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Abstract

Autophagy is an essential eukaryotic pathway requiring tight regulation to maintain homeostasis
and preclude disease. Using yeast and mammalian cells, we report a conserved mechanism of
autophagy regulation by RNA helicase RCK family members in association with the decapping
enzyme Dcp2. Under nutrient-replete conditions, Dcp2 undergoes TOR-dependent
phosphorylation and associates with RCK members to form a complex with autophagy-related
(ATG) mRNA transcripts, leading to decapping, degradation and autophagy suppression.
Simultaneous with the induction of ATG mRNA synthesis, starvation reverses the process,
facilitating ATG mRNA accumulation and autophagy induction. This conserved post-
transcriptional mechanism modulates fungal virulence and the mammalian inflammasome, the
latter providing mechanistic insight into autoimmunity reported in a patient with a PIK3CD/p1103
gain-of-function mutation. We propose a dynamic model wherein RCK family members, in
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conjunction with Dcp2, function in controlling ATG mRNA stability to govern autophagy, which
in turn modulates vital cellular processes affecting inflammation and microbial pathogenesis.

autophagy; cytokine; fungi; inflammasome; TOR pathway; autoimmunity

INTRODUCTION

Autophagy is a conserved essential eukaryotic catabolic process 1. Cells undergo rapid
initiation of autophagy in response to cellular stress. Induction is followed by nucleation of a
sequestering compartment, the phagophore, which expands into a double-membrane
autophagosome. Although autophagy is cytoprotective, excessive autophagy is deleterious,
suggesting a necessity for tightly-governed regulation, exemplified by target of rapamycin
(TOR)-mediated post-translational phosphorylation of autophagy-related (Atg) proteins 2
that maintains autophagy at a basal level under growing conditions. Transcription-dependent
regulation of autophagy-related genes occurs in both S. cerevisiae 2 and mammalian cells .
However, less is known about post-transcriptional regulatory mechanisms modulating
MRNA steady state levels during autophagic induction and maintenance.

Recent work has shown that some TOR-dependent processes are regulated through control
of mRNA stability. Although mechanisms of its regulation remain poorly understood, steps
leading to deadenylation-dependent mRNA degradation in eukaryotes are well known .
mRNA degradation begins with a reversible deadenylation step °, followed by the
irreversible removal of the 5’ cap by the decapping enzyme, Dcp2, that allows the mRNA to
be degraded in a 5’-3" direction by the Xrn1 exoribonuclease 8. Additional decapping
accessory proteins include a DExD/H-box RNA helicase compromising the RCK family,
known as Dhh1 in S. cerevisiae, Vadl in the fungal pathogen Cryptococcus neoformans and
DDX6 in mammals 7-%. These RCK family members function at the interface of translation
and mRNA degradation by recruiting transcripts to the Dcp2 decapping complex 19,
Nevertheless, how mMRNA post-transcriptional regulation is linked to signal-transduction
machinery and autophagy remains the subject of intense investigation.

The post-transcriptional regulation of autophagy is still not fully understood even though the
core components have been identified. A recent study pointed out dynamic changes in
protein-RNA interactions under conditions of nutrient limitation 11, suggesting that RNA-
binding proteins (RBPs) could regulate autophagy. Also, defects in autophagy activity are
associated with increased cell death during nitrogen starvation 12, Therefore, to identify
regulators of autophagy among RBPs, a comprehensive library of RBP mutants was
screened for a cell survival phenotype, which identified the yeast Saccharomyces cerevisae
RCK member Dhh1 as a potential autophagy modulator. In addition, an RNA
immunoprecipitation screen demonstrated that ATG8 mRNA bound to the decapping
complex-containing the RCK yeast cryptococcal member Vadl. Further studies identified a
conserved role for RCK members and binding partners in the recruitment of key
transcriptionally-controlled autophagy gene mRNAs to the Dcp2 decapping complex in
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yeast and mammals. TOR (MTOR)-dependent phosphorylation of DCP2 was identified by
targeted ion mass spectroscopy and found to play a role in the function of the decapping
complex. Genetic manipulation, either by transcriptional modulation of RCK mRNA levels
or by DCP2 phosphomimetic or phosphodeficient mutations recapitulated TOR-dependent
effects on decapping, resulting in alterations of autophagy. These changes in autophagy
were sufficient to modulate the function of fungal virulence and the mammalian
inflammasome by human differentiated THP-1 macrophages. This regulatory pathway was
then utilized to characterize an autoimmune phenotype in a patient with a PIK3CD/p1103
gain-of-function mutation with elevated MTOR activity 13, linking pathological increases in
MTOR-dependent DCP2 phosphorylation to reduced autophagy and increased IL1B
production.

Dhh1 and the mRNA decay pathway coordinately repress the autophagy transcriptome in
S. cerevisiae

To identify potential regulators of autophagy among RBPs, a comprehensive library of RBP
mutants was screened for a cell survival phenotype during nitrogen starvation. The RBP
mutants displayed a range of phenotypes, and dhh1A cells in particular showed reduced
survival compared to wild-type, noticeable after 5 days of treatment, which was further
aggravated with prolonged starvation (Fig. 1a), suggesting that Dhh1 might regulate
autophagy. Upon nitrogen starvation, autophagy was induced to a higher level in dhh1A
cells compared to wild type (Fig. 1b) as measured by the Pho8A60 assay. This assay
measures autophagy-dependent alkaline phosphatase activity of a modified vacuolar alkaline
phosphatase precursor that can only be delivered to the vacuole for proteolytic activation via
autophagy. Although insufficient autophagy can result in a loss of cell viability, excessive
autophagy activity could cause a similar phenotype. The Pho8A60 data suggested that the
latter may explain the decreased survival in the dhh1A strain, and that Dhhl may be a
negative regulator of autophagy. Therefore, we extended our analysis using a GFP-Atg8
processing assay. When transported into the vacuole during autophagy, GFP-tagged Atg8 is
hydrolyzed to yield free GFP, reflecting the level of autophagy 4. In dhh1A cells, autophagy
was induced more rapidly and to a higher extent, as indicated by the level of free GFP
compared to wild type (Fig. 1c), further suggesting that Dhh1 acts as a repressor of
autophagy.

We also noticed a higher level of the GFP-Atg8 fusion protein (Fig. 1c) as well as
endogenous Atg8 (Fig. 1d) in dhh1A cells compared to wild type (Fig. 1c). In nutrient-rich
conditions Atg8, as well as its lipidated form, Atg8—PE, is expressed at a very low level in
wild-type cells, but the level increases substantially when autophagy is induced. Atg8 is a
key autophagy-related protein involved in formation of the phagophore, and previous studies
showed that an elevated Atg8 correlates with larger autophagosomes and increased
autophagic flux 15, Dhh1 is a DExD/H-box helicase that has a role in the activity of the
decapping machinery. Finding that Dhh1 affects the abundance of Atg8 led us to postulate
that Dhh1 represses autophagy by regulating mRNA stability of one or more ATG genes. To
test this idea, RT-qPCR was used to examine the expression of known S. cerevisiae ATG
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genes in dhh1A cells compared to wild type. In nutrient-replete conditions, the DHH1
deletion caused an accumulation of ATG3, ATG7, ATG8, ATG19, ATG20, ATG22 and SNX4/
ATG24 transcripts (Fig. 1e, Supplementary Fig. 1a). Conversely, there was no significant
difference in mMRNA levels of ATG genes between the dhh1A and wild-type cells after
starvation (Supplementary Fig. 1b). According to the literature, Dhhl is a highly abundant
protein in S. cerevisiae and is present in large excess over its MRNA substrates 7. Consistent
with this observation, mild overexpression of the protein resulted in a modest decrease in
autophagy (Supplementary Fig. 1c, d and e). These results suggested a model in which Dhh1
blocks autophagy in nutrient-rich conditions by, at least partly, repressing the expression of
a set of ATG genes.

To further confirm the involvement of mMRNA decapping in regulating autophagy, we
assessed the role of the decapping enzyme Dcp2, using a dcp2-7A temperature-sensitive
mutant. At the non-permissive temperature, autophagy activity was increased in the dcp2-7A
cells compared to wild-type cells as measured by both the GFP-Atg8 processing and
Pho8A60 assays (Fig. 1f, Supplementary Fig. 1f). As in the dhh1A cells, enhancement of
autophagy in the dcp2-7A cells was associated with an accumulation of autophagy-related
proteins (Fig. 1g, Supplementary Fig. 1g) and mRNA (Fig. 1h), compared to wild-type cells
in nutrient-rich conditions. After nitrogen starvation, the difference in the level of ATG
transcripts between the dcp2-7A and the wild-type cells was either abolished or strongly
reduced for many of the genes (Supplementary Fig. 1h). The level of mMRNA induction as
well as the number of targets among the ATG genes was much higher in the dcp2-7A cells
compared to dhhl1A, a result consistent with the essential function of Dcp2 as a core
component of the decapping complex in contrast with a regulatory role of Dhh1. Together,
these data support the idea that Dhh1 and the decapping machinery repress autophagy in
nutrient-replete conditions by promoting the degradation of ATG transcripts.

Vad1/Dhh1l repression of autophagy regulates the pathogenesis of the yeast C.
neoformans

Autophagy is required for the virulence of pathogenic fungi 16. Thus, we tested the
significance of decapping and autophagy in the fungal pathogen Cryptococcus neoformans,
a leading cause of infectious death globally 17. Deletion of VAD1, the DHH1 homolog in C.
neoformans, recapitulated increases in autophagy activity observed in S. cerevisae based on
an accumulation of autophagic bodies, the single-membrane vesicle that is released into the
vacuole lumen after fusion with the double-membrane autophagosome, in nutrient-replete
conditions as well as after starvation of glucose and amino acids or rapamycin treatment
(Fig. 2a,b). An increase in autophagic bodies can result from an increase in autophagic flux,
or a block in a late step of autophagy, such as degradation within the vacuole 18. To
distinguish these possibilities, we carried out an analysis of long-lived protein degradation;
short-lived proteins are targeted primarily by the ubiquitin-proteasome system, whereas
long-lived proteins are mostly degraded by autophagy. The vad1A cells showed an increase
in protein turnover in nutrient-rich conditions, similar to that observed after autophagy
induction by rapamycin treatment in wild-type cells (Fig. 2c), thus confirming an increase in
autophagy flux in the vad1A mutant. This was accompanied by increased accumulation of
ATG8 mRNA (Supplementary Fig. 2a) and protein, in particular its lipidated form, in the
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mutant strain vs. wild type during mid-log growth (Fig. 2d). VAD1 deletion also led to an
accumulation of many of the ATG gene transcripts in nutrient-rich conditions, similar to that
induced after starvation (Supplementary Fig. 2a). These data show that, as in S. cerevisae,
Vad1 acts as a repressor of autophagy in C. neoformans.

