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The target-of-rapamycin pathway couples nutrient availability with
tissue and organismal growth in metazoans. The key effectors
underlying this growth are, however, unclear. Here we show that
Maf1, a repressor of RNA polymerase lll-dependent tRNA transcrip-
tion, is an important mediator of nutrient-dependent growth in
Drosophila. We find nutrients promote tRNA synthesis during lar-
val development by inhibiting Maf1. Genetic inhibition of Maf1
accelerates development and increases body size. These pheno-
types are due to a non—cell-autonomous effect of Maf1 inhibition
in the fat body, the main larval endocrine organ. Inhibiting Maf1 in
the fat body increases growth by promoting the expression of
brain-derived insulin-like peptides and consequently enhanced sys-
temic insulin signaling. Remarkably, the effects of Maf1 inhibition
are reproduced in flies carrying one extra copy of the initiator
methionine tRNA, tRNA;M®*, These findings suggest the stimulation
of tRNAM®* synthesis via inhibition of dMaf1 is limiting for nutri-
tion-dependent growth during development.

metabolism | physiology | endocrinology | amino acids | adipose tissue

How growth and size are controlled during animal de-
velopment is an important question in biology. Several
families of conserved cell-cell signaling pathways (e.g., Wnats,
Hedgehog, Notch, BMPs, and receptor tyrosine kinase signaling)
regulate organ size by controlling cell growth, proliferation, and
survival (1). In addition, environmental factors such as nutrients,
oxygen, and temperature influence tissue and organismal growth
during development (1). The conserved target of rapamycin
(TOR) kinase is perhaps the best-understood nutrient-de-
pendent regulator of cell metabolism and growth in animals (2).
The complex signaling network that couples extracellular
nutrients to the activation of TOR has been extensively studied
in simple systems such as yeast and in vitro cultured cells (3).
However, it is studies in model organisms, most notably Dro-
sophila, that have begun to reveal the role for nutrient/TOR
signaling in the control of tissue and organismal growth (4).
During a 4-d period of growth, Drosophila larvae increase in
mass ~200-fold. This growth is dependent on nutrition—in
particular, dietary protein. Because neither pupae nor adults
grow, final body size is determined by both the rate of larval
growth and the duration of the larval period (5). TOR signaling
regulates body size by modulating these parameters of growth.
For example, TOR signaling is cell-autonomously required for
nutrition-dependent growth in all larval tissues (6, 7); loss of
TOR function in individual cells or tissues leads to a subsequent
reduction in cell size or tissue mass (6, 7). Importantly, modu-
lation of TOR activity in specific tissues can also influence
overall body size by exerting non—cell-autonomous, humoral
effects on organismal growth and developmental timing (8, 9).
For example, TOR signaling in the fat body couples dietary
nutrients to systemic insulin signaling and body growth (9). Thus,
in nutrient-rich conditions, amino acid import into fat cells
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promotes TOR activity, leading to the relay of a secreted factor(s)
that triggers the release of several Drosophila insulin-like peptides
(dILPs) from neurosecretory cells (NSC) in the brain (9). These
dILPs then circulate throughout the animal and promote growth
in all tissues. Similarly, TOR signaling in the prothoracic gland
influences body size by modulating the release of the insect
steroid hormone ecdysone, which controls the timing of pupa-
tion, and hence the duration of the larval period (8).

