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Rags to riches: Amino acid sensing by the Rag GTPases in health and disease
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ABSTRACT
The Rags represent a unique family of evolutionarily conserved, heterodimeric, lysosome-localized
small GTPases that play an indispensible role in regulating cellular metabolism in response to
various amino acid signaling mechanisms. Rapid progress in the field has begun to unveil a picture
in which Rags act as central players in translating information regarding cellular amino acid levels
by modulating their nucleotide binding status through an ensemble of support proteins localized in
and around the lysosomes. By cooperating with other signaling pathways that converge on the
lysosomes, Rags promote anabolic processes through positively affecting mTORC1 signaling in the
presence of abundant amino acids. Conversely, Rag inactivation plays an indispensible role in
switching cellular metabolism into a catabolic paradigm by promoting the activity of the master
lysosomal/autophagic transcription factors TFEB and TFE3. Precise control of Rag signaling is
necessary for cells to adapt to constantly changing cellular demands and emerging evidence has
highlighted their importance in a wide variety of developmental and pathological conditions.
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Introduction

Recent advances in the field of lysosome biology have
established a growing consensus that in addition to their
well-characterized roles in cellular cargo degradation,
lysosomes act as signaling platforms for coordinating a
host of critical functions governing cellular metabolism.
Specifically, lysosomes are the site of activation of mech-
anistic target of rapamycin (mTOR), a central regulator
of cellular growth, proliferation, and accumulation of
energy stores. mTOR is an evolutionarily conserved
atypical serine/threonine kinase in the phosphoinositide
3-kinase-related kinase (PIKK) family. It comprises the
core of 2 functionally distinct subcomplexes termed
mTORC1 and mTORC2 that are defined by their unique
constituents such as Raptor (mTORC1) and Rictor
(mTORC2).1

Recent evidence has shown that 2 different types of small
GTPases, Rags and Rheb, cooperate to accurately regulate
mTOR activity. The Rags operate on the lysosome surface
where they sense amino acid levels from the cytosol and
lysosomal lumen. When amino acid levels are high, the
Rags adopt an active conformation and promote the recruit-
ment of mTORC1 from the cytosol to the lysosome surface
(Fig. 1).1 Full mTORC1 activation requires a second small
GTPase, Rheb, which is activated under conditions of high

cellular ATP and upstream growth factor signals. Together,
these GTPases act as coincidence detectors, which integrate
signals relating to nutrient, energy, and growth factor status.
Active mTORC1 coordinates global cellular metabolism to
promote cell growth and proliferation while actively sup-
pressing catabolic processes such as autophagy (Fig. 1).

The Rag proteins operate in a complex of obligate
heterodimers of functionally redundant small GTPases
composed of either RagA or RagB and RagC or RagD.
They are considered “active” when RagA/B is in the
GTP bound state (RagA/BGTP) and RagC/D is in the
GDP bound state (RagC/DGDP).1 Many recent studies
have provided insight into the complex machinery
implicated in the regulation of Rag activity that allows
them to function as nutrient sensors. While multiple
amino acid-dependent pathways activate Rag signaling,
a common feature among them is the control of Rag
nucleotide status, particularly through activation of
guanine nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs). Here, we review
the major mechanisms governing amino acid depen-
dent Rag GTPase signaling, with a particular emphasis
on metazoan and mammalian mechanisms and their
relevance to human health and disease.
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Mechanisms of Rag activation

Extensive work has revealed a number of mechanisms that
activate Rag signaling on lysosomal surfaces in response to
amino acids (Fig. 2). Unlike most Ras superfamily GTPases,
the Rags are not bound to membranes through direct

lipidation modifications, but instead localize to lysosome
membranes through their interaction with Ragulator, a
pentameric protein complex, discovered by mass spectro-
metric analysis of Rag immunoprecipitates.2 The Ragulator
complex is itself anchored to the lysosome membrane
through palmitoylation and myristoylation of its p18

Figure 1. Rags localize to the lysosome surface and serve as a signaling scaffold for mTORC1 activation in response to cellular nutrient
levels. Under nutrient rich conditions, Rags promote mTORC1 lysosomal localization where it is activated and promotes an anabolic sig-
naling environment to promote cellular growth and proliferation. Under conditions of low nutrient availability, mTORC1 dissociates
from the Rags at the lysosome surface and the cell switches to a catabolic metabolic program featuring increased autophagy and lyso-
some biogenesis, which serves to restore cellular nutrient pools.

