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Selective autophagy degrades DICER and AGO2 and

regulates miRNA activity

Derrick Gibbings1,2,9, Serge Mostowy3,4,5,6,9, Florence Jay1, Yannick Schwab7, Pascale Cossart3,4,5

and Olivier Voinnet1,8,10

MicroRNAs (miRNAs) form a class of short RNAs

(∼21nucleotides) that post-transcriptionally regulate partially

complementary messenger RNAs. Each miRNA may target tens

to hundreds of transcripts to control key biological processes.

Although the biochemical reactions underpinning miRNA

biogenesis and activity are relatively well defined1,2 and the

importance of their homeostasis is increasingly evident, the

processes underlying regulation of the miRNA pathway in 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 (also known as DICER1), and the main miRNA

effector, AGO2 (also known as eukaryotic translation initiation

factor 2C, 2 (EIF2C2)), are targeted for degradation as

miRNA-free entities by the selective autophagy receptor NDP52

(also known as calcium binding and coiled-coil domain 2

(CALCOCO2)). Autophagy establishes a checkpoint required for

continued loading of miRNA into AGO2; accordingly, NDP52

and autophagy are required for homeostasis and activity of the

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.

Following their export to the cytoplasm, stem-loop precursor (pre)-

miRNAs are cleaved by Dicer into ∼21-base-pair double-stranded

miRNA–miRNA∗ duplexes and transferred into the groove of

argonaute proteins (AGO). On miRNA∗-strand dissociation, a mature

single-stranded miRNA remains loaded into, and stabilized by,
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AGO (ref. 1). AGO then detaches from DICER to bind TNRC6

(ref. 4), an essential cofactor in the miRNA-induced silencing complex

(miRISC). Activated miRISC can then repress miRNA-targeted

mRNA by inhibiting its translation and accelerating its decay2,5. The

mechanisms regulating RNA and protein components of miRNA

pathways in vivo have only recently gained attention in mammals.

Hence, mammalian miRNA turnover can be enhanced through

nucleotide trimming–tailing6 or the exonuclease Xrn2 (ref. 7), and

limited evidence suggests that a fraction of unloaded Ago may be

selectively targeted for degradation8. 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 theDICERmRNA by specific mature miRNAs in

distant organisms including humans9 and plants10. Thus, a requirement

for fine-tuned, homeostatic regulation of miRNA pathways seems to

be conserved across kingdoms.

Macroautophagy (herein referred to as autophagy) is an intracellular

degradation process contributing to cellular homeostasis11. Thirty-six

conserved autophagy-related (ATG) proteins control the initiation

and elongation of double-membrane autophagosomes, engulfing

cargoes that are ultimately degraded on fusion with lysosomes11.

Selective degradation is enabled by autophagy receptors, including

p62 (SQSTM1; ref. 12) and NDP52 (ref. 13), that bind both cytosolic

substrates and Atg8 (that is, 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 ubiquitin14, although this may also occur through

recognition of other modifications or molecules independently of

ubiquitin13,15. It has previously been shown that several miRNA
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Figure 1 Levels of DICER and AGO proteins are regulated by autophagy.

(a) Western blot analysis of HeLa cells treated with siRNA for 84h.

(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

(48h) with an inhibitor of mTORC1 (RAP, 20nM) or control (DMSO).

(e) Western blot analysis comparing the levels of DICER in MDA-231,

T47D and MDA-435 cells. (f) Western blot analysis of MDA-231, T47D

and MDA-435 cells treated (48h) with inhibitors of mTORC1 (RAP,

20nM), mTORC1 and 2 (PP242, 100nM), or DMSO (control). (g) Western

blot analysis of HeLa cells treated with CQ or DMSO for 12h. (h) Western

blot analysis of HeLa cells treated with BAF (200nM, 12h), RAP (20nM,

24h), or RAP and BAF. The results in a–h are representative of three

experiments and use α-tubulin (TUBA) as a loading control. (i) Western

blot analysis of DICER (monoclonal antibody 13D6) or control (EEF1A1)

in HeLa cells treated with control siRNA or siRNA targeting DICER. (j)

Confocal analysis of the signal from an anti-DICER monoclonal antibody

(clone 13D6) or an isotype control monoclonal antibody in HeLa cells.

Scale bar, 10 µm. (k,l) RT–qPCR analysis of AGO1, AGO2 and DICER

mRNA in HeLa cells treated for 12 h with DMSO, BAF or CQ (k) or siRNA

for 84h (l). Error bars show s.e.m. Uncropped images of blots are shown

in Supplementary Fig. S3.

pathway components, including DICER, AGO and TNRC6, associate

with membranes16–18. In this context, we proposed that autophagy

might modulate the levels of these or other proteins or RNAs

involved in miRNA biogenesis and action, by promoting their

regulated degradation19.

