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Mammalian GW?220/TNGW1 is essential for the
formation of GW/P bodies containing miRISC
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and Jidong Liu
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he microRNA (miRNA)-induced silencing complex
(miRISC) controls gene expression by a posttran-
scriptional mechanism involving translational re-
pression and/or promoting messenger RNA (mRNA)
deadenylation and degradation. The GW182/TNRC6
(GW) family proteins are core components of the miRISC
and are essential for miRNA function. We show that mam-
malian GW proteins have distinctive functions in the

Introduction

MicroRNAs (miRNAs) represent a large class of noncoding
small RNAs that are predicted to regulate the expression of over
half of the genes encoded in the human genome (Bartel, 2004).
They have emerged as major regulators of important develop-
mental processes. Additionally, deregulation of miRNAs has
been implicated in various diseases, including cancer (Ambros,
2004). Generally, miRNAs base pair imperfectly with the 3’ un-
translated region (UTR) of target mRNAs and down-regulate
gene expression through a posttranscriptional mechanism that
remains poorly understood (Carthew and Sontheimer, 2009;
Fabian et al., 2010).

Initial studies proposed that miRNAs mediate gene silenc-
ing through translational inhibition of the target mRNA (Lee
et al., 1993; Wightman et al., 1993; Olsen and Ambros, 1999).
How this translational repression is achieved at the molecular
level still remains unclear (Humphreys et al., 2005; Pillai et al.,
2005; Maroney et al., 2006; Nottrott et al., 2006; Petersen
et al., 2006). Recent studies have shown that miRNAs are also
capable of promoting deadenylation and subsequent degrada-
tion of target mRNAs (Bagga et al., 2005; Lim et al., 2005;
Giraldez et al., 2006; Wu et al., 2006). Using large-scale quan-
titative experiments in mammalian cells, it was demonstrated
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miRNA pathway, with GW220/TNGW1 being essential
for the formation of GW/P bodies containing the miRISC.
miRISC aggregation and formation of GW/P bodies se-

questered and stabilized translationally repressed target
mRNA. Depletion of GW220 led to the loss of GW/P bod-
ies and destabilization of miRNA-targeted mRNA. These
findings support a model in which the cellular localization
of the miRISC regulates the fate of the target mRNA.

that the effects of miRNAs on target protein expression are
typically mirrored by changes in the levels of their cognate
mRNAs (Baek et al., 2008; Selbach et al., 2008). Also, a recent
genome-wide ribosome-profiling study argued that miRNAs
predominantly elicit gene silencing in mammalian cells by regu-
lating the mRNA levels of their endogenous targets (Guo et al.,
2010). These results support a model by which miRNAs, in
addition to inhibiting translation, are capable of target mRNA
destabilization. Both of these processes contribute toward gene
silencing. The modest magnitudes of miRNA-mediated re-
pression of endogenous targets in cells make it difficult to con-
clusively determine the molecular mechanisms behind these
processes. A recent ribosome-profiling study in zebrafish and a
kinetics study in Drosophila melanogaster S2 cells suggest
that a translational repression event, mostly likely an inhibition
of translation initiation, occurs before mRNA deadenylation
and decay (Bazzini et al., 2012; Djuranovic et al., 2012). How-
ever, how miRNAs coordinate the regulation of translational
repression and mRNA stability is still unclear.

The miRNA-induced silencing complex (miRISC) is a
multimeric protein complex, which elicits the posttranscrip-
tional silencing mediated by miRNAs. Two highly conserved
families of proteins, Argonaute (Ago) and GW182/TNRC6 (GW),
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represent the core components of the miRISC (Eulalio et al.,
2009b). Ago proteins directly associate with miRNA and re-
cruit GW proteins to the target mRNA. GW proteins are essen-
tial for miRNA-mediated gene silencing (Jakymiw et al., 2005;
Liu et al., 2005a; Behm-Ansmant et al., 2006; Eulalio et al.,
2008). Recent studies have shown that the N-terminal WG/GW
motif of GW proteins interacts with Ago, whereas the C-terminal
domain of GW proteins is essential and sufficient for the gene-
silencing function (Chekulaeva et al., 2009; Eulalio et al., 2009a;
Lazzaretti et al., 2009; Zipprich et al., 2009). The C-terminal
silencing domain of GW proteins has been shown to associ-
ate with poly(A)-binding protein (PABP), PAN2/PAN3, and
CNOT1/CCR4/CAF!1 cytoplasmic deadenylase complexes (Chen
et al., 2009; Fabian et al., 2009, 2011; Zekri et al., 2009; Piao
etal., 2010; Braun et al., 2011; Chekulaeva et al., 2011). The
recruitment of these proteins activates miRNA-induced mRNA
deadenylation and subsequent destabilization.

Both GW and Ago proteins accumulate in specific cyto-
plasmic foci known as processing bodies (P bodies or GW bod-
ies) in metazoa (Jakymiw et al., 2005; Liu et al., 2005a,b; Pillai
et al., 2005; Sen and Blau, 2005; Behm-Ansmant et al., 2006;
Leung et al., 2006). P bodies are heterogeneous messenger RNP
(mRNP) granules that are implicated in both mRNA degrada-
tion and storage (Eulalio et al., 2007a; Parker and Sheth, 2007,
Franks and Lykke-Andersen, 2008). However, miRNAs are
fully functional in gene silencing in the absence of microscopi-
cally visible P bodies (Chu and Rana, 2006; Eulalio et al., 2007b).
Therefore, the functional significance of miRISC aggregation
and localization to the P bodies remains unknown.

We identified a unique GW family member, GW220/
TNGW1, as being crucial to the process that regulates the local-
ization of the miRISC in mammalian cells. We showed that
GW220 promotes aggregation and sequestration of the miRISC
into GW/P bodies. These GW/P bodies are more stable aggre-
gates than the classically unstable and dynamic P bodies. This
aggregation of the miRISC stabilized the associated mRNA.
Depletion of GW?220 led to the loss of GW/P bodies, concomi-
tant release of the retained miRISC into the cytosol, and subse-
quent destabilization of the target mRNA. These results suggest
that the aggregation and localization of miRISC into GW/P
bodies could regulate the stability of the mRNAs that are trans-
lationally repressed by miRNAs and that the subcellular local-
ization of the miRISC could play an important role in the
regulation of the fate of the target mRNA.

Results

GW220/TNGW1 is a unique GW family
protein capable of nucleating the de novo
formation of mammalian GW/P bodies

To understand how the miRISC elicits miRNA-mediated gene
silencing, we focused on the function and role of the GW family
of proteins. In mammals, there are three paralogues of GW182
(TNRC6A, TNRC6B, and TNRC6C), which share highly con-
served domain structures (Fig. 1 A). During work to generate the
expression constructs for the GW family proteins, we isolated
two alternatively spliced TNRCO6A transcripts, GW220 and
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GW195, named after their respective predicted molecular masses
(220 and 195 kD). These three TNRC6A isoforms (GW220,
GW195, and GW182) differ only in their N-terminal regions
through alternative splicing (Fig. 1 A). The largest isoform,
GW220, contains a unique N-terminal extension, containing an
expanded polyglutamine (polyQ) repeat motif. This motif is
mammalian specific and is encoded in additional exons upstream
of the canonical start codon of GW182. The GW220 isoform
was previously reported and referred to as TNGW1 (Li et al.,
2008). The second novel alternative isoform, GW195, also con-
tains an N-terminal extension but lacks the polyQ domain.

