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Summary
The circadian clock coordinates cellular and organismal energy metabolism [1]. The importance of
this circadian timing system is underscored by findings that defects in the clock cause deregulation
of metabolic physiology and result in metabolic disorders [2]. On the other hand, metabolism also
influences the circadian clock, such that circadian gene expression in peripheral tissues is affected
in mammalian models of obesity and diabetes [3, 4]. However, to date there is little to no
information on the effect of metabolic genes on the central brain pacemaker which drives
behavioral rhythms. We have found that the AKT and TOR-S6K pathways, which are major
regulators of nutrient metabolism, cell growth, and senescence, impact the brain circadian clock
that drives behavioral rhythms in Drosophila. Elevated AKT or TOR activity lengthens circadian
period, whereas reduced AKT signaling shortens it. Effects of TOR-S6K appear to be mediated by
SGG/GSK3β, a known kinase involved in clock regulation. Like SGG, TOR signaling affects the
timing of nuclear accumulation of the circadian clock protein TIMELESS. Given that activities of
AKT and TOR pathways are affected by nutrient/energy levels and endocrine signaling, these data
suggest that metabolic disorders caused by nutrient and energy imbalance are associated with
altered rest:activity behavior.

Results and Discussion
AKT and TOR Signaling Regulate Circadian Period

To address a role of metabolic pathways in the control of behavioral rhythms, we
manipulated the activity of the well-known nutrient-sensing pathway, which includes AKT/
PKB and TOR (target of rapamycin), in the central pacemaker cells. We first assayed for a
possible function of AKT by overexpressing an active form of AKT, myr-AKT [5], in the
Drosophila central pacemaker cells using the Pdf-Gal4 driver. The Pdf (pigment-dispersing
factor) gene encodes a neuropeptide that is expressed in the ventral lateral neurons (LNvs),
which are essential for maintenance of rest:activity rhythms in free-running conditions [6].
As shown in Table 1, expression of active AKT in the LNvs results in a longer circadian
period of the rest:activity rhythm in a dose-dependent manner: whereas one copy of Pdf-
Gal4 produced a small effect, two copies of Pdf-Gal4 resulted in a period of ~25 hr. A
similar period lengthening was observed when myr-Akt was driven by one copy of Pdf-Gal4
in flies that have reduced expression of PTEN, a phosphatase that negatively regulates AKT
activation.

Due to the early embryonic lethality caused by a null mutation in Akt, we were not able to
determine the effect of complete loss of AKT on circadian rhythms. However, hypomorphic
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Akt mutants (with about 30% AKT remaining) are viable as adults [5], so we used these
mutants to test whether reduced AKT activity produces a phenotype opposite to that of AKT
overexpression. As predicted, we found that Akt hypomorphic mutants have a shorter
circadian period. Furthermore, this phenotype can be reversed by loss of PTEN. As shown in
Table 1, double mutants of Pten117 and the hypomorphic Akt3 allele have a slightly longer
circadian period and weakened circadian rhythms (as reflected in the reduced number of
rhythmic flies and in smaller fast Fourier transform [FFT] values). These data indicate that
regulated insulin-AKT signaling is required to maintain a normal circadian rhythm.

AKT not only regulates cellular metabolism and cell growth through its action in the insulin-
signaling pathway, but it also interacts with the nutrient-sensing TOR pathway by
phosphorylating TOR. Moreover, it phosphorylates the TOR inhibitor, tuberous sclerosis
complex (TSC) [7, 8], although it was recently found that AKT phosphorylation of TSC is
not necessary for cell growth [9]. On the other hand, TOR signaling acts on AKT directly or
through a feedback mechanism (see below). Thus, it is possible that AKT and TOR act in
the same pathway to regulate circadian clock function. To test a role of TOR, we first
increased TOR activity in the LNvs, by overexpressing either Tor [10] or the proto-oncogene
Rheb, an upstream activator of TOR [11, 12], under the control of Pdf-Gal4. Overexpression
of either transgene lengthened circadian period (Table 1), demonstrating that TOR activity
regulates the circadian clock.