To investigate the potential contribution of autophagy to the

degradation of cytosolicmiRNA-containing complexes, HeLa cells were

depleted of the key autophagy components ATG5, ATG6 or ATG7, or of

the selective autophagy receptors NDP52 or p62 using short interfering

RNAs (siRNAs). 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 TNRC6

(ref. 4), the AGO-interacting protein FXR1 or EF1A, an AGO-binding

protein that mediates AGO-dependent inhibition of translational

elongation20 (Fig. 1a). Activating autophagy by serum starvation or

with an mTOR inhibitor (rapamycin, (RAP)) decreased DICER and

AGO2 levels (Fig. 1c,d). DICER levels vary among representative cell

lines (Fig. 1e), and DICER levels decreased in each line tested on

treatment with mTOR inhibitors (RAP, PP242; Fig. 1f). Conversely,
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DICER and AGO2 levels increased in HeLa cells treated with inhibitors

of lysosomal acidification (bafilomycin A1 (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 monoclonal

antibody was confirmed to be DICER by its selective depletion

with siRNA targeting DICER mRNA and specific labelling of HeLa

cells by confocal microscopy, which was consistent with the uneven

cytoplasmic distribution of endogenous DICER previously reported21

(Fig. 1i,j). The effects of autophagy-modulating treatments on DICER,

AGO1 and AGO2 were at the protein level, as their mRNA levels

remained unchanged (Fig. 1k,l).

Analysis by confocal microscopy showed that DICER significantly

co-localized with a fraction of the autophagy receptor NDP52 in

HeLa 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-labelled DCP1A, an AGO-

associated mRNA decapping factor that localizes to cytoplasmic

bodies22 (P-bodies; Fig. 2e).

We then sought evidence for the physical association of DICER

and AGO2 with autophagosomes. First, using electron microscopy

in CQ-treated cells, we confirmed the accumulation of membrane-

bound structures containing irregular electron-dense, vesicular and

organellar content, hallmark features of autophagolysosomes23, in

which DICER was enriched when compared with 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). In contrast, ALIX,

a marker of multivesicular bodies that associate with TNRC6 (ref. 16),

did not accumulate in these fractions, nor did the miRISC component

TNRC6 or the P-body-associated DCP1A (Fig. 2j). In contrast, DICER

and AGO2 were detected in autophagosome and autophagolysosome

fractions from CQ-treated cells (Fig. 2j). Taken together, the data

presented in Figs 1 and 2 strongly support the idea that autophagy

degrades DICER and AGO2 in an NDP52-selective manner. These

results further suggest that autophagy-mediated regulation occurs

upstream of the formation of miRISC (probed with TNRC6) and

miRISC activity (probed with EF1A and DCP1a).

DICER and AGO2 localize to NDP52-labelled autophagosomes

(Fig. 2a,b,j) and are subject toNDP52-dependent autophagy (Fig. 1a,b),

suggesting that they may interact with NDP52. Previous studies

showed that NDP52 binds GEMIN4 (ref. 25), a component of the

multi-protein SMN (survival of motor neuron) complex involved

in mRNA splicing, which also localizes to the cytoplasm. GEMIN4

and GEMIN3 are routinely found associated with AGO proteins, in

complexes also containing DICER (ref. 26), albeit for reasons not yet

understood. We thus considered the possibility 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,

similarly to DICER or AGO2, is degraded by autophagy. We confirmed

that GEMIN4 immunoprecipitates with NDP52 but not with the

distinct autophagy receptor, p62 (Fig. 3d). In agreement with the

previously reported co-enrichment of DICER and GEMIN4 in AGO

complexes26, 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 through their

association with NDP52.

As both GEMIN3 and -4 associate with AGO (refs 26,27), the two

proteins were co-depleted in subsequent investigations to prevent

potential functional redundancy (Fig. 3g). AGO2 accumulated in

HeLa cells depleted of GEMINs (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 AGO2 degradation.

NDP52 recognizes both ubiquitylated and ubiquitin-independent

cargoes for delivery to autophagosomes13. In cells depleted of NDP52 or

ATG5, ubiquitylated AGO2 or a ubiquitylated 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. 1b). Dicer

may thus be recruited to NDP52-dependent autophagic degradation

through multiple recognition events potentially compensating for

the absence of GEMINs.