An important, but unresolved, issue concerns the identity of
the key downstream effectors of nutrient/TOR-dependent ani-
mal growth. Stimulation of protein synthesis has been widely
proposed as a growth-promoting output of the TOR pathway,
based largely on studies in yeast and mammalian cell culture
(2, 3, 10). The prevailing model is that nutrient/TOR signaling
promotes protein synthesis via regulation of mRNA translation
initiation. In particular, phosphorylation and inhibition of 4E-
binding protein (4E-BP), a conserved repressor of eukaryotic
initiation factor 4E (eIF4E), is thought to mediate many of
TOR’s effects on translation (3, 10). However, genetic experi-
ments in flies, worms, and mice suggest that 4E-BP has limited
effects on tissue and organismal growth (11). Another mecha-
nism by which TOR controls protein synthesis is by regulating
the abundance of small noncoding RNAs, such as tRNA and 5S
rRNA (12, 13). These RNAs are transcribed by RNA poly-
merase III (Pol III) and are essential for ribosome synthesis and
mRNA translation (14). Recent reports in yeast and mammalian
cell culture showed that nutrients and TOR signaling promote
tRNA synthesis by inhibiting Mafl, a conserved repressor of Pol
III-dependent tRNA transcription (15-17). However, the sig-
nificance of the regulation of tRNA synthesis by Mafl in the
context of cell, tissue, and organismal growth during animal
development has not been explored.

Here we identify a role for Drosophila Mafl (dMafl) as a reg-
ulator of nutrient-dependent growth and development. Impor-
tantly, we show that dMafI influences growth primarily in a non—
cell-autonomous manner. During normal growth, when nutrients
are abundant, inhibition of dMafl specifically in the fat body
promotes tRNA synthesis, leading to increased organismal growth
by stimulating systemic insulin signaling. Significantly, we identify
a single transcript, the initiator methionine tRNA (tRNAM®"), as
the primary trigger of organismal growth in this context.

Author contributions: E.J.R. and S.5.G. designed research; E.J.R.,, LM., and S.5.G. per-
formed research; E.J.R. contributed new reagents/analytic tools; E.J.R. analyzed data;
and E.J.R. and S.5.G. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
To whom correspondence should be addressed. E-mail: grewalss@ucalgary.ca.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1113311109/-/DCSupplemental.

PNAS | January 24,2012 | vol.109 | no.4 | 1139-1144

—
<
=
2%
=9
S8
]
>

o

a



mailto:grewalss@ucalgary.ca
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113311109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113311109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1113311109

Results

Inhibition of dMaf1 Increases tRNA Synthesis, Accelerates Develop-
ment, and Augments Body Size. We first confirmed that Drosophila
Mafl (dMafl, CG40196) functions as a repressor of tRNA syn-
thesis in vivo in larvae. Ubiquitous expression of a UAS-dMaf1 RNAi
construct in larvae throughout development using the daughterless-
GAL4 (da>) driver led to a reduction in dMafl protein levels (Fig.
S1A) and a global increase in tRNA levels compared with controls
(Fig. 14). This result is consistent with a repressor function for
dMafl. Other Pol III-dependent transcripts were unaffected, no
effect was observed on tRNA synthesis with the UAS-dMafl RNAi
line alone, and the increase in tRNA synthesis was reversed by
overexpression of a UAS-dMafl transgene (Fig. S1 B-D). In-
terestingly, we observed a marked increase in the larval growth rate
when we inhibited dMafl; the da>dMafl RNAi larvae progressed
from egg laying to pupation ~24 h sooner than control larvae (Fig.
1B). Because body size is determined by growth during the larval
stage (5), pupal volume measurements provide an accurate index of
both larval growth and adult body size. We observed a significant
increase in pupal volume in da>dMafl RNAi pupae compared with
controls (Fig. 1 C and D). This increase in size was reproduced in
another independent insertion of the dMafl RNAi transgene, as well
as in two independent insertions of a dMafl RNAi transgene tar-
geting an overlapping, but smaller, region of dMafl (Fig. S1E).
Moreover, the increase in body size was reversed by overexpression
of dMafl, further confirming the specificity of the dMafl RNAi
transgene (Fig. S1F). Overexpression of dMafl alone did not,
however, have a dominant effect on tRNA synthesis or body size
(Fig. S2). Thus, specific inhibition of dMafI is sufficient to augment
tRNA levels and to promote an increase in organismal growth and
the rate of development.