Figure 2. Rags signal amino acid availability through a variety of nutrient sensors that modulate nucleotide binding status. Positive reg-
ulators of Rag signaling are shown in green while negative regulators are shown in red.

198 O. A. BRADY ET AL.



subunit.3 After the discovery of Ragulator, an RNAi screen
in Drosophila cells revealed the vacuolar H(C)-adenosine
triphosphatase (V-ATPase) as critical for amino acid-
dependent mTORC1 signaling.4 The V-ATPase senses
amino acids located within the lumen of the lysosome and
different subunits of the V-ATPase directly interact with
the Ragulator complex, RagA/B, or both. Later, it was
shown that the Ragulator complex acts as a GEF toward
RagA and RagB in response to signals of amino acid suffi-
ciency through the V-ATPase.5

Recently, SLC38A9, a lysosomal amino acid trans-
porter has been independently identified using mass
spectrometric techniques by 3 different groups, as being
another critical component of the V-ATPase-Ragulator-
RagA/B machinery.6-8 SLC38A9 binds preferentially to
Rag mutants mimicking RagA/BGDP and RagC/DGTP,
consistent with its proposed role in coupling amino acid
sensing to Ragulator mediated RagA/B GEF activity.
There remains some uncertainty as to the specific amino
acids sensed by SLC38A9 under physiological condi-
tions. In vitro studies suggest a broad substrate specificity
with Rebsamen et al. suggesting glutamine as the major
substrate required for Rag signaling, while Wang et al.
propose that arginine is the dominant amino acid sensed
by SLC38A9, with leucine also contributing to its activ-
ity.7,8 Further, SLC38A9 overexpression could partially
rescue mTORC1 signaling in V-ATPase inhibited cells,
suggesting that parallel amino acid sensing pathways
may exist to activate the Rags.8 Taken together, these
studies suggest a mechanistic model in which both the
V-ATPase and SLC38A9 sense intralysosomal amino
acids and convert those signals to the Ragulator complex
which in turn changes the nucleotide binding of RagA/B
to the GTP-bound state, ultimately promoting produc-
tive Rag signaling.

Since RagA/BGTP is associated with RagC/DGDP in
active Rag signaling complexes, GAP activity toward
RagC and RagD is another mechanism that contributes
to Rag signaling. To date, 2 different proteins, leucyl-
tRNA synthetase (LeuRS) and folliculin (FLCN), have
been proposed to have GAP activity toward either RagC
or RagD in response to amino acid stimulation (Fig. 2).
LeuRS is best characterized for its role in charging leu-
cine to its cognate tRNA for protein translation. LeuRS
is reported to localize to lysosomes in a leucine depen-
dent manner and bind with high affinity to RagDGTP.
Additional biochemical evidence suggests that LeuRS
acts as a GAP against RagD, but not RagC.9 The yeast
homolog of LeuRS, Cdc60, was also shown to activate
mTORC1, albeit through a different mechanism which
involves GTP-loading of Gtr1 via the EGO complex, the
yeast homologues of RagA/B and Ragulator, respec-
tively.10 LeuRS represents a highly conserved regulator

of Rag function, however the mechanism by which this
occurs has likely diverged throughout evolution and
some controversy remains as to whether its reported
GAP activity occurs under physiological conditions in
mammalian cells.11 FLCN has also been implicated in
the amino acid dependent regulation of Rag signaling.
FLCN is recruited to lysosomes through interaction with
Rag A/BGDP/RagC/DGTP heterodimers where, in concert
with the FLCN-interacting protein 1 (FNIP1), it exhibits
GAP activity against RagC and RagD.11-13 Together,
these studies suggest a model in which FLCN-FNIP
remains bound to inactive RagA/BGDP, primed to exert
its GAP activity toward RagC/DGTP upon stimulation by
the appropriate amino acid signals.