Given the essential role of GW proteins in P-body forma-
tion, we examined the ability of different GW proteins to nucle-
ate the de novo formation of P bodies in mammalian cells. We
chose to use HeLa Tet-OFF cells, a cell line that displayed very
few endogenous P bodies. We transiently transfected myc-tagged
TNRC6A expression constructs into HeLa Tet-OFF cells and
examined the localization of the proteins by indirect immuno-
fluorescence microscopy, using the well-characterized P body
markers Dcpl, Hedls, DDX6, and Ago2. This assay showed that
only GW220 was capable of recruiting endogenous components
of the P body, with ~95% of the transfected cells now contain-
ing detectable P bodies (Fig. 1 B). GW220 was also capable of
recruiting endogenous TNRC6B into P bodies (Fig. S1 A). When
GW195 and GW182 were transiently expressed in HelLa Tet-
OFF cells, both isoforms exhibited the tendency to form large
cytoplasmic foci. However, these foci were distinct from the
granules generated by GW220, with <10% of these foci contain-
ing endogenous Ago2 and none containing other endogenous
P-body components, such as Dcpl and Hedls (Fig. 1, C and D;
and Fig. S1 B). When we transiently transfected FLAG-tagged
TNRC6B and TNRC6C into the cells, both proteins were able to
form cytoplasmic foci. However, these foci also lacked Dcpl,
Hedls, and DDX6, and <5% of the foci contained endogenous
Ago2 (Fig. S1 C and not depicted). Similar aggregation patterns
were observed in the osteosarcoma U20S cell line (Fig. S1 E).

Next we generated a polyclonal antibody against the com-
mon C terminus of the TNRC6A/GW proteins (Fig. S2 A) and
examined the expression levels of the endogenous and ectopi-
cally expressed GW proteins. The level of endogenous GW 182
was approximately two- to threefold higher than the level of
endogenous GW220 in HeLa and U20S cell lines (Fig. S2 C).
These cells expressed a much lower relative level of endogenous
GW195. The expression levels of the myc-tagged TNRCO6A/GW
proteins were close to the endogenous levels of GW proteins
in HeLa Tet-OFF cells and were approximately two- to three-
fold higher than those of the endogenous GW proteins in
U20S cells (Fig. 1 E and Fig. S1 E).

All three GW paralogues (TNRC6A, TNRC6B, and
TNRC6C) have previously been shown to localize to the mam-
malian P bodies (Meister et al., 2005; Lazzaretti et al., 2009).
However, our findings that TNRC6A/GW 195, TNRC6A/GW 182,
TNRC6B, and TNRC6C are unable to recruit other endogenous
P body markers suggest that the colocalization noted in pre-
vious studies is most likely a result of Ago protein coexpression.
Ectopic expression of myc-Ago2 is sufficient to trigger GW/P-body
formation and recruitment of endogenous TNRC6A/GW and
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Figure 1. GW220 is a unique GW family member capable of nucleating the de novo formation of GW/P bodies. (A) Schematic representation of the
domain structure of GW family proteins. RRM, RNA recognition motif. (B) GW220 recruits all the known GW/P-body components into the cytoplasmic
granules termed GW/P bodies. (C and D) Other GW family proteins aggregate into cytoplasmic granules that are distinct from GW/P bodies, as shown
in GW195 (C) and GW182 (D). The presence of epitope-tagged GW proteins and endogenous components of GW/P body was determined using the
indicated antibodies. (E) The expression levels of the endogenous GW proteins and myc-tagged overexpressed GW proteins (indicated by asterisks) were

determined by Western blot analysis using an antibody that recognized the common C terminus of the TNRC6A/GW proteins. Bars, 10 pm.

TNRC6B proteins (Fig. S1 D). Overexpressed GW protein has
also been reported to localize to the multivesicular bodies in
mammalian cells (Gibbings et al., 2009). The different cell lines
used in these studies and differing levels of overexpression could
also affect the localization and the aggregation patterns of the
GW proteins. Our results suggest that mammalian GW proteins
have distinctive roles in the formation of P bodies that contain
the miRISC. The unique and essential role of GW220 in the for-
mation and maintenance of mammalian GW/P bodies is further
demonstrated when endogenous GW220 is depleted from the
cells (see Fig. 9 and Fig. S5).

All the GW family member proteins contain a middle glutamine-
rich (Q rich) domain between the N-terminal Ago-binding do-
main and the C-terminal silencing domain (Fig. 1 A). Previous
studies suggested that the Q-rich domain plays an essential role
in the P-body localization of the GW proteins (Behm-Ansmant

et al., 2006; Lazzaretti et al., 2009). We systematically examined
the various domains within GW220 to determine their role, if
any, in GW/P-body formation. Our experiments demonstrated
that neither the N-terminal polyQ domain, the middle Q-rich
domain, nor the C-terminal silencing domain are sufficient to
trigger the formation of GW/P bodies, despite the high expres-
sion levels of these small truncations (Fig. 2). Interestingly, dele-
tion of the middle Q-rich domain from GW220 has no effect on
the ability of GW220 to nucleate the GW/P-body formation and
recruit P-body marker proteins. The expression level of GW(AQ
rich) protein is similar to the endogenous GW proteins (Fig. 2).

Next, we generated a polyclonal antibody against GW220 and
confirmed that purified anti-GW220 serum was specific for the
GW220 isoform using tagged GW constructs (Fig. S2 A).
Using this GW220 antibody along with other P-body markers,
we screened several cell lines to detect the presence of endogenous

GW/P-body formation regulates mRNA stability
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Figure 2. The middle Q-rich domain is not required for GW/P-body formation. The N-terminal polyQ domain (1-253 aa), the middle Q-rich domain
(1,151-1,490 aa), and the C-terminal silencing domain (1,491-1,962 aa) cannot nucleate the de novo formation of GW/P bodies. Deletion of the middle
Q-rich domain does not affect the ability of GW220 (GWAQ rich) to nucleate the formation of GW/P bodies. The presence of myctagged GW proteins
and endogenous components of GW/P body were determined using the indicated antibodies. The expression levels of the myc-tagged truncated domains
of the GW220 proteins (indicated by asterisks) were determined by Western blot analysis using the myc antibody. The expression levels of full-length
GW220 and GW(AQ rich; indicated by asterisks) were also determined by Western blot analysis using an antibody that recognizes the C terminus of the

TNRCOA/GW proteins. RRM, RNA recognition motif. Bars, 10 pm.

