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MicroRNA-122 (miR-122) is highly expressed in hepatocytes,
where it plays an important role in regulating cholesterol and
fatty acid metabolism, and it is also a host factor required for
hepatitis C virus replication. miR-122 is selectively stabilized by
3� adenylation mediated by the cytoplasmic poly(A) polymerase
GLD-2 (also known as PAPD4 or TENT2). However, it is unclear
how GLD-2 specifically stabilizes miR-122. Here, we show that
QKI7 KH domain-containing RNA binding (QKI-7), one of
three isoforms of the QKI proteins, which are members of the
signal transduction and activation of RNA (STAR) family of
RNA-binding proteins, is involved in miR-122 stabilization.
QKI down-regulation specifically decreased the steady-state
level of mature miR-122, but did not affect the pre-miR-122
level. We also found that QKI-7 uses its C-terminal region to
interact with GLD-2 and its QUA2 domain to associate with the
RNA-induced silencing complex protein Argonaute 2 (Ago2),
indicating that the GLD-2–QKI-7 interaction recruits GLD-2 to
Ago2. QKI-7 exhibited specific affinity to miR-122 and signifi-
cantly promoted GLD-2–mediated 3� adenylation of miR-122 in
vitro. Taken together, our findings indicate that miR-122 binds
Ago2–interacting QKI-7, which recruits GLD-2 for 3� adenyla-
tion and stabilization of miR-122.

MicroRNAs (miRNAs)2 constitute a large family of �21-nu-
cleotide RNAs that silence specific mRNAs and thereby regu-
late various biological processes related to development, differ-

entiation, physiology, and pathology. miRNA associates with
Argonaute (Ago) and other proteins to form the RNA-induced
silencing complex (RISC), which binds to a sequence comple-
mentary to the miRNA in the 3�-untranslated region (UTR) of
the target mRNA, leading to translational repression, 3� dead-
enylation, and degradation (1, 2). Expression of most miRNAs is
spatiotemporally regulated, and alteration of individual miRNA
levels can result in pathological consequences. Accordingly, the
steady-state levels of miRNAs are tightly controlled at multiple
levels, including miRNA transcription, processing of precur-
sors by Drosha or Dicer, and degradation of mature miRNA (3).

Several mechanisms that regulate miRNA stability and deg-
radation have been elucidated (4, 5). In particular, the 3� ter-
mini of miRNAs frequently undergo post-transcriptional
uridylation, adenylation, and 2�-O-methylation, and these
modifications play major roles in regulating the stability of
miRNAs. In mammals, Lin28B binds to the terminal loop of
pre-let-7 and recruits TUT4 (also known as ZCCHC11) and
TUT7 (also known as ZCCHC6), leading to oligouridylation of
pre-let-7 (6 –8). This modification prevents pre-let-7 pro-
cessing by Dicer, resulting in 3�-5� exonucleolytic degradation
mediated by Dis3l2 (9). In the absence of Lin28, TUT4 and
TUT7 monouridylate a subset of pre-miRNAs at their 3� ter-
mini to facilitate dicing for miRNA maturation (10). In plants,
the 3� termini of miRNAs and siRNAs are 2�-O-methylated by
Hen1 methyltransferase during maturation (11). This terminal
methylation prevents 3�-oligouridylation by HESO1 (11–13).
Because oligouridylated miRNAs are degraded by 3� exonu-
clease SDN (14), by preventing oligouridylation the terminal
methylation protects the 3� termini of miRNAs and blocks deg-
radation. In mammals and Drosophila melanogaster, the 3� ter-
mini of piRNAs and siRNAs, rather than miRNAs, are 2�-O-
methylated by Hen1 homologs (Pimet and DmHen1) (15–18).

The liver-specific miRNA miR-122, which is highly ex-
pressed in hepatocytes and some hepatoma cells, plays an
important role in hepatic function by regulating cholesterol and
fatty acid metabolism (19, 20). miR-122 is also a host factor
required for hepatitis C virus replication (21–23). We reported
previously that the steady-state level of miR-122 is determined
by the balance between GLD-2 (also referred to as PAPD4 or
TENT2) mediated 3� adenylation and PARN-mediated 3� dead-
enylation and degradation (24, 25). In the livers of GLD-2–null
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mice, 3� adenylation of miR-122 disappears, and the steady-
state level of miR-122 is markedly reduced. By contrast, in
PARN knockdown cells, miR-122 is 3�-oligoadenylated and its
steady-state level is elevated. In primary fibroblasts, GLD-2–
mediated 3� adenylation of miR-122 regulates the expression of
CPEB mRNA, leading to polyadenylation and translation of p53
mRNA (26, 27). Thus, miR-122 controls cellular senescence via
post-transcriptional control of p53.

GLD-2 adenylates several other miRNAs in mammals (28),
but this modification does not always contribute to their stabil-
ity. A recent study demonstrated that the HCV core protein
interacts with GLD-2 and inhibits its 3� adenylase activity,
thereby destabilizing miR-122 and decreasing HCV RNA abun-
dance (29). Thus, the HCV core protein controls viral re-
plication levels by down-regulating miR-122. Regarding the
molecular mechanism underlying selective destabilization of
miR-122, we reported that an RNA-binding protein, CUG-
binding protein 1 (CUGBP1), specifically binds to miR-122 and
recruits PARN, thereby stimulating 3� deadenylation and deg-
radation (25). However, it remains unclear how GLD-2 specif-
ically stabilizes miR-122.

QKI is a conserved multifunctional protein belonging to the
STAR (signal transduction and activation of RNA) family of
RNA-binding proteins. QKI proteins are involved in various
aspects of post-transcriptional regulation of mRNAs, including
stability, splicing, and translation (30 –33). Dysregulation of
QKI is associated with human diseases such as schizophrenia,
ataxia, and glioblastoma (31–35). QKI is a major regulator of
neural stem cell (NSC) stemness, and deletion of Qki in mice
promotes NSC self-renewal and inhibits NSC differentiation in
suboptimal environments (36). In addition, QKI promotes cir-
cular RNA biogenesis during the epithelial-to-mesenchymal
transition (37). Three major isoforms, QKI-5, QKI-6, and
QKI-7, are produced from the single QKI gene by alternative
splicing (38). These isoforms all contain the same QUA1,
QUA2, and KH domains in the N-terminal region, but their
8 –30 C-terminal amino acids differ (39)(see Fig. 2B). QKI-5
contains a nuclear localization signal, and accordingly is pre-
dominantly localized in nucleus (30). QKI-6 is distributed in the
cytoplasm and nucleus, whereas QKI-7 is predominantly local-
ized in cytoplasm (40). The QKI proteins selectively recog-
nize a short sequence motif, ACUAAY (where Y is pyrimi-
dine), called the QKI response element (QRE) (41, 42). QKI
proteins are also involved in the RNAi pathway. QKI inter-
acts with Ago2 during stress responses (43). Caenorhabditis
elegans GLD-1, a homolog of QKI, engages in both genetic
and biochemical interactions with the miRNA pathway (44).
In addition, QKI-7 physically interacts with GLD-2 to regu-
late cytoplasmic polyadenylation of specific mRNAs in a
QRE-dependent manner (45). These observations prompted
us to speculate that QKI-7 is involved in the selective stabi-
lization of miR-122 mediated by GLD-2.