Other mechanisms of Rag activation have been pro-
posed that act in concert with the previously described
mechanisms by modulating intracellular amino acid
and/or amino acid metabolite pools, thereby indirectly
affecting GEF and GAP activity toward the Rags. The
importance of glutamine and leucine in Rag activation
are highlighted by a number of studies. Leucine has been
shown to promote glutaminolysis through allosteric
binding of glutamate dehydrogenase, promoting the for-
mation of a-ketoglutarate which promotes GTP-loading
of RagB through a mechanism dependent on proteins in
the prolyl hydroxylase (PHD) family.14,15 Aside from its
direct roles in activation of Rag signaling, glutamine also
plays an essential role in the intracellular transport of
leucine, which is directly involved in Rag activation. In
contrast to the Rag-dependent glutaminolysis model,
Nicklin, et al. propose a model in which glutamine drives
intracellular accumulation of leucine through the hetero-
dimeric antiporter LAT1-4F2hc (SLC7A5-SLC3A2).16

The multipass lysosome membrane protein LAPTM4b,
was further shown to be essential for localizing LAT1-
4F2hc to the lysosome, allowing lumenal accumulation
of leucine, which in turn activates the V-ATPase-Ragula-
tor-Rag pathway.17 In addition, the proton-assisted
amino acid transporter, PAT1, has been shown to inter-
act directly with the Rag complex and drive mTORC1
activation through an as yet unknown mechanism.18,19

PAT1 causes efflux of small neutral amino acids from
the lysosome and sufficient overexpression can inhibit
mTORC1 signaling.4 Milkereit and colleagues speculate
that PAT1 may be a candidate to provide a counter-
transport mechanism to allow intralysosomal accumula-
tion of leucine.17

Finally, mechanisms that do not directly depend on
modulation of Rag GEF or GAP activity per se have also
been reported. Additional cytosolic proteins identified as
positive regulators of Rag signaling include MAP4K3 and
p62.20-23 MAP4K3 is a Ste20 family kinase identified in a
cell culture screen for protein kinases affecting mTORC1
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signaling.22 A subsequent study showed that it is involved
in regulating body size and metabolism in Drosophila and
that it preferentially binds RagCGDP.20 Additionally,
MAP4K3 autophosphorylates in the presence of amino
acids and this modification is essential for promoting
mTORC1 signaling.23 These roles of MAP4K3 require its
kinase activity as well as the presence of its Citron homol-
ogy (CNH) domain, however the exact mechanism by
which it modulates Rag signaling is unclear at present.22

Finally, the autophagy adaptor protein, p62, was shown
to have a non-canonical role in Rag signaling by binding
and stabilizing active, RagC/DGDP in a leucine-dependent
manner.21

Mechanisms of Rag inactivation

Major mechanistic insights into amino acid dependent
Rag signaling have been gained since the identification of
the GATOR complex by protein cross-linking coupled
mass spectrometry (Fig. 2). The GATOR complex con-
sists of 2 subcomplexes; the trimeric GATOR1, which
exhibits GAP activity toward RagA/B, and the pentame-
ric GATOR2, which binds and inhibits GATOR1 in the
presence of amino acids. Thus, GATOR2 acts as a nega-
tive regulator of GATOR1 and subsequent mTORC1
inactivation.24