Elevated Synthesis of Single tRNA (Initiator Methionine) Is Sufficient
to Drive Growth. As a repressor of tRNA synthesis, dMafl reg-
ulates the synthesis of all tRNAs. Any of these transcripts
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Fig. 1. Loss of dMaf1 increases growth rate and body size. (A) Levels of
tRNAMet, tRNA"S, and tRNA'Y were significantly elevated in da>dMaf1
RNA larvae compared with da>+ controls when measured by quantitative
real-time PCR (P=7.3 x 10~%; 0.0002 and 0.001, respectively; Student’s t test).
Data were normalized to p-tubulin. (B) Time to pupation in da>dMaf1 RNAi
larvae was decreased by 24 h compared with da>+ controls (n > 200). (C and
D) Pupal volume in da>dMaf1 RNA; flies was significantly greater than da>+
controls (P = 2 x 107", Student’s t test, n = 58). (Scale bar: C, 1 mm.) Error
bars represent SEM.

1140 | www.pnas.org/cgi/doi/10.1073/pnas.1113311109

individually or in combination could potentially mediate the
observed increase in larval growth rate and body size upon
dMafl inhibition. A previous report, however, demonstrated that
elevated levels of tRNA;M alone enhanced proliferation in
cultured mammalian fibroblasts (18). We therefore hypothesized
that levels of tRNA;M®' may be the limiting factor for the stim-
ulation of growth and body size following inhibition of dMafl. To
test this hypothesis we made transgenic flies with a single P-el-
ement insertion, where the P element contains one extra copy of
the tRNAM® gene, which we will refer to as P{tRNAM'} flies.
Levels of tRNA;M®, but not other tRNAs, were significantly el-
evated in P{tRNA*} larvae (Fig. 24). Strikingly, when we
measured the development of these larvae we saw an accelerated
growth rate and increased final size (Fig. 2 B-D). We observed
similar increases in growth in two independent P{tRNAM"}
transgenic lines (Fig. S3 4 and B). In contrast, no increase in
growth was observed in transgenic flies carrying a P element with
an extra copy of other tRNAs, such as tRNA elongator methionine
(P{tRNA,*'}), tRNA arginine (P{tRNA*®}) (Fig. 2D and Fig.
S3C), or tRNA alanine (P{tRNAAl“I};) (Fig. S3C). Thus, increased
synthesis of only one tRNA, tRNA;™*, can phenocopy the effects
of dMafI inhibition to drive growth and development in vivo.

Inhibition of dMafl and Elevated tRNA;"'* Synthesis Promotes
Growth by Stimulating Protein Synthesis. It is remarkable that
simply increasing the levels of a single tRNA can enhance or-
ganismal growth. However, tRNA;™ plays a unique role among
tRNAs in eukaryotic cells. It is assembled into a ternary complex
along with eIF2 and GTP (19). This complex then associates with
the 40S ribosome and other eIFs to trigger ribosome scanning of
mRNAs and to initiate translation, and so it is possible that
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Fig. 2. Increased synthesis of tRNAM®t stimulates growth. (A) Levels of
tRNA;'®* and not other tRNAs were significantly elevated in P{tRNAV¢% lar-
vae compared with w’"’® controls when measured by quantitative real-time
PCR (P = 0.0002; 0.36, and 0.21, respectively, Student’s t test). Data were
normalized to p-tubulin. (B) The time to pupation in P{tRNAM®% larvae
was decreased compared with w’’’® controls (n > 200). (C) Body size of
P{tRNA¢% pupae is larger than controls. (Scale bar: 1 mm.) (D) Volume of
P{tRNAMe% pupae (P = 1.3 x 107°), not p{tRNA.¢% or P{tRNA*"%} (P = 0.18 and
0.07, respectively), was significantly greater than w’’’® controls (Student's
t test, n = 90). Error bars represent SEM. N.D., not significantly different.
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tRNAM®" levels are limiting for protein synthesis. Indeed, we
found that P{tRNA*'} larvae had a significantly higher amount
of total protein per larva than controls (Fig. 34). Using polysome
gradient centrifugation, we also observed a 40% increase in total
RNA contained in the polysome fraction in P{tRNAM“'} larvae
compared with control larvae (Fig. 3B and Fig. S4 4 and B),
consistent with elevated mRNA translation. Finally, we found
that the increase in body size in both da>dMafl RNAi and
P{tRNA"} pupae was suppressed in flies heterozygous for a
loss-of-function allele of ribosomal protein S3 (RPS3) that re-
duces translation capacity (Fig. 3 C and D). Together, these re-
sults suggest that elevated tRNA;M* synthesis augments growth
by enhancing protein synthesis. Prevailing models implicate
regulation of eIFs as the limiting factor for stimulation of cellular
mRNA translation and growth (19). Our findings, however,
demonstrate that increasing tRNAM® alone is sufficient, reveal-
ing an additional mechanism to control protein synthesis and
growth during animal development.