Here, we report that QKI-7 is involved in the stabilization of
miR-122. Ago2, QKI-7, and GLD-2 form a stable ternary com-
plex, and QKI-7 has a specific affinity for miR-122 in vitro. In
addition, QKI-7 promoted GLD-2-mediated 3� adenylation of
miR-122 in vitro.

Results

QKI stabilizes miR-122 in human cells

To investigate the involvement of QKI proteins in miR-122
metabolism, we knocked down QKI proteins in human Huh7
hepatoma cells using siRNA. Due to the small difference in
sequence along QKI isoforms, it was impossible to knock down
each isoform of QKI separately, so instead we knocked down all
isoforms simultaneously. Knockdown efficiency was estimated
by measuring steady-state levels of each isoform in knockdown
(KD) cells, normalized against the levels in control cells (mock
KD). The mRNA levels for QKI-5, QKI-6, and QKI-7 were
reduced to 54, 10, and 28% of control (mock KD) levels, respec-
tively. Although the knockdown efficiency of QKI-5 was insuf-
ficient, the levels of the cytoplasmic isoforms (QKI-6 and
QKI-7) decreased markedly. The efficient knockdown of the all
QKI isoforms in Huh7 cells was confirmed by immunoblotting
(Fig. S1A). We observed a marked reduction of miR-122 upon
QKI KD (Fig. 1A), whereas the levels of the other miRNAs
(miR-21, miR-16, and miR-22) remained unchanged. In addi-
tion, we knocked down GLD-2 (to 17% of control levels), and
observed down-regulation of miR-122 in GLD-2 KD cells, as
reported previously (24). The decrease of miR-122 was also
observed upon QKI KD with the second siRNA (si-QKI#2) (Fig.
S1B). We also performed Northern blotting to analyze the steady-
state levels of miRNAs and precursors in QKI or GLD-2 KD cells
(Fig. 1B). A reduction of miR-122 was observed in both QKI KD
cells and GLD-2 KD cells, whereas the levels of miR-122 precursor
(pre-miR-122) and mature miR-21 were unchanged, indicating
that depletion of QKI specifically affects the stability of miR-122
after dicing of pre-miRNA in hepatoma cells.

To investigate whether QKI stabilizes miR-122 loaded on Ago2,
endogenous Ago2 was immunoprecipitated with anti-Ago2 anti-
body (Fig. 1C) in QKI KD Huh7 cells (Fig. S1C), and miRNAs
co-precipitated with Ago2 were analyzed by real-time RT-PCR. As
shown in Fig. 1D, miR-122 loaded on Ago2 was markedly
decreased in QKI KD cells, when compared with the other miR-
NAs, showing that QKI stabilizes miR-122 loaded on Ago2.

GLD-2 interacts with QKI-7 through the nucleotidyltransferase
domain

We next analyzed the subcellular localization of each QKI
isoform in Huh7 cells. For this purpose, we transiently
expressed QKI-FLAG proteins in Huh7 cells and performed
immunostaining with anti-FLAG antibody. In Huh7 cells,
QKI-5 was localized predominantly in the nucleus, whereas
QKI-6 and QKI-7 were exclusively cytoplasmic (Fig. 2A); these
localizations were consistent with those reported in other cell
lines (30, 40).

We then conducted domain mapping of GLD-2 to determine
the region of this protein required for the interaction with
QKI-7. QKI-6 and QKI-7 (tagged with His6) were recombi-
nantly expressed in Escherichia coli and purified. Constructs
encoding full-length GLD-2 and deletion mutants (all tagged
with Myc) were transiently expressed in HEK293T cells and
immunoprecipitated from cell lysate with anti-Myc antibody.
The IP beads were then incubated with recombinant QKI-6 or
QKI-7, followed by washing, and then the bound QKI proteins

GLD-2 and QKI-7 adenylate and stabilize miRNAs

J. Biol. Chem. (2020) 295(2) 390 –402 391

http://www.jbc.org/cgi/content/full/RA119.011617/DC1
http://www.jbc.org/cgi/content/full/RA119.011617/DC1
http://www.jbc.org/cgi/content/full/RA119.011617/DC1
http://www.jbc.org/cgi/content/full/RA119.011617/DC1


were detected by immunoblotting. QKI-7 strongly bound to
full-length GLD-2, whereas QKI-6 did not (Fig. 2B), suggesting
that the C-terminal tail specific to QKI-7 is responsible for the
interaction with GLD-2. Among the deletion constructs, only
GLD-2 mutants lacking the nucleotidyltransferase (NT)
domain lost the ability to interact with QKI-7, whereas the
other mutants retained their ability to bind to QKI-7 (Fig. 2B).
This result suggests that the NT domain of GLD-2 is necessary
for the interaction with the C-terminal tail of QKI-7.

Finally, we examined the interaction between endogenous
QKI and GLD-2 in Huh7 cells. The lysate of Huh7 was sub-

jected to immunoprecipitation with anti-GLD-2 antibody in
the presence of RNases, followed by immunoblotting with anti-
QKI antibody. As shown in Fig. 2C, endogenous QKI was spe-
cifically co-precipitated with endogenous GLD-2 indepen-
dently of RNA, demonstrating that GLD-2 interacts with QKI
at the physiological level in Huh7 cells.

