LONDON
SCHOOLof
HYGIENE
&TROPICAL
MEDICINE

Gibbings, Derrick; Mostowy, Serge; Jay, Florence; Schwab, Yan-
nick; Cossart, Pascale; Voinnet, Olivier (2012) Selective autophagy
degrades DICER and AGO2 and regulates miRNA activity. NA-
TURE CELL BIOLOGY, 14 (12). 1314-4. ISSN 1465-7392 DOI:
https://doi.org/10.1038 /ncb2611

Downloaded from: http://researchonline.lshtm.ac.uk/4652062/

DOI: 10.1038/ncb2611

Usage Guidelines

Please refer to usage guidelines at http://researchonline.lshtm.ac.uk/policies.html or alterna-
tively contact researchonline@Ilshtm.ac.uk.

Available under license: http://creativecommons.org/licenses/by-nc-nd/2.5/



http://researchonline.lshtm.ac.uk/4652062/
http://dx.doi.org/10.1038/ncb2611
http://researchonline.lshtm.ac.uk/policies.html
mailto:researchonline@lshtm.ac.uk

syduosnuelA Joyiny siapun4 DA @doing ¢

syduasnue|A Joyiny siapund JIAd adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Nat Cell Biol. Author manuscript; available in PMC 2013 September 12.

Published in final edited form as:
Nat Cell Biol. 2012 December ; 14(12): 1314-1321. doi:10.1038/ncb2611.

Selective autophagy degrades DICER and AGO2 and regulates
MiRNA activity

Derrick Gibbings1:2*, Serge Mostowy3456" Florence Jay?, Yannick Schwab’, Pascale
Cossart345, and Olivier Voinnet!.8

1Swiss Federal Institute of Technology (ETH-Z), Department of Biology, Zirich 8092, Switzerland
2University of Ottawa, Department of Cellular and Molecular Medicine, Ottawa, Canada 3Institut
Pasteur, Unité des Interactions Bactéries-Cellules, Département de Biologie Cellulaire et
Infection, 75015 Paris, France “#Inserm, Unité 604, 75015 Paris, France °INRA, USC2020, 75015
Paris, France ®Section of Microbiology, Centre for Molecular Microbiology and Infection, Imperial
College London, Armstrong Road, London SW7 2AZ, UK 7Institut de Génétique et de Biologie
Moléculaire et Cellulaire, Centre National de la Recherche Scientifique, Unité Mixte de
Recherche 7104, Institut National de la Santé et de la Recherche Médicale Unité 964, 1 rue
Laurent Fries, 67404 llikirch, France 8Institut de Biologie Moléculaire des Plantes (IBMP), 12 rue
du Général Zimmer, 67084 Strasbourg Cedex, France

Abstract

Micro (mi)RNAs form a class of short RNAs (~21 nt) that post-transcriptionally regulate partially
complementary messenger (m)RNAs. Each miRNA may target tens-to-hundreds of transcripts to
control key biological processes. While the biochemical reactions underpinning miRNA
biogenesis and activity are relatively well-defined1:2, and the importance of their homeostasis
increasingly evident, the processes underlying regulation of miRNA pathways 7 vivo are still
largely elusive3. Autophagy, a degradative process in which cytoplasmic material is targeted into
double-membrane vacuoles, is recognized to critically contribute to cellular homeostasis. Here, we
show that the miRNA-processing enzyme, DICER, and the major miRNA effector, AGO2, are
targeted for degradation as miRNA-free entities by the selective autophagy receptor NDP52.
Autophagy establishes a checkpoint required for continued loading of miRNA into AGO2;
accordingly, NDP52 and autophagy are required for homeostasis and activity of tested miRNAs.
Autophagy also engages post-transcriptional regulation of the DICER mRNA, underscoring the
importance of fine-tuned regulation of the miRNA pathway. These findings have implications for
human diseases linked to misregulated autophagy, DICER- and miRNA-levels, including cancer.
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Following their export to the cytoplasm, stem-loop precursor (pre)-miRNAs are cleaved by
Dicer into ~21bp double-stranded miRNA-miRNA* duplexes and transferred into the
groove of Argonaute proteins (AGO). Upon miRNA*-strand dissociation, a mature single-
stranded miRNA remains loaded into, and stabilized by AGOL. AGO then detaches from
DICER to bind TNRC64, an essential co-factor in the miRNA-Induced Silencing Complex
(miRISC). Activated miRISC can then repress miRNA-targeted mMRNA by inhibiting its
translation and accelerating its decay2°. The mechanisms regulating RNA and protein
components of miRNA pathways /in vivo has only recently gained attention in mammals.
Hence, mammalian miRNA turnover can be enhanced via nucleotide trimming-tailing® or
the exonuclease Xrn2’, and limited evidence suggests that a fraction of unloaded Ago may
be selectively targeted for degradation®. Interestingly, DICER protein levels undergo fine-
tuning mediated both by DICER substrates through competition of pre-miRNA with DICER
mRNA for XPO5-dependent nuclear-cytoplasmic export, and by DICER products through
repression of the DICER mRNA by specific mature miRNAs in distant organisms including
humans® and plants19. Thus, a requirement for fine-tuned, homeostatic regulation of miRNA
pathways appears to be conserved across kingdoms.