GW?220-positive P bodies. From this screen, we detected GW220-
positive P bodies present in the U20S cells, with GW220-positive
P bodies accumulating in between 60 and 75% of these cells as
detected by antibodies against Hedls and GW220 (Fig. 3 A).
Because <1% of the HeLa Tet-OFF cells contained microscopi-
cally visible P bodies (Fig. 3 A), we examined the presence of
endogenous GW220 in the classical P bodies of HeLaS cells in-
stead. This subtype of the HeLa cell line contains a high number
of visible P bodies in ~80-90% of the cells as determined by
staining with Hedls (Fig. 3 A). Examination of these P bodies
showed that >95% of these foci did not contain detectable
GW220 or Ago?2 (Fig. 3 A and Fig. S2 B). We also could not de-
tect a positive signal in these P bodies using the GW antibody

that recognizes the C terminus of GW/TNRCG6A proteins. These
results suggest that GW 182 protein did not accumulate in these
classical P bodies (Fig. S2 B). Given that not all P bodies con-
tain GW220 and Ago2, these findings suggest that GW?220/
Ago-positive P bodies represent a unique class of P bodies that
contain the miRISC. We classified them as GW/P bodies (Moser
and Fritzler, 2010). The absence of GW/P bodies in the HelLa
cell lines was not the result of an absence of expression of en-
dogenous GW220. We observed comparable protein expression
levels of the TNRC6A/GW proteins in HeLaS, HelLa Tet-OFF,
and U20S cells by Western blotting (Fig. S2 C). These results
argue that endogenous GW220 in the HeLa cells is not suffi-
cient for GW/P-body formation and indicate that other factors,
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Figure 3. GW/P bodies are a unique class of cytoplasmic P bodies in mammalian cells and are different from classical P bodies. (A) U20S cells accumu-
late microscopically visible GW/P bodies, whereas Hela Tet-OFF cells lack microscopically visible P bodies. The majority of the P bodies in Hela$S cells
do not contain GW220. The presence of GW/P bodies and classical P bodies was determined by immunofluorescence using antibodies against Hedls
and GW220. (B-D) GW/P bodies are more stable aggregates and are different from the classically unstable and dynamic P bodies. (B) GW220-negative
P bodies in Hela$ cells are highly sensitive to the emetine or cycloheximide treatment, whereas GW/P bodies in the U20S cells (C) and GW220 stable
cells (D) are resistant to the emetine or cycloheximide treatment. Bars, 10 pm.

including additional protein/RNA cofactors or posttranslational
modifications of GW220, might play a role in regulating the for-
mation of endogenous GW/P bodies.

Classical P-body formation and maintenance is dependent
on the presence of mRNA. The treatment of cells with drugs
such as cycloheximide or emetine, which block translation
elongation, has the effect of trapping mRNA in association with
the ribosomes, thereby reducing the supply of nontranslating
mRNA and leading to disassembly of P bodies (Teixeira et al.,
2005). We treated the HeLLaS and U20S cells with either eme-
tine or cycloheximide and assayed the behavior of the classical
P bodies and GW/P bodies in the respective cell lines. When the
HeLaS cells were treated with emetine or cycloheximide, all of
the classical P bodies disappeared within 30 min of the treat-
ment (Fig. 3 B), likely reflecting the degradation and/or release
of the mRNA in these P bodies. However, after the same treat-
ment, the GW/P bodies remained largely unaffected in the
U20S cells (Fig. 3 C) and in the GW220 stable cells (which
overexpress a myc-tagged GW220; Fig. 3 D and Fig. S2 D), as
determined by Hedls, Ago2, and GW220 staining.

Next, we examined whether miRNA-targeted mRNA
would accumulate within these GW/P bodies. We generated a
B-globin reporter construct with a 3" UTR containing both the
miRNA target sites and 24 binding sites for the MS2 coat
protein, allowing the tracking of the reporter mRNA by co-
expression of the MS2-YFP-NLS fusion protein as previously
described (Liu et al., 2005b). In the absence of miRNA, the
MS2-YFP protein mostly localized to the nucleus because of
the presence of an NLS. However, in the presence of miRNA,
MS2-YFP protein became concentrated into the foci marked
by endogenous GW220, signifying that the miRNA-targeted
mRNA had been sequestered into the endogenous GW/P bodies
in U20S cells (Fig. 4). The same result was obtained in the
GW?220 stable cells (Fig. S2 E). Importantly, the 3-globin re-
porter mRNA targeted by miRNA was retained in the GW/P
bodies after treatment with emetine or cycloheximide (Fig. 4).
The resistance of the GW/P bodies to the cycloheximide or em-
etine exposure demonstrates the unique nature of GW/P bodies
and suggests GW/P bodies may function in the storage of seques-
tered mRNA.

GW/P-body formation regulates mRNA stability
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U20S cell

no miRNA

+ miRNA + miRNA

+ miRNA
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Figure 4. mRNA targeted by miRNA accumulates in endogenous GW/P bodies in the U20S cells and is retained in the endogenous GW/P bodies after
either emetine or cycloheximide treatment. A B-globin reporter construct with a 3" UTR containing both the miRNA target sites and 24 binding sites for the
MS2 coat protein allowed the tracking of the reporter mRNA by coexpression of the MS2-YFP-NLS fusion protein. In the absence of miRNA, the MS2-YFP
protein mostly localized to the nucleus as a result of the presence of an NLS. In the presence of an miRNA, MS2-YFP protein became concentrated into the

foci marked by endogenous GW220. Bars, 10 pm.

PABP, an miRISC cofactor, is excluded from classical
P bodies (Kedersha et al., 2005). We examined whether PABP
is recruited to GW/P bodies. We found that endogenous PABP
protein localizes largely in the cytoplasm in both HeLa and
U20S cells and does not concentrate in endogenous GW/P bodies,
classical P bodies, or in the granules formed by the overexpres-
sion of GW proteins (Fig. S3 A).

The formation of classical P bodies has been shown to be
regulated by deadenylation in mammalian cells. Overexpres-
sion of catalytically inactive CAF1 mutant impairs deadenyl-
ation and blocks the formation of P bodies (Zheng et al., 2008).
Therefore, we examined the effect of CAF1 mutant on the for-
mation of endogenous GW/P bodies. The classical P bodies dis-
appeared in the HeLaS cells overexpressing the CAF1 mutant,
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Figure 5.  GW/P bodies are stable mRNP granules in vitro and are insensitive to RNase treatment. (A) Stable GW/P bodies were present in the in vitro
RISC extract, determined by immunostaining using antibodies against Hedls, GW220, Ago2, and DDX6. (B) GW/P bodies extracted from U20S cells
were insensitive to in vitro RNase treatment, determined by immunostaining using antibodies against Hedls, Ago2, and GW220. (C) Classical P bodies
extracted from Hela$S cells were unstable and disappeared completely after in vitro RNase treatment, defermined by immunostaining using antibodies

against DDX6 and Hedls. Bars, 10 pm.

confirming the previous study. However, the GW/P bodies in
U20S cells were not affected by the expression of CAF1 mu-
tant (Fig. S3 B). These data suggest that the formation of GW/P
bodies is regulated by a different mechanism than the formation
of classical P bodies.