GLD-2 interacts with Ago2 via QKI-7

QKI-6 binds to Ago2 via an interaction between the QUA2
domain (also referred to as the CK region) of QKI and the PIWI
domain of Ago2 (43). Based on this knowledge, all QKI isoforms

Figure 1. QKI is involved in stabilization of miR-122. A, steady-state levels of miRNAs upon knockdown of QKIs and GLD-2 in Huh7 cells. The values represent
the ratios of the levels of each miRNA in the KD cells to those in the mock-transfected cells, as determined by real-time RT-PCR analyses, and the data were
normalized against the ratio for miR-21. The error bars are S.D. Asterisks indicate statistical significance, as determined by two-tailed t test. *, p � 0.05; n � 3. B,
Northern blotting of total RNA from Huh7 cells in which QKIs or GLD-2 were knocked down by siRNA (QKI KD). Knockdown of firefly luciferase (Luc KD) was used
as a control. Band intensities are quantified and normalized against the value of mock sample. C, Western blot analysis of immunoprecipitated Ago2 using an
anti-Ago2 antibody. D, real-time RT-PCR quantification of miRNAs co-immunoprecipitated with Ago2. The values represent the ratios of the levels of each
Ago2-bound miRNA in the QKI KD cells (si-QKI) to those in control cells (si-Luc), and the data were normalized against the ratio for miR-21. Mean values (n � 3)
are shown. The error bars are S.D. Asterisk indicates statistical significance, as determined by two-tailed t test. *, p � 0.05; n � 3.
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appear to have the ability to interact with Ago2. To test this
idea, we conducted in vitro binding experiments using recom-
binant proteins. In these assays, recombinant Ago2 was cap-

tured by anti-Ago2 antibody and immobilized on protein G
beads. The Ago2-bound beads were then incubated with each
of the QKI isoforms, followed by washing, and then the bound

Figure 2. Subcellular localization of QKI proteins and interaction with GLD-2. A, subcellular localization of QKI-FLAG proteins in Huh7 cells, as determined
by immunofluorescence staining using anti-FLAG antibody (green). Nuclei were stained with DAPI (blue). The green and blue images were superimposed to
generate the merged panels. B, in vitro protein–protein interactions between QKI-7 and GLD-2 mutants. Myc-tagged GLD-2 variants with a truncation of each
domain were immunoprecipitated in the presence of RNase A and mixed with recombinant His-QKI-7 or His-QKI-6 (INPUT). The beads were washed and
analyzed by immunoblotting with the indicated antibodies (Myc IP). Domain organizations of GLD-2, QKI-6, and QKI-7 are shown in the upper panel. C, the
interaction between endogenous GLD-2 and QKI in Huh7 cells. GLD-2 was immunoprecipitated with anti-GLD-2 antibody in the presence of RNases A and I,
followed by immunoblotting with the indicated antibodies.
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QKI protein was detected by immunoblotting. QKI-5 and
QKI-7 bound strongly to Ago2 (Fig. 3A), whereas QKI-6 unex-
pectedly interacted much more weakly with Ago2 than the
other QKI isoforms (Fig. 3A), implying that the C-terminal tail
of QKI-6 plays a negative role in the interaction with Ago2. We
also evaluated the interaction between Ago2 and QKI isoforms
in the cell. Myc-tagged Ago2 and FLAG-tagged QKI isoforms
were co-expressed in HEK293T cells, and Myc-tagged Ago2
was immunoprecipitated using anti-Myc antibody. The QKI
isoforms in the co-precipitants were detected by immunoblot-
ting. QKI-7 strongly interacted with Ago2 in the cell (Fig. 3B),
whereas QKI-6 was marginally co-immunoprecipitated with
Ago2, consistent with our in vitro binding results (Fig. 3A).
QKI-5 barely co-immunoprecipitated with Ago2, likely because

this isoform is predominantly localized in the nucleus. Thus,
among QKI isoforms, QKI-7 is the preferred partner for Ago2,
in vitro as well as in the cell. Furthermore, we performed the
immunoprecipitation of endogenous Ago2 in Huh7 cells in
which FLAG-GST–tagged QKI-7 was expressed, and con-
firmed that FLAG-GST–tagged QKI-7 co-immunoprecipitates
with endogenous Ago2 (Fig. 3C).

Given that QKI-7 interacted with both GLD-2 (Fig. 2, B and
C) and Ago2 (Fig. 3, A–C), we hypothesized that these three
proteins constitute a ternary complex, i.e. that GLD-2 interacts
with Ago2 via QKI-7. To investigate this possibility, we ana-
lyzed the interaction between Ago2 and GLD-2 by co-immu-
noprecipitation in the presence or absence of QKI-7. In these
experiments, Ago2 and GLD-2 were co-expressed with or with-

Figure 3. GLD-2 interacts with Ago2 via QKI-7. A, in vitro interaction between Ago2 and QKIs. 5�Flag-Ago2 was immobilized onto protein G beads via
anti-Ago2 antibody, and then mixed with His-QKI-5, His-QKI-6, or His-QKI-7 (INPUT). The beads were washed and analyzed by immunoblotting with the
indicated antibodies (Ago2 IP). As a negative control, the same experiment was performed in the absence of Ago2. Size of the relevant protein band was
validated in advance. B, the interaction between Ago2 and QKIs in cells. HEK293T cells were co-transfected with pCMV-5�Myc-Ago2 and pCMV-5�Flag-QKI-5,
pCMV-5�Flag-QKI-6, or pCMV-5�Flag-QKI-7 (INPUT). 5�Myc-Ago2 was immunoprecipitated with anti-c-Myc antibody (Myc IP), followed by immunoblotting
with the indicated antibodies. Size of the relevant protein band was validated in advance. C, the interaction between endogenous Ago2 and overexpressed
QKI-7 in Huh7 cells. Huh7 cells were transfected with pCMV-5�Flag-GST-QKI-7 or pcDNA3.1-ZCCHC4-Flag (INPUT). Endogenous Ago2 was immunoprecipi-
tated with biotinylated anti-Ago2 antibody (Ago2 IP), followed by immunoblotting with the indicated antibodies. ZCCHC4-FLAG protein was expressed as a
negative control. D, detection of the ternary complex consisting of Ago2, QKI-7, and GLD-2. HEK293T cells were co-transfected with pCMV-5�Myc-Ago2,
pCMV-5�Flag-GLD-2, and/or pCMV-5�Flag-QKI-7 (INPUT). 5�Myc-Ago2 was immunoprecipitated with anti-c-Myc antibody in the presence of RNase A
(Myc IP), followed by immunoblotting with the indicated antibodies. Size of the relevant protein band was validated in advance.
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out OKI-7 in HEK293T cells, and Ago2 was immunoprecipi-
tated with anti-Myc antibody. The bound GLD-2 was analyzed
by immunoblotting. GLD-2 barely co-precipitated with Ago2
in the absence of QKI-7 (Fig. 3D), suggesting that GLD-2 does
not physically interact with Ago2. Consistent with this finding,
a previous study detected no obvious interaction between Ago2
and GLD-2 (28). On the other hand, GLD-2 was efficiently co-
precipitated with Ago2 in the presence of QKI-7 (Fig. 3D), indi-
cating that GLD-2 interacts with Ago2 via QKI-7. Because we
performed the immunoprecipitation in the presence of RNase
A, we could conclude that the interaction was not RNA-depen-
dent. Thus, QKI-7, GLD-2, and Ago2 constitute an RNA-inde-
pendent ternary complex.