As lysosomes contain RNA-degrading nucleases, we investigated

whether autophagy might degrade pre-miRNA or miRNA cargoes

along with DICER or AGO2. The levels of ubiquituous miRNAs (for

example, miR-16 and let-7a) and their corresponding miRNA∗ and

pre-miRNA were, however, unperturbed in cells treated with BAF or

ATG5-targeting siRNAs (24 h, Fig. 3j and Supplementary Fig. S1a).

Similarly, mTOR inhibitors RAP or PP242 did not affect the levels of

tested miRNAs (Supplementary Fig. S1b). DICER and AGO2 levels

were clearly altered by these treatments (Figs 1c,h and 3j), strongly

suggesting that pre-miRNA, miRNA∗ and miRNA are not degraded

by autophagy in association with DICER or AGO2. This suggests that

miRNA-free (that is, 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
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Figure 2 DICER co-localizes and associates with autophagosomes.

(a) Localization using confocal microscopy of endogenous DICER

(monoclonal antibody 13D6) and NDP52 in HeLa cells treated with RAP

or control. The arrows highlight some examples of co-localization. The

lower left insets show higher magnifications of the areas outlined in the

main panel. Scale bars, 5 µm. (b) Quantification of DICER co-localization

with NDP52. Total fluorescence intensity of DICER co-localized with

punctae (>0.2 µm3) 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 s.e.m.). (c) Localization using

confocal microscopy of endogenous DICER (monoclonal antibody 13D6)

and HcRed–LC3 in HeLa cells treated with BAF or control. The arrows

highlight some examples of co-localization. Insets as in a. Scale bar,

5 µm. (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 HeLa cells. Scale bar, 10 µm.

(f–i) Localization of DICER (monoclonal antibody 13D6) detected with

anti-mouse IgG (10nm gold beads) by electron microscopy in CQ- (20 µM,

12h) treated HeLa cells. Mito, mitochondria; MVB, multivesicular

body. The 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; ref. 24). HEK293T cells were treated with

CQ (20 µM, 16h). Fractions enriched in multivesicular body and lysosomal

markers are indicated. Material that was pelleted by centrifugation at

100,000g (100K pellet) or that remained in solution after the 100,000g

spin (soluble) was not added to the gradient. (k) Western blot analysis of

UB and p62 in discontinuous Histodenz gradients (as in j) of HEK293T

cells treated with control (DMSO) or CQ. Uncropped images of blots are

shown in Supplementary Fig. S3.

autophagic degradation. However, miRNAs have surprisingly long half-

lives (∼5 days; ref. 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 blotting or quantitative PCR with reverse transcription

(RT–qPCR), 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 beforemiRISC formation and activity (Figs 1 and 2).

We considered the possibility that the miRNA-degrading exonu-

clease XRN2 might be degraded by autophagy; its excess triggered by

autophagy inhibition could then cause miRNA levels to decrease. Argu-

ing against this, XRN2 was not detectable in autophagosome-enriched
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Figure 3 DICER associates with NDP52 and is targeted to autophagy

independently 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). HEK293T cells were treated with CQ (20 µM, 16h). Fractions

enriched in multivesicular body (MVB) and lysosomal markers are indicated.

(b) Western blot of GEMIN4 or loading control (TUBA) in HeLa cells treated

with control siRNA or siRNA targeting ATG5, ATG6 or ATG7. (c) Western blot

analysis of GEMIN4 or control (TUBA) in HeLa cells cultured in DMEM 10%

FBS (Serum), Hank’s buffered salt solution (Starve) for 2 h, or treated for 16 h

with control (DMSO), BAF (200nM), RAP (20nM), RAP+BAF, or PP242

(100nM). (d) Top, western blot of GEMIN4 immunoprecipitates (IP) from

HeLa cells. 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

immunoprecipitates from HeLa cells. (g) Western blot analysis of GEMIN4,

compared with loading controls (DCP1A, CLN3) in HeLa cells treated with

control siRNA or siRNA targeting GEMIN3 and GEMIN4. (h) Western blot

analysis of HeLa 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 monoclonal antibody (mono- and polyubiquitylated

proteins, FK2 clone) in Flag immunoprecipitates performed under stringent

denaturing conditions. Flag–AGO2 was induced for 24h with tetracycline

in HEK293T cells with Tet-inducible Flag–AGO2 stably integrated that had

been treated 24h before with the indicated siRNAs. (j) Western blot analysis

of HeLa cells treated with control siRNA or siRNA targeting ATG5 for 24h.