We established a method to assay for the presence of GW/P
bodies in the cell extract using an in vitro immunostaining
method. We prepared miRISC-containing extract as previously
described (Liu et al., 2004) and examined the lysate from U20S
cells by centrifugal sedimentation of the extract through a glyc-
erol cushion onto microscope coverslips. The coverslips were
fixed and examined for the presence of GW/P bodies. The GW/P
bodies were clearly present in the extract, as determined by
Ago2 and Hedls staining, GW220 and Hedls staining, or DDX6
and Hedls staining (Fig. 5 A).

A previous study showed that the classical P bodies in
yeast were sensitive to RNase treatment in vitro (Teixeira et al.,
2005). Therefore, we examined the stability of GW/P bodies
in vitro after RNase treatment. After a 30-min incubation of
the RISC extract with RNase, both 28S and 18S ribosomal
RNA were completely degraded (not depicted). The GW/P bodies
from U20S cells remained largely unchanged as determined

by Hedls and Ago2 staining or Hedls and GW220 staining
(Fig. 5 B). On the other hand, the classical P bodies prepared
from HeLaS cells were unstable and disappeared completely
after the same RNase treatment as determined by DDX6 and
Hedls staining (Fig. 5 C). Although we cannot determine whether
mRNA remained intact in the GW/P bodies, these results fur-
ther highlighted the differences between GW/P bodies and clas-
sical P bodies.

To examine the functional consequence of miRISC aggrega-
tion into GW/P bodies, we used a well-established [3-globin
reporter construct containing different miRNA target sites in
the 3" UTR to examine the fate of the target mRNA (Fig. 6 A).
We assayed this construct in HeLa Tet-OFF and U20S cell
lines. We used a perfect siRNA (siCXCR4p) targeting the
reporter as a positive control for the degradation-mediated
gene-silencing pathway (Fig. 6 B). In the HeLa Tet-OFF cell
line, which contains very few visible P bodies, we observed
a significant destabilization of B-globin mRNA targeted by

GW/P-body formation regulates mRNA stability

535



536

A D
miRNA target sites GW220 stable cell 100%
—IFLAG | | | | B-globin '—A—A— CXCR4 reporter
. t\/ . Y miRNA or mimics - = 80%
mtron:  intron (let-7 or CXCR4) x
‘® xX X 60%
o 2 9
o () (2]
B 1 2 3 A0l
HelLa Tet-OFF cell o-FLAG
0,
FLAG-B-globin miRNA reporters 100% -_15 kD 20%
6X CXCR4 sites - a-tubulin 0%
< & : ==50 kD 1 2 3
¥ £ 3Xlet-7 sites . B-globin/GAPDH mRNA
7 % % = ~ 60% (qRT-PCR)
g ) g E 40% E
1 2 3 2 5 —| B-globin reporter l—A—A—AAAAAAn
] 20% — e
a_FLAG gene specific oligo oligo (dT)
15 kD
_— . 0% L ]
- etubulin 1 2 3 4 5 RNAseH/Northern
B-globin/GAPDH mRNA F
(QRT-PCR) HelLa Tet-OFF cell GW220 stable cell
B-globin miRNA reporter B-globin miRNA reporter
C 100% E E
U20S cell 5 7 o 5 9
) )
CXCR4 reporter 8% e o 2 e 2
3 E'C:L 12 3 4 5
_ 0 O 60% =500 bp
5 X X <— ~200 poly(A) —>
2 % % 40% & <« ~100 poly(a) —>
1 2 3 '
a-FLAG 20% ,
- =15 kD . ¥ <« ~10 poly(A) —> =300 bp
T O-tubulin 0% - . -
S 50 kD 1 2 3 + - - oligo (dT) = =
p-globin/GAPDH mRNA + + + genespecificoligo + +

(aRT-PCR)

Figure 6. Cell type-specific silencing mechanisms mediated by miRNA correlated with the miRISC aggregation into GW/P bodies. (A) Schematic represen-
tation of the FLAG-B-globin miRNA reporter. (B) miRNA target mRNA for degradation in Hela Tet-OFF cells. Western blot analysis confirmed repression
of the B-globin reporter at the protein level, whereas qRT-PCR confirmed concomitant degradation of the p-globin mRNA. The protein level of g-globin
was defermined by a-FLAG Western blot analysis normalized to tubulin. The mRNA level of B-globin was determined by qRT-PCR analysis, normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). A perfect siRNA (siCXCR4p) targeting the CXCR4 reporter was used as a control. (C) mRNA tar-
geted by miRNA is partially protected in U20S cells, correlating with the accumulation of microscopically visible GW/P bodies. (D-F) Elevated expression
of GW220 promotes miRISC aggregation and GW/P-body formation and protects mRNA targeted by miRNA from deadenylation and degradation.
(E) Schematic representation of the oligo(dT) RNaseH/Northern assay used to determine the poly(A) status of the miRNA targeted mRNA. (F) The distribution
of the miRNA target B-globin mRNA poly(A) tail in HelaTet-OFF and GW220 stable cells. (left) The 8-globin mRNAs were destabilized in HelaTet-OFF cells
that lacked visible GW/P bodies. (right) The B-globin mRNAs were protected and retained the poly(A) tail in cells stably expressing GW220 and visible
GW/P bodies. Mean values + standard deviations from three independent experiments are shown.

miRNA (let-7) or miRNA mimics (CXCR4). Overall, the level
of B-globin protein repression correlated well with mRNA
degradation (Fig. 6 B). This result is in agreement with pre-
vious studies, which showed that deadenylation leads to
the decay of miRNA-targeted mRNA in mammalian cells
(Wu et al., 2006; Chen et al., 2009). Unlike the widely used
luciferase reporter system, the 3-globin system we used revealed
a much more significant role of mRNA destabilization in
miRNA-mediated gene silencing in mammalian cells. The effects
observed in the HeLa Tet-OFF cell line are consistent with a
dispensable role of P bodies in miRNA-mediated silencing
(Chu and Rana, 2006; Eulalio et al., 2007b), supporting the
model that the accumulation of microscopically visible P bodies
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is not required for miRNA-mediated mRNA deadenylation
and degradation.

Next, we assayed the same reporter construct in the U20S
cell line and observed far less mRNA destabilization, even though
protein expression was equally well repressed as in the HeLa Tet-
OFF cell line (Fig. 6 C). The disproportional change in protein
repression versus mRNA destabilization revealed a modest
degree of translational repression and suggested that an alter-
native silencing mechanism was used to silence the target mRNA.
These results show that the stability of miRNA-targeted mRNA
correlated with the presence of miRISC in the GW/P bodies.