Recently, the sestrin proteins have emerged as key players
in GATOR mediated Rag inactivation. Sestrins are a group
of highly conserved stress-inducible metazoan proteins
capable of suppressing mTORC1 signaling.25,26 Sestrin1,
Sestrin2, and Sestrin3 have recently been shown to interact
with GATOR2 in the absence of amino acids.27,28 In addi-
tion, Sestrin2 inhibits mTORC1 activity in response to stres-
sors such as inhibitors of mitochondrial respiration or
induction of ER stress, in a GATOR-dependent manner.28

However, the mechanism of sestrin-mediated mTORC1
inactivation is not fully understood. Co-immunoprecipita-
tion experiments by Parmigiani et al. showed that increasing
levels of Sestrin2 fail to inhibit the GATOR2-GATOR1
interaction and that Sestrin2 overexpression fails to enhance
GATOR1 activity.28 Furthermore, Sestrin2 was capable of
co-immunoprecipitating subunits of both GATOR2 and
GATOR1.27 Together, these studies suggest a novel, yet to
be identified mechanism by which Sestrins suppresses Rag
signaling through the GATOR complex.27,28 In contrast, an
alternative mechanism for Sestrin2s inhibitory effect on Rag
signaling has been proposed. Reciprocal co-immunoprecipi-
tations between components of the GATOR2 andGATOR1
complex in the presence or absence of Sestrin2 revealed that
Sestrin2 inhibits GATOR1 and GATOR2 binding and
potentiates GATOR1s GAP activity against RagB, arguing
for amodel in which Sestrin2 inhibits Rag signaling through
de-repression of GATOR1.29 Recently, Sestrin1 and Sestrin2

were revealed to be intracellular leucine sensors that specifi-
cally dissociate from GATOR2 in the presence of sufficient
intracellular leucine. Sestrin3 binding to GATOR2 was
insensitive at physiological leucine concentrations, suggest-
ing the possibility that other cellular stressors regulate its
binding to GATOR2 or that it is constitutively bound when
expressed at sufficient levels.30 A crystal structure of Sestrin2
revealed that the side-chain of intracellular leucine binds a
surface exposed hydrophobic pocket, while leucine’s amine
and carboxyl groups are stabilized by salt bridges on either
side of the pocket.31 Sestrins may also inhibit Rag signaling
by functioning as guanine nucleotide dissociation inhibitors
(GDIs) for RagA/B, locking them in their GDP-bound
state.32 This mode of regulation is supported by the presence
of a highly conserved GDI motif in the C-terminus of the
Sestrins which, when mutated abolishes the ability to sup-
press Rag signaling. Saxton and colleagues offer an alterna-
tive model in which the GDI activity plays a less prominent
role owing to the fact that the critical GDI residues are bur-
ied in their crystal structure and the lack of structural simi-
larity to known GDIs.31 While it is clear that Sestrins inhibit
Rag signaling in vivo, it remains to be determined how they
specifically affect GATOR complex function and if they rep-
resent a unique class of bona fide GDIs. It is conceivable
that both mechanisms are relevant during different physio-
logical conditions and determining the precise regulatory
mechanisms between the different models will require
ongoing work.

Another recent study analyzed a high-throughput
affinity-purification mass spectrometry dataset to iden-
tify a protein that acts as an arginine sensor to regulate
GATOR activity in a way analogous to the aforemen-
tioned Sestrins.33 In the absence of sufficient intracellular
arginine, the CASTOR complex, composed of a homo-
dimer of CASTOR1 or a heterodimer of CASTOR1 and
CASTOR2; binds to GATOR2, thus inhibiting Rag sig-
naling.33 Arginine binds to CASTOR through its aspar-
tate kinase, chorismate mutase and TyrA (ACT) domain,
which allows dissociation of the CASTOR complex from
GATOR2.33 Interestingly, CASTOR2 itself remains
insensitive to arginine, much like Sestrin3 is insensitive
to leucine, suggesting the possibility that the presence of
CASTOR2 in the complex may modulate intracellular
sensitivity to signals of arginine sufficiency.33 Questions
still remain as to the exact effect the CASTOR complex
has on GATOR2 and ultimately GATOR1 function and
if these mechanisms act in parallel with Sestrins on
GATOR2 or if they are regulated under different physio-
logical or developmental conditions.