Macroautophagy (herein referred to as autophagy) is an intracellular degradation process
contributing to cellular homeostasis!. Thirty-five conserved autophagy-related (ATG)
proteins control the initiation and elongation of double-membrane autophagosomes,
engulfing cargoes that are ultimately degraded upon fusion with lysosomes!!. Selective
degradation is enabled by autophagy receptors, including p62 (SQSTM1)12 and NDP5213
that bind both cytosolic substrates and Atg8 (i.e. LC3) family proteins inserted into the
autophagosome membrane. The detailed molecular mechanisms underpinning cargo
selectivity are only emerging. Accordingly, autophagy receptors may confer some cargo
selectivity by recognizing conjugated ubiquitinl4, although this may also occur via
recognition of other modifications or molecules independently of ubiquitin3:15, We and
others previously showed that several miRNA pathway components including DICER, AGO
and TNRCS, associate with membranes!®-18, In this context, we proposed that autophagy
might modulate the levels of these or other protein or RNA involved in miRNA biogenesis
and action, by promoting their regulated degradation?®.

To investigate the potential contribution of autophagy to the degradation of cytosolic
miRNA-containing complexes, HelL a cells were depleted of the key autophagy components
ATG5, ATG6 or ATG?7, or of the selective autophagy receptors NDP52 or p62 using
SiIRNAs. AGO2, AGO1 and DICER accumulated in cells depleted of ATG5, ATG6, ATG7
or NDP52, but not of p62 (Fig.1a-b). In contrast, siRNA-mediated depletion of the
autophagy machinery did not result in elevated levels of the key miRISC component
TNRC64, of the AGO-interacting protein, FXR1, or of EF1A, an AGO-binding protein that
mediates AGO-dependent inhibition of translational elongation?? (Fig.1a). Activating
autophagy by serum starvation or with an mTOR inhibitor (rapamycin, [RAP]) decreased
DICER and AGO?2 levels (Fig.1c-d). DICER levels vary among representative cell lines
(Fig. 1e), and DICER levels decreased in each line tested upon treatment with mTOR
inhibitors (RAP, pp242, Fig. 1f). Conversely, DICER and AGO?2 levels increased in HelLa
cells treated with inhibitors of lysosomal acidification (BafilomycinAl [BAF], chloroquine
[CQ]), known to block autophagy (Fig.1g-h). Moreover, DICER levels decreased by RAP
treatment were rescued by co-treatment with BAF (Fig.1h). The protein detected with anti-
DICER mAb was confirmed to be DICER by its selective depletion with sSiRNA targeting
Dicer mRNA and specific labeling of HeLa cells by confocal microscopy, which was
consistent with the uneven cytoplasmic distribution of endogenous DICER previously
reported?! (Fig. 1i-j). Effects of autophagy-modulating treatments on DICER, AGO1 and
AGO2 were at the protein level, as their mMRNA levels remained unchanged (Fig.1k-1).
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By confocal microscopy, DICER significantly co-localized with a fraction of the autophagy
receptor NDP52 in HelLa cells (using Costes’, Fay’s or van Steensel’s tests for non-random
co-localization, p<0.0001); moreover, this co-localization increased 3.2-fold in cells treated
with RAP (Fig.2a-b, Costes’, Fay’s and van Steensel’s tests, p<0.0001), consistent with
targeting of DICER to NDP52-dependent autophagy (Fig.1a-b). Also consistent with
targeting of DICER for autophagic degradation, DICER co-localized significantly with the
autophagolysosome marker HcRed-LC3 and this co-localization increased 6.7-fold in cells
treated with BAF (Fig.2c-d, Costes’, Fay’s or van Steensel’s test, p<0.0001, BAF and
control treated). In contrast, no co-localization was observed between autophagy markers
and GFP-labeled DCP1A, an AGO-associated mRNA decapping factor that localizes to P-
bodies?? (Fig.2e).