We next attempted to identify the TOR complex relevant for the control of circadian period.
TOR is known to exist as two distinct complexes, TORC1 and TORC2; whereas TORC1
acts on ribosomal S6 kinase (S6K) [11], TORC2 acts on AKT through SIN1 in mammals
[13, 14]. The effect of RHEB on circadian period suggested that TORC1 is the relevant
complex, because RHEB is known to only activate TORC1, and not TORC2 [15].
Consistent with this idea, we found that a mutation in Sin1 does not affect circadian period
and that overexpression of Rheb produces a long period in a Sin1 mutant background (Table
1). These findings confirm that TORC2 signaling is not a major player in circadian period
regulation; instead, TORC1-S6K likely constitutes the clock-regulating pathway. To verify a
role of S6K, we overexpressed its active form [16] in the LNvs. As with other manipulations
that increased activity of the TORC1 pathway, we observed a lengthening of period (Table
1).

Although effects of TOR on the clock are not mediated by AKT, it is still possible that they
act in the same pathway. As mentioned above, AKT activates TOR directly, or indirectly
through deactivation of TSC. Coactivation of AKT and TOR in the same pathway could
produce synergistic effects on downstream targets. However, coexpression of myr-AKT and
RHEB in the central clock cells yielded an additive effect on circadian period (Table 1).
Thus, although AKT may affect TOR activity, it is likely that they act in independent
pathways to regulate circadian period. As described below, these pathways may converge on
a common target.

Activity of the Tumor Suppressor TSC Is Required for Normal Circadian Behavior
The tumor suppressor TSC is an inhibitor of TOR. It negatively regulates TOR activity by
antagonizing the TOR activator RHEB (see review in [17]). Because overexpression of Rheb
or S6k lengthens circadian period (Table 1), we speculated that this phenotype would be
even stronger in a background sensitized by reduced TSC activity. Indeed, overexpression of
Rheb or S6k in flies lacking one copy of Tsc2 (gig in Drosophila) resulted in an even longer
circadian period. In addition, dsRNA-mediated knockdown of gig in central pacemaker cells
lengthened circadian period (Figure 1 and Table 2). However, overexpression of both Tsc1
and Tsc2 did not cause period shortening (data not shown), perhaps because expression of
TSC is normally saturating in clock cells.
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Because loss of either the Tsc1 or Tsc2 gene of TSC causes early larval lethality, we were
not able to examine the circadian phenotype of these null mutants. To circumvent this, we
used a heat-shock promoter (HS)-driven Tsc1 transgene to rescue null Tsc1Q87X mutants
through development, and then assessed adult circadian behavior. Leaky expression of the
HS-Tsc11A transgene was able to rescue the lethality of Tsc1Q87X without a high-
temperature heat shock. As shown in Figure 1, most of these flies are weakly rhythmic, and
have a longer circadian period. In addition, we found that a second transgene (HS-Tsc12B)
only rescued the developmental lethality caused by Tsc1Q87X if daily heat-shock treatment
was provided during development. Consistent with the reduced expression of this transgene,
the majority of the rescued flies are arrhythmic. Interestingly, the circadian periods of the
rhythmic flies are not longer than the ones rescued by leaky expression of HS-Tsc11A.
Furthermore, we generated flies that lack Tsc1 only in central clock cells by rescuing Tsc1 in
all cells (through Act-Gal4/UAS-Tsc1) except the central clock cells (blocked by Pdf-
Gal80). Most of these flies are arrhythmic (Figure 1 and Table 2) and, as above, those that
are rhythmic do not have longer circadian periods. One possible explanation of the normal
period is that elevated S6K activity in TSC mutant clock cells feeds back to downregulate
AKT activity [18]. Nonetheless, this deregulated TOR-S6K activity destabilizes the overall
rhythm. These data indicate that TSC is not only required to keep the circadian period close
to 24 hr, but is also necessary for the maintenance of robust circadian rhythms.

AKT and TOR-S6K Signaling Converge on GSK3β/SGG
It is well known that AKT negatively regulates GSK3β through phosphorylation in
mammals, and this mechanism is conserved in Drosophila [19] (Figure 2). Meanwhile, S6K
can also negatively regulate GSK3β activity [18]. In TSC knockout mouse embryonic
fibroblast cells, S6K kinase activity is highly upregulated, resulting in increased GSK3β
phosphorylation and thus decreased activity [18]. Thus, both AKT and S6K regulate
GSK3β, which may be the point at which they converge on the circadian clock, because
GSK3β phosphorylates clock proteins [20–22]. We found that TOR-S6K regulation of GSK
is conserved in Drosophila: as shown in Figure 2, elevated TOR-S6K activity leads to
increased phosphorylation of SGG (Drosophila homolog of GSK3β) at the Ser9 residue.
Consistent with this observation, we found that elevated S6K activity has a stronger effect
on circadian period in an sgg heterozygous mutant background (Figure 3), indicating that
increased S6K and reduced SGG have synergistic effects on circadian period. These data
suggest that the effect of increased AKT and TOR-S6K signaling on the circadian clock is
mediated by SGG.