Ubiquitination has recently emerged as another key
post-translational modification capable of inhibiting Rag
signaling through the recruitment of GATOR1 to RagA.
Two different groups independently screened panels of
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ubiquitin E3 ligases and identified unique ligases that
catalyze K63-linked polyubiquitination of RagA on dis-
tinct residues under differing nutrient conditions.34,35

RNF152 is a RING family ubiquitin E3 ligase that prefer-
entially polyubiquitinates RagAGDP at residues K142,
K220, K230, and K244 in the absence of amino acids,
thereby providing a mechanism for maintaining Rags in
an inactivate state under nutrient poor conditions.34

Skp2, a member of the F-box family forms a Skp1-Cul1-
F box (SCF) ubiquitin E3 ligase complex; was found to
mediate polyubiquitination of RagA at K15 under amino
acid replete conditions, suggesting negative feedback reg-
ulation of Rag signaling to prevent hyperactivation of
mTORC1.35 Both RNF152 and Skp2 regulate RagA (and
likely RagB) in similar ways by bridging their ubiquitina-
tion function to GATOR1 GAP activity, however they
do so under completely different nutrient conditions fur-
ther highlighting the intricate fine-tuning of Rag signal-
ing that occurs in vivo.

The cytosolic proteins SH3BP4 and C17orf59 were
both identified as negative regulators of Rag signaling
through their abilities to disrupt the Ragulator-Rag-
mTORC1 complex on the surface of lysosomes.36,37

SH3BP4 preferentially binds the inactive Rag GTPase
complex, thereby inhibiting its ability to recruit
mTORC1.36 C17orf59 directly binds the Ragulator com-
plex, preventing Rags from associating on the lysosomal

surface regardless of the nucleotide-bound state of the
individual Rags.37 This may represent a mode of Rag
inhibition that can override other nutrient signals by
upregulation of C17orf59 levels. Alternatively, C17orf59
may have its own set of unique effectors, independent of
the amino acid activated Rag complex.

Finally, the Rag GTPases have been shown to exhibit
direct crosstalk with Rheb, the other major regulatory
GTPase required for mTORC1 activation. In the absence
of amino acids, the Rags were shown to recruit TSC2,
the GAP component of the TSC complex, which inacti-
vates Rheb (Fig. 3).38 Thus, Rags are required not only
for stimulating mTORC1 activity in the presence of
amino acids, but also play an active role in terminating
its signaling in response to amino acid depletion. It bears
mentioning that a pair of recent studies have begun to
identify Rag-independent roles of amino acid signaling
in the activation of mTORC1. In one study, glutamine
was shown to activate mTORC1 in RagA/B knockout
cells through an Arf1-dependent mechanism.39 Echoing
this finding, another study demonstrated a Rag-indepen-
dent role of arginine on mTORC1 activation in which
arginine inhibited TSC2 binding and GAP activity
toward Rheb.40 Collectively, these studies have begun to
reveal hitherto unappreciated redundancies and cross-
talk with other pathways involved in amino acid depen-
dent mTORC1 signaling.

Figure 3. Rags coordinate lysosome biogenesis and autophagy induction at the lysosome surface. The Rag GTPases sense amino acid
availability and serve as a signal integration hub for mTORC1 activation. Another small GTPase, Rheb, coordinates signaling in response
to growth factor signals and cellular energy level cues via AKT and AMPK, which positively and negatively regulate Rheb through TSC.
Under anabolic signaling conditions, mTORC1 activates protein synthesis through phosphorylation of intermediaries such as 4EBP1 and
S6K. Under catabolic conditions, autophagy and lysosomal biogenesis is induced via de-repression of TFEB and TFE3 at the lysosome
surface.
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Regulation of lysosomal biogenesis and
autophagy by Rags