TUBA, α-tubulin loading control. (k) Top, RT–qPCR analysis of miR-16 or

let-7a levels in AGO2 immunoprecipitates from DMSO- and BAF-treated

HeLa cells. Error bars represent s.e.m. Bottom, a representative western blot

of AGO2 immunoprecipitates used in one replicate of these experiments.

Uncropped images of blots are shown in Supplementary Fig. S3.

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-like patterns

on northern blots6; 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. As DICER and AGO both bind

miRNA–miRNA∗ duplexes and promote their loading into AGO

(refs 17,29–31), DICER and AGO2 degradation through autophagy

may modulate loading of AGO2 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 ultraviolet-crosslinked AGO2 complexes

consistent with their loading into AGO2 (Supplementary Fig. S2). As

expected, miRNA strands were more efficiently loaded into AGO2,

retrieved by immunoprecipitation, than miRNA∗ strands (Fig. 4e–g

and Supplementary Fig. S2a) and incorporation of both small RNA

species was impeded by geldanamycin, an hsp90 inhibitor that blocks

AGO loading with small RNAs (ref. 32) (Fig. 4e–g). Fewer 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 AGO2. 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, ATG5 or

ATG7 was depleted by siRNAs (Fig. 4d).

To determine 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 general-

ized suppression of cap-dependent translation33, the following exper-

iments involved siRNAs targeting ATG5 or ATG7 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
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Figure 4 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 84h. Levels of U6, ethidium-bromide-stained total

RNA on northern membrane (loading) and 28S and 18S ribosomal RNA on

1% agarose gel are shown as controls for equal loading. (b–d) RT–qPCR

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 (84h). n =3 independent experiments; error bars represent s.e.m.

(e) Quantification of fluorescence signal in AGO2 immunoprecipitates from

HeLa cell extracts incubated with duplexes of let-7a–let-7a∗ labelled on

the 3′ end of either let-7 or let-7a∗ with FITC. Cells were treated 16h

before with DMSO (control), BAF (200nm) or geldanamycin (10 µM).

Representative results of one experiment are shown. (f) Western blot analysis

of AGO2 immunoprecipitates (IP) used in e. (g) Normalized results of four

independent experiments (n =4) identical to e. Error bars represent s.e.m.

Uncropped images of blots are shown in Supplementary Fig. S3.

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 (Figs 4e–g and 5a),

consistent with homeostatic degradation of DICER–AGO2 complexes

by autophagy (Figs 1 and 2). To determine whether autophagy also

regulates endogenous miRNA action, we employed a second dual-

luciferase reporter34 (Fig. 5b, diagram) for let-7 activity, which was

indeed less efficiently repressed on depletion of NDP52, ATG5 or ATG7

(Fig. 5b). Furthermore, accumulation of endogenous RAS (targeted by

let-7; ref. 35), HMGA2 (targeted by let-7; ref. 36) or cyclin-dependent

kinase 6 (CDK6, targeted by let-7a and miR-16; ref. 36) was increased

in ATG7-depleted cells, reaching levels similar to those observed when

miRNA activity was directly inhibited with antagomirs (Fig. 5c).

As DICER mRNA is a direct target of let-7a (ref. 9), we finally

investigated the contribution of decreased let-7a activity (Fig. 5b,c)

to the overall gain in DICER protein levels observed on autophagy

inhibition. Confirming repression of the DICER 3′UTR by let-7a,

a let-7 antagomir increased the 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 ATG7, reaching levels higher than those attained

with the let-7 antagomir alone (Fig. 5e), consistent with autophagy

regulating DICER by both protein degradation (Figs 1 and 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:

through NDP52-dependent protein degradation (Figs 1 and 2) and

through post-transcriptional control of the DICER transcript. Thus,

autophagy engages DICER, and possibly AGO2, in multilayered

regulatorymechanisms impactingmiRNAaccumulation and activity.

Previous evidence hinted that miRNA-free AGO2 is degraded by an

unknown mechanism: obstructing DICER-dependent AGO2 loading

withmiRNA–miRNA∗ duplexes caused AGO2 degradation in amanner

only partly rescued with the proteasome inhibitor MG132 (ref. 8).