Conversely, higher gene dosing of VAD1 in an overexpressing strain led to a reduction of
ATG8 mRNA (Supplementary Fig. 2b), autophagic bodies (Supplementary Fig. 2c), and
autophagic flux, the latter to a level similar to that of an autophagy-incompetent atg8A
mutant (Fig. 2e). VAD1 overexpression also resulted in defects in starvation tolerance (Fig.
2f) as well as a reduction in survival within macrophages (Fig. 2g), a key determinant of
virulence for this facultative intracellular pathogen 19. Note that in this situation, we propose
that the decrease in C. neoformans viability is due to the decrease in fungal autophagy
resulting from Vadl overexpression, in contrast to the analysis in S. cerevisiae where we
examined the null strain (Fig. 1a). However, starvation studies in C. neoformans were
conducted using glucose and nitrogen starvation, to better simulate conditions encountered
for this pathogen in the infected brain 16, These gene dosing effects of VAD1 were
significant to pathogenesis in that independent VAD1-overexpressor strains demonstrated
attenuated virulence in mice (Fig. 2h). The hypovirulent phenotype was similar to that of an
ATG8-RNAI-suppressed strain described previously 16. Together, these data demonstrate a
significant role in pathogenesis for VAD1-mediated suppression of autophagy.

Vad1l controls the degradation of ATG8 transcripts in nutrient-rich conditions

To gain insight into the molecular mechanism by which Vad1/Dhh1 represses autophagy,
we examined its regulation of Atg8 in more detail. After inhibition of mMRNA synthesis
using the mRNA synthetic inhibitor 1,10-phenanthroline, northern blot and quantitative RT-
PCR analysis showed that during nutrient-replete conditions, wild-type cryptococcal cells
exhibited time-dependent degradation of ATG8 mRNA (Fig. 3a left, upper panel,
Supplementary Fig. 2d) with a half-life of 18 +/— 4 min, whereas starvation stabilized the
ATGS8 transcripts (Fig. 3a, middle left panel). Similar to starvation conditions, deletion of
VAD1 resulted in stable MRNA levels of ATG8 for over 60 min (Fig. 3a, right panels;
Supplementary Fig. 2d).

Decapping of mMRNA represents a critical first irreversible step in mRNA turnover mediated
by members of the DEAD-box family of RNA helicase proteins, which includes Vadl. We
used a PCR-based method 20 and confirmed Vad1-dependent decapping of ATG8 mRNA
transcripts (Fig. 3b). Together these results support a model in which, during mid-log phase,
Vad1 and the decapping machinery degrade ATG8 mRNA, thus keeping autophagy activity
at a low level. During nutrient limitation VVad1-mediated mRNA degradation is inhibited,
thereby allowing for increased expression of ATG genes and induction of autophagy.
Confirming this finding and extending it to other transcriptionally-regulated autophagy
genes, RNA immunoprecipitation of a c-myc-tagged Vad1 fusion protein demonstrated
binding of autophagy-related transcripts, including ATG3, ATG5, ATG8, ATG9 and ATG22
under mid-log nutrient-rich conditions (Fig. 3c), whereas under starvation conditions, Vadl
protein-transcript complexes were less prominent. This finding suggests a role for transcript
binding to the Vadl complex under nutrient-replete conditions and dissociation under
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starvation conditions. Since RCK family members form complexes with decapping enzymes
such as Dcp2 21, dissociation of target mRNA from this complex would be expected to
result in a loss of decapping and attenuated degradation, as seen in the vad1A mutant.
Further studies demonstrated a role for the 3’UTR of ATG8 in this process as expression
levels of a GFP-ATGS fusion gene substituted with an unrelated 3’UTR resulted in GFP-
Atg8 protein accumulation (Supplementary Fig. 2e). ATG8 3’UTR replacement alone
resulted in a diffuse cytoplasmic accumulation of GFP-Atg8, whereas, under the same
conditions, VAD1 deletion resulted in both protein accumulation and autophagic body
formation, suggesting regulation of multiple steps in the autophagic process by Vadl, in
agreement with the observation that several ATG genes are regulated in a Vad1l-dependent
manner. Together, these data are consistent with Vad1l playing an important role in
coordinate repression of autophagy-related mMRNA transcripts under nutrient-replete
conditions.

Vadl-mediated repression of autophagy is regulated by TOR-dependent phosphorylation
of the decapping enzyme Dcp2

To identify a pathway(s) inhibiting Vad1-mediated autophagy repression upon starvation,
we evaluated the relationship between TOR and Vadl. We found that inactivation of TOR
with rapamycin resulted in a similar reduction of transcript binding by Vad1l as seen with
starvation, although to a lesser extent (Fig. 3c). In addition, degradation of ATG8 transcripts
was inhibited after rapamycin treatment (Fig. 3a, left bottom panel), similar to that exhibited
during starvation. Furthermore, overexpression of VAD1 resulted in inhibition of TOR-
dependent induction of autophagic bodies and autophagic flux (Fig. 3d, €). These data thus
suggest an epistatic relationship between induction of autophagy following TOR
inactivation and VVad1-dependent transcript degradation.

Since Dcp2 in S. cerevisiae was found to modulate autophagy (Fig. 1), we investigated
whether this function was conserved in C. neoformans and if Dcp2 was a phosphorylation
target of TOR. Work by us (data not shown) and others 22 failed to show TOR-dependent
phosphorylation of Vadl. However, previous whole proteome work in S. cerevisiae
identified TOR-dependent phosphorylation of Dcp2, which had not reached false discovery
rate (FDR) statistical significance because of the large number of comparisons inherent in
such studies 22. Thus, to assess the role of this phosphorylation in autophagy,
Dcp2-3XFLAG wild-type, phosphomimetic (S -> D) and phosphodeficient (S -> A) double
mutants were constructed in homologous sites at Ser814 and Ser®17 and expressed in C.
neoformans. In these studies, Dcp2 phosphoserine levels decreased after starvation as well
as in the phosphodeficient mutant (Fig. 4A). Residual phosphoserine in the phosphodeficient
mutant suggests the presence of additional starvation-related phosphorylation sites in Dcp2.
A functional role for Dcp2 phosphorylation was demonstrated by measuring ATG8 transcript
degradation by qPCR. As shown in Fig. 4b, expression of the double-phosphodeficient Dcp2
resulted in competition with endogenous Dcp2 and retardation of degradation in nutrient-
rich conditions, but there was essentially no effect by the phosphomimetic mutant since
endogenous Dcp?2 is phosphorylated under these conditions as shown in Fig. 4a. However,
expression of the phosphomimetic Dcp2 under starvation conditions or following rapamycin
treatment (Fig. 4b middle and right panels) accelerated ATG8 degradation as it competed
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with endogenous dephophorylated Dcp2; in this case there was little effect of the
phosphodeficient Dcp2 since the endogenous protein is also dephosphorylated under these
conditions. This was associated with analogous effects on decapping (Supplementary Fig.
3b). Residual rates of degradation and decapping persisted in YPD after expression of the
phosphodeficient Dcp2, likely due to incomplete competition with endogenous Dcp2.

Because ATG transcript binding to the decapping complex was dependent on TOR activity
(Fig. 3c), we examined the effect of TOR Dcp2 phosphorylation on ATG8 transcript binding
under conditions which demonstrated alterations in mRNA-decapping activity (Fig. 4b and
Supplementary Fig. 3b). As observed previously, in nutrient-replete conditions (nutrient +),
wild-type cells displayed binding of ATG8 mRNA, whereas binding was lost upon starvation
(Fig. 4c). Cells expressing the Dcp2 phosphodeficient mutation showed a reduction of
Vadl-dependent binding of ATG8 transcript in mid-log cells. Conversely, cells expressing
the phosphomimetic Dcp2 maintained binding of ATG8 mRNA even under starvation
conditions. These effects correlated with autophagy activity based on changes in autophagic
body accumulation (Fig. 4d) and autophagy flux (Fig. 4e). Flux was not as elevated in the
phosphomimetic mutant in YPD compared to elevations due to rapamycin or after
starvation, most likely due to incomplete competition of the phosphomimetic mutant with
endogenous Dcp2. Mutation of either the S614 or the S617 site produced detectable changes
in ATG8 degradation (Supplementary Fig. 3c) and decapping (Supplementary Fig. 3d) as
well as ATG5 decapping (Supplementary Fig. 4a and b), although the effects were
predominant after mutation of the S617 site. These data suggest that TOR-dependent
phosphorylation of Dcp2 under nutrient-rich conditions is associated with increased
recruitment of mMRNA transcripts by the Dcp2-Vadl decapping complex, resulting in mMRNA
degradation and autophagy inhibition. Upon starvation, TOR inhibition results in
dephosphorylation of Dcp2, leading to a release of ATG mRNA from Vad1l and subsequent
translation of ATG transcripts.

In addition to a role in mMRNA decapping, in vitro studies have suggested that RCK
homologs such as Dhh1 and Vadl may undergo translational repression whereby mRNAs
that have exited translation may accumulate within discrete cytoplasmic foci, referred to as
processing (P)-bodies 23: 24, Thus, to further assess for a role for translational suppression in
autophagy, we monitored co-localization of ATG5 and ATG8 transcripts with P-bodies to
estimate translational suppression during growth and starvation. As shown in Supplementary
Fig. 5a, ATG8 and ATGS5 transcripts were repressed under mid-log growth conditions and
showed accumulation during starvation conditions. However, less than 5% of visible
transcripts co-localized with P-bodies under either condition, suggesting very minor levels
of translational suppression for these key autophagy transcripts. To determine the
translational status of these transcripts, polysome analysis on sucrose gradients was
performed. Consistent with earlier work in S. cerevisiae, starvation led to a reduction in
polysomes in wild-type cells when overall synthetic needs are reduced 2°. However, unlike
growth-induced transcripts that are transported from polysomes during mid-log growth to
untranslated mRNP fractions upon starvation 23, the autophagic ATG5 and ATGS transcripts
were predominantly localized to ribosomes and polysomes, consistent with a preponderance
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of active translation initiation and extension and consistent with their absence within P-
bodies, demonstrated in Supplementary Fig. 5a.