QKI-7 interacts with miR-122 and miR-652-3p in vitro

To determine whether QKI-7 is involved in the selective sta-
bilization of miR-122 mediated by GLD-2, we conducted an
electrophoretic mobility shift assay (EMSA) to examine QKI-7
binding specificity toward several miRNAs, including miR-122.
As shown in Fig. 4A, migration of miR-122 and miR-652-3p was
clearly retarded in the presence of QKI-7 (Fig. 4A), whereas the
other miRNAs tested did not interact with QKI-7. To deter-
mine the sequence element in miR-122 recognized by QKI-7,
we performed EMSA with a series of miR-122 variants, each of
which contained two base mutations in its sequence (Fig. 4B).
Among the 11 variants, mt-1, mt-2, mt-8, and mt-10 signifi-
cantly lost their ability to bind to QKI-7 (Fig. 4B), whereas the
other variants exhibited interactions comparable with that of
the WT sequence, indicating that the elements in miR-122 rec-
ognized by QKI-7 are dispersed among positions 1– 4, 15–16,
and 19 –20. These elements are not related to QRE, a sequence
motif recognized by QKI proteins, suggesting that QKI-7 binds
to miR-122 with different mode of interaction. On the other
hand, miR-652-3p has a QRE (ACUA) in the middle of the
sequence, and mutation of this motif weakened affinity to
QKI-7 (Fig. 4C), suggesting that miRNAs with a QRE are rec-
ognized by QKI-7.

To confirm the interaction between miR-122 and QKI-7 in
the cell, QKI-7 was expressed in Huh7 cells and immunopre-
cipitated with anti-QKI-7 antibody (Fig. 4D). The co-precipi-
tated RNAs were analyzed by real-time RT-PCR, showing that
miR-122 was preferentially bound to QKI-7, as compared with
the other miRNAs examined (Fig. 4E). This result confirmed
that QKI-7 actually interacts with miR-122 in Huh7 cells.

Based on these results, we speculated that like miR-122,
miR-652-3p is also stabilized by GLD-2. To test this idea, we
measured the steady-state level of miR-652-3p in liver of
mGLD-2�/� mice by real-time quantitative RT-PCR. As
described previously (24), the steady-state level of miR-122
was significantly lower in mGLD-2–null mice than in
mGLD-2�/� mice (Fig. 4F). The level of miR-652-3p was
slightly reduced (to about 70% of control levels) in the GLD-
2-null mouse (Fig. 4F), indicating that miR-652-3p, like miR-
122, is also stabilized by GLD-2. Thus, the ability of QKI-7 to
bind to these miRNAs contributes to the specificity of GLD-
2-mediated stabilization.

QKI-7 promotes GLD-2–mediated 3� adenylation of miRNA in
vitro

Based on these observations, we hypothesized that QKI-7
recognizes miR-122 and cooperates with GLD-2 in 3� adenyla-
tion. To test this model, we performed an in vitro adenylation
assay with QKI-7. The presence of QKI-7 significantly facili-
tated the in vitro GLD-2–mediated adenylation of miR-122 in a
dose-dependent manner (Fig. 5, A and B). By contrast, the stim-
ulatory effect of QKI-6 (used as a negative control) was much
lower than that of QKI-7 (Fig. 5, A and B). This result supports
our model that QKI-7 recognizes miR-122, and recruits GLD-2
to promote selective 3� adenylation and stabilization of
miR-122.

Discussion

In this study, we showed that QKI-7 is involved in selective
stabilization of miR-122 in hepatocytes, and that QKI-7 inter-
acts with both GLD-2 and Ago2, forming a ternary complex.
Given that GLD-2 does not have an RNA-binding domain that
determines substrate specificity (46, 47), QKI-7 must act as an
adaptor protein for GLD-2 to select a subset of miRNAs for 3�
adenylation. Indeed, QKI-7 could recognize miR-122 and a
miRNA bearing a QRE, and promoted GLD-2–mediated 3�
adenylation of miR-122 in vitro. If the 3� adenylation takes place
in the ternary complex, GLD-2 might be able to recognize the 3�
terminus of Ago2-loaded miR-122 (Fig. 6). Consistent with this
speculation, Wispy, a Drosophila homolog of GLD-2, associates
with Ago1 and adenylates maternal miRNAs bound by Ago1
(48). Similarly, plant HESO1 can 3� uridylate Ago1-bound miR-
NAs in vitro (49). According to the crystal structure of Ago2 in
complex with miRNA and target RNA (50), the 3� termini of
miRNAs are released from the PAZ domain of Ago protein
upon binding to highly complementary target RNAs, making
the 3� termini of Ago2-bound miRNAs accessible to 3�
nucleotidyltransferases.

However, this model raises the question of how QKI-7 rec-
ognizes Ago2-bound miR-122 in RISC: QKI-7 interacts with
the 5�-terminal region (positions 1– 4) of miR-122, which
should be tightly bound by the middle domain of Ago2. If the
specific interaction between QKI-7 and miR-122 is essential for
3� adenylation by GLD-2, it is possible that miR-122 temporar-
ily dissociates from Ago2 after target recognition, and subse-
quently is recognized by QKI-7/GLD-2 in the RISC for 3�
adenylation, and is then reloaded onto Ago2 for the next round
of target recognition. The RNA-binding protein AUF1 binds to
let-7b and promotes its loading onto Ago2 (51). AUF1 may have
the ability to capture mature miRNA and transfer it to Ago2,
facilitating formation of the Ago2–miRNA complex (51). Sim-
ilarly, QKI-7–GLD-2 might serve not only to prevent the
release of miR-122 from RISC after target recognition, but also
to facilitate reloading of miR-122 to Ago2, thereby extending
the lifetime of miR-122–loaded RISC. Further investigation will
be necessary to gain more detailed mechanistic insights into
this process.