We then sought evidence for physical association of DICER and AGO2 with
autophagosomes. First, using electron microcopy in CQ-treated cells, we confirmed
accumulation of membrane-bound structures containing irregular electron dense, vesicular
and organellar content, hallmark features of autophagolysosomes23, in which DICER was
enriched compared to the surrounding cytoplasm (Fig.2f-i). Second, we isolated
autophagosome- and autophagolysosome-enriched cell fractions using density gradients24.
As expected, ubiquitin and the autophagy receptors NDP52 and p62 accumulated in
fractions containing autophagosomes and autophagolysosomes in CQ-treated cells (Fig.2j-
k). By contrast, ALIX, a marker of multivesicular bodies that associate with TNRC616, did
not accumulate in these fractions, nor did the miRISC component TNRCS6 or the P-body
associated DCP1A (Fig.2j). By contrast, DICER and AGO2 were detected in
autophagosome and autophagolysosome fractions from CQ-treated cells (Fig.2j). Taken
together, the data presented in Fig.1-2 strongly support the idea that autophagy degrades
DICER and AGO?2 in an NDP52-selective manner. These results further suggest that
autophagy-mediated regulation occurs upstream of the formation of miRISC (probed with
TNRCG6) and miRISC activity (probed with EF1A and DCP1a).

DICER and AGO?2 localize to NDP52-labelled autophagosomes (Fig.2a-b,j) and are subject
to NDP52-dependent autophagy (Fig.1a-b) suggesting that they may interact with NDP52.
Previous studies showed that NDP52 binds GEMIN425, a component of the multi-protein
SMN (Survival of Motor Neuron) complex involved in mRNA splicing, that also localizes
to the cytoplasm. GEMIN4 and GEMIN3 are routinely found associated with AGO proteins,
in complexes also containing DICER?5, albeit for reasons not yet understood. We thus
hypothesized that GEMIN4 may link AGO2 and DICER to NDP52 and promote their
autophagic degradation. GEMIN4 was detected in autophagosome-enriched fractions of CQ-
treated cells and GEMIN4 levels were sensitive to depletion of ATG5, ATG6 or ATG7, and
to modulation of autophagy by serum starvation or with drugs (Fig.3a-c), suggesting that
GEMIN4, like DICER or AGQ2, is degraded by autophagy. We confirmed that GEMIN4
immunoprecipitates with NDP52 but not with the distinct autophagy receptor, p62 (Fig.3d).
Agreeing with the previously reported co-enrichment of DICER and GEMIN4 in AGO
complexes?8, DICER immunoprecipitates contained GEMIN4 (Fig.3e) and, conversely,
AGO2 immunoprecipitates contained GEMIN4 and DICER (Fig.3f). Furthermore, NDP52
co-immunoprecipitated with DICER (Fig.3e). Collectively, these data suggest that DICER,
AGO2 and GEMIN4 are targeted to autophagic degradation via their association with
NDP52.