Vadl/Dhhl-mediated repression of autophagy is conserved in mammalian cells

To extend the relationship between Vad1/Dhhl and autophagy, we assessed the role of the
mammalian homolog DDXG6 in key autophagic processes. Two independent sets of mouse
C57/BL6 embryonic stem (ES) cells were assessed that contained heterozygote gene trap
insertions within intron 2 (DDX6%/~ #1) and intron 1 (DDX6*/~ #2) (Supplementary Fig.

6a) 26. The insertion in DDX6%/~ #1 resulted in degradation and a 50% reduction in DDX6
steady state transcript levels (Fig. 5a). DDX6 transcript level was also decreased in DDX64/~
#2 (18% reduction; Fig. 5a) but was found on RT-PCR followed by sequencing to contain a
fragment of the gene trap construct (data not shown). As a measure of residual DDX6
activity in the ES cells, decapping activity was assessed by PCR using specific DDX6
primers, which demonstrated a 50% reduction in decapping in DDX6*/~ #1 and an almost
complete absence in DDX6%/~ #2 (Supplementary Fig. 6b) accompanied by reductions in
LC3 (the mammalian ATG8 homolog) mRNA degradation relative to the wild type
(Supplementary Fig. 6¢). The greater reductions observed with DDX6*/~ #2 is likely due to
dominant negative interactions of the native protein expressed from the wild-type gene copy
and the aberrantly spliced copy of DDX6 that included the gene trap fragment. Defective
decapping activity in the two DDX6 ES cell lines were associated with increased steady
state levels of LC3 transcripts (Fig. 5b), formation of LC3-containing autophagosomes (Fig.
5c¢,d), increased LC3-I1 formation relative to both LC3-I and actin (Fig. 5e), and reduced
levels of SQSTM1/p62 (Fig. 5e), an autophagy receptor whose degradation is a marker of
autophagic flux in mammalian cells 18, These data indicate that, analogous to its function in
yeast, DDX6 suppresses autophagy in mammalian cells.

In contrast, overexpression of DDX6 in HeLa cells significantly suppressed rapamycin-
induced LC3 mRNA transcription, LC3 lipidation and autophagic flux (Fig. 6a,d,e,h). Asin
the ES cells, DDX6 suppression resulted in accumulation of LC3 transcripts, inhibition of
LC3 decapping, and increased LC3-labeled autophagosomes (Fig. 6b, c, f, g). DDX6
suppression also increased formation of LC3-I1 relative to actin but we were not able to
induce SQSTM1 degradation after DDX6 suppression (data not shown), which may be due
to species-related differences in autophagy induction or the transformed nature of the HelLa
cell line.

In addition, we showed that the regulation of the mammalian pathway relies on the
phosphorylation of the DCP2 protein by MTOR. Since the smaller mammalian DCP2
protein does not contain a C terminus homologous to the yeast phosphorylation site, high-
density mass spectrometry (MS/MS; 97% coverage) was used to identify Ser249 as a
phosphorylated site under nutrient-rich conditions (Supplementary Fig. 7a) that was not
present after rapamcyin treatment. Targeted ion mass spectroscopy was used to quantify a
10-fold reduction in phosphorylation at Ser249 after rapamycin treatment (Supplementary
Fig. 7b). Although not homologoous to yeast, the regions surrounding Ser249 are highly
conserved between human, mouse and rat (data not shown). DCP2 also appeared to be a
direct target of MTOR phosphorylation as evidenced by in vitro phosphorylation data using
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a pSer249 antigen-purified antibody (Supplementary Fig. 7c-e). Consensus sites are not
highly conserved in MTOR targets 27, making assignment based on sequence less reliable.
Again, similar to the result in yeast and fungus, expression of a DCP25249A
phosphodeficient mutant resulted in accumulation of autophagosomes under normal growth
conditions whereas the S249D phosphomimetic resulted in reduced autophagosome
formation in HeLa cells under autophagy-inducing conditions (Fig. 5f,g). These data thus
strongly suggest that DCP2 is a target of MTOR.

DCP2-dependent decapping modulates autophagy-dependent innate immune responses

Autophagy plays several roles in immunity 28: 29, including modulation of the inflammatory
response. For example, initial induction of autophagy occurs following stimuli eliciting
inflammasome activation, resulting in activation of CASP1/caspase-1 and secretion of the
proinflammatory cytokines IL1B and IL18, but maturation of the nascent autophagosome
tempers the inflammatory response by engulfing and eventually destroying the
inflammasome 30, We thus examined the role of mMRNA decapping in the autophagic
regulation of IL1B in differentiated THP-1 macrophages following lipopolysaccharide
(LPS) stimulation. LPS treatment led to inhibition of LC3 decapping (Fig. 7a), resulting in
reduced LC3 transcript degradation (Fig. 7b) and increased steady state levels of LC3 (data
not shown). In addition, compared to wild-type DCP2, the S249D phosphomimetic mutant
displayed lower levels of LC3 transcripts and protein, whereas the S249A mutant showed
the opposite result (Fig. 7c, d). Furthermore, these changes in LC3 transcript and protein
correlated inversely with levels of IL1B, with higher levels of the cytokine seen when
autophagy was inhibited (Fig. 7e).

To establish the significance of this regulatory pathway connecting MTOR to IL1B in
human disease, we tested whether phospho-DCP2 levels were increased in PBMCs of a
patient from a recently described cohort with gain-of-function mutations in PIK3CD
encoding the PI3K delta subunit (p1003) that conveys MTOR overactivity leading to
lymphoproliferation and autoimmune cytopenias 13. Using an immunopurified p249-DCP2
antibody, an age-matched healthy volunteer demonstrated steady state P-DCP2 levels in
PBMCs that were reduced after treatment with rapamycin. Interestingly, P-DCP2 levels
were elevated in a patient with the PIK3CD/p1106 mutation (Fig. 7f) with resultant
reductions in autophagic vacuoles (Fig. 7g) and autophagic flux, the latter demonstrated by
accumulation of SQSTM1 (Fig. 7f). This alteration in autophagic flux was accompanied by
high levels of IL1B in the patient, reduced after ex vivo treatment with rapamycin (Fig. 7h).

In sum, these results uncover the role of DDX6/Vad1/Dhh1l and the mRNA decay
machinery in the repression of autophagy and strongly support a conserved function of this
pathway in eukaryotic cells, playing a role in cell survival, infectivity and the immune
response, applicable to human disease.

DISCUSSION

We propose a conserved pathway where a DExD/H-box RNA helicase in the RCK family,
in association with the decapping enzyme Dcp2, negatively regulates autophagy through
modulation of ATG mRNA stability in a TOR-dependent manner (Fig. 8). In our model we
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predict that during nutrient replete-conditions RCK family members such as Dhh1, Vadl
and DDXG6 recruit ATG mRNA to the Dcp2 decapping complex, leading to mRNA
decapping followed by degradation and autophagy suppression. This is consistent with RCK
members acting via an mRNA chaperone activity, rather than by induction of Dcp2
enzymatic activity. Along these lines, previous in vitro studies demonstrated a physical
association of the RCK family member Dhh1 with Dcp2, but did not demonstrate Dcp2-
enhancing activity 31. The decapping activity thus acts as a coordinated, TOR-dependent
process, synchronous with previously described mechanisms that inhibit transcriptional
synthesis, dependent on such factors as Rim15, GIn3 and Msn2/4 3. 15.32-34 gtarvation-
dependent dephosphorylation reverses the process, facilitating the induction of autophagy in
concert with mRNA synthesis. The present data showing significant steady state levels of
ATG-related transcripts after RCK suppression in yeast also suggest that significant mRNA
synthesis of these transcripts occurs even under ‘repressive’ conditions; this may allow a
more rapid induction of ATG transcripts in response to cellular stress, by simultaneously
inducing mRNA synthesis and inhibiting its degradation, much akin to previously-described
“futile cycles’ involving metabolic components 3°. Combining a post-transcriptional
inductive mechanism with increases in transcriptional synthesis in response to transcription
factors such as GIn3 and TFEB 3: 4, thus facilitates a rapid autophagic induction.
Environmental stresses, including glucose deprivation, can modulate mRNA stability 24 36,
We identified RCK family members, which are recognized for facilitating mRNA decapping
and decay 10, as possessing a conserved functional role linking environmental conditions to
autophagy induction. Analysis of protein-mRNA complexes, identified ATG8 as a
prominent gene whose fate was likely determined by RNA binding and function, further
supporting our model 37: 38, Data in C. neoformans as well as in mammalian systems show a
more highly penetrant phenotype under both vegetative conditions and following TOR
suppression, suggesting that evolutionary pressures have placed a higher dependence on
post-transcriptional regulation and support the need to conduct such cross-species studies
when considering conserved regulatory mechanisms.