To minimize the heterogeneity of GW220/Ago-containing
P bodies in the U20S cells, we established a U20S cell line



stably overexpressing a myc-tagged GW220 protein. More than
95% of the P bodies present in this stable cell line were positive
for GW220 and Ago2 (Fig. S2 D). We then examined the effect
of elevated GW220 expression and increased miRISC aggrega-
tion and localization to the GW/P body on miRNA-mediated
gene silencing. The miRNA-mediated [3-globin protein repres-
sion was comparable with that observed in the HeLa Tet-OFF
and U20S cell lines. However, there was only a modest de-
crease in the 3-globin mRNA levels, as confirmed by quantita-
tive RT-PCR (qRT-PCR) analysis (Fig. 6 D). The target mRNA
stabilization resembled the situation we observed in the wild-
type U20S cell line; however, in the GW220 stable cell line,
there was greater protection of the target mRNA, correlating
with increased miRISC aggregation into the GW/P bodies. This
result suggests that increased GW220 expression could protect
the miRNA-targeted mRNA from degradation. Given the gen-
eral exclusion of the translational machinery from P bodies
(Kedersha et al., 2005; Anderson and Kedersha, 2006; Souquere
et al., 2009), the sequestering of the miRISC and the target
mRNA into GW/P bodies would maintain the gene silencing
through translational repression.

The ability of miRNAs to promote deadenylation of tar-
get mRNAs led us to examine the effect of miRISC localiza-
tion to the GW/P body on the poly(A) tail of the stabilized
B-globin miRNA reporter mRNA. We applied a gene specific
oligonucleotide (oligo), with or without oligo(dT), coupled to
an RNaseH/Northern assay, to determine the length of the
poly(A) tail as previously described (Fig. 6 E; Wu et al., 2006).
In HeLa Tet-OFF cells lacking microscopically visible GW/P
bodies and miRISC aggregations, the poly(A) tail length dis-
tribution of the detectable mRNA targeted by miRNA showed
similar patterns to that of the mRNA not targeted by miRNA
(Fig. 6 F, left). We did not observe any obvious accumulation
of mRNA containing a short poly(A) tail, consistent with the
model that miRNA-mediated deadenylation is normally cou-
pled with mRNA degradation. In the GW220 stable cell line,
the stability of the B-globin mRNA was not significantly
affected by miRNA. We again did not observe any accumula-
tion of mRNA containing a short poly(A) tail (Fig. 6 F, right).
This result suggests that increased GW220 expression could
mediate repression without activating the rapid deadenyl-
ation and decay of the miRNA-targeted mRNA.

GW220 provides partial protection to a
tethered mRNA target

The tethering of GW/TNRC6 proteins to mRNA bypasses the
requirement of Ago/miRNA for target mRNA recognition and
is sufficient to trigger deadenylation and silencing of the target
mRNA (Behm-Ansmant et al., 2006; Chen et al., 2009). We ap-
plied a 3-globin—tethering reporter to determine the effect of
various GW proteins and the C-terminal silencing domain of
GW proteins on the target mRNA levels. The AN-HA—tagged
GW proteins were expressed in HeLa Tet-OFF cells, together
with a B-globin reporter that contained five boxB sites in
the 3’ UTR (Fig. 7 A). The C-terminal silencing domain of
GW/TNRC6A, GWSD(1,491C), did not form aggregates and
localized to both the nucleus and the cytoplasm in the cell.

The AN-HA-tagged GW220 formed GW/P bodies, whereas
GW195 and GW182 formed abnormal aggregates that were not
GW/P bodies, similar to myc-tagged GW proteins (Fig. 7, B and C).
Tethering of GWSD(1,491C) and GW220 led to a similar degree
of target protein repression as determined by Western blotting
(Fig. 7 B, bottom left). Although tethering of GWSD(1,491C) led
to significant mRNA destabilization that correlated well with
the protein repression, tethering of GW220 provided a partial
protection to the repressed $-globin mRNA, as determined by
Northern blotting (Fig. 7 B, bottom right). Tethering of GW 182
and GW195 also led to target protein repression that correlated
well with the mRNA destabilization (Fig. 7 C). These results
suggest that GW220 could mediate repression without activating
the rapid degradation of the associated mRNA.

Next, we generated a AN-tagged Hedls expression con-
struct and examined the effect of classical P-body formation
on the tethered mRNA target (Fenger-Grgn et al., 2005). The
AN-tagged Hedls formed aggregates similar to classical P bodies
in the mammalian cells as determined by costaining with Hedls,
DDX6, Dcpl, and Lsm1 (Fig. S4 A and not depicted). These
granules did not contain GW220 and Ago2 (Fig. S4 A); there-
fore, they were different from the GW/P bodies nucleated by
GW220. Tethering of Hedls to the 3" UTR of the 3-globin reporter
did not repress the 3-globin protein expression (Fig. S4 B, top)
nor did it trigger the destabilization of the (-globin mRNA
(Fig. S4 B, bottom). A recent study showed that the expression
of PAT1b, another classical P-body component, also led to the
formation of classical P bodies but resulted in significant desta-
bilization and repression of the tethered mRNA (Ozgur et al.,
2010). Considered together, these results suggest that the pro-
tection of the target mRNA provided by GW220 is unique.

GWZ220 provides partial protection of a
miRNA-targeted mRNA

As previously shown, the miRNA-targeted [3-globin reporter
mRNA was significantly destabilized in HelLa Tet-OFF cells
(Fig. 6 B). We examined the effect of overexpression of differ-
ent GW proteins on the target mRNA level in these cells. We
first applied a mixture of three siRNAs (siTNRCO6) targeting all
human TNRC6A/6B/6C proteins to deplete the endogenous GW
proteins. Western blot analysis of the endogenous TNRC6A/
GW and the overexpressed myc-tagged TNRC6B and TNRC6C
confirmed the efficiency of the knockdowns (Fig. 8 A). The lev-
els of the endogenous Ago proteins were not affected by the
depletion of all three TNRC6 proteins, as determined by an
antibody that recognizes all four human Ago proteins (Fig. 8 A).
Repression of the 3-globin miRNA reporter was significantly
impaired upon depletion of endogenous TNRC6 proteins
(Fig. 8 C, lane 2).

Next, we expressed siRNA-resistant forms of myc-tagged
TNRC6A/GW to rescue the miRNA-mediated repression
(Fig. 8, A and C). myc-GW220siResistant triggered the for-
mation of GW/P bodies in HeLa Tet-OFF cells, whereas myc-
GW195siResistant and myc-GW182siResistant formed granules
that were different from the GW/P bodies (Fig. 8§ B). All three
TNRC6A/GWsiResistant proteins were able to rescue the repres-
sion of the 3-globin reporter protein to approximately fivefold
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Figure 7. GW220 provides partial protection to a tethered mRNA target. (A) Schematic representation of the AN/boxB FLAG-g-globin-tethering reporter
system. (B) The AN-HA-tagged C-terminal silencing domain of GW, GWSD(1,491C), localized in the nucleus and cytoplasm, whereas the AN-HA-tagged
GW220 formed GW/P bodies in Hela Tet-OFF cells. Tethering of GWSD(1,491C) led to significant mRNA destabilization that correlated well with protein
repression. Tethering of GW220 caused less mRNA destabilization even though the protein was equally well repressed as tethering of GWSD(1,491C).
(C) The AN-HA-tagged GW 195 and GW 182 formed cytoplasmic aggregates that were distinct from the GW/P bodies in the Hela Tet-OFF cells. Tether-
ing of GW195 and GW182 led to mRNA destabilization that correlated well with protein repression. The protein repression and mRNA destabilization
were quantified by Image) software and Quantity One 1-D Analysis Software and confirmed by qRT-PCR analysis. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase. Mean values + standard deviations from three independent experiments are shown. Bars, 10 pm.