Similarly, 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,
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Figure 5 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 siRNAs). Results

are normalized to firefly luciferase and Renilla luciferase expression in

cells treated with a nonspecific siRNA–siRNA∗ duplex. n =2 independent

experiments. (b) Renilla luciferase expression controlled by let-7 in HeLa

cells depleted of NDP52 or ATG5 with siRNA (black and grey bars are

independent siRNAs). Results are normalized to firefly luciferase and a

version of the Renilla luciferase construct with mutated let-7 binding sites.

n = 3 independent experiments. The asterisks denote mutations in the

let-7 target sites of the reporter. (c) Western blot analysis of endogenous

miRNA-repressed proteins (RAS, HMGA2 and CDK6 are repressed by

let-7; CDK6 is also repressed by miR-16 (bottom panel)) or control (TUBA,

α-tubulin) in HeLa cells treated with control siRNA or either of two

independent siRNAs targeting ATG7. Cells were treated in parallel with

nonspecific antagomir or let-7 targeting antagomir. (d) Renilla luciferase

expression controlled by the DICER 3′UTR in HeLa cells treated with control

antagomir or anti-let-7 antagomir. (e) Western blot analysis of DICER in

HeLa cells treated with control siRNA or either of two independent siRNAs

targeting ATG7. Cells were also treated with nonspecific antagomir or let-7

targeting antagomir. (f) Renilla luciferase expression controlled by the

DICER 3′UTR in HeLa cells treated with either of two independent siRNAs

targeting ATG5 or a control siRNA. All error bars are s.e.m. Uncropped

images of blots are shown in Supplementary Fig. S3.

DICER andAGO2, are selectively degraded throughNDP52-dependent

autophagy while inactive, that is, 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

stabilizing miRNA–miRNA∗ duplexes and transferring them into

AGO (refs 29,30). 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 cofactors, substrates or targets. Strikingly,

therefore, in both plants38 and metazoans, autophagy may be required

for homeostatic clearance ofmiRNA-freeDICER andAGOpools.

NDP52 and p62 can recruit ubiquitylated and ubiquitin-independent

cargoes for autophagic degradation13,15. Similarly, our evidence

suggests that multiple recognition events might recruit DICER

and AGO2 to NDP52-dependent autophagy, including GEMIN4

association and ubiquitylation. 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 autophagy11. Autophagy regulators, including PIK3CA,

ATG6 (beclin 1) and PTEN, are, for instance, frequently mutated in

cancers and several core autophagy genes were identified as tumour

suppressors39. Consistent with this idea, autophagy is often aberrantly

inhibited in cancer cells39. Incidentally, several studies have also

reported global downregulation of miRNAs in most types of tumour,

correlating with less differentiated and proliferative states40. 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. �

METHODS

Methods and any associated references are available in the online

version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS
Cells and transfections. HeLa (CCL-2), HEK293T (CRL-1573), MDA-231 (HTB-

26), T47D (30-4500K) and MDA-435 (HTB-129) cells were obtained from the

American Type Culture Collection and grown in DMEM supplemented with

10mM HEPES and 10% FBS. Cells were transfected with siRNA using RNAiMax

(Invitrogen). Plasmids were transfected with GeneJuice (Merck) or Lipofectamine

2000 (Invitrogen).

Antibodies and reagents. The following primary antibodies were used in this

study: anti-human AGO1 (rat clone 4B8) and AGO2 (rat clone 11A9; ref. 41), serum

18033 recognizing TNRC6A-C (ref. 42; human, gift from M. Fritzler, University of

Calgary, Canada), anti-DICER (mouse, clone 13D6, Abcam), anti-ALIX (mouse,

clone 2H12, Abcam), anti-α-tubulin (mouse, clone DM1A, Sigma-Aldrich), anti-

NDP52 (rabbit, ab68588, Abcam), anti-SQSTM1 (mouse, clone 3, BD Biosciences),

anti-mono- and -poly-UB (clone FK2, MBL International), anti-GEMIN4 (clone

17D10, Millipore), anti-DCP1A (rabbit, gift from J. Lykke-Andersen, University of

Colorado, USA), anti-CLN3 (ab75959, Abcam), anti-EEF1A1 (mouse, clone CBP-

KK1,Millipore), anti-FXR1 (3FX, a gift from J. L.Mandel, IGBMC, Illkirch, France),

anti-FITC (clone FITC-9, Ebioscience), anti-Ras (3965), anti-Cdk6 (3136) and anti-

Hmga2 (5269, Cell Signaling Technology). All antibodies were used at dilutions of

1/1,000 for western blot except anti-DICER (10 µgml−1, western, confocal, electron

microscopy) and anti-TUBA (1/20,000, western). For immunoprecipitations 3 µg of

antibody was used.

Locked nucleic acid antagomirs (octamers) complementary to the seed sequences

(nucleotides 2–8) of let-7 or miR-16 or a control antagomir were synthesized and

used as described previously36 (Exiqon). These consisted of: let-7 LNA antagomir

5′-ACTACCTC-3′, miR16 LNA antagomir 5′-GTGCTGCT-3′ and control LNA

antagomir 5′-TCATACTA-3′. siRNA targeting the CXCR4 luciferase reporter and

a control were synthesized (Sigma Proligo) as described previously43.