As both GEMIN3 and -4 associate with AGO26:27_ the two proteins were co-depleted in
subsequent investigations to prevent potential functional redundancy (Fig.3g). AGO2
accumulated in HelLa cells depleted of GEMINSs (Fig.3h) but did not accumulate
significantly further in cells depleted of both GEMINs and ATG5 (Fig.3h) suggesting that
GEMINs operate in the same pathway as ATG5, which mediates autophagy-dependent
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AGO?2 degradation. NDP52 recognizes both ubiquitinated and ubiquitin-independent
cargoes for delivery to autophagosomes?3. In cells depleted of NDP52 or ATG5,
ubiquitinated AGO2 or an ubiquitinated protein tightly associated to AGO2, accumulated to
high levels (Fig.3i). Thus, NDP52 may selectively direct AGO2 to autophagy using non-
mutually exclusive and parallel recognition events including binding of AGO2 by GEMIN4
and post-translational modification of AGO2 or associated partner(s) by ubiquitin. In
contrast, DICER levels were not significantly affected by depletion of GEMINs (Fig.3h),
even though DICER associates with GEMIN4 and NDP52 (Fig.3e), co-localizes with
NDP52 (Fig.2a) and is degraded in an NDP52-dependent manner (Fig.1-b). Dicer may thus
be recruited to NDP52-dependent autophagic degradation via multiple recognition events
potentially compensating for the absence of GEMINS.

Because lysosomes contain RNA-degrading nucleases, we tested if autophagy might
degrade pre-miRNA or miRNA cargoes along with DICER or AGO2. The levels of
ubiquituous miRNAs (e.g. miR-16 and let-7a) and of their corresponding miRNA* and pre-
miRNA were, however, unperturbed in cells treated with BAF or ATG5-targeting SiRNAs
(24 h, Fig. 3j, Supplementary Fig.S1a). Likewise, mTOR inhibitors RAP or pp242 did not
affect the levels of tested miRNAs (Supplementary Fig.S1b). DICER and AGO?2 levels were
clearly altered by these treatments (Fig.1c-h, 3j), strongly suggesting that neither pre-
miRNA, miRNA* nor miRNA are degraded by autophagy in association with DICER or
AGO?2. This predicts that miRNA-free (i.e. unloaded) AGO2 should specifically accumulate
in autophagy-compromised cells. Indeed, significantly less miR-16 and let-7a was detected
in AGO2 immunoprecipitates from BAF-treated cells (Fig.3k). Taken together, these data
suggest that a complex of DICER and AGO unattached to miRNA-related cargoes is
selectively targeted for autophagy.

miRNA levels are not affected by short-term alterations to autophagy (Supplementary
Fig.S1a-b), consistent with their avoidance of direct autophagic degradation. However,
miRNA have surprisingly long half-lives (~5 days)28, suggesting that more extended periods
might be required to destabilize miRNA levels as a consequence of perturbed homeostasis of
key proteins involved in their biogenesis or stability, including DICER or AGO. Levels of
miR-16 and let-7a, measured by Northern blot or RT-gPCR, indeed decreased significantly
in cells treated with siRNAs targeting NDP52, ATG5 or ATG7, but not p62, for an extended
period of 4 days (Fig.4a-b). In contrast, pre-miR-16 and pre-let-7a levels were not overtly
modified (Fig.4a-c) suggesting that prolonged defects in autophagy specifically affect
miRNA stability after pre-miRNA processing, but before miRISC formation and activity
(Fig.1-2).