(Fig. 8 C), despite all having different expression levels (Fig. 8 A).
We observed a partial protection of the B-globin mRNA by
GW220 rescue but not by GW195 and GW 182 rescues (Fig. 8 C),
similar to the effect we observed in the tethering assay. We
emphasize that the protection of the target mRNA was not com-
plete in both assays, and mRNA destabilization remained a sig-
nificant contributing factor to the repression in both systems.

To directly test the hypothesis that the GW/P-body forma-
tion sequestered and protected miRNA-targeted mRNA from
degradation, we examined the consequences of removing GW220.
We depleted the GW220 isoform by using two specific siRNAs
targeting the GW220-specific polyQ region (siGW220#A
and siGW220#B). A previously described siRNA (siGW) tar-
geting all three isoforms of GW proteins was used as a control

(Liu et al., 2005a). Western blot analysis confirmed the spec-
ificity and efficiency of these siRNAs (Fig. 9 A). More im-
portantly, the significant reduction in the levels of GW220
did not affect the levels of endogenous Ago2 (Fig. 9 A). We
observed a small degree of reduction in the levels of GW182
protein upon GW?220 depletion, suggesting that miRISC aggre-
gation might increase the stability of GW proteins retained
within the foci.

Next, we examined the effect of GW220 depletion on
GW/P-body formation. Although P bodies remained readily de-
tectable, as determined by Hedls staining, GW220 and Ago2
were no longer present in these foci, with Ago2 becoming dif-
fusely distributed throughout the cytoplasm (Fig. 9, B and C).
Moreover, the endogenous TNRC6B was excluded from the
P bodies when GW220 is depleted (Fig. S5, A—C). These results
further support an essential role for GW220 in the formation
and maintenance of the GW/P bodies and the retention of Ago2
and miRISC in these distinctive foci.



% X
& & o
S & &
o P ¥
¥ WO N
oA A
CELEL
N >
00 00 6\* ‘6\ 6\*

- o+ + o+ o+

SiTNRC6(GW/6A+6B+6C)

250 kD = <— endogenous GW220

150 KD == “—endogenous GW182

100 kKD == <«—Pan-Ago (1-4)

myc-GW182siResistant

50 kD == <€—tubulin
QS"&QS"& 100%
,‘o\ N [l Protein repression
\ ’ ¢,
S <¢\° ‘@\0 , ] mRNA degradation
C FLAG-B-globin miRNA reporters 0
-t siTNRCe + + + + siCXCR4
- Si
250 kD —- <«—myc-TNRC6B 60%
myc ,»Q q% %'L 0
RGN
50 kD _- <«—tubulin - = @ O O siResistant 0
0
& & - 4+ + + + siTNRC6
& L r
& & 37 kD =
- - + siTNRC6 25 kD == 0% - .

2 3 4 5 1 2 3 4 5

250 kD — N <«—myc-TNRC6C !

B DI

Figure 8. GW?220 provides partial protection to a miRNA-targeted mRNA. (A) The endogenous TNRC6 proteins were depleted by a mixture of siRNAs
(siTNRCY) targeting all human GW proteins. The endogenous TNRC6A/GW proteins were examined by Western blot analysis using an antibody that
recognized the C terminus of the proteins (GWc). The efficiencies of the knockdown of myctagged TNRC6B and TNRC6C proteins were confirmed by
Western blotting using the myc antibody. The expressions of siRNA-resistant forms of the myc-tagged TNRC6A/GW proteins were confirmed by the GWc
antibody (indicated by asterisks). (B) The myctagged siResistant GW220 formed GW/P bodies in Hela TetOFF cells, whereas myc-tagged siResistant
GW195 and GW182 formed different granules. (C) Depletion of all endogenous TNRC6 proteins impaired miRNA-mediated repression of the -globin
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Overall, these results support the model that miRISC ag-
gregation and GW/P-body formation protect miRNA-targeted

We next examined the fate of the 3-globin miRNA-targeted
mRNA in U20S cells depleted of GW220 and GW/P bodies.

Although (3-globin target protein levels were similarly reduced,
there was now a significant destabilization of the target mRNA
in these cells (Fig. 9 D). Similar destabilization of the target
mRNA was observed when we depleted GW220 in the myc-
GW220 stable cells (Fig. S5 D). We further determined the
half-life of the reporter mRNA upon transcriptional shutoff.
The half-life of the nontargeted control 3-globin mRNA was
~6 h, whereas the half-life of the miRNA-targeted {3-globin
mRNA was reduced to ~4 h. Depletion of GW220 and GW/P
bodies further destabilized the 3-globin mRNA and reduced its
half-life to ~2 h (Fig. 9 E). Furthermore, depletion of GW220
led to a significant loss of miRNA-targeted mRNA in the re-
maining miRISC-negative P bodies (Fig. S5 E).

mRNA from degradation. Preventing aggregation allows the
miRISC to efficiently recruit the cytoplasmic deadenylase com-
plex and destabilize the associated mRNA targets.

Discussion

The GW/TNRC6 family proteins are essential components of
the miRISC and are critical for miRNA function (Eulalio et al.,
2009b). Recruitment of the cytoplasmic deadenylase complex
to the mRNA is a critical regulatory step in posttranscriptional
gene regulation. Recent studies have shown that the C-terminal
silencing domain of the GW/TNRC6 proteins interacts with
PABP, PAN2/PAN3, and CNOT1/CCR4/CAF1 (Fabian et al.,
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Figure 9. GW220 is essential for the accumulation of miRISC in the GW/P bodies, and maintenance of GW/P bodies is essential to protect mRNA targeted
by miRNA from degradation. (A) GW220, endogenous or stably expressed, can be repressed by specific siRNAs, as determined by Western blot analysis.
Depletion of GW220 did not affect Ago2 expression levels. (B and C) Depletion of GW220 led to loss of the GW/P bodies, as determined by immuno-
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standard deviations from three independent experiments are shown. Bars, 10 pm.

2009, 2011; Zekri et al., 2009; Braun et al., 2011; Chekulaeva
et al., 2011). Therefore, the cytosolic miRISC serves as an
adaptor complex to recruit the cytoplasmic deadenylases and
control the target mRNA deadenylation and stability in mam-
malian cells.

Our results show that mammalian miRISC can also accu-
mulate into GW/P bodies in certain cells. GW/P-body forma-
tion stabilizes the target mRNA associated with these unique
granules. The exact mechanism of mRNA stabilization by the GW/P
body remains to be determined. However, given that the stabilized
miRNA-targeted mRNA retains its poly(A) tail, the protection
provided by the aggregation and sequestration of miRISC into
GW/P body might involve either blocking of the deadenylation
machinery from accessing the target mRNA or inhibition of the
activity of cytoplasmic deadenylases.