RAP (20 nM, 24 h or 48 h; experiments with PP242) and BAF (200 nM, 16 h;

ref. 44)were obtained fromMerck. PP242 (100 nM, 48 h) andCQ (20 µM,16 h)were

obtained from Sigma-Aldrich and used at the doses and for the durations in brackets.

Geldanamycin (Sigma-Aldrich) was used at 10 µM, 16 h). All were resuspended in

cell-culture-grade dimethylsulphoxide (DMSO).

Silencer Select siRNAs (Ambion) were used in this study. Specifi-

cally, the siRNAs used were: ATG5 5′-AUAUCUCAUCCUGAUAUAGCgt-

3′ (siRNA ID s18160) and 5′-AUGAGCUUCAAUUGCAUCCtt-3′ (siRNA

ID s18158), ATG7 siRNA 5′-UGAACUCCAAUGUUAAGCGag-3′ (siRNA

ID s20651) and 5′-UGGUGUUAUACAGUGUUCCaa-3′ (siRNA ID s20650),

p62 5′-siRNAUUUAAUGUAGAUUCGGAAGat-3′ (siRNA ID s16962) and

5′-UCUUUUCCCUCCGUGCUCCac-3′ (siRNA ID s16960), NDP52 5′-

siRNAAAAGUAACCCACAUGAAGGtg-3′ (siRNA ID s19996) and 5′-UUUGUUG-

UUUAGGUCAAUGgg-3′ (siRNA ID s19994), GEMIN4 5′-siRNAUUCGGCAGA-

AGUGUCAACGgt-3′ (siRNA ID s27064) and 5′-ACCUCUUCAACAUCUAACCtc-

3′ (siRNA ID s27066) and GEMIN3 5′-siRNAUGCUAUACCAUAUGUAUGCac-3′

(siRNA ID s22143).

Cell lysates and immunoprecipitations. Cells were scraped in cell lysis buffer

PBS, 1% (v/v) NP–40, 10% (v/v) glycerol and Roche Complete Protease Inhibitor

without EDTA). Cells were lysed for 30min (4 ◦C) and centrifuged (1,000g , 5min).

Detection of ubiquitylated AGO2. HEK293T Flp-In cells stably expressing Tet-

inducible Flag–AGO2 (ref. 8) were transfected with siRNA 24 h before the addition

of 100 ngml−1 tetracycline for a further 24 h. Cells were scraped in cold PBS,

centrifuged (200 g, 5min) and the pellet lysed with 220 µl of boiling stringent lysis

buffer (25mM HEPES at pH 7.5, 150mM NaCl, 0.5mM EDTA, 1% SDS, 1%

NP-40, 10% glycerol, 100mM iodoacetamide, 1mM dithiothreitol and protease

inhibitor cocktail and phosphatase inhibitor; PhosStop). Cell lysate was immediately

heated at 95 ◦C (5min) and centrifuged (12,000g , 15min). Cell lysate was added

to anti-Flag magnetic beads (clone M2, Sigma-Aldrich) pre-washed with stringent

lysis buffer (lacking iodacetamide). After 2 h incubation, the beads were washed

three times in stringent lysis buffer (lacking iodoacetamide) before western blot

analysis.

Plasmids. GFP–AGO2 (11590; ref. 45), HcRed–LC3 (24991), the let-7 reporter

(pRL–TK–let7 A, 11324) and its control (pRL–TK–let7 B, 11325), the CXCR4

reporter (pRL-TK CXCR4 2x, 11306), pIS1-DICER-long (21649) and pIS1-DICER-

long-mut-let-7 (21651) were from Addgene.

Immunofluorescence and confocal microscopy. Immunofluorescence mi-

croscopy was performed as previously described16, using a confocal microscope

(Zeiss LSM510). Briefly, cells were washed three times with PBS, fixed in 4%

paraformaldehyde (10min), washed in PBS containing 20mMNH4Cl (10min) and

permeabilized with 0.2% Triton X-100 in PBS (10min). The cells were incubated

overnight with primary antibody (DICER 10 µgml−1).