We considered the possibility that the miRNA-degrading exonuclease XRN2 might be
degraded by autophagy; its excess triggered by autophagy inhibition could then cause
miRNA levels to decrease. Arguing against this, XRN2 was not detectable in
autophagosome-enriched fractions and XRN2 levels were unaffected by ATG7 siRNA
treatments (Supplementary Fig.S1c-d). miRNA are also destabilized by trimming-tailing
which generates diagnostic ‘ladder’ patterns on Northern blots®, however, we did not
observe such patterns (Fig.4a). This suggests that in autophagy-deficient cells, miRNA
levels decrease independently of known pathways of miRNA degradation. Others have
demonstrated that impediments to AGO-loading cause a drop in miRNA levels16:28-30,
Because DICER and AGO both bind miRNA-miRNA* duplexes and promote their loading
into AGO17:29-31 DICER and AGO?2 degradation via autophagy may modulate loading of
AGO?2 and, consequently, miRNA levels. To test directly for effects on AGO-loading,
miRNA-miRNA* complexes were incubated with lysates of Hela cells subjected to various
treatments. In lysate from untreated cells, miRNA and miRNA* strands were detected in
UV-cross-linked AGO2 complexes consistent with their loading into AGO2 (Supplementary
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Fig.S2). As expected, miRNA strands were more efficiently loaded into AGO2, retrieved by
immunoprecipitation, than miRNA* strands (Fig.4e-g, Supplementary Fig.S2a) and
incorporation of both small RNA species was impeded by geldanamycin, an hsp90 inhibitor
that blocks AGO loading with small RNAs32 (Fig.4e-g). Less miRNA and miRNA* strands
were also loaded into AGO2 in lysates from BAF-treated cells (Fig.4e-g), demonstrating
that active autophagy is required for continued transfer of miRNA-miRNA* duplexes into
AGO?2. Consistent with a block in transfer of miRNA-miRNA* duplexes into AGO, the
levels of miR16-1* and let-7a* were reduced proportionally to those of miR16-1 and let-7a
when NDP52, ATGS5, or ATG7 were depleted by siRNAs (Fig.4d).

To test the consequence of this defect in AGO-loading on miRNA activity while eliminating
any potential impact of autophagy on pre-miRNA processing or upstream steps, we
measured the activity of exogenously delivered siRNA-siRNA* duplexes. To also rule out
any confounding, autophagy-unrelated effects of mTOR such as generalized suppression of
cap-dependent translation33 the following experiments involved anti-ATG5 or -ATG7
SiRNAs to block autophagy at the level of autophagosome biogenesis, downstream of
mTOR. In autophagy-deficient cells, a SiRNA-siRNA* duplex, but not a missense control,
silenced a Renilla reporter with partially complementary sites less efficiently than in control
cells (Fig.5a). These data demonstrate that autophagy is required for continued loading of
miRNA-miRNA* duplexes into AGO and for their durable activity (Fig.4e-g, 5a), consistent
with homeostatic degradation of DICER-AGO2 complexes by autophagy (Fig.1-2). To test
if autophagy also regulates endogenous miRNA action, we employed a second dual-
luciferase reporter3* (Fig.5b, diagram) for let-7 activity, which was indeed less efficiently
repressed upon depletion of NDP52, ATG5 or ATG7 (Fig.5b). Furthermore, accumulation
of endogenous RAS (targeted by let-73%), HMGA?2 (targeted by let-736) or Cyclin-
Dependent Kinase 6 (CDK®, targeted by let-7a and miR-1636) was increased in ATG7-
depleted cells, reaching levels similar to those observed when miRNA activity was directly
inhibited with antagomirs (Fig.5c).

Because DICER mRNA is a direct target of let-7a% we finally investigated the contribution
of decreased let-7a activity (Fig.5b-c) to the overall gain in DICER protein levels observed
upon autophagy inhibition. Confirming repression of the DICER 3'UTR by let-7a, a let-7
antagomir increased stability of the DICER 3'UTR in a dual luciferase assay (Fig.5d) and
caused endogenous DICER protein to over-accumulate (Fig.5e). DICER protein also
accumulated in cells depleted of ATG?7, reaching levels higher than those attained with the
let-7 antagomir alone (Fig.5e), consistent with autophagy regulating DICER by both protein
degradation (Fig.1-2) and miRNA-mediated post-transcriptional processes (Fig.5d-e).
Moreover, inhibition of autophagy with ATG5-targeting siRNAs also augmented translation
controlled by the DICER 3'UTR (Fig.5f). Together, these results suggest that autophagy
regulates DICER at two distinct levels: (i) via NDP52-dependent protein degradation (Fig.
1-2) and (ii) via post-transcriptional control of the DICER transcript. Thus, autophagy
engages DICER, and possibly AGO2, in multilayered regulatory mechanisms impacting
miRNA accumulation and activity.