Elevated TOR Signaling Delays the Nuclear Accumulation of TIMELESS
SGG activity regulates circadian period through the circadian clock protein TIMELESS
(TIM). It was previously reported that SGG directly phosphorylates TIM, and affects the
timing of nuclear expression of TIM and its partner protein, PERIOD (PER) [22]. To test
whether increased TOR signaling also regulates nuclear accumulation of TIM in the central
pacemaker cells, we examined the expression of TIM in the second half of the night. As
shown in Figure 3, TIM nuclear accumulation is delayed in small ventral lateral neurons (s-
LNvs) that have elevated TOR signaling. Intriguingly, nuclear accumulation of TIM in the
large ventral lateral neurons (l-LNvs) is not affected by elevated TOR activity. One possible
explanation is that l-LNvs are insensitive to SGG activity, because it was reported earlier
that circadian oscillations of tim RNA in l-LNvs are not affected by overexpression of SGG
(Pdf-Gal4/UAS-sgg), in contrast to the phase advance observed in the s-LNvs [23]. The
mechanism underlying this differential regulation is unclear.

Taken together, we have identified a role for genes important for nutrient and energy
metabolism in regulating circadian clock function in the central brain. The AKT and TSC-
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TOR-S6K pathways receive multiple inputs regarding nutrient influx, endocrine signaling,
and cellular energy balance. Mammalian studies have shown that disruption of energy
metabolism affects circadian gene expression in peripheral tissues and, under some
conditions, even has effects in some areas of the brain. For instance, restricted feeding
entrains the peripheral clock in the liver but not the central pacemaker in the
suprachiasmatic nucleus (SCN) [24, 25], although recently the lack of any effect on the SCN
has been questioned. Thus, timed hypocaloric conditions induce a phase advance of
locomotor activity rhythms, suggesting an involvement of the SCN clock [26]. High-fat diet
also affects circadian clock gene expression in peripheral tissues [27, 28]. In addition, high-
fat-diet-induced and genetically obese mice both have altered expression of circadian clock
genes in the brainstem [4]. Importantly, a high-fat diet lengthens the circadian period of
behavioral rhythms in mammals [27]. These observations suggest that nutrient and energy
metabolism impact the circadian clock; the question is how these different metabolic
parameters affect circadian clock function.

There are several possible mechanisms by which nutrient and energy metabolism could
affect peripheral clocks. Local physiological factors dependent on metabolic activity could
influence the expression of core clock components and of nuclear receptors that regulate
clock gene expression. Indeed, cellular redox state [29], AMPK activity [30, 31], NAD+

levels, and SIRT1 activities [32–34] appear to feed into the circadian clock in peripheral
tissues such as the liver. AMPK, which acts upstream of TSC in mammals, directly
phosphorylates Cryptochrome in peripheral tissues [30]. However, prior to this work, there
was no known mechanism for the modulation of the central pacemaker by nutrient-sensing
pathways. Our study identifies such a mechanism by demonstrating that metabolic genes
such as AKT and TOR-S6K act in the central pacemaker cells in the brain. The lengthened
circadian period caused by high-fat diet in mammals is likely mediated by these molecules.
This conclusion is further supported by a recent cell-culture-based genome-wide RNAi
study that implicated the PI3K-TOR pathway in the regulation of circadian period [35]. In
addition, another ribosomal S6 kinase (S6KII) was found to influence the circadian clock
through its interaction with casein kinase 2β [36]. Importantly, daily fasting:feeding cycles
driven by the central clock regulate circadian gene transcription in the liver [37], whereas
clock function in the liver contributes to energy homeostasis [38]. We speculate that
metabolic stress or energy imbalance affects AKT and TOR-S6K signaling, resulting in
general circadian disruption, which in turn exacerbates metabolic deregulation and,
consequently, facilitates the development of metabolic syndromes prevalent in modern
society.