EMSA analysis revealed that QKI-7 recognizes miR-652-3p
as well as miR-122. miR-652-3p has a partial QRE motif, and
a miR-652-3p variant with a mutation in the QRE was not
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efficiently recognized by QKI-7, suggesting that QKI-7 rec-
ognizes this miRNA in a similar fashion to QRE-containing
mRNAs, and that other miRNAs containing QREs could be
recognized and regulated by QKI-7. By contrast, miR-122
has no QRE, and EMSA revealed that QKI-7 recognizes dis-
persed regions of miR-122 that do not correspond to the
motifs recognized by QKI (41, 42). This finding indicates
that sequence elements recognized by QKI proteins have
greater diversity than previously thought. Notably in this
regard, QKI proteins are involved in stabilization of mature
miR-20a, which does not have a QRE (52). Because miR-20a
targets TGFBR2, an oncogene involved in gliomagenesis,
QKI acts as a tumor suppressor by stabilizing miR-20a (52).
Although the precise mechanism of QKI-mediated stabiliza-
tion of miR-20a has not been elucidated, the possible

involvement of GLD-2 should be investigated. Intriguingly,
GLD-1, a homolog of QKI in C. elegans, interacts genetically
with the miR-35 and let-7 pathways. In addition, C. elegans
GLD-1 physically interacts with proteins required for
miRNA pathways (44). Thus, our findings in this study pro-
vide insights into the function of GLD-1 in the miRNA path-
ways of C. elegans.

Multiple instances of 3� adenylation of miRNA have been
reported. In mammalian and fly cells infected by poxvirus, viral
poly(A) polymerase VP55 mediates 3� adenylation of host miR-
NAs (53). Mammalian PAPD5 adenylates the 3� end of miR-21
(54), whereas in fly, the noncanonical poly(A) polymerase
Wispy is responsible for 3� adenylation of maternally inherited
miRNAs (48). In all of these cases, miRNAs are destabilized
by 3� adenylation, whereas miR-122 is stabilized by GLD-2–

Figure 4. QKI-7 specifically binds to miR-122 and miR-652-3p in vitro. A, EMSAs to detect the interaction between QKI-7 and miRNAs. Each 5�-32P–
labeled miRNA (20 nM) was mixed with QKI-7-FLAG protein (0, 400, or 800 nM), and the complex was detected by EMSA. B, EMSAs to determine residues
of miR-122 involved in the QKI-7 interaction. Sequences of miR-122 mutants are shown on the right panel; the mutated residues in each mutant are
shown in red. Each 5�-32P–labeled miRNA (20 nM) was mixed with QKI-7-FLAG protein (0, 400, or 800 nM), and the complex was detected by EMSA. Blue
letters on miR-122 (right panel) indicate critical residues for QKI-7 recognition, as determined in this experiment. C, EMSAs to examine QRE mutations in
miR-652-3p. Sequences of miR-652-3p and its QRE mutant are shown on the right. QRE and its mutation (red) are underlined. Each 5�-32P–labeled miRNA
(20 nM) was mixed with QKI-7-FLAG protein (0, 400, or 800 nM), and the complex was detected by EMSA. D, Western blot analysis of immunoprecipitated
QKI-7 using an anti-QKI-7 antibody. E, real-time RT-PCR quantification of miRNAs and small nucleolar RNA RNU44 co-immunoprecipitated with QKI-7 or
IgG as a control. Mean values (n � 3) are shown. The error bars are S.D. Asterisk indicates statistical significance, as determined by two-tailed t test. *, p �
0.005; n � 3. F, ratio of the steady-state level of each miRNA in the liver of mGLD-2�/� mice versus mGLD-2�/� mice, measured by real-time RT-PCR. Each
ratio was normalized against that of miR-21. Mean values (n � 3) are shown. The error bars are S.D. Asterisks indicate statistical significance as determined
by two-tailed t test. *, p � 0.05; n � 3.

Figure 5. QKI-7 promotes GLD-2–mediated 3� adenylation of miR-122 in vitro. A, in vitro adenylation of miR-122 (22 nucleotides) by recombinant GLD-2
(1.3 nM) in the absence or presence of recombinant HA-QKI-7 (18 – 46 nM) or HA-QKI-6 (18 – 46 nM). An aliquot of the reaction mixture was analyzed by 13%
denaturing PAGE. B, quantification of the results shown in A. Data are presented as mean 	 S.D., and asterisks indicate statistical significance as determined by
two-tailed t test. *, p � 0.005; n � 3.

Figure 6. Mechanistic insights into miRNA metabolism mediated by 3�-oligoadenylation and deadenylation. The schematic depiction of miR-122
metabolism regulated by 3� adenylation. In the RISC containing QKI-7 and GLD-2, GLD-2 in concert with QKI-7 specifically adenylates and stabilizes miR-122 in
proximity to Ago2. In this complex, QKI-7 interacts with GLD-2 via the C-terminal region of QKI-7 and NT domain of GLD-2, and the QUA2 domain of QKI-7
contacts with the PIWI domain of Ago2. Following dissociation of miR-122 from the RISC, the miRNA is trapped by the CUGBP1/PARN complex for deadenyla-
tion and degradation. A subpopulation of the shortened miRNAs might be transferred to QKI-7/GLD-2 and reloaded onto Ago2. Thus, the opposing effects of
QKI-7/GLD-2 and PARN/CUGBP1 determine the steady-state level of miR-122.
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mediated 3� adenylation. Therefore, unlike 3� uridylation of
miRNAs, 3� adenylation of miRNAs does not have a consistent
functional meaning.

Recent work showed that QKI-7, in cooperation with GLD-2,
regulates cytoplasmic polyadenylation and translation of the
specific mRNAs in a QRE-dependent manner (45). Taken
together with our finding in this study that QKI-7/GLD-2 also
mediates 3� adenylation of a subset of miRNAs, we propose that
QKI-7/GLD-2 controls translation of specific mRNAs via two
distinct pathways: regulatory translation of mRNAs by cyto-
plasmic polyadenylation and stabilization of miRNAs by 3�
adenylation. These findings should help to elucidate the molec-
ular pathogenesis of human diseases caused by dysregulation of
QKI proteins.