Previous evidence hinted that miRNA-free AGO2 is degraded by an unknown mechanism:
obstructing DICER-dependent AGO2 loading with miRNA-miRNA* duplexes caused
AGO?2 degradation in a manner only partly rescued with the proteasome inhibitor MG1328,
Likewise, plant Ago1 is degraded possibly in an unloaded form37 in an MG132-independent
but autophagy-dependent manner38. We have shown that the critical components of miRNA
biogenesis complexes, DICER and AGO2, are selectively degraded via NDP52-dependent
autophagy while inactive, i.e. without their pre-miRNA, miRNA, or miRNA* cargoes.
Removal by autophagy of these inactive DICER-AGO2 complexes from the cellular pool
seems required for persistent function of the remaining DICER-AGO2 complexes in
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stabilizing miRNA-miRNA* duplexes and transferring them into AGO2%:30, Indeed,
autophagy-deficient cells exhibit decreased AGO-loading with miRNA and miRNA* (Fig.
4e-g), diminished miRNA and miRNA* levels (Fig.4a-d), and reduced silencing activity of
exogenous siRNA-siRNA* duplexes (Fig.5a). Hence, inactive DICER-AGO2 complexes
targeted to autophagy may compete with active complexes for cellular co-factors, substrates
or targets. Strikingly, therefore, in both plants38 and metazoans, autophagy may be required
for homeostatic clearance of miRNA-free DICER and AGO pools.

NDP52 and p62 can recruit ubiquitinated and ubiquitin-independent cargoes for autophagic
degradation13-1, Similarly, our evidence suggests that multiple recognition events might
recruit DICER and AGO2 to NDP52-dependent autophagy, including GEMIN4 association
and ubiquitination. Provision of selectivity to autophagy is increasingly recognized to
require complex and multiple recognition events that will certainly deserve careful attention
in the future. Our findings predict that AGO-loading, miRNA abundance and miRNA
activity may be perturbed by pathogens, stresses or diseases, known to alter autophagy?Z.
Autophagy regulators, including PIK3CA, ATG6 (Beclinl) and PTEN, are, for instance,
frequently mutated in cancers and several core autophagy genes were identified as tumor
suppressors39. Consistent with this idea, autophagy is often aberrantly inhibited in cancer
cells3. Incidentally, several studies have also reported global down-regulation of miRNAs
in most types of tumors, correlating with less differentiated and proliferative states#. Our
results thus suggest that autophagy inhibition in cancer cells may well be causal in this
global decrease in miRNA levels, providing a potential mechanistic link between these two
seemingly disparate phenomena.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Levels of DICER and AGO proteins are regulated by autophagy. (a) Western blot analysis
of HeLa cells treated with siRNA for 84 h, including alpha-tubulin loading control (TUBA).
(b) Western blot analysis of HeLa cells treated with a second independent siRNA targeting
ATG5, ATG7, or NDP52. GAPDH and total protein stained with Coomassie blue serve as

loading controls. (c) Western blot analysis of HeLa cells cultured in Hank’s buffered salt
solution (starved) or DMEM + 10% FBS (serum). (d) Western blot analysis of HeLa cells
treated (48 h) with an inhibitor of mMTORC1 (RAP, 20 nM) or control (DMSO). (e) Western
blot analysis comparing the levels of DICER in MDA-231, T47D and MDA-435 cells. (f)
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Western blot analysis of MDA-231, T47D and MDA-435 cells treated (48 h) with inhibitors
of mMTORC1 (RAP, 20 nM), mTORC1 and 2 (pp242, 100 nM) or DMSO (control). (g)
Western blot analysis of HeLa cells treated with CQ or DMSO for 12 h. (h) Western blot
analysis of HelLa cells treated with BAF (200 nM, 12 h), RAP (20 nM, 24 h), or RAP and
BAF. (i) Western blot analysis of DICER (mAb 13D6) or control (EEF1AL) in HelLa cells
treated with control sSiRNA or siRNA targeting DICER (j) Confocal analysis of signal from
anti-DICER mAb (clone 13D6) or an isotype control mAb in HelLa cells. Results in (a-h)
are representative of three experiments and use a-tubulin (TUBA) as a loading control. (k-1)
RT-gPCR analysis of AGO1, AGO2, and DICER mRNA in HeLa cells treated for 12 h with
DMSO, BAF, or CQ (k) or siRNA for 84 h (I). Error bars show SEM.
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Figure 2.