Quantitative analysis of confocal microscopy. Analysis was performed as

previously described46. Three-dimensional confocal stacks were acquired for each

sample (0.2 µm slice increment, ×63 objective, identical fluorescence settings). All

three-dimensional images were analysed using an identical protocol in Volocity

Image Analysis software (PerkinElmer). A fixed threshold of fluorescence intensity

was applied to all anti-DICER, anti-NDP52 or HcRed–LC3 images and objects to

minimize background. A protocol was implemented within Volocity to identify

punctae of NDP52 or LC3 on the basis of: volume of>0.2 µm3 (commensurate with

autophagosomes) and fluorescence intensity above standardized threshold. Punctae

identified by the Volocity protocol were finally triaged to eliminate extracellular

or nuclear punctae inconsistent with autophagosomes. The fluorescence intensities

for all DICER proteins co-localized with punctae of NDP52 or LC3 were then

summed across the entire microscope field, and several microscope fields were

averaged within each treatment and experiment. Data from each experiment were

expressed as the ratio of the total fluorescence signal of DICER co-localized with

NDP52 or LC3 in drug-treated cells compared with control cells prepared in parallel.

Ratios of co-localized fluorescence signal were then averaged across experiments

(mean±s.e.m.). At least 50 cells were quantified per experiment for each condition

in a minimum of 4 independent experiments (>1,000 co localization events).

Costes’ method47, Fay’s method or van Steensel’s method embedded within

the Co-localisation Test ImageJ Plugin was used to determine whether apparent

co-localization of DICER with NDP52 or LC3 was non-random. The algorithm

for Costes’ method was set to derive 75 distinct randomized images from the

NDP52 or LC3 input images (parameters: pixel size 0.18 µm, 590 nm wavelength,

numerical aperture 1.4, point spread function for image randomization 3 pixels).

The algorithm compares (〈, 〉) the amount of co-localization of DICER with

NDP52 or LC3 with the amount of co-localization of DICER with each of the

75 randomly generated images. In none of the 75 randomly generated images for

each condition did DICER co-localize with NDP52 or LC3 (controls, RAP or BAF)

more than in physiological input images (0/75 in each condition). The probability

was derived with a Chi-squared test (observed = 0/74, expected 37/37). Default

settings were used for Fay’s and van Steensel’s tests. In Fay’s method, no more

than 2/41 randomized images exhibited more co-localization with DICER than

the input image (Chi-squared test, P < 0.0001, observed 2/39, expected 21/20).

In van Steensel’s method, no more than 2/75 randomized images exhibited more

co-localization with DICER than the input image (Chi-squared test, P < 0.0001,

observed 2/73, expected 37/38).

Electron microscopy. Electron microscopy was performed as described

previously48. Briefly, cells were subjected to high-pressure freezing (Leica

EMPACT2) and freeze substituted as follows: 72 h at −90 ◦C in 0.1% (v/v)

uranyl acetate in anhydrous acetone, 1 ◦Ch−1 increase in temperature up to

−50 ◦C, 12 h incubation, rinses with acetone, rinses with ethanol, infiltration

in lowicryl HM20, ultraviolet-light polymerization at −50 ◦C for 48 h and

ultraviolet-light polymerization for 48 h at room temperature. After removal of

the carrier, the samples were cut (Leica UCT) in 70 nm sections and collected

on carbon/formvar-coated grids. Immunogold staining was perfomed in PHEM

buffer (PIPES, HEPES, EGTA, MgCl2). Samples were blocked (15min blocking,

1% (v/v) bovine serum albumin, 0.1% (v/v) fish-skin gelatin) then incubated in

primary antibodies (1 h, anti-Dicer clone 13D6 20 µgml−1), rinsed and incubated

with goat anti-mouse (10 nm, Jackson Immunoresearch). After rinsing, the samples

were post-fixed with 1% (v/v) glutaraldehyde and observed in a CM12 transmission

electron microscope (Philips-FEI) at 80 kV. Images were acquired with an Orius

1000 CCD (charge-coupled device) camera (Gatan).

Density-gradient enrichment of autophagosomes. The protocol was adapted
from ref. 24 according to ref. 49, with the exception that the cells were lysed in a

Potter–Elvehjem homogenizer.

In vitro loading of miRNA and miRNA∗ into AGO2. HeLa cells were

disrupted according to the protocol for autophagosome fractionation. Extracts were

centrifuged at 2,000g (5min) and incubated with an RNA mimic of let-7a–let-7a∗

duplexes labelled on the 3′ end of either let-7a or let-7a∗ with FITC (Proligo,

Sigma-Aldrich). Extracts were incubated at 37 ◦C for 1 h with intermittent mixing.

