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TOR-dependent post-transcriptional regulation of autophagy
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egulation of autophagy is required to

maintain cellular equilibrium and
prevent disease. While extensive study of
post-translational mechanisms has yielded
important insights into autophagy induc-
tion, less is known about post-transcrip-
tional mechanisms that could potentiate
homeostatic control. In our study, we
showed that the RNA-binding protein,
Dhhl in Saccharomyces cerevisiae and
Vadl in the pathogenic yeast Cryptococcus
neoformans is involved in recruitment and
degradation of key autophagy mRNAs. In
addition, phosphorylation of the decapp-
ing protein Dcp2 by the target of rapamy-
cin (TOR), facilitates decapping and
degradation of autophagy-related mRNAs,
resulting in repression of autophagy under
nutrient-replete conditions. The post-
transcriptional regulatory process is con-
served in both mouse and human cells and
plays a role in autophagy-related modula-
tion of the inflammasome product IL1B.
These results were then applied to provide
mechanistic insight into autoimmunity of
a patient with a PIK3CD/p1103 gain-of-
function mutation. These results thus
identify an important new post-transcrip-
tional mechanism of autophagy regulation
that is highly conserved between yeast and
mammals.

Although macroautophagy (hereafter
autophagy) is cytoprotective by recycling

cellular material during nutrient stress, it
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must be tightly regulated to prevent
unnecessary cellular degradation. In addi-
tion, cell survival mandates a program of
rapid autophagy induction when needed,
illustrated by yeast cell exposure to starva-
tion. For example, TOR-mediated induc-
tion during starvation utilizes constitutive
autophagy-related proteins such as Atgl3,
which upon dephosphorylation, rapidly
function to promote autophagy. Although
transcription-dependent regulation occurs
in yeast and mammalian cells, less is
known about post-transcriptional regula-
tion and how it could serve to accelerate
this mechanism.

Recent work has suggested that mRNA
degradation may be controlled in response
to TOR-dependent signals and is facilitated
by stabilization factors such as Igo proteins.
Control of transcript degradation could
complement de novo mRNA synthesis by
stabilizing the steady state levels of mRNA
that growing
Whereas its regulatory capacity has been
poorly understood, the mechanistic steps
leading to deadenylation-dependent mRNA
degradation in eukaryotes are quite well
known. Degradation begins with a reversible
deadenylation step, followed by irreversible
removal of the mRNA 5 cap by the decapp-
ing enzyme, Dcp2, and subsequent degrada-
in a 5- 3 direcion by the
exoribonuclease, Xrnl. A family of ancillary
proteins includes an RCK member of RNA-
binding DExD/H-box proteins—Dhh1 in

exist under conditions.
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S. cerevisiae, Vadl in the fungal pathogen C.
neoformans, and DDX6 in mammals.

Two lines of evidence developed inde-
pendently in our laboratories suggest a
role for the post-transcriptional regulation
of autophagy.1 From S. cerevisiae, we

screened a library of RNA-binding protein
mutants for a cell survival phenotype,
which identified the RCK member Dhh1
as a potential regulator. In addition,
immunoprecipitation of the RCK mem-
ber Vadl from C. neoformans identified

Figure 1. Model of putative mammalian DCP2-RCK interactions with labeling of the S249 phosphor-
ylation site (P). Modeling of the proteins utilized Phyre2,4 interactions were mapped with Zdock,
and displayed using VMD (www.ks.uiuc.edu/Research/vmd/).°
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ATG8 mRNA bound to the decapping
complex. Atg8 is a key protein involved in
formation of the initial sequestering com-
partment, the phagophore.2 C. neoformans
is a basidiomycetous yeast that is a cause
of an estimated half million AIDS-related
deaths yearly, and Vadl had previously
been identified as a global regulator of vir-
ulence in a mouse model. Autophagy is
particularly important for virulence of this
fungus, as survival within nutrient-limited
host niches such as macrophages and the
central nervous system is key to
pathogenesis.

Further studies sought to clarify the
role of RCK members in the post-tran-
scriptional mRNA regulation of autoph-
agy and to determine if the processes were
evolutionarily conserved. We found by
mutational studies in S. cerevisiae that
Dhhl suppresses steady-state levels of
multiple A7G mRNAs and inhibits auto-
phagic flux measured by turnover of the
GFP-Atg8 chimera as well as a Pho8A60
enzyme activity assay. The latter assay uses
a modified vacuolar alkaline phosphatase
precursor that can only be delivered to the
vacuole and proteolytically activated via
autophagy. Because Dcp2 is also involved
in mRNA degradation, we tested a tem-
perature-sensitive dcp2-7A mutant that
demonstrated a similar, but more pene-
trant, phenotype associated with elevated
levels of 26 of 29 ATG transcripts and
increased autophagic flux. The data sug-
gest a role for autophagy regulation by
post-transcriptional mechanisms.