DICER co-localizes and associates with autophagosomes. (@) Localization using confocal
microscopy of endogenous DICER (mAb 13D6) and NDP52 in HeL a cells treated with RAP
or control. Arrows highlight some examples of co-localization. Scale bar =5 ym (b)
Quantification of DICER co-localization with NDP52. Total fluorescence intensity of
DICER co-localized with punctae (>0.2 pm3) of NDP52 was quantified with Volocity
software in RAP-treated cells / control-treated cells over several Z-stacked microscope fields
per experiment (n=4, error bars SEM). (c) Localization using confocal microscopy of
endogenous DICER (mAb 13D6) and Hc-Red-LC3 in HelLa cells treated with bafilomycin
or control. Arrows highlight some examples of co-localization. Scale bar =5 pm (d)
Quantification of DICER co-localization with HcRed-LC3 was performed as for NDP52 in
(b). (e) Confocal microscopy analysis of GFP-DCP1A and HcRed-LC3wt in HelLa cells.
Scale bar = 10 ym (f-i) Localization of DICER (mAb 13D6) detected with anti-mouse 1gG
(10 nm gold beads) by electron microscopy in CQ (20 uM, 12 h) treated HeL a cells. Mito
(mitochondria), MVB (multivesicular body). Black arrows highlight all gold beads. (j)
Western blot analysis of fractions from a discontinuous gradient of Histodenz™ (15%, 20%,
24%, 26%) described to enrich autophagosomes (light AV) and autophagolysosomes (heavy
AV)24, 293T cells were treated with CQ (20 uM, 16 h). Fractions enriched in MVB and
lysosomal markers are indicated. Material that was - pelleted by centrifugation at 100,000 g
(100K pellet) or that remained in solution after the 100,000 g spin (soluble) was not added to
the gradient. (k) Western blot analysis of UB and p62 in discontinuous Histodenz™
gradients (as in j) of 293T cells treated with control (DMSO) or CQ.
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Figure 3.

DICER associates with NDP52 and is targeted to autophagy independent of an RNA cargo.
(a) Western blot analysis of GEMIN4 in fractions from a discontinuous gradient of
Histodenz™ (15%, 20%, 24%, 26%) described to enrich autophagosomes (light AV) and
autophagolysosomes (heavy AV). 293T cells were treated with CQ (20 uM, 16 h). Fractions
enriched in MVB and lysosomal markers are indicated. (b) Western blot of GEMIN4 or
loading control (TUBA) in HelLa cells treated with control sSiRNA or siRNA targeting
ATG5, ATG6 or ATG7. () Western blot analysis of GEMIN4 or control (TUBA) in HeLa
cells cultured in DMEM 10% FBS (serum), HBSS (starve) for 2 h, or treated for 16 h with
control (DMSOQ), BAF (200 nM), RAP (20 nM), RAP + BAF, or pp242 (100 nM). (d) Top,
Western blot of GEMIN4 immunoprecipitates from HeLa. Bottom, Western blot analysis of
GEMIN4 in immunoprecipitates of anti-NDP52, -p62 or control antibody from HeLa cells.
(e) Western blot of DICER immunoprecipitates from HeLa cells. (f) Western blot of AGO2
immunoprecipites from HeLa cells. (g) Western blot analysis of GEMIN4, compared to
loading controls (DCP1A, CLN3) in HeLa cells treated with control siRNA or siRNA
targeting GEMIN3 and GEMIN4. (h) Western blot analysis of HelLa cells treated with
indicated combinations of control siRNA or siRNA targeting GEMIN3, GEMIN4 and
ATG5. Western blot analysis of CLN3 and DCP1A are used to demonstrate equal loading of
wells. (i) Western blot analysis with anti-Ub mAb (mono- and poly-ubiquitinated proteins,
FK2 clone) in Flag immunoprecipitates performed under stringent denaturing conditions.
Flag-AGO2 was induced for 24 hwith tetracycline in 293T cells with Tet-inducible Flag-
AGO?2 stably integrated that had been treated 24 h previous with indicated siRNA. (j)
Western blot analysis of HeL a cells treated with control sSiRNA or siRNA targeting ATG5
for 24 h. TUBA, alpha-tubulin loading control. (k) Top, RT-gPCR analysis of miR-16 or
let-7a levels in AGO2 immunoprecipitates from DMSO and BAF treated HeLa cells.
Bottom, a representative western blot of AGO2 immunoprecipitates used in one replicate of
these experiments.
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Figure4.