Based on the results of this study along with our previous
observations, we propose a current model for the regulation of
miRNA metabolism mediated by adenylation and deadenyla-
tion (Fig. 6). In the RISC containing QKI-7 and GLD-2, miR-
122 and other miRNAs (including miR-652-3p) are 3�-oligoad-
enylated and specifically stabilized. After target recognition,
oligoadenylated miRNAs are dissociated from the RISC and
trapped by the CUGBP1/PARN complex for deadenylation.
Some populations of shortened miRNAs are transferred to
QKI-7/GLD-2 and reloaded onto Ago2, whereas others are
subjected to degradation. Thus, the opposing effects of QKI-7/
GLD-2 and PARN/CUGBP1 balance the cellular levels of miR-
122 and other miRNAs.

Experimental procedures

RNAi and real-time RT-PCR

Huh7 cells were cultured in 10-cm dishes in Dulbecco’s mod-
ified Eagle’s medium/F-12 containing 10% fetal bovine serum
and transfected with siRNAs (1 nM) using Lipofectamine
RNAiMAX (Invitrogen). Target sequences of the siRNAs were
designed using the siExplorer algorithm (55). The sense strand
sequences of the siRNAs for GLD-2, QKI, and firefly luciferase
(control) are provided in Table S1. Mock transfection was per-
formed by the same procedure in the absence of siRNA. Seven-
ty-two hours after transfection, the cells were treated with Tri-
Pure (Roche) to isolate total RNA. The efficiency of gene
silencing was confirmed by real-time RT-PCR. Specifically,
total RNA was treated with 2 units of RQ1 DNase (Promega) at
37 °C for 30 min in a 20-�l reaction mixture, and then RQ1
DNase stop solution was added. Reverse transcription was per-
formed in a solution containing DNase-treated RNA, oligo(dT)
primer, random N6 primer, and 20 units of Transcriptor
reverse transcriptase (Roche). The reaction was incubated at
55 °C for 30 min, and then the reverse transcriptase was inacti-
vated by heating at 85 °C for 5 min. One microliter of the cDNA
solution was used as a template for real-time PCRs on a Light-
Cycler 480 Real-time PCR System (Roche). The thermal cycling
conditions were as follows: 45 cycles of 95 °C for 10 s, 58 °C for
12 s, and 72 °C for 7 s. The sequences of the quantitative PCR
primers are provided in Table S1. The expression levels of
mature miRNAs were measured using TaqMan miRNA assays
(Applied Biosystems).

Northern blotting

Total RNA was separated by 20% denaturing PAGE and
transferred to Hybond-N� membrane (GE Healthcare) using a
semidry Trans-Blot SD (Bio-Rad). Locked nucleic acid probes
were phosphorylated with [�-32P]ATP (PerkinElmer Life Sci-
ences) using T4 polynucleotide kinase (Toyobo). The mem-
brane was UV cross-linked and hybridized with 5�-32P-radiola-
beled locked nucleic acid probes overnight at 50 °C in
PerfectHyb solution (Toyobo). The sequences of the probes are
listed in Table S1. The membranes were exposed to an imaging
plate (Fujifilm), and radioactivity was visualized using an
FLA7000 Image Analyzer (Fujifilm). Full-size images for blot
data are presented in Fig. S2.

Plasmid construction

The procedures for construction of pCMV-5�Flag-QKI-5,
-6, -7, GLD-2, and pCMV-5�Myc-GLD-2 were described pre-
viously (45). To construct pCMV-5�Flag(Myc)-Ago2, the ORF
of Ago2 was PCR-amplified and inserted into the EcoRI and
SalI sites of pCMV-5�Flag(Myc). To construct pCMV-
5�Flag-Tev-GLD-2, the tobacco etch virus site sequence was
inserted into pCMV-5�Flag-GLD-2 by QuikChange mutagen-
esis (Agilent). The series of pCMV-5�Myc-GLD-2 mutants
were constructed based on pCMV-5�Myc-GLD-2 via the
QuikChange reaction. To construct pCMV-HA-QKI-6 or
pCMV-HA-QKI-7, vector pCMV-HA was generated by the
QuikChange reaction using pCMV-5�Myc-GLD-2 as a tem-
plate. Then, the ORF of QKI-6 or QKI-7 was PCR-amplified
and inserted into the EcoRI and SalI sites of pCMV-HA. To
construct pDEST12.2-QKI-5, -6, and -7, the corresponding
ORFs were PCR-amplified and cloned into vector pENTR. Sub-
sequently, pDEST12.2-QKI-5, -6, and -7 were generated by LR
reaction of pDEST12.2-Flag and the corresponding pENTR
vectors. To construct pET28a-QKI-5, -6, and -7, the corre-
sponding ORFs were PCR-amplified and inserted into the NheI
and HindIII sites of pET-28a. To construct pCMV-5�Flag-
GST-QKI-7, GST sequence was inserted to pCMV-5�Flag-
QKI-7 by SLiCE reaction (56). The sequences of the primers
used in vector constructions are provided in Table S1.

Vector transfection

For transfection of pDEST12.2-QKI-Flag vectors (Fig. 2A),
Huh7 cells cultured in 35-mm dishes were transfected with 1
�g of vector using FuGENE (Roche) (4.2 �l). For transfection of
pCMV-5�Flag-GST-QKI-7 vector (Fig. 3C), Huh7 cells (1.5 �
107 cells) were transfected with 6 �g of vector using Lipo-
fectamine 2000 (Invitrogen). For other transfection experi-
ments, HEK293T cells were used. For transfection of
pDEST12.2-QKI-7-Flag or pCMV-5�Flag-Ago2, HEK293T
cells (1 � 107 cells) were transfected with 40 �g of vector using
polyethylenimine (90 �l) and cultured for 48 h. For transfection
of pCMV-HA-QKI-6 or pCMV-HA-QKI-7, HEK293T cells
(1 � 107 cells) were transfected with 12 �g of vector using
polyethylenimine (96 �l) and cultured for 48 h. For transfec-
tion of pCMV-5�FLAG-Tev-GLD-2, pCMV-5�Myc-GLD-2,
pCMV-5�Myc-Ago2, pCMV-5�Flag-QKI-5, pCMV-5�Flag-
QKI-6, and pCMV-5�Flag-QKI-7, HEK293T cells (1 � 107
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cells) were transfected with 12 �g of vector using Lipo-
fectamine 2000 (Invitrogen) (12 �l) and cultured for 48 h.

