fig. S5) together indicate
that, similar to the inhibition of IIS in the larval fat body, activa-
tion of the fat body AMPK-PP2A axis reduces food consumption
and thus restricts growth rate and body size in Drosophila (SI
Appendix, Fig. S6). In other words, the AMPK-PP2A axis and IIS
in the fat body play opposite developmental roles in regulating the
larval growth rate and body size, and one crucial reason should be
the modulation of feeding behavior and thus food consumption.
The insect fat body, which is analogous to the mammalian
liver, functions as an energy reservoir and nutrient sensor to
regulate developmental timing (12, 13, 63). Fat body-derived
amino acid signals, which involve Slimfast (the amino acid trans-
porter) and TORCI signaling, reactivate quiescent neuroblasts
and finally control larval growth by regulating the synthesis
and release of insulin/IGF (64-66). In addition to amino acid-
dependent signals, certain other growth-promoting factors, such
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as CCHamide-2 and Unpaired 2, secreted from the fat body
also affect the brain to remotely control insulin/IGF secretion in
Drosophila (67, 68). Moreover, IIS acts as the center of energy and
nutrition response and positively regulates the larval growth rate
partially by inhibiting autophagy in the Drosophila fat body (8, 16,
69, 70). In contrast, 20E negatively regulates the larval growth rate
by impeding IIS in the Drosophila fat body (9). Interestingly, our
preliminary results suggest that the AMPK-PP2A axis had little
effect on fat body autophagy during normal feeding conditions
and that TORCI in the fat body plays little role in regulating the
larval growth rate.

It is likely that activation of the AMPK-PP2A axis and the
inhibition of IIS in the fat body might affect the nutritional and
endocrinal functions of this tissue. These changes in the fat body
should cause the reduction of food consumption, resulting in the
restriction of growth rate and body size. Investigating the de-
tailed molecular mechanisms of how food consumption and its
related feeding behavior and wandering behavior are regulated
by hormonal and nutritional signals in the fat body might open a
new window for understanding the regulatory mechanisms of
final body size in insects. In future, it is worthwhile to examine
whether the CNS. as well as neuropeptides and neurotransmit-
ters, are involved in this regulation. Taking these data together,
we propose a model in which 20E antagonizes IIS by activating
the AMPK-PP2A axis in the fat body to restrict the larval growth
rate in insects (SI Appendix, Fig. S6). This study expands our
understanding of the comprehensive regulatory mechanisms
underlying final body size determination in animals.

Data Availability. All data are available within this report and the
associated SI Appendix.

Materials and Methods

A detailed description of the materials and methods used in this study is
provided in S/ Appendix, S| Materials and Methods. Bombyx, a number of fly
strains, and Drosophila genetics were used. Western blot analysis, dsRNA
injection, PP2A activity assay, food intake assay, and imaging were per-
formed. Developmental timing was analyzed by recording pupariation.
Chemicals, cell culture, and gPCR were described. See S/ Appendix, Table S1
for a list of all primers used.
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