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MTORC1 signals from late endosomes:
Taking a TOR of the endocytic system

Rory J. Flinn and Jonathan M. Backer”
Department of Molecular Pharmacology; Albert Einstein College of Medicine; Bronx, NY USA

The multi-component mMTORC1 complex integrates growth factor and nutrient signals to
positively regulate protein synthesis and cell growth through its two major substrates, S6K1
and 4EBP1.12 Growth factors, such as insulin, activate mTORC1 through a well established
signaling pathway involving the class 1A PI-3 Kinase, Akt, the TSC1/2 complex, and the
GTPase Rheb, which binds to and directly activates mTOR.3 Amino acids, on the other hand
signal to mTORC1 through mechanisms that are less well understood. A heterodimeric
GTPase complex consisting of Rag A/B and Rag C/D was identified as playing an essential
role in relaying amino acid signals to mnTORC1.45 The Rag complex binds to Raptor, the
defining component of mMTORC1, but unlike Rheb, does not directly stimulate mTORC1
activity.# Instead, the Rag complex is required for the amino acid-stimulated translocation of
mTORC1 to a late endosomal compartment, presumably to facilitate interactions with Rheb.

We have directly examined the role of the endocytic system in mTORCL1 signaling, and find
that the compartmental integrity of the late endosome is critical for the ability of mMTORC1
to respond to amino acids.® We found that overexpression of constitutively active Rab5
(Rab5 CA) markedly inhibited both insulin and amino acid activation of mTORC1.8 This
inhibition was not a general effect of disrupted endocytic trafficking, since specific
inhibition of other endocytic steps (clathrin mediated endocytosis, receptor recycling,
endosome to trans-Golgi recycling, multivesicular body biogenesis and late endosomal-
lysosomal fusion) had no effect on mTORC1 activation by insulin. Instead, the inhibition
was due to the fact that constitutively active Rab5CA disrupts early to late endosomal
conversion, leading to the formation of hybrid early/late endosomal structures.” A similar
inhibition of mMTORC1 signaling was caused by siRNA knockdown of the Rab7 GEF
hVps39, which also produces hybrid early/late endosomes. In cells expressing Rab5CA or in
which hVps39 expression is suppressed, amino acids stimulate the translocation of
mTORC1 to these hybrid endosomes, but mMTORC1 cannot signal.

A clue to the mechanism for defective mTORC1 signaling from hybrid endosomes comes
from experiments in which Rheb activation was manipulated. Sancak and coworkers had
previously suggested that Rheb localizes to late endosomes, and that amino acid-stimulated
mTORC1 translocation facilitates mTOR-Rheb interactions.# We find that in TSC27/~ cells
overexpressing Rab5CA, endogenous Rheb is hyperactivated but still cannot activate
mTORC1. However, overexpression of exogenous Rheb fully rescues mTORC1 inhibition
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by Rab5CA. Since overexpressed Rheb can activate mTORCL even in starved cells,*8 it
presumably finds mTORCL1 by mass action and does not need endosomal targeting. Our data
suggest that the hybrid early/late endosomes produced by overexpression of Rab5CA or
knockdown of hVps39 cannot support mMTORC1 signaling due to reduced mTOR-Rheb
interactions (Fig. 1).

Previous work has strongly suggested links between mTOR and the endocytic system. TOR
has been localized to endocytic membranes in yeast, fly and in mammalian cell culture. 4910
Several studies show that TOR regulates nutrient uptake through effects on endocytic
trafficking. In yeast, the Rag homologues, Gtrlp and Gtr2p, together with two vacuole
associated proteins, Egol and Ego3, form a complex, EGOC, that mediates the nutrient
driven movement of amino acid permeases from endosomes to plasma membrane.!
Similarly, in Drosophila, dTOR regulates the endocytic trafficking of nutrient transporters.12
Additional data in yeast show that the endocytic system may regulate TOR. Yeast EGOC is
required for re-initiation of cell growth following arrest with rapamycin treatment. 13 The
homotypic fusion and vacuole protein sorting (HOPS) complex is required for amino acid
homeostasis and nutrient regulated TOR signaling.14 Nutrient dependent TOR signaling to
GIn3, a cell growth inhibitory transcription factor, occurs on endocytic membranes and
requires Golgi-to-endosome trafficking.1® Finally, the HOPS member Vps39/Vamé has
been recently shown to act as a GEF for Gtrlp, potentially linking the HOPS and EGOC
complexes in nutrient regulation of TOR signaling.16

It is not yet clear why the late endosome is required for mTORCL1 signaling. The hybrid
endosomes present in Rab5CA cells may disrupt Rheb-mTOR interactions by altering Rheb
targeting or retention time at late endosomes. Alternatively, changes in endosomal
composition might lead to conformational changes in endosomal proteins that facilitate
mTOR-Rheb interactions. Late endosomes maintain a unique lipid composition, which
includes cholesterol levels that are significantly higher than in the ER.17 Late endosomal
cholesterol levels are regulated by a unique lipid, lysobisphosphatitic acid (LBPA).18:19 |n
addition, late endosomes maintain a lower intraluminal pH than early endosomes.20-22
Maintenance of the lipid composition and/or intraluminal pH of the late endosome might be
important in the regulation of mMTORCL signaling. Resolving how late endosomes relay
amino acid signals to mTORC1 will greatly enhance our understanding of nutrient
regulation of mMTORC1 signaling and might have implications for therapeutic intervention
on the mTORC1 signaling pathway.
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Figure 1.
Role of the late endosome in regulating mTOR-Rheb interactions. In upper left, a normal

cell undergoes early to late endosomal conversion through the action of Rab5 and the HOPS
complex. Amino acids can drive the localization of mTOR from cytosol to late endosomes,
where mTOR has been suggested to interact with Rheb. In lower left, overexpression of
exogenous Rheb leads to Rheb-mTOR interactions even in the absence of amino acids. This
activates mTORCL in an amino acid- and localization-independent manner. In the upper
right panel, hybrid early/late endosomes have been formed by Rab5 CA overexpression or
hVps39 knockdown. mTOR can still translocate to the hybrid endosomes under amino acid
stimulated conditions, but this compartment cannot support mTORC1 signaling, most likely
due to reduced Rheb-mTOR interactions. In the bottom right panel, overexpression of
exogenous Rheb bypasses the requirement for late endosomes and drives Rheb-mTOR
interactions driven by mass action.
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