Immunoprecipitation

Except for the experiments shown in Figs. 2C and 3C, cells
were suspended in lysis buffer A (150 mM KCl, 10 mM Tris-HCl
(pH 8.0), 2.5 mM MgCl2, 1 mM DTT, 0.5% Triton X-100, and
Complete Mini Protease Inhibitor Mixture Tablet (Roche)),
and lysed by passing through a 25-gauge needle on a syringe a
total of 10 times. The lysate was centrifuged twice at 20,000 � g
for 20 min to remove cell debris. The supernatant was mixed
with anti-FLAG M2-agarose beads (Sigma-Aldrich), anti-c-
Myc antibody beads (Wako), or anti-HA-agarose beads
(Wako), anti-Ago2 antibody (Wako) and rotated at 4 °C for 2–5
h. The beads were washed three times with wash buffer (300
mM KCl, 10 mM Tris-HCl (pH 8.0), 2.5 mM MgCl2, 0.5% Triton
X-100, and 1 mM DTT). QKI-7-Flag or 5�Flag-Ago2 was eluted
from the beads with FLAG peptide in elution buffer (150 mM

KCl, 10 mM Tris-HCl (pH 8.0), 20% glycerol, 1 mM DTT, and
200 �g/ml of 3� FLAG peptide (Sigma)), and then concen-
trated using an Amicon Ultra YM-10 filter (Millipore). HA-
QKI-6 or HA-QKI-7 were eluted from the beads with HA pep-
tide in elution buffer (10 mM Tris-HCl (pH 8.0), 150 mM KCl,
20% glycerol, 1 mM DTT, and 500 �g/ml of HA peptide
(Wako)), and then dialyzed overnight against dialysis buffer (10
mM Tris-HCl (pH 8.0), 150 mM KCl, 20% glycerol, and 1 mM

DTT) to remove HA peptide. GLD-2 used in the in vitro adeny-
lation assay was eluted from FLAG-agarose beads using Pro-
TEV Plus protease (0.13 units/�l) (Promega).

For the co-immunoprecipitation assay shown in Fig. 2C,
Huh7 cells grown in four 10-cm dishes were washed twice with
PBS and lysed in 1 ml of lysis buffer (20 mM Tris-HCl at pH 7.5,
100 mM NaCl, 2.5 mM EDTA, 0.5% Nonidet P-40, 1� protease
inhibitor mixture (Nacalai), 5 �g/ml of RNase A, 50 units/ml of
RNase If (New England Biolabs)), followed by incubation at
37 °C for 10 min and then on ice for 10 min. The lysates were
centrifuged at 15,000 rpm (20,400 � g) for 20 min at 4 °C, and
supernatants were collected in a new tube. 500-�l aliquots were
mixed with 2 �g of GLD-2 antibody (N-15; sc-168897 Santa
Cruz) or normal goat IgG (sc-2028 Santa Cruz) and rotated for
3 h with protein G-Sepharose (GE healthcare) pre-equilibrated
with lysis buffer. The beads were then washed three times with
lysis buffer, and proteins retained on the resin were subjected to
Western blot analysis.

For Ago2 immunoprecipitation as shown in Fig. 3C, Huh7
cells were suspended in lysis buffer A and lysed by passing
through a 25-gauge needle. The lysate was centrifuged twice
at 20,000 � g for 20 min to remove cell debris. Anti-Ago2
antibody (Wako, 281-81251) biotinylated using EZLink NHS
Biotin (Thermo number 20217) was incubated with Dyna-
beads Myone Streptavidin C1 (Dynal DB65001). The anti-
body-bound beads were mixed with Huh7 lysate and rotated
at 4 °C overnight. The beads were washed with lysis buffer A
and proteins retained on the beads were subjected to West-
ern blot analysis. Normal mouse IgG (Santa Cruz, sc-2025)
was used as control.

RNP IP and real-time RT-PCR

To analyze Ago2-loaded miRNAs (Fig. 1, C and D), Huh7
cells were transfected with siRNAs (1 nM) using RNAiMAX
(Invitrogen). Seventy-two hours after transfection, cells were
suspended in lysis buffer A, and Ago2 was immunoprecipitated
using anti-Ago2 antibody (Wako, 281– 81251) and protein G
Dynabeads (Dynal, DB10003). The beads were washed with
lysis buffer A, and the beads were treated with TRIzol (Ther-
moFisher) to isolate the bound RNAs. The obtained RNAs were
analyzed by real-time RT-PCR.

To analyze QKI-7 bound miRNAs (Fig. 4, D and E), Huh7
cells transfected with pDEST12.2-QKI-7-Flag were suspended
in lysis buffer A including SUPERnase-IN (Ambion). The lysate
was mixed with protein G 4 Fast Flow (GE Healthcare) (100 �l)
and rotated for 1 h, and the supernatants were collected as
precleared lysate. Anti-QKI-7 antibody (Millipore, AB9908) or
normal rabbit IgG (5 �g) was mixed with precleared lysate in
the presence of protein G 4 Fast Flow (60 �l), and immunopre-
cipitation was performed for 3 h. The beads were washed with
lysis buffer A, and the immunoprecipitates or INPUT lysate
were treated with Tripure (Roche) to isolate the bound RNAs.
The obtained RNAs were analyzed by real-time RT-PCR.

Purification of the recombinant proteins

To generate recombinant His-QKI proteins, the E. coli
Rosetta strain was transformed with each plasmid (pET28a-
QKI-5, pET28a-QKI-6, and pET28a-QKI-7) and cultured in
Luria-Bertani medium containing 50 �g/ml of kanamycin and
50 �g/ml of chloramphenicol. When the OD600 of the transfor-
mants reached 0.6, protein expression was induced by the addi-
tion of 0.1 mM isopropyl 1-thio-�-D-galactopyranoside, and the
cells were cultured for an additional 4 h at 37 °C. The cells were
harvested and suspended in buffer L (20 mM HEPES-KOH (pH
7.6), 300 mM KCl, 1 mM phenylmethylsulfonyl fluoride, and 2
mM �-mercaptoethanol), and then disrupted by sonication on
ice. The cell lysate was cleared by ultracentrifugation at 45,000
rpm (100,000 � g) for 60 min. Recombinant His-QKI proteins
were purified using the AKTA Chromatography System and a
His-trap column (GE Healthcare). Fractions containing the
recombinant proteins were pooled and dialyzed overnight
against buffer A (20 mM HEPES-KOH (pH 7.6), 50 mM KCl, and
1.4 mM �-mercaptoethanol). The QKI proteins were further
purified by an anion exchange chromatography using a Mono
Q column (GE Healthcare). Fractions containing the recombi-
nant proteins were pooled and dialyzed overnight against
buffer B (20 mM HEPES-KOH (pH 7.6), 100 mM KCl, 1.4 mM

�-mercaptoethanol, and 10% glycerol).