The cytoplasmic compartmentalization of the miRISC
could play an important role in the choice between an irreversible
silencing process (deadenylation and degradation of the target
mRNA) and a reversible silencing process (protection and trans-
lational repression of the target mRNA). In mammalian cells,
GW?220, an alternative isoform of GW182/TNRC6A, plays an

essential role in this control process. GW220 is capable of nucle-
ating the de novo formation of GW/P bodies and is essential for
their maintenance in mammalian cells. Its unique N-terminal
polyQ motif may influence protein—protein interactions that are
required for the miRISC sequestration. GW220 is necessary but
not always sufficient for GW/P-body formation. The additional
miRISC cofactors involved in the aggregation and formation of
GW/P body remain to be identified. In our experiments, over-
expression of GW195 and GW182 proteins in U20S cells often led
to the disassembly of endogenous GW/P bodies (Fig. S1 E). It is
possible that these ectopically expressed GW proteins compete
with endogenous GW?220 for the additional protein and/or mRNA
cofactors required for GW/P-body formation.

Posttranslational modifications of GW proteins could also
play important roles in regulating GW/P-body formation. A re-
cent study suggested that the assembly and disassembly of germ-
line P granules in Caenorhabditis elegans is regulated not only
by the concentration of critical components but also through an
additional mechanism involving posttranslational modifications
of unknown components (Gallo et al., 2010). These modifica-
tions and the regulatory mechanisms are yet to be identified.
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It is still unclear how repression by the miRISC is initi-
ated. Recent studies suggest that a translation initiation block
occurs before deadenylation (Fabian et al., 2010; Bazzini et al.,
2012; Djuranovic et al., 2012). A recent study in Xenopus laevis
suggests that the deadenylase CAF1 could inhibit translation
independent of deadenylation (Cooke et al., 2010). The recruit-
ment of a large complex containing some or all of the GW-
associated proteins could potentially disrupt the closed-loop
mRNA conformation. This conformational change might be
sufficient to trigger the initial translational repression. Further
studies are required to dissect the processes that occur when
miRISC associates with the target mRNA. Our results suggest
that the cellular localization of the miRISC plays an important
role in coordinating the translational repression, degradation,
and storage of miRNA-targeted mRNA. It is possible that
GW220 and GW/P-body formation could enhance the initial
translational repression without activating the rapid decay of
the translationally repressed mRNA. Therefore, we propose a
dual level of control involving the miRISC. Cytosol-localized
miRISCs are capable of recruiting the deadenylase complex
and initiating mRNA degradation. When miRISCs are aggre-
gated into GW/P bodies, mRNA is sequestered, protected from
degradation, and silenced through exclusion from the transla-
tional machinery (Fig. 10).

The formation of microscopically visible P bodies is not
a requirement for mRNA degradation (Decker et al., 2007;
Hu et al., 2009). Accumulation of microscopically visible
foci is more consistent with a role in mRNA storage or inhi-
bition of mRNA degradation. Recent studies suggest that
P body-like structures present during the oogenesis of C. elegans
(Boag et al., 2008) and during the sexual development of the
protozoan Plasmodium berghei (Mair et al., 2006) function by
sequestering a cohort of specific mRNA species, protecting
them from degradation and, at the same time, promoting trans-
lational repression. It has been demonstrated in yeast that
mRNA stored in P bodies is able to return to translation once
released from the foci (Brengues et al., 2005). The same pos-
sible scenario could apply to the miRNA-targeted mRNA se-
questered in the GW/P body (Bhattacharyya et al., 2006). The
mRNAs sequestered in the GW/P bodies could potentially re-
turn to translation when GW/P bodies disassemble. Therefore, a
function of the GW/P bodies could be to provide spatial and
temporal control of translation for miRNA-targeted mRNA.

Recently, Han et al. (2012) and Kato et al. (2012)
established a cell-free system to assemble RNA granules. The
aggregation and formation of these RNA granules in vitro
was triggered by incubation of the lysates either with a biotinyl-
ated isoxazole chemical or with the overexpressed domains of
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certain RNA-binding proteins that contain low complexity
sequences. Proteomic analysis of these granules identified a
large number of RNA-binding proteins, including TNRC6B and
TNRC6C. Both Ago2 and TNRC6A were absent in these gran-
ules. These findings raise an interesting possibility that differ-
ent TNRC6 proteins have distinct functions in different types
of RNA granules. The RNA-binding proteins that contain low
complexity sequences could potentially play key roles in regu-
lating GW/P-body formation. Here, we described a method to
extract and assay classical P bodies and GW/P bodies in vitro.
Additional purification is required to separate these granules
from the cytosolic fraction for proteomic analysis or biochemi-
cal assay. Further characterization of GW/P bodies and identifi-
cation of endogenous mRNAs that are regulated by these GW/P
bodies will provide better understanding of the role of these
unique cytoplasmic mRNP granules in the miRNA pathway.

Materials and methods

DNA constructs

cDNAs encoding fulllength human GW220, GW195, and GW 182 were
generated by RT-PCR from RNAs extracted from either HEK293T, U20S,
or Hela cells. Plasmids expressing various GW/TNRCé proteins were
made by cloning the cDNAs info pcDNA3 (Invitrogen)-based mammalian
expression vectors. Various truncations were generated by PCR subclon-
ing. The B-globin expression construct was provided by A.-B. Shyu (The
University of Texas Medical School, Houston, TX). The B-globin miRNA
reporters were constructed info a fetracycline response elements-Tight
vector (Takara Bio Inc.). The FLAG epitope tag was fused to the reporter
to facilitate the analysis of protein levels by Western blot analysis. miRNA-
responsive elements (containing six CXCR4 sites or three let-7 sites) were
inserted into the 3’ UTR of the reporter constructs (Doench et al., 2003;
Pillai et al., 2005). The 24 MS2 repeat—containing B-globin reporter was
constructed in a similar fashion to the previously reported 24 MS2 repeat—
containing luciferase reporters (Liu et al., 2005b).