A reversible TOR-dependent Dcp2 serine phosphorylation was an important component
linking RCK member recruitment and ATG target transcript decapping/degradation. TOR is
a key global regulator that controls protein translation through its interactions with
RPS6KB1/p70S6 kinase 1 and EIFAEBP1/4E-BP1 39, In mammalian systems, the transition
from rapid growth to growth arrest induced by MTOR inhibition results in translational
arrest of synthetic machinery including ribosomal and translational initiation factors 4°. TOR
promotes the synthesis of most genes in vegetative conditions, but selectively represses a
small subset by mechanisms including transcriptional suppression 41. TOR had previously
been linked to stress-responsive mRNA stability programs, but the mechanism of this
regulation was unclear 42. Along with mRNA stability regulation, it would appear that these
post-transcriptional mechanisms may be an important component of stress response in
eukaryotes. For the transcripts studied in the present paper, we did not find large amounts of
translational suppression. However, Dhh1-mediated translational suppression has been
predominantly studied using transcripts highly expressed under growth conditions that
require translational suppression upon transfer to starvation conditions to rapidly shut down
unneeded translational synthesis from pre-formed mRNA. In this process, mRNA transcripts

Nat Cell Biol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Methods

Page 11

are rapidly shunted from the polysome to RNP particles including P-bodies 23. However,
autophagy transcripts are repressed under growth conditions and are activated in yeast
predominantly under nutrient stress, which may reduce the need for translational
suppression under initial growth conditions because steady state levels of transcripts are
already quite low. Indeed, protein translational suppression of ATG genes did not feature
predominantly in a recent whole genome ribosomal profiling study 9. In addition, we did
not study the transition from starvation back to nutrient-rich growth where translational
suppression could figure more predominantly. Sequence-specific factors that differentiate
stress transcripts such as ATG genes vs those of the cellular synthetic machinery are the
subject of active investigation.

The present data also demonstrated that RCK family members significantly affected cellular
processes, including pathogen virulence and host immunity. In C. neoformans, Vadl
overexpression reduced autophagy sufficiently to affect the ability of the fungus to survive
within macrophages, an important property for this facultative intracellular pathogen 1943, A
number of ATG transcripts are induced during macrophage residence 44 and suppression of
autophagy transcripts such as ATGS results in severely attenuated fungal virulence 16. Thus,
the present data demonstrate a significant pathway of TOR signaling, connecting
macrophage survival, autophagy and microbial virulence.

We also demonstrated that key aspects of MTOR-dependent DCP2-DDX6-dependent
decapping of the autophagy-related transcript LC3 modulated rates of LPS-induced IL1B
levels produced by the inflammasome 4. Blocking autophagy potentiates inflammasome
activity, measured by IL1B production, and stimulating autophagy limits it 30. This effect
was mimicked in the present studies by mutations in DCP2, phenocopying by expression of
an MTOR-associated phosphomimetic mutation (resulting in increased LC3 degradation),
and a phosphodeficient mutation (resulting in a reduction in LC3 degradation), respectively.
These data show that manipulation of autophagy by the MTOR-associated phosphorylation
status of DCP2 can consequentially affect the human inflammatory response, and likely
plays a role in MTOR-dependent modulation of inflammatory states exemplified by patients
with dominant-activating mutations in PIK3CD/p1108 13. In summary, this post-
transcriptional mechanism of autophagy regulation is an important pathway for promoting
cell survival as well as pathogen virulence and host inflammatory response.

S. cerevisiae strains and media

Gene disruptions were performed using a standard method (Longtine et al., 1998). Yeast
cells were grown in YPD [1% yeast extract, 2% peptone, and 2% glucose (all wt/vol)],
YPgal [1% yeast extract, 2% peptone, and 2% galactose (all wt/vol)] or synthetic minimal
medium (SMD; 0.67% yeast nitrogen base, 2% glucose, supplemented with the appropriate
amino acids and vitamins). Autophagy was induced in starvation medium (SD-N; 0.17%
yeast nitrogen base without amino acids, containing 2% glucose or SGal-N containing 2%
galactose). The yeast strains used in this study are listed in Supplementary Table 1. Protein
extraction, immunoblot, GFP-Atg8 processing, and alkaline phosphatase (Pho8A60) assays
were performed as described previously 3 14, Antisera to Atg8 (1:2,000), Atg1 (1:3,000),
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Atg9 (1:5,000), Pgkl (1:50,000; a generous gift from Dr. Jeremy Thorner, University of
California, Berkeley), monoclonal YFP (1:5,000; JL-8, Clontech ) a commercial antibody
that reacts with PA (1:20,000; anti-PA, no longer available) were used for western blotting.

RNA and RT-gPCR

Total RNA was extracted using the RNeasy mini kit (Qiagen). To eliminate genomic DNA
contamination, an additional DNase treatment was performed according to the RNeasy kit
instructions with the RNase-free DNase set (Qiagen). One microgram of total RNA was
reverse-transcribed into cDNA in a 20-pL reaction mixture using the High-capacity cDNA
Reverse Transcription kit (Applied Biosystems). The cDNA levels were then analyzed using
the Eppendorf Realplex* with the gene-specific primers listed in Supplementary Table 2.
Each sample was tested in a 96-well plate (Applied Biosystems). The reaction mix (15 pL
final volume) consisted of 7.5 L of Power SYBR Green master mix (Applied Biosystems),
0.5 pL of each primer (333.3 nM final concentration), 1.5 puL of H,O, and 5 pL of a 1:5
dilution of the cDNA preparation. The thermocycling program consisted of one hold at 95°C
for 10 min, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. After completion of
these cycles, melting-curve data were then collected to verify PCR specificity,
contamination and the absence of primer dimers. The transcript abundance in samples was
determined using a comparative threshold cycle method. The relative abundance of
reference mRNAs in each sample was determined as described 46 and used to normalize for
differences of total RNA amount according to the method described by Vandesompele et al.
(2002) #7. For the comparison between wild-type and dhh1A the mRNAs of ALG9, TAF10
and TFC1 were used as references for the growing condition samples and the mRNAs of
TAF10 and TFC1 were used as references for the starved samples. Because the expression of
TAF10 and TFC1 was affected by the dcp2-7A mutation, ALG9 was used as the only internal
reference in the comparison between wild type and dcp2-7A for both the growing and
starvation conditions samples.

RNA binding-protein screen

Wild type and RBP mutant cells were grown in YPD medium until mid-log phase. The cells
were then washed twice in SD-N and resuspended in SD-N. The optical density of each
culture was adjusted to 0.8-0.9 and the cells were grown at 30°C for the time indicated in
Fig. 1a. Immediately after the shift to starvation (day 0) or after 5, 10 and 15 days the same
volume of each culture was collected and serial dilutions were spotted on YPD plates; the
cells were grown at 30°C for 2 days before being imaged.

Cryptococcus neoformans strains and media

All experiments were conducted in a genetic background of C. neoformans strain serotype A
H99 (ATCC 208821), a kind gift of J. Perfect (Duke Univ.). A complete list used in this
study is described in Supplementary Table 3. Escherichia coli DH10B (Invitrogen) was the
host strain for recovery and amplification of plasmids. The fungal strains were grown in
YPD medium (2% glucose, 1% yeast extract, 2% Bacto-peptone) or on YPD agar medium
(YPD and 2% agar) or in YNB plus glucose (yeast nitrogen base without amino acids and
ammonium sulfate + 2% glucose). Asparagine minimum selective media (ASN) for
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transformant selection was previously described 48. Starvation medium was sterile
phosphate-buffered saline (PBS), pH 7.4, unless otherwise noted.

Generation of VAD1 overexpression strains

A VAD1 gene fragment was generated by PCR amplification from an H99 cDNA mass-
excised library with a pair of primers VAD1-S-Munl VAD1-A-Munl, and then inserted into
an EcoRl restriction site downstream from an ACT1 promoter of a pPORA-KUTAP
cryptococcal shuttle vector described previously 16, The construct was linearized with Scel,
and then introduced into H99FOA, a recipient strain. Stable transformants were selected on
ASN minimal medium. The overexpression of VAD1 was confirmed by northern blots
probed with isotope-tagged VAD1 cDNA sequence, and transformants were selected for
equivalent copy number to the empty vector controls as described 4°.

Generation of an N-terminal green-fluorescent-tagged Atg8 expression strain

A fragment of the ATG8 promoter region was PCR-amplified using primers ATG8-PRO-Bgl|
Il and ATG8PRO-BIglINedIPstR and cloned into a pORA C. neoformans shuttle vector
previously described ° to produce vector pPORA-ATG8PRO. A fragment of a C.
neoformans codon-optimized green fluorescent protein gene was then PCR amplified and
cloned into pPORA-ATGS8PRO into a Pstl compatible site, then the ATG8 codon region was
amplified from C. neoformans genomic DNA and cloned into pPORA-ATG8PRO:GFP via
Ndel compatible sites, leaving the original TEF1/EF1a 3’-UTR to yield pATG8-PCG-EF1.
Finally, a fragment of the ATG8 3’-UTR was PCR amplified and cloned into pATG8-PCG-
EF1, using compatible Ndel sites, replacing the TEF1 3-UTR with the ATG8 3’-UTR to
yield pATG8-PCG-Native. All inserted regions were confirmed by sequencing.

Construction of an atg8A mutant strain

To make the deletion construct, 2,500 base pair (bp) genomic fragments of the ATG8 gene
were PCR amplified using primers ATG8-62-S-Xbal/ATG8-572A-R1 and ATG8-1541-S-
Bglll/ATG8-1866-A-Xhol as well as a 1.3-kb fragment of the URAS gene using primers
URA5-S-R1/URA5-A-Bglll and the 3 fragments ligated simultaneously after digestion
using compatible sites (see Supplementary Table 4 for sequence information). The final
disruption allele with a 1.3-kb URAS5 marker flanked on either side by a 500-bp DNA
sequence homologous to genomic regions of the ATG8 gene was PCR-amplified and
purified by spin column (Invitrogen) and introduced into H99FOA cells via a biolistic
approach 9. Transformants were screened for potential deletion mutants by a PCR approach
using one set of primers, designed to detect disruption events, including a primer just outside
of the transforming vector and an opposing primer based on the URAS sequence. The
specific 2.6-kb disruption of the ATG8 gene in candidate mutants was verified by using a set
of primers outside the sequences of the knockout construct and by Southern blot analysis.