Inhibition of dMaf1 Has a Limited Effect on Cell-Autonomous Growth.
A previous study showed that the stimulation of protein synthesis
promoted the proliferation of cultured mammalian cells (18).
Thus, the increase in body size caused by inhibition of dMafl
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Fig. 3. Elevated tRNA synthesis stimulates mRNA translation. (A) Total
protein per larva was significantly increased in P{tRNAY¢%} larvae compared
with w’""® controls when normalized for DNA (P = 0.008; Student's t test). (B)
Representative polysome profiles from w’'’® (black trace) and P{tRNA¢%
larvae (green trace). Polysome peaks (arrowheads) in P{tRNA;"'*% larvae were
higher compared with controls, suggesting translation was increased, and
percent of total RNA contained in the polysome fraction was significantly
increased in P{tRNAMY larvae (P = 0.043, Student's t test; see Fig. S4A for
graph). Increased size in (C) da>dMaf1 RNAI (P = 6.1 x 107'%; Student’s t test)
and (D) P{tRNAMeY pupae (P =6.3 x 107>, Student'’s t test) was suppressed
when heterozygous for a null allele of ribosomal protein S3 (RPS3; P = 0.44
and 0.115, respectively, Student’s t test, n > 80). Error bars represent SEM.
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may have resulted from cell-autonomous increases in cell size
and/or cell number in all developing larval tissues.

We therefore explored whether stimulating tRNA synthesis
could mediate cell-autonomous effects on growth in mitotic
(imaginal discs, central nervous system) and/or polyploid (mus-
cle, fat body, gut) tissues in the developing larvae. We first ex-
amined cell size and proliferation in the adult wing, which
develops from the larval wing imaginal disc, a mitotic tissue.
Because tRNAM®!, like all tRNA genes, contains an internal Pol
IIT promoter that precludes GAL4-mediated tissue-specific ex-
pression, we stimulated tRNA synthesis by expressing the dMaf1
RNAi transgene. When we restricted expression of the dMafl
RNAi transgene to all of the cells of the developing wing pos-
terior compartment (using engrailed-GAL4, en>), we observed
an increase in compartment size and thus a larger posterior:an-
terior compartment size ratio (Fig. S54). We also found a sig-
nificant increase in cell number in the posterior compartment in
en>dMafl RNAi flies (Fig. S5B), consistent with an increase in
the rate of cell division. In contrast, posterior compartment cell
size was unchanged in both adult (Fig. S5C) and larval en>dMaf1
RNAi wing cells (Fig. S5D). Inhibition of dMafI therefore leads
to a modest (~7%) increase in tissue mass in mitotic tissues by
stimulating cell growth and proliferation. We next examined cell
size in the polyploid cells of the larval fat body. We used the fip-
out system to generate random mosaic clones of dMafl RNAi-
expressing cells in the fat body (20). We found that knockdown
of dMafl had no significant effect on cell size (Fig. S5 E and F).
Together these data suggest that inhibition of dMafl has only
a modest effect on cell growth and proliferation in mitotic tis-
sues, and no effect on cell growth in endoreplicating tissues.
Thus, the increased body size we observed with ubiquitous in-
hibition of dMafl cannot be due solely to a cell-autonomous
stimulation of growth and proliferation in developing organs.
Rather, our results suggest that additional systemic growth
mechanisms must contribute to this increased growth. We pres-
ent evidence below for such a mechanism involving the fat body,
a key larval endocrine organ.