Cell culture and transfection

Human HEK293T, U20S, or Hela cells were cultured in DME (10% FBS)
in a 37°C incubator with 5% CO,. Plasmid transfections were performed
using TransIT-LT1 or TransIT-HeLaMONSTER transfection reagent (Mirus
Bio LLC) as per the manufacturer’s instructions. siCXCR4, micro-let-7,
and other siRNAs were purchased from Thermo Fisher Scientific. siRNA-
targeted sequences used in this study were as follows: GW, 5-GAAAU-
GCUCUGGUCCGCUA-3’; GW220, 5’ - TCGGTATCCTCGTGAAGTA-3'
and 5-CAGATAAAGCCCAGTGTAA-3’; TNRC6B, 5'-GCACTGCCCT-
GATCCGATA-3’; and TNRC6C, 5'-CTATTAACCTCGCCAATTA-3". siRNA
transfections were performed using Oligofectamine reagent obtained
from Invitrogen as per the manufacturer’s instructions. To generate the
GW220 stable cell line, a fulllength GW220 expression construct con-
taining an N-terminal c-myc tag and a neomycin selectable cassefte was
transfected into the wild-type U20S cells using TransIT-LT1 reagent. After
2 wk in selection with 500 pg/ml Geneticin G418 (Invitrogen), individual
clones were expanded for analysis by both Western blotting and immuno-
fluorescence to confirm the expression of GW220. Clones were further se-
lected by single-cell dilution and expansion. The miRNA reporter assay
and the tethering assay were performed as described previously (Liu et al.,
2005a). In brief, exponentially growing cells were plated into 6-well plates
at a density of 2.5 x 10° cells/well on the day before transfection. The
cells were transfected with 2.5 pg of total DNA (B-globin reporter con-
struct, pRevTet-Off-IN vector expressing fetracycline-controlled transactiva-
tor, and various GW expression constructs) and/or 100 nM siRNA. The
transfection efficiency of Hela TetOFF and U20S cells ranges from 30 to
60%, monitored by GFP fluorescence assay. Protein and RNA analyses
were performed 48 h after the transfection.

Protein analysis

Procedures for cell lysis, immunoprecipitation, and immunoblotting were
performed as previously described (Liu et al., 2004). Lysis buffer contained
0.5% NP-40, 150 mM NaCl, 2 mM MgCl,, and 20 mM Tris HCI, pH 7.5.
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EDTAfree protease inhibitor (Roche) and DTT (final of 1.5 mM) were
added immediately before lysis. The cell lysates were precleared by cen-
trifugation at 15,000 g for 10 min at 4°C.

100-pg cell lysates were examined by Western blot analysis. For
immunoprecipitation, a 10-mg cell lysate was incubated with 10 pg anti-
body and 30 pl protein A or G agarose or Dynabeads (Life Technologies)
for 3 h at 4°C. For the in vitro GW/P-body assay, we modified the well-
characterized RISC extract preparation method (Liu et al., 2004). Hypo-
tonic extracts were prepared in buffer A (10 mM Hepes, pH 7.9, 1.5 mM
MgCl,, and 10 mM NaCl). Two rounds of low speed clarification steps
(1,000 g for 10 min) were used to obtain the cytoplasm extract. After add-
ing 0.11 vol buffer B (0.3 M Hepes, pH 7.9, 1.4 M NaCl, and 0.03 M
MgCly), the extract was examined for the presence of miRISC and GW/P
bodies. The lysates from low speed RISC extract were centrifuged onto
microscope coverslips through a glycerol cushion. The coverslips were
fixed and examined for the presence of GW/P bodies following the same
immunofluorescence protocol (see Immunofluorescence section). Western
blots of the straight cell lysates or of the immunoprecipitations were probed
with the indicated antibodies. Antibodies to c-myc and HA were purchased
from Roche, and antibodies to FLAG were purchased from Sigma-Aldrich.
Specific antibodies against GW family proteins, Ago2 protein, and DDX6
protein were generated by immunizing rabbits with various synthetic pep-
tides from either the N terminus or the C terminus of the corresponding pro-
teins. Human IC-6 serum that recognizes Hedls is a gift from M.J. Fritzler
(University of Calgary, Calgary, Alberta, Canada), and the rabbit poly-
clonal antibody against Dep1 was a gift from J. Lykke-Andersen (University
of California, San Diego, La Jolla, CA).

RNA analysis

RNA extractions were performed as previously described (Liu et al., 2004)
using TRIZOL reagent (Invitrogen). Two-step qRT-PCR was performed using
SuperScript Il First-Strand Synthesis kit (Invitrogen), SYBR green supermix
(iQ; Bio-Rad Laboratories), and iQ5 Real-Time PCR system (Bio-Rad Labo-
ratories) as per the manufacturers’ instructions. Northern blotting and
RNaseH/Northern analysis was performed as previously described (Wu
etal., 2006). In brief, 10 pg of total RNA was annealed at 75°C for 5 min
with a gene-specific oligo (500 ng), with or without the addition of an
oligo(dT) oligo (500 ng). RNA/oligo hybrids were then digested with
RNaseH (Invitrogen) for 1 h at 37°C. Samples were precipitated and resus-
pended in loading buffer (Ambion), separated on a 6% urea denaturing
polyacrylamide gel, transferred to nitrocellose (Hybond-N+; GE Health-
care), and crosslinked using a UV stratalinker (Spectronics). The probe
was labeled with [*2P]CTP using the random labeling kit (Roche) as per the
manufacturer’s instructions, and membranes were hybridized overnight at
42°C. Detection and analysis of the membrane after hybridization was
carried out using a phosphoimager (Personal Molecular Imager; Bio-Rad
Laboratories) and Quantity One 1-D Analysis Software (Bio-Rad Laboratories)
or Image) software (National Institutes of Health).

Immunofluorescence

Cultured cells grown on a glass chamber slide were fixed using 4% para-
formaldehyde (in PBS) for 12 min at room temperature. The cells were then
permeabilized in PBS containing 0.2% Triton X-100 for é min at 4°C.
Alexa Fluor (488 or 594)-conjugated secondary antibodies were purchased
from Invitrogen. Antibody incubation was performed at room temperature
in PBS containing 0.5% BSA as a blocking agent. The slides were mounted
with the fluorescence mounting medium (Dako). The cells were examined
using obijective EC Plan-Neofluar 40x/0.75 NA phase contrast optics lens
and fluorescent microscope (Axio Imager.Z1; Carl Zeiss) at room tempera-
ture. The images were acquired using a high resolution microscopy cam-
era (AxioCam MRm Rev. 3 FireWire; Carl Zeiss) and AxioVision Rel. 4.6
software (Carl Zeiss). AxioVision image files were then exported to the TIFF
file format. In the target mRNA localization assay, longer exposure was re-
quired to detect the cytoplasmic MS2-YFP signal in the control cells. We
observed that ~30-40% of the cells were transfected with the MS2-YFP
protein, and >80% of these cells showed GW/P-body accumulation of the
target mRNA in the presence of miRNA in five independent experiments.

Online supplemental material

Fig. S1 shows that different TNRCé proteins form different mRNP granules
in both Hela Tet-OFF cells and U20S cells. Fig. S2 shows the characteriza-
tion of the GW/TNRCOA antibodies and the myc-GW220 stable cells.
Fig. S3 shows that endogenous PABP protein does not accumulate in the
GW/P bodies and that the formation of GW/P bodies in U20S cells is not
affected by the overexpression of catalytically inactive CAF1 mutant. Fig. S4



shows that Hedls promotes classical P-body formation in mammalian
cells and does not silence the tethered mRNA target. Fig. S5 shows that
depletion of GW220 leads to loss of the GW/P bodies and significant
loss of the miRNA-targeted mRNA in the remaining miRISC-negative
Hedls-positive P bodies. Online supplemental material is available at

http://www.jcb.org/cgi/content/full/jcb.201201153/DC1.
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