Extracts were ultraviolet crosslinked (400mJ cm−2, mixed, 200mJ cm−1; ref. 2) as

described previously50. AGO2 was immunoprecipitated and eluted as described

previously41. Fluorescence quantification (BMG Polarstar Omega, 490 nm±10 nm

excitation, 520 nm ± 10 nm emission) from control immunoprecipitations was

subtracted to calculate the fluorescence intensity of AGO2-associated let-7a or

let-7a∗.
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RT–qPCR. Total cellular RNAwas extracted with Trizol. Eluates of immunoprecip-

itates were extracted with Trizol LS. RNA was treated with 1.2 µl DNAse (Promega)

and 0.1 µl RNAseOut (Invitrogen) before RT–qPCR (miScript PCR system, Qiagen)

with a Light Cycler 480 II (Roche).

The following primers were used: β-actin 5′-GGCATGGGTCAGAAGGATT-3′

and 5′-GGGGTGTTGAAGGTCTCAAA-3′, RRM2 5′-GACATCACTCCCATCCT-

CTGA-3′ and 5′-CCTTGCCTGTGAAGCTCATT-3′, DICER 5′-TGTTCCAGGAA-

GACCAGGTT-3′ and 5′-ACTATCCCTCAAACACTCTGGAA-3′, AGO1 5′-

AAGAACATTTACACTGTCACAGCAC-3′ and 5′-TTGATGGAGACCTTAAAGA-

TTCG-3′, AGO2 5′-CGGCAGGAAGAATCTATACACA-3′ and 5′-CGATCCT-

TGCCTTCTCCTG-3′, let-7a 5′-CCGGCGTGAGGTAGTAGGTTGT-3′, let-7a∗

5′-CCGGCGCTATACAATCTACTG-3′, miR-16 5′-CCGGCGTAGCAGCACGTA-

AATA-3′, miR-16∗ 5′-CCGGCGCCAGTATTAACTGTGC-3′, RNU6B (control

for miRNA and miRNA∗) 5′-CCGGCGCGCAAGGATGACACGCAAATTCG-

TGAAGCGTTCCAT-3′, pre-miR-16 5′-GCAGCACGTAAATATTGGCGT-3′ and

5′-CAGCAGCACAGTTAAATACTGGAG-3′, pre-let-7d 5′-AACGCTTCACGAAT-

TTGCGT-3′ and 5′-AAGGCAGCAGGTCGTATAGT-3′, and U6 (control for

pre–miRNA) 5′-CTCGCTTCGGCAGCACA-3′ and 5′-AACGCTTCACGAAT-

TTGCGT-3′.

Statistics. A paired t -test was used to examine the statistical significance of

differences.

Analysis of miRNA association with AGO2. AGO2 was immunoprecipitated

with 3 µg anti-AGO2 (clone 11A9) or control rat IgG2b. After washes, protein G

beads were eluted with 50 µl 0.1M glycine at pH 2.4 for 5min on a shaker and 7 µl

1M Tris–HCl at pH 8 was added to neutralize the elution buffer. The background

level of miRNA detected in control immunoprecipitations was subtracted.
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Figure S1 Short-term modulation of autophagy does not affect miRNA levels 

and XRN2 is not regulated by autophagy. (a) RT-qPCR analysis of levels of 

miRNA (miR-16, let-7a), and the corresponding miRNA* or pre-miRNA 

in HeLa cells treated with DMSO (control) or BAF for 12 h. ATG5(1) and 

ATG5(2) represent results with two independent siRNA. (b) RT-qPCR analysis 

of MDA-231, T47D and MDA-435 cells treated with DMSO, or inhibitors of 

mTORC1 (rapamycin) or mTORC1/2 (pp242) for 48 h. Error bars represent 

SEM.  (c) Western blot of XRN2 in cells treated with siRNA targeting ATG7 or 

a control siRNA. Total protein stained by Coomassie blue serve as a loading 

control. (d) Western blot analysis of XRN2 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 μM, 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.
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Figure S2 MiRNA and miRNA* added to in vitro AGO2-loading assay 

associate with AGO2. In HeLa cell extracts, following UV-cross-linking 

and AGO2 immunoprecipitation a fraction of AGO2 eluate was analyzed 

by western blot with anti-FITC mAb (to detect miRNA or miRNA* labeled 

3’ with FITC) and anti-AGO2 mAb. Anti-FITC mAb detected bands at 

masses coinciding with AGO2. Higher band may represent the mass-shift 

caused by covalent binding of AGO2 to RNA after UV-cross-linking. Similar 

mass shifts of AGO bound to single-stranded versus double-stranded 

RNA (miRNA + miRNA* or miRNA + mRNA target) have been described 

previously50.
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