Nutrient Availability Inhibits dMaf1 in the Fat Body to Promote tRNA
Synthesis and Stimulate Organismal Growth. The larval fat body
functions as both a sensor of nutritional status and as an endo-
crine organ (21). In nutrient-rich conditions, the fat body signals
to the brain to stimulate dILP release and promote systemic
insulin signaling and growth (9). A major trigger for this fat-to-
brain signal is nutrient/TOR signaling and protein synthesis in fat
cells (22). We therefore hypothesized that the organismal effects
of dMafI inhibition may arise from loss of dMafI function spe-
cifically in the fat body. In particular, we explored whether nu-
trient availability might stimulate systemic growth by inhibiting
dMafl in fat cells to promote tRNA synthesis. We first found
that levels of tRNA synthesis in the fat body of feeding larvae
were significantly higher than in fat bodies from larvae starved of
amino acids for 24 h (Fig. 44). Levels of tRNA synthesis were
also decreased upon starvation in the muscle (Fig. S64). Fur-
thermore, we found that in feeding larvae, silencing of dMafl
specifically in the fat body using the cg-GAL4 driver (cg>) led to
elevated levels of tRNAs in fat body cells compared with control
fat bodies (Fig. 4B and Fig. S6B). A similar result was obtained
with another dMafl RNAi line (Fig. S6C). Moreover, upon
starvation for dietary proteins, when levels of tRNA synthesis
were normally suppressed in control larvae, there was no change
in the levels of tRNA synthesis in the fat body of cg>dMaf1 RNAi
larvae (Fig. 4B and Fig. S6 B and C). To further link the regu-
lation of tRNA synthesis with upstream nutrient-sensing path-
ways, we fed larvae rapamycin, a specific TOR inhibitor.
Inhibiting TOR in this manner led to a significant decrease in
tRNA synthesis in the fat body of control cg>+ animals (Fig.
4C). In contrast, tRNA synthesis the fat bodies of cg>dMafl
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RNAi larvae was unaffected following 48 h of rapamycin treat-
ment (Fig. 4C). These data demonstrate that nutrient/TOR sig-
naling normally promotes tRNA synthesis in the fat body via
dMafl inhibition. We therefore asked whether genetic inhibition
of dMafl1 in the fat body could influence organismal growth and
final size. When we expressed the dMafl RNAi transgene using
cg-GAL4 (cg>), we phenocopied the increased larval growth rate
and body size caused by a ubiquitous increase in tRNA synthesis.
Thus, cg>dMafl RNAi larvae progressed from egg laying to pu-
pation ~16 h faster than control larvae (Fig. 4D). Similar results
were obtained using a second fat body-specific GAL4 driver, ppl-
GAL4 (Fig. 4E), but not with several other tissue-specific drivers
(Fig. 4 F and G and Fig. S7 4 and B). We also found that pupal
volume was significantly increased in cg>dMafl RNAi animals
compared with controls (Fig. S7C). Together, these results sup-
port our hypothesis that when nutrients are abundant, amino
acid uptake into the fat body stimulates tRNA synthesis and
consequently organismal growth via inhibition of dMafI.