Production of Dcp2 phosphomimetic- and phosphodeficient-expressing strains

Homologous sites in C. neoformans Dcp2 were determined from sites homologous to the
rapamycin-sensitive sites described for Dcp2 from S. cerevisiae 22. Two EMBOSS global
alignment programs 51, needle and stretcher, were used with default parameters to align the
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SAC sequence against the CRY sequence. The two programs aligned our site of interest
(“SNKS”) to two different regions; stretcher aligned “SNKS” of SAC to “SQSS” of CRY
with the “S” positions at 614 and 617, and needle aligned our site of interest (“SNKS”) to
“ASFG” of CRY with the “S” position at 84. The phosphorylation site predictions were
done using six different web server tools (NetPhos 2.0 - 52, DISPHOS - 53, NetPhosK 1.0 -,
MotifScan - http:/myhits.isb-sib.ch/cgi-bin/motif _scan, ScanProsite - >4, KinasePhos 2.0

- 55, Three (DISPHOS, NetPhosK, KinasePhos) out of the six tools predicted significant
phosphorylation sites at both positions 614 and 617. NetPhos predicted a significant
phosphorylation site at 617 alone. None of the six tools predicted any phosphorylation site at
position 847.

DNA, RNA preparation and blotting

Primers used in the C. neoformans study are described in Supplementary Table 4. DNA
extraction was conducted according to a previously published protocol °6. RNA was isolated
and northern blots performed as previously described . DNA probes were labeled with
[a-32P]-ATP for both Southern and northern blots using the RadPrime DNA Labeling
System (Invitrogen) according to the manufacturer's protocol. Transcript levels of indicated
genes were monitored by northern blot analysis hybridized with a PCR-amplified fragment
of the indicated genes using primers listed in Supplementary Table 4.

RNA degradation assays

The method of Panepinto et al. (2005) was used 8. Briefly, cultures were grown to the log
phase, at a final density of 107 cells/ml in yeast-peptone-dextrose medium at 30°C with
vigorous shaking. Starvation was induced by incubating mid-log phase cells in PBS, pH 7.4,
for 1 h and cells were harvested. Transcription was suppressed by addition of 1,10-
phenanthroline (200 pug/ml in ethanol, Sigma). At the indicated time points, cells were
harvested by 5 min of centrifugation at 5,000 rpm in a tabletop centrifuge at room
temperature and immediately frozen in a =80 freezer for later use. Total RNA was extracted
with the RNeasy®Muini Kit (QIAGEN). The degradation of ATG8 mMRNA was detected by a
standard northern blot protocol 8.

Capped RNA analysis

RNA Ligase Mediated Rapid Amplification of cDONA ENDs (RLM-RACE) analysis was
performed with total RNA isolated from the indicated strains at the indicated times after
transcription suppression by 1,10-phenanthroline by using the FirstChoice RLM-RACE kit
according to the manufacturer's (Applied Biosystems) protocol 20. PCR amplification was
performed by using the gene specific primers ATG8-A for ATG8, ATG5-A for ATG5, and
ACT1-A for ACT1 (Supplementary Table 4) and two universal primers 5' RACE Outer
Primer and 5' RACE Inner Primer (supplied by the manufacturer). The actin gene, ACT1,
served as loading control. This analysis was performed in 3 independent experiments, and
ATG8/ACT1 ratios were calculated for the indicated strains by densitometry (UN-SCAN-IT
gel 6.1, Silk Scientific Corporation).
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RNA and Protein Immunoprecipitation

RNA Immunoprecipitation was performed by an adaptation of a previously described
method °7 using strains expressing c-myc-Vad1 or 3XFLAG-Dcp2. Briefly, protein G-
Sepharose (Sigma) was washed 3 times with 50 mM Tris-HCI (pH 8.0), 150 mM NacCl,
0.1% NP40, and either 30 pg of anti-myc monoclonal antibodies (Sigma) or anti-FLAG
monoclonal (Sigma) was added and incubated for 1 h at 4°C. The Sepharose-bound
monoclonal antibody was washed 5 times in the same buffer at 4°C. For
immunoprecipitation, cells were grown to mid-log phase in YPD at 30°C. Cells were
harvested by centrifugation and the cells were washed twice in 25 mM HEPES-KOH (pH
7.5), 150 mM KCI, 2 mM MgCl,. Cells were resuspended in the above buffer containing 20
mM vanady! ribonucleoside complexes (Sigma), 200 units/ml RNaseOUT (Sigma), 0.1%
Nonidet P-40, 1 mM DTT, with protease inhibitor cocktail. Glass beads were added and the
samples vortexed for 1 min. The supernatant fractions were removed and centrifuged for 10
min at 3,000 x gmax. EXtracts were incubated with either anti-myc antibodies, or 3XFLAG-
Dcp2 coupled to protein G-Sepharose for 1 h at 4°C. Beads were washed 7 times in 25 mM
HEPES-KOH (pH 7.5), 150 mM KCI, 2 mM MgCl,, and were eluted in 50 mM Tris-HCI
(pH 8.0), 100 mM NaCl, 10 mM EDTA, 1% SDS for 10 min at 65°C. A portion of each
eluate was digested with proteinase K for 1 h at room temperature and then extracted with
phenol/chloroform and ethanol precipitated to isolate RNA. RNA was analyzed by RT-PCR
using primers listed in Supplementary Table 4 and detected on ethidium bromide-labeled
gels. Quantities of Vad1 in the lysate prior to immunoprecipitation as well as that in pellets
after immunoprecipiation were estimated on western blots using a DDX6/Vad1 cross-
reactive antibody (Bethyl).

Fluorescent in situ Hybridization (FISH)

FISH was adapted for C. neoformans based on Zenklusen et al. 58 and Inacio et al. 5°.
Briefly, all strains were grown aerobically under continuous shaking in YPD broth (2%
glucose, 1% yeast extract, 2% Bacto-peptone) at 30°C and either harvested during mid-log
phase (OD 0.2-0.5) or subjected to starvation by incubating mid-log phase cells in phosphate
buffered saline, pH 7.4 for 3 h. Cells were harvested by centrifugation for 5 min at 10,000
rpm. Cells were washed once with 1x PBS and fixed for 4 h with 4% wi/v paraformaldehyde
in PBS at 4°C. After fixation, cells were washed twice with PBS, resuspended in one
volume of PBS and one volume of cold absolute ethanol and stored at —20°C until use. All
probes were labelled at the ATG5 or ATG8 ORF and terminator with the fluorochrome Cy3
(Supplementary Table 5; Affymetrix). Approximately 106 fixed yeast cells were hybridized
in 20 pl of hybridization buffer (0.9 M NaCl, 0.01% w/v SDS, 20 mM Tris-HCI, pH 7.2 and
20% formamide), with 5 ng of Cy3-labelled probe and incubated at 46°C for 16 h. After
incubation, cells were pelleted by centrifugation and resuspended in 1 ml of prewarmed
washing buffer (20 mM Tris-HCI, pH 8.0, 0.01% w/v SDS, 5 mM EDTA, 225 mM NacCl)
for 30 min at 46°C. The suspension was then centrifuged and the pellet fraction resuspended
in 50 pl of 1xPBS, placed on ice and analyzed within 3 h. The slides were then mounted in
ProLong Gold antifade reagent (Invitrogen) and observed using a Leica DMI 6000B
microscope with a Hamamatsu camera using LAS AF6000 ver 2.1.2 software (Leica).
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Polysome fractionation

The method of Blewett and Goldstrohm 60 was used. Briefly, yeast were grown to mid-log
phase (an O.D.ggg between 0.6-0.8) in YPD. Half of each culture (500 mL) was rapidly
harvested by centrifugation at 30°C, the media poured off, then cells were washed with PBS
and collected by centrifugation at 30°C. The remaining 500 mL of culture was washed with
PBS, and then incubated in PBS buffer 1 h for starvation conditions. Cell pellets were flash
frozen by immersion in liquid nitrogen, frozen cell pellets were transferred to a mortar filled
with liquid nitrogen and surrounded by dry ice. Yeast were lysed via mortar and pestle under
cryogenic conditions, and lysed yeast powder was transferred to 15-mL conical tubes and
stored in dry ice until all samples were collected. 500 pl of ice-cold lysis buffer (20 mM
HEPES, pH 7.3, 5 mM MgCl,, 150 mM KCI, 40 U/mL Rnasin Plus [Promega]) was added
to each sample, and lysates were thawed on ice. Insoluble debris was pelleted at 4°C for 10
min at 1400 x g, and the supernatant fraction was transferred to ice-cold 1.5-ml tubes. A
1/200 dilution of each lysate was made and quantified using a DeNovix DS-11
spectrophotometer. Based on Aygq readings, 15 Aygq units of each lysate was layered on top
of 7%-47% wiv sucrose gradients, and polysomes separated for 2.5 h at 38,000 rpm in a
SWA41 rotor at 4°C. Gradients were then fractionated into 1 mL fractions using a Brandel
tube piercer, Foxy Jr. fraction collector, and Teledyne Isco chart recorder. Sucrose fractions
were stored at —80°C until RNA was extracted. RNA was extracted from 500 pl of each
fraction using the Maxwell 16 instrument (Promega), and SimplyRNA kit (Promega).

Autophagic flux measurements

The method of Schlumpberger et al. (1997) 61 was used to measure protein turnover of
radiolabeled proteins after serial tricholoroacetic acid precipitation. Briefly, mid-log phase
yeast cells grown in YNB without amino acids and ammonium sulfate containing 2%
glucose were labeled with fresh 35S-labeled methionine for 1 h at 30°C, then washed 3x
with cold YNB containing 20 mg/L-methionine and 20 mg/L-cysteine and incubated in
either YNB without amino acids and ammonium sulfate containing 1 mg/ml cysteine, 1
mg/ml methionine (starvation) or YPD containing 1 mg/ml each of methionine and cysteine
(rich medium) at 30°C. At the indicated times, cell aliquots were transferred to
microcentrifuge tubes, the cells lysed and protein precipitated with 10% final volume
trichloroacetic acid at 95°C for 5 min followed by centrifugation at 12,000 g and radiation
measured in the supernatant and pellet fractions by liquid scintillation.

Mouse virulence studies

Virulence studies were conducted using a previously described intravenous mouse
meningoencephalitis model with 10 Swiss Albino female mice (6-8 wks old) per group on
cryptococcal strains expressing plasmids in equivalent copy number determined by uncut
Southern blot 82, Episomal expression of plasmids in C. neoformans have statistically
insignificant differences in virulence from wild-type parental strains 6. Fungal viability was
confirmed by growth of inocula on YPD agar. All experimental procedures involving
animals were conducted under guidelines of the National Institutes of Health and protocols
approved by the Institutional Animal Care Committees (IACUC) of the Intramural NIH/
NIAID. Statistical comparison of survival times was made by a log-rank comparison using
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GraphPad Prism 5. No statistical method was used to determine sample size and
investigators were not blinded to allocation during experiments and outcome assessment.