Experimental Procedures
Circadian Behavioral Assay

All fly stocks were raised on standard molasses-yeast-corn meals in a 25° C incubator
except that of the heat-shock rescue experiment as noted. Three- to five-day-old adult flies
were collected and entrained to a 12 hr:12 hr light:- dark cycle at 25° C for 3 days.
Individual flies were loaded into locomotor tubes containing 5% sucrose and locomotor
activity was recorded under constant darkness conditions for more than 7 days. Activity
records were analyzed by using Clocklab software (Actimetrics). Circadian periodicity was
evaluated by using χ2 periodogram analysis. FFT analysis was used to determine the
strength of the rhythm for a specified circadian period. OriginPro8.1 (OriginLab) was used
for statistical analysis of circadian period. Student's t tests were performed when only two
genotypes were involved, and one-way ANOVA was performed when more than three
genotypes were compared.
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Transgenic Flies
Coding sequence of Tsc1 was PCR amplified and inserted into the Drosophila
transformation vector pCasPeR-HS at the BglII and NotI restriction sites. Germline
transformation was performed by Rainbow Transgenic Services. Two independent insertions
were used to rescue the developmental lethality of Tsc1Q87X by daily heat-shock treatment
at 37° C (three times, 30 min each) from the first instar stage onward.

Western-Blot Analysis
Three- to five-day-old adult flies were entrained to 12 hr:12 hr light:dark cycles for 3 days
and heads were collected at Zeitgeber time (ZT) 8. Fly heads were homogenized in cell lysis
buffer (pH 7.5) containing 10 mM HEPES, 100 mM KCl, 1 mM EDTA, 10% glycerol, 0.1%
Triton X-100, 5 mM DTT, and a protease inhibitor cocktail (Roche), along with the
phosphatase inhibitor okadaic acid. Head lysates were loaded onto an SDS-PAGE gel,
which was blotted to nitrocellulose membrane after electrophoresis. Primary antibodies
mouse anti-phospho-SGG and total SGG were used at 1/500 and 1/10,000 dilution,
respectively. After overnight incubation at 4° C, blots were washed in PBS-Tween 20 and
incubated with HRP-conjugated goat anti-mouse secondary antibody (Jackson
ImmunoResearch Laboratories), followed by three 20 min washes in PBS-Tween 20. After
enhanced chemiluminescence, blots were exposed to X-ray film.

Immunohistochemistry and Confocal Microscopy
Fly brains were dissected out in 4% PFA solution at indicated time points, washed for 1 hr
in PBS-Triton X-100 buffer, and incubated with primary antibody (in PBS buffer with 3%
normal donkey serum and 0.3% Triton X-100) overnight at 4° C. They were then washed
three times for 20 min each with PBS buffer and incubated with Cy3 donkey anti-rat and
FITC donkey anti-rabbit secondary antibodies (Jackson ImmunoResearch Laboratories) for
1.5 hr at room temperature, followed by extensive washes in PBS-Triton X-100. Primary
antibodies rat anti-TIM and rabbit anti-PDF were used at 1:1000 dilution. Images were taken
using a Leica TCS SP5 confocal microscope.
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Figure 1. Loss of TSC Activity Alters Circadian Behavior
Flies expressing dsRNA against gig in the LNvs have lengthened circadian period (top
panel). Leaky expression (without heat shock) of an HS-Tsc11A transgene rescues the
developmental lethality caused by a Tsc1Q87X null mutation; however, these flies have
longer circadian period and weaker rhythm strength (middle panel). When Tsc1 expression
is rescued ubiquitously in a Tsc1Q87X null background (by Act-Gal4/UAS-Tsc1) [39] except
in the LNvs (by Pdf-Gal80) [23], the result is arrhythmic circadian behavior (lower panel).
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Figure 2. Elevated TOR-S6K and Reduced Expression of SGG Synergistically Affect the
Circadian Clock
(A) GMR-Gal4-driven expression of either UAS-Tor, UAS-Rheb, UAS-S6kSTDE, or UAS-
myrAkt increases phosphorylation of SGG at the Ser9 residue. Samples were collected at
ZT8.
(B) Overexpression of S6k in the LNvs in an sggM11 heterozygote background lengthens
circadian period more than predicted by an additive effect, indicating synergistic interaction
between S6K and SGG.
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Figure 3. Nuclear Accumulation of TIM Protein Is Delayed in s-LNvs that Have Elevated TOR
Signaling
In wild-type flies, TIM expression is predominantly in the cytoplasm at ZT18; it starts
entering the nucleus around ZT20, and most of the TIM protein is in the nucleus at ZT21. In
contrast, when UAS-Rheb is driven by Pdf-Gal4 in flies lacking one copy of Tsc2 (gig109

heterozygous background), nuclear accumulation of TIM in the s-LNvs is delayed about 2
hr, such that at ZT22, TIM protein is still distributed evenly between cytoplasm and nucleus.
However, this delay is only observed in the s-LNvs: TIM enters the nucleus around ZT20 in
both wild-type and mutant l-LNvs. Nuclear accumulation is indicated by arrowheads (green
for l-LNvs, white for s-LNvs). The fifth LNv that does not express PDF is marked.
Representative images of ten brain hemispheres of each time point are shown. L denotes l-
LNvs; S denotes s-LNvs.
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Table 1