MiRNA and miRNA* levels decrease when autophagy is inhibited for extended periods. (a)
Northern blot of miR-16 and let-7a in HeLa cells treated with siRNA for 84 h. Levels of U6,
and ethidium bromide stained total RNA on northern membrane (loading), and 28S and 18S
rRNA on 1% agarose gel are shown as controls for equal loading. (b-d) RT-gPCR analysis
of let-7a and miR-16 (b) pre-let-7a and pre-miR-16 (c) and let-7a* and mIR-16* (d) in HeLa
cells depleted of NDP52 or ATG5 with siRNA (84 h). n = 3 independent experiments, error
bars represent SEM. (€) Quantification of fluorescence in AGO2 immunoprecipitates from
HeLa cell extracts incubated with duplexes of let-7a-let-7a* labeled on the 3" end of either

Nat Cell Biol. Author manuscript; available in PMC 2013 September 12.



s1duosnuBlA Joyny sispund OINd edoin3 g

s1dLIOSNUBIA JouIny sispund OINd 8doin3 ¢

Gibbings et al.

Page 14

let-7 or let-7a* with FITC. Cells were treated 16 h prior with DMSO (control), BAF (200
nm), or geldanamycin (10 pM). Representative results of one experiment are shown. (f)
Western blot analysis of AGO2 immunoprecipitates used in (€). (g) Normalized results of
four independent experiments (n = 4) identical to (€). Error bars represent SEM.
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Figureb5.
Autophagy is required for miRNA activity and engages post-transcriptional regulation of

DICER. (a) Renilla luciferase expression controlled by an exogenous siRNA-siRNA*
duplex targeting two partially complementary sites, in HeLa cells depleted of ATG5 or
ATG7 with siRNA (black and grey bars correspond to two independent siRNA). Results are
normalized to Firefly luciferase and Renilla luciferase expression in cells treated with a non-
specific SIRNA-siRNA* duplex. n = 2 independent experiments. (b) Renilla luciferase
expression controlled by let-7 in HelLa cells depleted of NDP52 or ATG5 with siRNA (black
and grey bars are independent siRNA). Results are normalized to firefly luciferase and a
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version of the Renilla luciferase construct with mutated let-7 binding sites. n = 3
independent experiments. (c) Western blot analysis of endogenous miRNA-repressed
proteins (RAS, HMGAZ2, CDKG® are repressed by let-7, CDK® is repressed by miR-16 as
well [right panel]) or control (TUBA) in HeLa cells treated with control sSiRNA or either of
two independent siRNA targeting ATG7. Cells were treated in parallel with non-specific
antagomir or let-7 targeting antagomir. (d) Renilla luciferase expression controlled by the
DICER 3'UTR in HelLa cells treated with control antagomir or anti-let-7 antagomir. (€)
Western blot analysis of DICER in HeLa cells treated with control siRNA or either of two
independent siRNA targeting ATG?7. Cells were also treated with non-specific antagomir or
let-7 targeting antagomir. (f) Renilla luciferase expression controlled by the DICER 3'UTR
in HelLa cells treated with either of two independent siRNA targeting ATG5 or a control
siRNA. All error bars are SEM.
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