In situations of cellular stress, such as nutrient depriva-
tion, autophagy is induced and targets material to lyso-
somes, thereby providing energy supply. To ensure
efficient autophagic flux under stress conditions, autopha-
gosome synthesis is linked to autophagosome-lysosome
fusion and lysosomal degradative activity. Importantly,
Rag GTPases’ role in mediating mTOR recruitment to
lysosomes is critical in linking autophagy induction to the
nutrient status in the cell. In fully fed cells, RagA/BGTP

promotes the binding of Raptor and subsequent assembly
and activation of mTORC1.5,41 While Rags do not directly
stimulate the kinase activity of mTORC1, they are
required for its localization to the lysosomal surface where
the small GTPase Rheb stimulates it. Active mTORC1
then inhibits autophagy by phosphorylating and subse-
quently inactivating a few pathways. Under nutrient suffi-
ciency, mTORC1 phosphorylates and represses the kinase
activity of unc-51-like kinase 1 (ULK1), an autophagy reg-
ulator.42 It also phosphorylates TFEB and TFE3, members
of the MiTF/TFE family of basic helix-loop-helix leucine
zipper transcription factors that are critical for inducing
autophagy and lysosomal biogenesis (Fig. 3).12,43,44 This
phosphorylation requires recruitment of the transcription
factors to lysosomes, which is mediated by direct interac-
tion between TFEB/TFE3 and active Rag GTPases.12,45

Inactive or individual Rags fail to interact with TFEB/
TFE3 suggesting the nucleotide binding state and dimer-
ization of Rags are important for binding.12,45 Once phos-
phorylated at lysosomes, TFEB/TFE3 bind to 14-3-3
proteins, which mask their nuclear localization signals
and keep them sequestered in the cytosol.12,44,46,47

Reduction in intracellular amino acid levels leads to
Rag inactivation, thus preventing mTORC1 recruitment
to the lysosome and subsequent activation; and, results in
autophagy induction. Furthermore, depletion or inactiva-
tion of Rags or overexpression of inactive Rags prevents
TFEB and TFE3 redistribution to lysosomes thereby pre-
venting their inhibition by mTORC1 and resulting in
their nuclear accumulation.45,47 Here, TFEB and TFE3
bind directly to a 10-base pair modified E-box, termed the
Coordinated Lysosomal Expression and Regulation
(CLEAR) element.48,49 These CLEAR motifs have been
found in the promoters of multiple autophagic and lyso-
somal genes, in most cased located in close proximity to
the transcription start site.48-51 Through expansion of
autophagic and lysosomal compartments, this transcrip-
tional network increases the degradative and recycling
capabilities of the cell, thus sustaining energy levels and
generating new cellular components in response to nutri-
tional cues from the cell (Fig. 3). Furthermore, the

regulation of metabolic genes by TFEB is as an important
contributor to cell survival during nutrient deprivation.

Rags in disease

Given the prevalence of cancer- or lysosomal storage disor-
der-related mutations in pathways that regulate autophagy
and lysosomal function (Guertin 2007, Lieberman 2012), it
is not surprising that mTOR function is dysregulated in sev-
eral diseases.52,53 Rag GTPases are critical for neonatal auto-
phagy and survival and signal both amino acid and glucose
sufficiency.54 Mice with constitutively active RagA were
unable to trigger autophagy and produce glucose; and, in
low glucose conditions, mTORC1 was diffusely localized in
the cytosol rather than clustered at lysosomes.