In C. neoformans, our initial data led us
to ask if recruitment of A7G mRNA to
the RCK/Vadl complex was a dynamic
process consistent with true regulation.
Previous studies demonstrated binding of
yeast RCK/Dhh1 to the Dcp2-containing
decapping complex, suggesting a role for
RCK members in mRNA recruitment.
Immunoprecipitation experiments dem-
onstrated that the Vad1-mRNA complex
dissociates upon transfer of cells to either
starvation conditions or following treat-
ment with the TOR inhibitor rapamycin,
a potent inducer of autophagy. Further
studies showed that A7G8 mRNA exhib-
its time-dependent decapping and degra-
dation under nutrient-rich repressive
conditions, which is reversed after starva-
VADI1 deletion or

tion, rapamycin
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treatment. Reduction of levels of multiple
ATG mRNAs and autophagic flux were
similarly demonstrated in C. neoformans,
demonstrating post-transcriptional regula-
tion as a conserved TOR-dependent
mechanism of autophagy control in
diverse yeast species. In addition, suppres-
sion of autophagy by VADI overexpres-
sion is sufficient to attenuate virulence of
the pathogen in a mouse model.

The finding of a role for TOR in this
process suggested that phosphorylation
could be a key regulatory feature. Previous
whole proteome studies had suggested
that Dcp2 might be phosphorylated.
Western blot analyses demonstrated
robust phosphorylation of Dcp2 under
nutrient-rich conditions that is markedly
reduced in starved cells. In addition, a
phosphomimetic S->D mutant of the
homologous cryptococcal Dcp2  phos-
phorylation sites demonstrates constitu-
tive mRNA binding to the degradation
complex, resulting in reduced autophagic
body formation and autophagic flux. Con-
versely, a phosphodeficient S->A mutant
results in poor mRNA recruitment, and
increased autophagy, similar to that
induced by starvation or rapamycin.

Given the important role of autophagy
in mammalian stress response, cancer and
immunity, we tested to see if post-tran-
scriptional regulation occurs in mammals
as well." Thus, we used 2 independent
mouse C57/BL6 embryonic stem cell lines
that contain heterozygote gene-trap inser-
tions to reduce expression of the mamma-
lian RCK/DDXG6. As in the C. neoformans
strains, reductions in RCK/DDXG6 result
in accumulation of LC3, a mammalian
homolog of Atg8, as well as LC3-labeled
puncta (corresponding to autophago-
somes) and increased autophagic flux.
siRNA suppression of DDX6 in human
HeLa cells also demonstrates reductions in
LC3 mRNA decapping, with resultant
accumulation of LC3 mRNA and LC3-
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labeled puncta. In contrast, overexpression
of DDXG6 resulted in accelerated decapp-
ing of LC3 mRNA with inhibition of
autophagy. Since the DCP2 protein is
poorly conserved between mammals and
mice, mass spectroscopy was used to iden-
tify a phosphorylated serine 249 residue
(Fig. 1), which undergoes a 10-fold reduc-
tion in phosphorylation after rapamycin
treatment. Recapitulation of the same
phosphomimetic and phosphodeficient
homologs of the mammalian DCP2 pro-
tein again result in reductions and induc-
tions of autophagy, respectively, similar to
that in C. neoformans.

An important role of autophagy in
mammalian immunology is a recently
described role in modulating levels of the
inflammatory cytokine IL1B, to prevent
autoimmune damage of the host. Mem-
bers of the Uzel laboratory recently
described a cohort of patients with a
PIK3CD/p1108 gain-of-function muta-
tion with constitutively activated MTOR
signaling and autoimmune phenomena;3
thus, we hypothesized that measures of
MTOR-dependent  post-transcriptional
regulation could be used to characterize
patients with MTOR-dependent autoim-
munity. First, we demonstrated in a mac-
rophage THP-1 cell line that induction of
autophagy by the inflammatory inducer
lipopolysaccharide leads to reduced
decapping and steady state levels of LC3
mRNA. Second, LC3-II and IL1B can be
manipulated as predicted, by a set of
mammalian DCP2 phosphomimetic and
phophodeficient mutants. Interestingly, a
patient from the PIK3CD/p1103 gain-of-
function cohort demonstrates hyperphos-
of DCP2

healthy volunteers based on western blot

phorylation compared  to
analyses of peripheral blood mononuclear
cells, as well as decreased autophagic vacu-
ole formation and markedly elevated levels
of IL1B, suggesting a heretofore unknown
regulatory pathway that may constitute an
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area for further investigation. While addi-
tional testing is underway within the
cohort, these data suggest the udility of
using a measure of post-transcriptional
regulation of autophagy as a biomarker of
MTOR-dependent autoimmunity.
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