Identification of autophagy-related genes

Homologs of autophagy-related genes in C. neoformans were identified as described 16 and
additional ones identified by use of a bidirectional best hits (BBH) method 3. Briefly, the
autophagy-related genes of S. cerevisiae were used to perform an all-vs-all BLASTP
similarity search 4 against the C. neoformans genome. The resulting hits were analyzed for
the BBH using a custom PHP script.

Mammalian cells and cell culture

HeLa cells (ATCC® CCL-2™) were cultured in ATCC-formulated Eagle's minimum
essential medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin solution. Embryonic stem (ES) cell RCK gene trap insertion was carried out as
described 28 (Supplementary Fig. 2). Briefly, a retroviral gene-trap vector containing the 5’
selectable/reporter gene BGeo (BGal and Neo fusion) downstream of a splice acceptor
sequence was introduced into wild-type C57BL/6J embryonic stem cells. Insertion of the
gene-trap cassette into an intron located at the 5° end of the target gene DDX6 produces
incorrect splicing such that downstream exons are not properly expressed, thereby resulting
in gene inactivation 26, Inverse PCR was used to determine the insert location in the DDX6
gene in the RCK gene trap clone ES cells (Supplementary Fig. 2). ES cell recombinant
clones of the C57BL/6 background carrying the gene trap cassette between exons 1 and 2 of
the DDX6 locus (Clone 1ST11384H1, Mouse Accession NM_00110826), referred to as
DDX6*/~ #2 in this manuscript, or exons 2 and 3 of the RCK/DDX6 locus (Clone
IST12067C10), Mouse Accession NM_00110826), referred to as DDX6*/~ #1 in this
manuscript, were generated by the Texas A&M Institute for Genomic Medicine (http://
www.tigm.org). ES cells were cultured on mouse embryonic fibroblasts (PMEF-N;
Millipore), which acted as feeder cells, for maintaining the ES cell culture. In preparation for
experiments, ES cells were separated from the feeder cells and plated onto gelatin-coated
cell culture dishes. ES cells were then split an additional time and plated again onto gelatin-
coated cell culture dishes to assure no feeder cells remained. ES cells were cultured in
Knockout™ DMEM with glucose and sodium pyruvate (Life Technologies) containing 15%
ES grade FBS (Atlanta Biologicals), 1% penicillin-streptomycin solution, 2 mM glutamine,
0.1 mM non-essential amino acids, and 1000 U/ml leukemia inhibitory factor of mouse
origin (Santa Cruz). Wild-type C57BL/6J ES cells were a kind gift provided by Kevin
Francis (NICHD, NIH, Bethesda, MD) and were used as controls in all ES cell experiments.
THP-1 cells were obtained from American Type Culture Collection. THP-1 cells were
maintained in RPMI-1640 medium containing 10% (vol/vol) FBS, 1% penicillin-
streptomycin-amphotericin B and 50 mM 2-mercaptoethanol. THP-1 cells were
differentiated into macrophages via 50 nM PMA treatment for 3 h. Differentiated THP-1
cells were seeded into 6-well plates at 2.0x10° cells/well and treated with 200 ng/ml LPS
overnight, when indicated.
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Mammalian DNA and RNA preparation

DNA extraction and RNA extraction was accomplished using the DNeasy and RNeasy Mini
Kits according to the manufacturer's (Qiagen) protocols. Primers used in this study are
described in Supplementary Table 5.

Mammalian RNA interference

HelLa cells were transfected with small interfering RNA molecules specifically targeting
RCK using the Amaxa® Cell Line Nucleofector® Kit R in conjunction with the
Nucleofector™ System (Lonzo). Cells were cultured for 48 h before all experiments to
achieve optimal results. Following sample collection, knockdown efficiency was determined
using PCR methods to examine RCK transcript levels and western blotting to establish
protein levels.

Mammalian Plasmids and transfection

Plasmids pT7-EGFP-C1-HsRCK (Plasmid 25033) and pT7-EGFP-C1-HsDCP2 (Plasmid
25031) were created by the laboratory of Elisa Izaurralde and obtained from Addgene
(Addgene.org). pT7-EGFP-C1-HsDCP2 was used to express a site-directed mutagenesis
HsDCP2 by a standard method. The plasmid as a template was amplified in a mutagenesis
reaction with two overlapped primers containing the target mutations, DCP2-S249D-S
AGATTTGGCGATTCCTCAGACGATGACAATGGATTTTCCTCAAC AND DCP2-
S249D-A TCTAAACCGCTAAGGAGTCTGCTACTGTTACCTAAAAGGAGTTG FOR
THE PHOSPHOMIMETIC MUTATION (PT7-EGFP-C1-HSDCP2-S249D); DCP2-S249A-
S GATTTGGCGATTCCTCAGACGCTGACAATGGATTTTCCTCAA AND DCP2-
S249A-ACTAAACCGCTAAGGAGTCTGCGACTGTTACCTAAAAGGAGTT for the
phosphodeficient mutation (pT7-EGFP-C1-HsDCP2- S249A). The PCR products were
digested with Dpn1l (Invitrogen) to eliminate template plasmid and purified with a PCR
Purification Kit (Qiagen), and then transformed into competent E. coli (Bioline). Individual
transformants were picked and cultured in LB broth with ampicillin. The plasmids
containing HsDCP2 with the target mutagenesis were harvested with a Miniprep Kit
(Qiagen) and verified by DNA sequencing. HeLa cells were transfected using X-tremeGene
9 DNA Transfection Reagent (Roche) using a 5:2 ratio of transfection reagent to plasmid
DNA and cultured for 48 h before all experimentation. Following sample collection,
transfection efficiency and protein levels were determined using fluorescence microscopy
and western blotting.

HelLa and ES cell Autophagy induction

Cells were treated with control medium, medium containing 5 M rapamycin, or GIBCO®
Hank's balanced salt solution (Life Technologies) for 2 h to examine autophagy unless
otherwise stated. In experiments where LC3 conversion from cytosolic LC3-1 to the
lipidated LC3-I1 form was examined using western blotting, cells were also treated with 100
nM bafilomycin A; (Sigma) at the initiation of the experiment 5. In experiments where
SQSTM1 degradation was examined for autophagosome maturation, no lysosomal inhibitors
were added to the cells. All samples were processed immediately for analysis or stored at
—80°C until a later date.
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THP-1 cell autophagic induction and IL1B level measurements

pT7-EGFP-C1 (empty vector), pT7-EGFP-C1-HsDCP2 (wild-type), pT7-EGFP-C1-
HsDCP2-S249D (phosphomimetic mutant), and pT7-EGFP-C1-HsDCP2-S249A
(phosphodeficient mutant) were transformed using nucleofection into non-differentiated
THP-1 monocytes (0.5 ug plasmid per 2.5x108 cells) using Human Monocyte Nucleofection
Kit (Lonza) as instructed in the “Efficient non-viral transfection of THP-1 cells” paper. 6 h
following nucleofection, THP-1 cells were differentiated into macrophages via 50 nM PMA
treatment for 3 h. Differentiated THP-1 cells were seeded into 12-well plates and treated
with 20 ng/ml LPS overnight. The next morning, the supernatant fractions were harvested
for IL1B ELISA quantification and the cells were lysed for LC3, GFP and actin
immunoblotting. IL1B measurement was performed as instructed in the e-Bioscience human
IL1B ELISA Kit.

Mammalian RNA degradation assays

To inhibit transcription, cells were treated with 5 pg/ml actinomycin D (Sigma) and 20
pg/ml 5,6-dichlorobenzimidazole 1-B-D-ribofuranoside (DBR) (Sigma) in control media or
media containing 5 pM rapamycin 6. Controls cells were untreated and collected at
initiation of treatment (time 0 min). After 30 min, samples were collected and RNA was
extracted for analysis using PCR methods.

Capped RNAs analysis in mammalian cells

Using the FirstChoice RLM-RACE Kit (Life Technologies), the presence of capped LC3
transcripts was assayed in mammalian cells by PCR amplification of a cDNA product
obtained from sequential ligation of a 5° RNA adapter to full-length capped mRNA
following treatment with tobacco acid pyrophosphatase. Samples were processed according
to the manufacturer's protocol and analyzed accordingly.

Western blotting and immunoprecipitation

Cells were lysed using cOmplete Lysis-M (Roche) with the addition of PhosSTOP
Phosphate Inhibitor Cocktail (Roche) and protein concentration was determined using a
colorimetric assay. 50 pg of each sample was ran on 4-20% or 7.5% Mini-Protean® TGX™
precast gels (Bio-Rad) and proteins were transferred onto 0.2-um PVDF or 0.45-uM
nitrocellulose membranes (Bio-Rad). Membranes were immunoblotted with rabbit anti-
DDX6 antibody (A300-461A, Bethyl), rabbit anti-DCP2 antibody (A302-597A, Bethyl),
mouse anti-GFP antibody (clones 7.1 and 13.1, Roche), rabbit anti-SQSTM1/p62 antibody
(A302-857A), mouse anti-LC3 antibody (NB600-1384, Novus) and mouse anti-actin
(MAB1501, Millipore). Membranes were then probed with horseradish peroxidase-
conjugated anti-rabbit secondary antibodies (Bethyl) or anti-mouse secondary antibodies
(Jackson) and proteins were visualized using Clarity™ Western ECL Substrate (Bio-Rad).
For immunoprecipitation, 1 mg of total protein from GFP-DCP2-expressing HeLa cells
lysate was precipitated using mouse ant-GFP antibody (Roche) attached to Dynabeads®
Protein G (Invitrogen) cross-linked by bis(sulfosuccinimidyl) suberate (BS3) (Invitrogen)
for 2 h at room temperature. Samples were then washed 3 times, prepared for gel
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electrophoresis and run on gels as described above. Lysate input was used as a control and
immunoblotted accordingly to demonstrate equal loading.