AKT and TOR-S6K Activities Regulate Circadian Behavior

Genotype n (% R) Period ± SEM FFT ± SEM

yw/Y; Pdf-G/+ 75 (100) 24.15 ± 0.04 0.15 ± 0.005

yw/Y; UAS-myrAkt/+ 69 (94) 23.77 ± 0.03 0.10 ± 0.005

yw/Y; Pdf-G/+; UAS-myrAkt/+ 50 (100) 24.29 ± 0.04* 0.11 ± 0.006

yw/Y; Pten117/+; Pdf-G/+ 16 (88) 24.00 ± 0.08 0.03 ± 0.006

yw/Y; Pten117/+; Pdf-G/UAS-myrAkt 16 (100) 24.98 ± 0.06* 0.11 ± 0.011

w/Y 15 (100) 23.57 ± 0.07 0.16 ± 0.009

w/Y; Akt3/Akt04226 34 (100) 23.19 ± 0.06* 0.17 ± 0.008

yw/Y; Akt04226 16 (100) 23.23 ± 0.06* 0.18 ± 0.013

w/Y; Akt1/Akt04226 41 (100) 23.15 ± 0.05* 0.15 ± 0.009

yw/Y; Pten117; Akt3 30 (79) 24.14 ± 0.09 0.06 ± 0.009

w/Y; Sine03756 30 (100) 23.50 ± 0.07 0.06 ± 0.006

w/Y; Sine03756; Pdf-G/UAS-Rheb#1 23 (100) 25.09 ± 0.05* 0.09 ± 0.007

yw/Y;; UAS-Rheb#1/+ 14 (100) 24.02 ± 0.09 0.08 ± 0.008

yw/Y; Pdf-G/+; UAS-Rheb#1/+ 29 (94) 25.24 ± 0.11* 0.12 ± 0.01

yw/Y; Pdf-G/+; gig109/+ 50 (96) 24.41 ± 0.05 0.07 ± 0.005

yw/Y; Pdf-G/+; gig109/UAS-Rheb#1 32 (100) 25.84 ± 0.07* 0.18 ± 0.007

yw/Y; UAS-Tor/+ 32 (100) 23.89 ± 0.05 0.09 ± 0.005

yw/Y; Pdf-G/UAS-Tor 16 (100) 25.63 ± 0.10* 0.19 ± 0.007

yw/Y; UAS-Rheb#3/+; UAS-myrAkt/+ 28 (100) 23.67 ± 0.04 0.14 ± 0.008

yw/Y; Pdf-G/+; Pdf-G/+ 59 (100) 24.04 ± 0.05 0.10 ± 0.008

yw/Y; Pdf-G/UAS-Rheb#3; Pdf-G/+ 62 (100) 25.24 ± 0.07* 0.13 ± 0.006

yw/Y; Pdf-G/+; Pdf-G/UAS-myrAkt 47 (100) 24.94 ± 0.06* 0.12 ± 0.010

yw/Y; Pdf-G/UAS-Rheb#3; Pdf-G/UAS-myrAkt 31 (100) 25.95 ± 0.02* 0.11 ± 0.001

yw/Y; Pdf-G/+; gig109/UAS-myrAkt 16 (100) 24.71 ± 0.11* 0.08 ± 0.011

yw/Y;; UAS-S6kSTDE/+ 58 (97) 24.06 ± 0.05 0.08 ± 0.06

yw/Y; Pdf-G/+; UAS-S6kSTDE/+ 54 (87) 24.39 ± 0.05* 0.09 ± 0.009

yw/Y; Pdf-G/+; Pdf-G/UAS-S6kSTDE 48 (100) 24.88 ± 0.06* 0.06 ± 0.004

yw/Y; Pdf-G/+; UAS-S6kSTDE/gig109 23 (100) 24.98 ± 0.10* 0.05 ± 0.007

sggG0263/yw; Pdf-G/+ 13 (81) 24.45 ± 0.10 0.12 ± 0.016

sggM11/yw; Pdf-G/+ 19 (66) 24.53 ± 0.11 0.06 ± 0.012

sggD127/yw; Pdf-G/+ 29 (71) 24.81 ± 0.12 0.08 ± 0.012

sggG0263/yw; Pdf-G/UAS-S6kSTDE 18 (90) 28.32 ± 0.22* 0.03 ± 0.004

sggM11/yw; Pdf-G/UAS-S6kSTDE 31 (97) 27.51 ± 0.09* 0.03 ± 0.003

sggD127/yw; Pdf-G/UAS-S6kSTDE 14 (93) 27.73 ± 0.18* 0.03 ± 0.005

Pdf-G denotes Pdf-Gal4; % R denotes the percentage rhythmic based on χ2 periodogram analysis; SEM denotes standard error of the mean. FFT