In vitro protein interaction

To analyze the interaction between GLD-2 mutants and
QKI-7 (Fig. 2B), a series of Myc-tagged GLD-2 variants harbor-
ing truncations of each domain were immunoprecipitated with
anti-c-Myc antibody beads (Wako) in the presence of RNase A
(1 �g/ml). Approximately 2.4 pmol of GLD-2 mutants immo-
bilized on anti-c-Myc antibody beads were mixed with 24 pmol
His-QKI-7 or His-QKI-6 in binding buffer (150 mM KCl, 10 mM

Tris-HCl (pH 8.0), 2.5 mM MgCl2, 0.2 mM DTT, and 0.1% Tri-
ton X-100) and incubated at 30 °C for 1 h. The beads were
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washed three times with wash buffer (250 mM KCl, 10 mM Tris-
HCl (pH 8.0), 2.5 mM MgCl2, 0.2 mM DTT, and 0.1% Triton
X-100) and analyzed by immunoblotting.

To analyze the interaction between Ago2 and QKI (Fig. 3A),
5� FLAG–Ago2 (16 pmol) was immunoprecipitated using
anti-Ago2 antibody (4G8; Wako) (20 �l) and protein G-Sephar-
ose (50 �l) in 200 �l of IP buffer (100 mM KCl, 10 mM Tris-HCl
(pH 8.0), 2.5 mM MgCl2, 1 mM DTT, and 0.1% Triton X-100).
After incubation at 4 °C for 2 h, the beads were washed three
times with IP buffer, and the volume was adjusted to a 50%
slurry. 5� FLAG–Ago2 beads (12 �l) were mixed with His-
QKI-5, His-QKI-6, or His-QKI-7 (10 pmol) in 100 �l of IP
buffer, and then incubated at 30 °C for 1 h. Finally, the beads
were washed three times with IP buffer and analyzed by
immunoblotting.

Antibodies

Immunoblotting was performed using anti-Pan-QKI clone
N147/6 (1:750, MABN624, Merck) (Fig. S1, A and C), anti-
DDDDK tag mAb-HRP-DirecT (1:5000, M185-7, MBL) (Fig. 3,
A–D), anti-DYKDDDDK tag antibody (Wako 018-22381) (Fig.
3C), anti-Myc tag mAb-HRP-DirecT (1:2000, M192-7, MBL),
anti-His tag mAb-HRP-DirecT (1:2000, D291-7, MBL), and
anti-QKI-7 antibody (1:500, AB9908, Millipore) (Fig. 4D). The
details of anti-QKI (Fig. 2C) and anti-GAPDH antibodies (Fig.
2C) are described previously (45). Anti-GLD-2 (Fig. 2C) and
anti-PABPC1 (Fig. 2C) antibodies were raised against His-
tagged GLD-2 and His-tagged PABPC1, respectively. These
antibodies were validated for Western blotting using lysates
obtained from siPAPD4- or siPABPC1-treated cells. Full-size
images for blot data are presented in Fig. S2.

Immunostaining

Huh7 cells were transfected with a series of pDEST12.2-QKI
using FuGENE (Roche). Twenty-four hours after transfection,
the cells were washed with PBS and then fixed with 3.7% form-
aldehyde in PBS for 30 min at room temperature. The fixed cells
were washed three times with PBS, permeabilized with 0.5%
Triton in PBS for 10 min at room temperature, and blocked
with 2% fetal bovine serum in PBS for 30 min at room temper-
ature. The blocked cells were incubated for 1 h at room tem-
perature with mouse anti-FLAG antibody (1:500; Sigma,
F1804) diluted in Can Get Signal solution A (Toyobo), and then
for an additional 1 h at room temperature with Alexa Fluor
488-conjugated anti-mouse secondary antibody (1:1000; Invit-
rogen, A-11029) diluted in Can Get Signal solution A. Nuclei
were stained with DAPI. Fluorescence images were acquired on
a Leica DMI6000B microscope equipped with a DFC360FX
cooled CCD camera. Images were processed using the AF6500
software (Leica).

Electrophoretic mobility shift assays

5�-32P-Labeled miRNAs (20 nM) were mixed with the indi-
cated concentrations of QKI-7–FLAG (0 – 800 nM) in a mixture
containing 20 mM HEPES-KOH (pH 7.6), 100 mM KCl, 2 mM

MgCl2, 8% glycerol, and RNasin RNase inhibitor (Promega).
The mixture was incubated at 30 °C for 30 min. After addition
of a 25% volume of loading dye (50 mM Tris-HCl (pH 8.0) and

5 mM Mg(OAc)2), each sample was analyzed by 5% native
PAGE at 4 °C and visualized on an FLA7000 Image Analyzer
(Fujifilm).

In vitro adenylation

Prior to the reaction, GLD-2 (6.5 nM) was incubated with
HA-QKI-7 (0 –230 nM) or HA-QKI-6 (0 –230 nM) at 30 °C for
20 min in a buffer containing 20 mM HEPES-KOH (pH 7.6), 100
mM KCl, and 1 mM DTT. Next, 3 �l of the mixture was added to
12 �l of a solution containing synthetic miR-122 (10 nM), 20 mM

Tris-HCl (pH 8.0), 50 mM KCl, 2 mM MgCl2, 2 mM MnCl2, 50
�g/ml of BSA, and 43 nM (4.8 kBq/�l) [�-32P]ATP (PerkinEl-
mer). The reaction was incubated at 37 °C for 15 min. The
miRNA was extracted from the mixture by phenol/chloroform
treatment, and then analyzed by 13% denaturing PAGE. The
radioactivity of the labeled miRNAs was visualized on an
FLA7000 Image Analyzer (Fujifilm).
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