Loss of dMaf1 in the Fat Body Stimulates Systemic Insulin Signaling.
Previous reports have shown that fat body-mediated effects on
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compared with cg>+ controls following 24-h starvation in 20% sucrose in PBS
(P =5 x 1077, Student's t test). (C) Levels of tRNA;®" synthesis were signifi-
cantly elevated in fat bodies of cg>dMaf1 RNAi larvae fed on DMSO for 48 h
compared with cg>+ controls (P = 0.017, Student's t test). Although levels of
tRNAM®® synthesis were significantly decreased following rapamycin treat-
ment in cg>+ fat bodies (P = 6.4 x 107, Student's t test), levels of tRNA;M®*
synthesis in cg>dMaf1 RNA/ fat bodies were unchanged (P = 0.17, Student’s
t test). (D-G) Time to pupation in larvae with (D and E) fat body-, (F) muscle-,
or (@) neuron-specific loss of dMaf1 (n > 400). Error bars represent SEM.
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organismal growth occur via stimulation of systemic insulin sig-
naling (9, 22). We therefore tested whether inhibition of dMaf1 in
the fat body led to alterations in systemic insulin signaling. dILP 2
and dILP 5 are two brain-derived growth-promoting dILPs whose
expression and release from the NSCs is increased by the fat-to-
brain signal (9, 23, 24). When we expressed dMafl RNAi specif-
ically in the fat body (cg>dMafl RNAi), we found elevated
transcript levels of both dilp2 and dilp5 in peripheral tissues of
these larvae compared with controls (Fig. 5 4 and B). This in-
crease in dilp2 mRNA is due at least in part to increased tran-
script levels in the brain (Fig. S7D). When insulin signaling is
high, the PI3K-Akt pathway inhibits the FOXO transcription
factor, leading to reduced levels of FOXO transcriptional targets,
such as Drosophila insulin receptor (dInR) (25). Therefore,
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Fig. 5. tRNA synthesis in the fat body stimulates organismal growth by
promoting systemic insulin signaling. dilp2 (A) and dilp5 (B) transcripts were
elevated in cg>dMafl RNAI carcasses stripped of fat tissue compared with
controls when measured by quantitative real-time PCR (P = 0.013 and 0.005,
respectively, Student'’s t test). Data were normalized to p-tubulin. (C) dinR
transcripts were significantly lower in cg>dMaf1 RNA/ carcasses compared
with cg>+ controls (P = 8.1 x 1078, Student’s t test). (D and E) Transcript
levels of dilp5 (D) were significantly elevated in P{tRNA¢%} larvae compared
with w'""8 controls (P = 0.004, Student’s t test), whereas dinR mRNA (E) was
significantly lower than controls (P = 3.4 x 107°, Student's t test). (F and G)
Increased size in da>dMaf1 RNAi (F) and P{tRNAVeY} pupae (G) was sup-
pressed when heterozygous for a null mutation in dinR, or a deletion
uncovering the dilp2, -3, and -5 genes (n > 80 for all genotypes). Error bars
represent SEM. (H) Loss of dMaf1 function in the larval fat body stimulates
tRNA synthesis in the fat body. High levels of tRNA promote translation in
the fat, leading to the increased secretion of the fat-derived signal. This
signal promotes insulin production and/or release from the insulin-pro-
ducing cells in the brain, which promotes growth in all peripheral tissues.
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measuring dInR mRNA levels is used as a readout of insulin
signaling (9, 22). We found that dInR transcripts were significantly
decreased in peripheral tissues of cg>dMafl RNAi larvae com-
pared with control larvae (Fig. 5C), suggesting an increase in in-
sulin-PI3K signaling. Importantly, we observed similar increases in
both dILP levels and systemic insulin signaling in P{tRNA;*

transgenic larvae (Fig. 5 D and E). Finally, we found the increased
body size in da>Mafl RNAi and P{tRNAM“} flies observed was
dependent on insulin signaling because, in both cases, the pheno-
type was suppressed in pupae heterozygous for either a null allele
of dInR or for a chromosomal deficiency that deletes the dilp2, -3,
and -5 genes (Fig. 5 F and G). Together these data support
a model in which nutrient-dependent inhibition of dMafI in the fat
body can promote systemic growth and body size by increasing
both dILP expression and peripheral insulin signaling (Fig. 5H).