Targeted ion tandem mass spectrometry

GFP-DCP2 was immunoprecipitated from samples as described, and gels were then fixed
and stained with Coomassie Brilliant Blue. The band corresponding to the molecular weight
of GFP-DCP2 was excised and sent to William S. Lane at the FAS Center for Systems
Biology of the Harvard Mass Spectrometry and Proteomics Resource Laboratory (http://
labs.mcb.harvard.edu/microchem/) for peptide phosphorylation analysis. Samples were
analyzed in detail as previously described 7.

Analysis of MTOR-dependent DCP2 phosphorylation

Affinity purified rabbit anti DCP2-pSer249 antisera was produced by a commercial vendor
(GenScript) using standard methods. Briefly, a synthetic DCP2_pSer249 phosphopeptide
(SSD(pSer)DNGFSSTGSTC) was utilized to immunize rabbits and produce polyclonal
serum and purified by affinity chromatography using the synthetic phosphorylated peptide.
Serum was positive at a greater than 1:128,000 dilution by ELISA against the
phosphorylated peptide and negative at 1:1000 against the corresponding non-
phosphorylated peptide. Recombinant mammalian DCP2 was prepared from a E. coli vector
pHI902 expression system as described 58. Briefly, primers pMAL-c-BamHI-Dcp2F: 5°
AGGCCTGGATCCATGGAGACCAAACGGGTGGAGATTCC and pMal-c Sal1-DCP2 R
GCTTGCGATATCGTCGACTCAAAGGTCCAAGATTTTCAT were used to PCR amplify
a 1200-bp fragment, inserted into the pH902 vector, expressed in E. coli strain and purified
over an amylose-agarose affinity matrix.

The MTOR kinase assay of Ikenoue et al.59 was used to test for in vitro phosphorylation of
DCP2 recombinant protein. Briefly, MTOR was immunoprecipitated from CHAPS-
solubilized HeLa cells using an anti-MTOR antibody (Abcam), washed, then incubated with
100 ng of DCP2-MBP and 250 UM ATP in kinase buffer containing 10 mM MgCl, at 30°C
for 20 min and phosphorylated product detected by western blot using the anti-DCP2-
pSer249 antibody described above and an anti-rabbit HRP antibody and developed using the
manufacturer's directions.

Analysis of LC3 puncta in mammalian cells

Cells were grown on Lab-Tek™ Il Chamber Slide™ System slides. After experimentation,
cells were fixed using formalin, permeabilized using 0.5% BSA, 0.2% saponin in a 1XxPBS
solution, and blocked with 0.5% BSA, in a 1xPBS solution. Samples were probed with
rabbit anti-LC3B antibody (L10382, Invitrogen) and a fluorescence conjugated secondary
anti-rabbit antibody was then used for visualization. DAPI was used for nuclear
counterstaining. LC3 puncta in cells were observed using a Leica EL6000 microscope and
analyzed using Leica software. A minimum of 100 cells was examined for the presence of
LC3 puncta in each condition of the individual experiments.
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Analysis of inflammasome regulation in a patient with a PIK3CD/p1108 mutation

For western blots of p-DCP2 and SQSTM1 2x108 PBMCs/ml in 3 ml of RPMI from both
the control and the patient were loaded into 6-well plates in the presence or absence of 200
nM rapamycin overnight at 37°C with 5% CO». Cells were harvested the following morning
and lysed for western blot analysis. About 25 g of total protein were loaded into each well
of a 4-20% SDS-PAGE gel. Following gel electrophoresis, proteins were transferred to a
nitrocellulose membrane and probed with either primary antibodies or both primary and
secondary antibodies and developed according to the manufacturer's directions (GenScript).
For autophagy body visualization 5x10* PBMC cells in 800 pl of RPMI from an age-
matched healthy volunteer or the patient were loaded into each well in a 8-chamber glass
slide. Cells were incubated at 37°C with 5% CO, for 1 h for monocyte attachment followed
by removal of the supernatant fraction and replacement with fresh RPMI in the presence or
absence of 200 nM rapamycin. Cells were incubated at 37°C with 5% CO, overnight. The
following morning, cells were washed with PBS and fixed in 3% formalin for 15 min and
permeabilized with permeabilization buffer (eBioscience, 00-5523-00) for 15 min at room
temperature. After blocking with 10% anti-goat serum in 5% BSA for 2 h at room
temperature, cells were probed with rabbit anti-human LC3 primary antibodies and Alexa
Flour 488-labeled goat anti-rabbit secondary antibodies. Following staining, cells were
mounted with ProLong antifade medium and observed under a Leica confocal microscope.
IL1B assay: 70000 cells in RPMI medium were loaded into each well of a 96-well plate.
Cells were treated either with 200 ng/ml rapamycin or PBS control for 16 h ina 37°C
incubator with 5% CO». Triplicates were made for each condition. On the next day, cells
and media mixtures were transferred to microcentrifuge tubes and supernatant fractions
harvested by centrifugation at 8000 rpm for 5 min. The amount of IL1B cytokines in each
supernatant fraction was measured according to the instructions of a human IL1B Elisa kit
(eBioscience, 88-7010-88).

Patient informed consent and Institutional Review Board (IRB) approval

Statistics

The National Institute of Allergy and Infectious Diseases (NIAID) IRB approved the study
under NIAID Protocol #93-1-0119. All subjects provided written informed consent directly.

In the fungal studies,differences in autophagic body formation were determined by Chi-
square testing using GraphPad Prism 6. Transcriptional differences were compared in at
least 3 independent experiments using unpaired Student's t-test using GraphPad Prism 6.
Slopes of ATG8 degradation were determined by differences in slopes by t-test using N-2
degrees of freedom and GraphPad Prism 5. In the mammalian studies statistical significance
in transcript levels, band density of PCR products from capped RNA analysis assay, and
LC3 puncta were determined by unpaired t-tests of at least 3 independent experiments using
GraphPad Prism 6. Differences with a P-value <0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The RCK Member Dhhl Isa Post-transcriptional Repressor of Autophagy in Y east
(A) The dhh1A mutation reduces cell survival. Wild-type (WT) and dhh1A cells (BY4741)

were grown in SMD, starved and dilutions grown on YPD plates for 2 days. Scale, 0.5 cm.
(B) Dhh1 negatively regulates autophagy. WT (WLY176) and dhh1A (YAB269) cells were
grown in YPD (+N) then starved (-N). Pho8A60 activity was normalized to WT cells (set to
100%). Error bars: standard deviation (SD). n=5 independent experiments for (+N); n=3
independent experiments for (—N). Student's t-test, *** p < 0.001.
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(C) Autophagy is increased in dhh1A cells. WT (WLY176) and dhh1A cells expressing
GFP-Atg8 were grown in rich medium, then starved. Free GFP intensity was normalized to
the loading control. Free GFP was then normalized to the amount in WT cells after 3 h of
starvation (set to 1). Average values + SD of n=3 independent experiments.

(D) Dhh1 represses expression of Atg8. WT (WLY176) and dhh1A cells were grown in
YPD, then starved.

(E) Dhh1 represses ATG gene expression in nutrient-replete conditions. WT (WLY176) and
dhh1A cells were grown in YPD. Total RNA was extracted and the mRNA levels were
quantified by gRT-PCR. The mRNA level of individual ATG genes was normalized to the
corresponding gene in WT cells (set to 1). Error bars: SD. n=5 independent experiments for
ATG3, 19, 20, 22, 24; n=6 independent experiments for ATG7 and 8.

(F) Dcp2 negatively regulates autophagy. WT (BY4742) and dcp2-7A cells expressing GFP-
Atg8 were grown in rich medium until early log-phase. Cells were shifted to 38.5°C for 1 h,
then starved. Quantification of free GFP was carried out as in (C). Average values + SD,
n=3 independent experiments.

(G) Dcp2 represses the expression of Atg8. WT and dcp2-7A cells were grown as in (F).
(H) Dcp2 represses the expression of ATG genes in nutrient-replete conditions. WT
(BY4742) and dcp2-7A cells were grown in rich medium until early log phase. Cells were
shifted to 38.5°C for 1 h. Total RNA was extracted and analyzed as in (E). Error bars
indicate SD, n=3 independent experiments. Student's t-test, * p < 0.05, *** p < 0.001.
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Figure 2. A Vadl RCK/p54 Homolog Plays a Rolein Repression of Autophagy and Virulencein
C. neoformans

(a, b) Indicated strains were observed in mid-log phase, starvation in phosphate-buffered
saline (PBS), pH 7.4 (starv) or in the presence of rapamycin by differential interference
contrast microscopy (DIC) for the presence of autophagic bodies (AB, white arrows) and
quantified in 200 cells per condition by DIC in n=3 independent experiments. Chi square
analysis: *** p < 0.001.

(c) Autophagic flux determined by 35S pulse-labeling of cells followed by precipitation in
10% tricholoroacetic acid (TCA) at indicated times followed by measurement of TCA-
soluble peptides by liquid scintillography.. Autophagic flux was determined for the indicated
strains in mid-log phase (wild type [WT], Avadl) or in mid-log cells in the presence of
rapamycin (+Rap) for indicated times. Time points n=3 +/- SEM.

(d) Lysate of mid-log phase cells either treated (+) or untreated (=) with rapamycin or after
starvation in PBS, pH 7.4 (starv) were subjected to urea electrophoresis and detected on
western blot using an anti-Atg8 rabbit antibody. Lower arrow indicates lipidated Atg8
bands. Lower panel represents results of n=3 independent experiments +/— SD. * p < 0.05;
**p<0.01

(e) Autophagic flux in starved cells was determined as in (a). C. neoformans expressing
empty vector strain #1 (EV-1) and VAD1 overexpressing vector, strain #1 (OE-1). Time
points n=3 +/- SEM.

(f) Fungal cell survival under starvation conditions. Strains were starved by incubation in
PBS, pH 7.4, for the indicated times, followed by live cell determination using an assay of
colony-forming units (CFU). C. neoformans expressing empty vector strain #1 and #2 (EV-1
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and 2) and VAD1 overexpressing vector (under the ACT1 promoter), strain #1 and 2 (OE-1
and 2). Time points n=3 +/- SE.