values represent the strength of the circadian rhythms. Asterisks denote significant difference (p < 0.05) when compared to sibling controls (one-
way ANOVA when there are two sibling controls, Student's t test when only two genotypes are compared).
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Table 2

Circadian Behavior Characterization of Tsc Mutants

Genotype n (% R) Period ± SEM FFT ± SEM

yw/Y; Pdf-G/+; Pdf-G/+ 48 (100) 23.99 ± 0.04 0.12 ± 0.02

yw/Y; Pdf-G/+; Pdf-G/gig-dsRNA-2 45 (100) 25.32 ± 0.09* 0.09 ± 0.01

yw/Y; Pdf-G/+; Pdf-G/gig-dsRNA-8 37 (100) 25.24 ± 0.06* 0.08 ± 0.01

yw/Y; Pdf-G/+; gig109/+ 50 (96) 24.41 ± 0.05 0.07 ± 0.005

yw/Y;; gig-dsRNA-8/+ 10 (100) 24.07 ± 0.17 0.13 ± 0.02

yw/Y; Pdf-G/+; gig109/gig-dsRNA-8 31 (100) 25.14 ± 0.05* 0.05 ± 0.006

yw/Y; gig-dsRNA-2/+; gig-dsRNA-8/+ 9 (100) 23.85 ± 0.02 0.07 ± 0.02

yw/Y; Pdf-G/gig-dsRNA-2; gig109/gig-dsRNA-8 15 (100) 25.87 ± 0.07* 0.05 ± 0.008

yw/Y; TG/+ 46 (100) 24.15 ± 0.06 0.11 ± 0.006

yw/Y; TG/+; gig-dsRNA-8/+ 29 (48) 25.03 ± 0.21* 0.04 ± 0.007

yw, HS-Tsc11A/Y;; Tsc1Q87X/+ 36 (92) 23.39 ± 0.06 0.09 ± 0.03

yw, HS-Tsc11A/Y;; Tsc1Q87X 36 (75) 24.78 ± 0.13* 0.03 ± 0.003

yw, HS-Tsc11A/Y;; Tsc1Q87X/Tsc129 25 (88) 24.70 ± 0.14* 0.04 ± 0.01

yw/Y; HS-Tsc12B/+; Tsc1Q87X/+ 24 (96) 23.83 ± 0.08 0.08 ± 0.01

yw/Y; HS-Tsc12B/+; Tsc1Q87X/Tsc129 22 (15) 24.29 ± 0.09* 0.01 ± 0.005

yw/Y; Act-G/UAS- Tsc1, Pdf-Gal80; Tsc1Q87X/+ 49 (92) 24.02 ± 0.07 0.04 ± 0.004

yw/Y; Act-G/UAS- Tsc1, Pdf-Gal80; Tsc1Q87X 18 (0)

yw/Y; UAS-Tsc1, Pdf-Gal80/+; Tsc129/+ 32 (100) 24.07 ± 0.09 0.12 ± 0.007

w/Y; Act-G/UAS-Tsc1, Pdf-Gal80; Tsc129/Tsc1Q87X 43 (35) 23.98 ± 0.10 0.05 ± 0.007

Pdf-G denotes Pdf-Gal4; Act-G denotes Act-Gal4; TG denotes tim-Gal4; HS-Tsc1 denotes heat-shock promoter-Tsc1 transgene. Leaky expression

of HS-Tsc11A (without heat-shock treatment) was able to rescue lethality caused by Tsc1Q87X mutation. HS-Tsc12B transgene rescued lethality
of Tsc1 mutation only when treated with daily heat shock. gig-dsRNA lines were obtained from NIG-BIO (Japan). Asterisks denote significant
difference (p < 0.05) when compared to sibling controls (one-way ANOVA when there are two sibling controls, Student's t test when only two
genotypes are compared).
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