Discussion

In most animal model systems, TOR signaling couples nutrition
to organismal growth. Nevertheless, the key metabolic effectors
of TOR remain unclear. In our study, we identify the repression
of dMafl as a downstream function of nutrients/TOR in the
control of tissue and organismal growth. We demonstrate that
nutrients promote tRNA synthesis during development by
inhibiting dMafl. This result is consistent with previous obser-
vations in yeast and cell culture experiments showing that nu-
trient/TOR signaling directly inhibits Mafl to promote tRNA
synthesis (15-17). By investigating the significance of this re-
pression in a developing animal, however, we define a role for
dMafl as a repressor of tissue and organismal growth. Further-
more, we showed that simply increasing the synthesis of a single
tRNA, tRNAM®, could phenocopy the effect of dMafl in-
hibition. Based on these findings, we therefore propose a model
of growth control in which nutrient/TOR signaling inhibits
dMafl to stimulate tRNAM®' synthesis, ultimately driving de-
velopment and promoting organismal growth (Fig. 5H).

The effect of elevated tRNAM®" synthesis on body size was
associated with increased mRNA translation and was reversed by
genetically reducing protein synthesis. As discussed in the in-
troduction, the prevailing view is that inhibition of 4E-BP is a key
target of nutrient/TOR signaling in the control of mRNA
translation and growth. 4E-BP normally functions to inhibit
elF4E. TOR signaling, in turn, reverses this inhibition. This
mode of translational control has been well established in cell
culture (19). However, neither inhibition of 4E-BP nor over-
expression of elF4E—manipulations that promote mRNA
translation—stimulate growth or affect the rate of development
in flies (7, 11, 26, 27). Instead, our data suggest that the avail-
ability of tRNAiMe‘, rather than the activity of translation initi-
ation factors, normally limits translation and growth in vivo. It is
unclear whether tRNAM®" is limiting simply because the abso-
lute cellular levels of tRNAM®! are lower than other tRNAs.
Given that tRNAM®* has a unique function as the initiating
tRNA for cap-dependent translation, however, it is possible that
cells have evolved to make tRNA;M*' synthesis or availability
a limiting step for stimulation of protein synthesis. In particular,
we propose that levels of tRNAM®" must be fine-tuned in re-
sponse to growth cues, such as nutrition, to ensure appropriate
rates of mRNA translation, metabolism, and growth. This notion
is reminiscent of the transcriptional control of rRNA in
Escherichia coli, where the levels of the initiating NTP are lim-
iting for activation of transcription by extracellular nutrients
(28). Given the universal role for tRNAM®" in translation initi-
ation, it is tempting to speculate that regulation of tRNA;M*!
represents a common mechanism used by cell-cell signaling
pathways, particularly those involved in determining organ size
(e.g., BMPs, Wnts, Hedgehog) to control growth.

An important finding of our work is that dMafI inhibition pro-
motes growth and development due to a specific effect in the larval
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fat body. The fat body functions as both a nutrient sensor and
endocrine organism during Drosophila development. In particular,
amino acid import into fat cells, and subsequent activation of
TOR, promotes dILP release from the brain via a fat-to-brain
secreted signal (9, 29). Our findings suggest inhibition of dMafI
and increased tRNAM®' in fat cells is a key mediator of this
physiological response. Similar effects on systemic insulin signaling
were seen when ecdysone signaling was inhibited in the fat body
(22). In this case, the fat body effects were due to increased dMyc
and thought to involve elevated levels of ribosome synthesis (22).
Thus, we propose that both TOR/Mafl and ecdysone/Myc in-
fluence fat-to-brain signaling by promoting mRNA translation.
Together, these studies highlight the critical importance of
translational control in the fat body in regulating organismal
growth (9, 22). Given the emerging appreciation of the func-
tional similarities between the larval fat body and mammalian
liver and adipose tissue (21), we propose that stimulating
tRNAM®" synthesis and consequently mRNA translation in
these tissues underlie the coordination of systemic physiology,
metabolism, and growth in mammals.