(9) Fungal survival in macrophages. Indicated strains were opsonized with 40% mouse
serum, phagocytosed using a J774.16 cell line induced by IFNG/IFN-v, and fungal viability
measured by CFU. Time points n=3 +/— SEM.

(h) Mouse mortality after cryptococcal infection. Indicated strains (1 x 108 CFU) were
inoculated intravenously into 10 female Swiss-Albino mice for each strain and followed
until moribund. n=10 mice per group.
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Figure 3. Vadl Plays a Role in Decapping and Degradation of ATG8 in C. neoformans
(a) Degradation assays. Indicated cells were grown to mid-log phase in 2% glucose, 2%

bactopeptone, 1% yeast extract (YPD), then incubated under starvation conditions (PBS, pH,
7.4) for 1 h or treated with rapamycin followed by transcription inhibition with 1,10-
phenanthroline as described in Methods for the indicated times. Northern blots were used to
monitor ATG8 transcripts. The designate, ‘5XRNA’ was used to show that 5x the amount of
RNA was required to be loaded on the gel to identify the repressed ATG8 transcript under

mid-log conditions.

(b) The presence of capped ATGS8 transcripts was assayed over 30 min using the indicated
strains by PCR amplification of a cDNA product obtained after sequential ligation of a 5’
RNA adapter following treatment with tobacco acid pyrophosphatase as described in
Supplemental Methods. Error bars indicate SEM of n=3 independent experiments. Student's

t test, ** p<0.01.

(c) Lysate from cells incubated under the indicated conditions, expressing a c-myc-tagged
Vad1 protein, or untagged Vad1 (control) was immunoprecipitated followed by RT-PCR
using primers for the indicated gene transcripts. To normalize RT-PCR reactions, a cross-
reactive RCK antibody was used to quantify Vadl in the lysate prior to (pre) and in the

pellet after (post) immunoprecipitation.

(d) Autophagic bodies (ABs) assayed as in Fig. 2A. Results from n=3 independent
experiments, 200 cells each, Student's t-test, *** p < 0.001.

(e) Autophagic flux in mid-log cells in the presence or absence of rapamycin was
determined by [3°S] pulse-labeling of cells followed by precipitation in 10% TCA at the
indicated times followed by measurement of TCA soluble peptides by liquid

scintillography.. Time points n=3 +/- SEM.
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Figure 4. TOR-dependent Phosphorylation of Dcp2 M odulates Recruitment of ATG8
Transcriptsto the Decapping Complex and Autophagic Body For mation in C. neoformans

(@) C. neoformans cells expressing a WT 3xFLAG-Dcp2 fusion protein or an equivalent
fusion protein containing S->A mutations at position 614 and 617 were grown in nutrient-
rich medium (WT, S->A) or the strain expressing WT Dcp2 was subjected to starvation in
PBS, pH 7.4 (-). Cells were harvested and the Dcp2 fusion protein immunoprecipitated and
assayed using a phosphoserine or 3xFLAG antibody, as loading control, respectively.

(b) Degradation assay: C. neoformans cells expressing either WT Dcp2 or an equivalent
protein containing either S->D mutations or S->A mutations at positions 614 and 617 were
assayed for ATG8 and ACT1 transcripts by qPCR at the indicated times after 1,10-
phenanthroline addition in the indicated conditions as in Fig. 3A. Results of n=3
independent experiments +/- SD, Student's t-test, ** p < 0.01; *** p < 0.001.

(c) Lysates from a Vadl-c-myc-expressing strain were treated as in Fig. 3D to assess ATG8
target transcript binding to Vad1l. Cells contained plasmid expressing either WT 3xFLAG-
Dcp2 or Dcp2 fusions containing S ->A phosphodeficient or S->D phosphomimetic
mutations at positions 614 and 617. Results from n=3 independent experiments +/- SD.
Student's t-test, ** p < 0.01.

(d) Yeast cells expressing the indicated Dcp2 as in Fig. 4C were assessed for autophagic
body formation by DIC microscopy and quantified in n=200 cells. Chi square: ***, p< 0.001
(e) Autophagic flux in YPD or in starved cells was determined by [3°S] pulse-labeling of
cells followed by precipitation in 10% TCA at the indicated times followed by measurement
of TCA soluble peptides by liquid scintillography. Data represents one of 2 experiments.
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Figure 5. Mammalian DDX6 |sa Suppressor of Autophagy in Mouse Primary Embryonic Stem
Cellsand Human Hel a Cells

(a, b) RCK and LC3 transcript levels of the indicated C57/BL6 mouse embryonic stem (ES)
cell strains in nutrient-rich media or after treatment with rapamycin (Rap +) or subjected to
starvation (Starv +). N=3 independent experiments +/— SD. Student's t-test, * p < 0.05, ** p
<0.01, *** p < 0.001.

(c) LC3 puncta formation in ES cells visualized by fluorescence microscopy using an anti-
LC3 antibody (red fluorescence, white arrows) of the indicated strains under nutrient-rich
conditions or after addition of rapamycin (Rap +) or incubation under starvation conditions
(Starv +) with 4',6-diamidino-2-phenylindole used for nuclear localization (blue
fluorescence). Scale bar = 2 pm

(d) Quantification of (c). Results of n=3 independent experiments, 100 cells per experiment
+/- SD. Student's t-test, ** p < 0.01, *** p < 0.001.

(e) Indicated ES strains incubated under nutrient-rich conditions assayed for LC3-1/-11 and
SQSTM1 by western blot.

(f) LC3 puncta in HelLa cells assayed by fluorescence microscopy (red fluorescence, white
arrows) in the indicated strains in nutrient-rich conditions or after addition of rapamycin
(Rap +) with 4',6-diamidino-2-phenylindole used for nuclear localization (blue
fluorescence). Scale bar = 2 ym

(9) Quantification of LC3 puncta in HeLa cells 100 cells per experiment from (f). n=3
independent experiment +/- SD. Student's t-test; *, p< 0.05; **, p< 0.005, ***, p< 0.001

o g
WT# #£2WTWT 5

LC3 punta/cell
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Figure 6. DDX6 isa Suppressor of Autophagy in Hel a cells
(a-b) LC3 transcript levels in HelLa cells in nutrient-rich media, transformed with empty

vector (con) or empty vector + rapamycin (Con+Rap) or with a plasmid expressing human
DDXG6 in the presence of rapamcyin (D-OE + Rap) or treated with non-targeted siRNA
(Con), or DDX6-directed siRNA (D-i), or non-targeted siRNA in the presence of rapamycin
(Con+Rap). N=3 independent experiments +/- SD, Student t-tes; * p <0.05, ** p <0.01.

(c) The presence of capped LC3 transcripts was assayed in HeLa cells subjected to DDX6-
directed siRNA (DDX6-i) or non-targeted siRNA (Con) under the indicated conditions at
the indicated times after transcriptional suppression by the specific PCR method detailed in
Methods.

(d-e) HeLa cells subjected to conditions in Fig. 3a and examined by fluorescence
microscopy for LC3 puncta formation using an LC3-11 antibody (red fluorescence, white
arrows; 4',6-diamidino-2-phenylindole used for nuclear localization (blue fluorescence) and
quantified in n=3 independent experiments of 100 cells each +/- SD. Scale bar = 2 pm.
Student's t-test, * p < 0.05.

(f-g) HeLa cells subjected to conditions in Fig. 3b, and examined by fluorescence
microscopy for LC3 puncta formation using anLC3-11 antibody (red fluorescence, white
arrows; 4',6-diamidino-2-phenylindole used for nuclear localization (blue fluorescence) and
quantified in n=3 independent experiments of 100 cells each +/- SD; Student's t-test; * p <
0.05.

(h) HeLa cells in conditions equivalent to Fig. 3a were assayed for the indicated proteins
including cells containing plasmids expressing GFP-DDX6 and native DDX6 (Nat-DDX6)
by western blot according to Methods.
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Figure 7. The DDX6 Binding Partner DCP2 RegulatesLC3 and IL1B Levels During
Inflammasome Stimulation in Macrophages and in a Patient with a PIK3CD/p1108 Gain-of-
Function Mutation

(a, b) The presence of capped LC3 transcripts was assayed in THP-1-differentiated
macrophages cells by PCR amplification.

(c, d, ) THP-1-differentiated macrophages were transfected with either a plasmid
containing DCP2 WT or DCP2 S249A, or DCP2 S249D, treated with LPS, and then
analyzed for LC3-1/-11 levels by gPCR and western blotting as well as IL1B secretion by
ELISA. Statistical analysis was determined from n=3 (b, €) or n=6 (c) independent
experiments +/- SD.

(f, g, h) PBMCs from patient with a PIK3CD/p1105 gain-of-function mutation (Pt) or an
age-matched healthy volunteer (HV) with (+) or without (=) treatment with 200 nM

rapamycin was assayed for phosphorylated DCP2 (P-DCP2) using an anti-pS249-DCP2 (F,

top panel), SQSTML (F, bottom panel), LC3-containing autophagic vacuoles (g, white

arrows) or IL1B by ELISA (H). Results of b, ¢, e, f (middle and right panel) and H the result

of n=3 independent experiments +/- SD. Student t-test: 1 p = 0.05; *, p< 0.01; ***, p<
0.001, **** p< 0.0001. Scale bar = 10 um
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Figure 8. A TOR-Mediated RCK-Dependent Pathway Negatively Regulates Autophagy Through
MRNA Decapping and Degradation

Under normal growth conditions (i.e., nutrient-replete), DEAD-box RNA helicases in the
RCK family recruit ATG mRNA to the Dcp2 decapping complex, whose actions lead to
cytoplasmic 5’-3° mRNA degradation. TOR-associated phosphorylation of Dcp2 is required
for transcript decapping and subsequent degradation. This process occurs simultaneously
with transcript synthesis inhibition, facilitated by inactivation of positive transcription
factors, such as Rim15, Msn2/4 and GIn3. Environmental stress, such as nutrient deficiency
or rapamycin treatment, inactivates TOR, thereby preventing Dcp2 phosphorylation and
causing RCK dissociation from ATG mRNA in a coordinate fashion. This facilitates
accumulation of ATG transcripts and autophagy induction and acts in concert with
transcriptional synthetic induction by positive ATG transcription factors.
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