Aberrant Rag GTPases function may have deleterious
effects in cancer. Mutations in the RagA/B GAP, GATOR1,
have been identified in several human cancers, which dis-
rupt Rag function and made mTORC1 hyperactive and
insensitive to nutrient starvation.24 Furthermore, some
patients with colon cancers show low levels of Sestrin2, sug-
gesting that dysregulation of Rag GTPases and hyperactive
mTORC1may contribute to cancer development.55 Rag sig-
naling dysfunction has also been implicated in Birt-Hogg
Dub�e (BHD) syndrome, an inherited renal cancer syndrome
that arises as a result of germlinemutations in FLCN.56 Con-
flicting data from Flcn-deficient Caenorhabditis elegans,
mouse, and cell line models and tumors of BHD-affected
patients support a role of FLCN as an activator and inhibitor
of mTORC1 and autophagy, suggesting the effect of FLCN
deficiency on mTOR may depend on the cell type or cir-
cumstance in which the deficiency occurs.57-61 It is
perplexing that a tumor suppressor such as FLCN activates
mTORC1 activity since FLCN appears to facilitate
mTORC1 recruitment to the lysosome by activating Rags in
an amino-acid dependent manner.11-13 Furthermore, FLCN
mutations have been shown to cause constitutive nuclear
localization of TFE3 in BHD cancer cell lines.62 Given the
sensitivity of the MiTF/TFE family and mTORC1 function
to Rag GTPase activity, it is possible that dysregulation of
TFEB/TFE3 and its contribution to BHD pathology may
arise from reduced RagA/B activation.

It is also possible that Rags contribute to the pathol-
ogy of some lysosomal storage disorders (LSDs). At this
point it is unknown as to what extent the accumulation
of undigested material and lysosomal dysfunction
observed in LSDs may affect Rag/mTORC1 signaling,
but it could potentially have important consequences
on energy homeostasis, cellular clearance, and protein
synthesis. Several examples support a general frame-
work in which lysosomal dysfunction and subsequent
impairment of mTORC1 signaling acts as a primary
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disease mechanism. For instance, mutations in the ion
channel TRPML1 cause the LSD mucolipidosis type IV.
Loss of the Drosophila homolog, TRPML, results in late
endosomes that fail to fuse with lysosomes, which then
exhibit impaired TORC1 signaling.63

The heart is a major organ affected in many LSDs; for
example, childhood onset Pompe disease is generally lethal
due to heart failure.64 Mouse models lacking RagA/B in car-
diomyocytes exhibit hypertrophic cardiomyopathy which
phenocopied LSDs.65 Furthermore, lysosomal acidification
defects arose due to decreased V-ATPase expression in
RagA/B KO cells, implicating Rags as key mediators of car-
dioprotective lysosomal functions.65 LSDs are also charac-
terized by neurodevelopmental deficits and several
neurological disorders display lysosomal dysfunction.
Recent work utilizing zebrafish showed that the Rag-Ragula-
tor complex is an essential regulator of lysosomes in micro-
glia.66 Zebrafish lacking RagA function were unable to
digest apoptotic neuronal debris suggesting an essential role
for the Rag-Ragulator complex in lysosomal function and
phagocytic flux in microglia.66 Drosophilamodels have also
revealed that Rag GTPases are important in lysosome-medi-
ated growth of neuromuscular junctions (NMJ).67 Larvae
lacking RagC showed fewer NMJ and expression of consti-
tutively active RagA in fly LSD models rescued synaptic
growth defects. Altogether, Rag GTPases play an essential
role in mediating lysosomal function and autophagy; and,
when dysregulated can contribute to numerous pathologies.

Concluding remarks

Rapid advances in the understanding of Rag signaling
mechanisms have underscored their importance in
bridging cellular nutrient sensing mechanisms with
reprograming of cell metabolism. In addition, the lyso-
some has emerged as the critical signaling platform
where multiple pathways converge and ultimately regu-
late Rag activity. Comprehensive studies have implicated
Rag signaling dysfunction in a wide array of pathological
conditions, including cancer and lysosomal storage dis-
orders, underscoring their potential as therapeutic tar-
gets. Further studies on the integration of different stress
signals to better understand Rag biology and improved
disease models may allow for the design of specific mod-
ulators of Rag function with wide reaching implications.
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