How does an increase in levels of tRNA;™®', and consequently
increased mRNA translation, drive growth? In principle, a global
increase in protein synthesis, including synthesis of metabolic
enzymes required for growth, could account for changes in body
size. A growing literature suggests, however, that modulating
protein synthesis has selective effects on mRNA translation. For
example, in both yeast and mammalian cells, alterations in nu-
trient/TOR signaling lead to differential mRNA translation (30,
31). Thus, only a subset of mRNAs are up- or down-regulated
based largely on properties of individual mRNAs such as mRNA
length or the secondary structure of the 5 UTR (32). This
mechanism of translational control is also conserved in flies and
worms (33, 34), where dietary restriction or modulation of in-
sulin signaling promoted differential translation of genes im-
portant for growth, stress responses, and aging (33, 34). We
therefore propose that the main consequence of increased
tRNAM® synthesis in the fat body is enhanced translation of
specific mRNAs, ultimately leading to increased fat-to-brain
signaling and organismal growth. The nature of the secreted
factor(s) that signals from the fat to brain is unclear. However,
perhaps either the factor itself (if it is a peptide) or genes re-
quired to synthesize or release it are translationally regulated by
nutrient-dependent signaling in the fat body.

As well as increasing body size, dMafI inhibition and increased
tRNAM® synthesis also accelerated development. In insects,
release of the steroid hormone ecdysone from the prothoracic
gland (PG) is the primary regulator of developmental timing.
Premature release of ecdysone accelerates progression through
larval stages, leading to precocious pupation and smaller-sized
adults (35-37). In contrast, delayed ecdysone release slows
progression through larval stages, leading to late pupation and
larger adults (36, 37). Dietary nutrition is an important regulator
of ecdysone release and, consequently, developmental timing (8,
35-37). For example, several studies have demonstrated that
increased PI3K and TOR signaling, two key effectors of dietary
nutrients, within the PG can stimulate the release of ecdysone
(35, 36). Conversely, reducing PI3K or TOR signaling in the PG
delays ecdysone release and pupation (8, 36, 37). Finally, a re-
cent study showed that increased expression of dILP2 in neu-
rosecretory cells led to premature release of ecdysone and
a significant acceleration of development (38). We therefore
propose that inhibition of dMafI in the fat body accelerates
development through effects on systemic insulin. This increase in
insulin signaling would stimulate growth in all tissues and acti-
vate PI3K signaling in the PG to trigger ecdysone release and
precocious pupation. Together these effects promote both an
overall increase in larval growth rate coupled with a shortening
of the period of larval development.
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In conclusion, our study has identified inhibition of tRNA synthesis
by dMafl as a limiting factor for nutrition/TOR-induced tissue and
organismal growth. These findings have several interesting impli-
cations for human biology. For example, deregulation of tRNA
synthesis is observed in nearly all tumors (14). Our data, in com-
bination with the previous study in mammalian fibroblasts (18),
indicate that elevated tRNA synthesis, rather than being a conse-
quence of increased growth, may in some cases drive protein syn-
thesis, cell growth, and proliferation—factors that may ultimately
contribute to tumor progression in vivo. Further, we show that
regulation of tRNA synthesis is a limiting factor for mRNA trans-
lation and systemic insulin signaling. Because deregulation of both
of these processes is a common occurrence in many pathological
contexts, such as cancer, diabetes, and aging (10, 39-41), future
studies on the regulation of tRNA;M*" synthesis may provide valu-
able insights into disease processes and progression.

Methods

Fly Strains. The following fly stocks were used: w'’"%, UAS-GFP, en-GAL4, yw;;
dInR™ITM3,5b, da-GAL4, cg-GAL4, ppl-GAL4, ey-GAL4, dMef2-GAL4, elav-
GAL4, dilp2-GAL4, Df(3L)ilp2-3,5/TM3,Sb, RPS3/TM6B,Tb,Hu, hsflp'?%:+;+,
and w#*+;act >CD2>GAL4.
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