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MOV10 is an RNA helicase required for organismal devel-
opment and is highly expressed in postnatal brain. MOV10 is
an AGO2-associated protein that is also necessary for AGO2-
mediated silencing. AGO2 is the primary effector of the
miRNA pathway. MOV10 has been shown to be ubiquitinated,
leading to its degradation and release from bound mRNAs, but
no other posttranslational modifications with functional im-
plications have been described. Using mass spectrometry, we
show that MOV10 is phosphorylated in cells at the C-terminus,
specifically at serine 970 (S970). Substitution of S970 to
phospho-mimic aspartic acid (S970D) blocked unfolding of an
RNA G-quadruplex, similar to when the helicase domain was
mutated (K531A). In contrast, the alanine substitution (S970A)
of MOV10 unfolded the model RNA G-quadruplex. To
examine its role in cells, our RNA-seq analysis showed that the
expression of S970D causes decreased expression of MOV10
enhanced Cross-Linking Immunoprecipitation targets
compared to WT. Introduction of S970A had an intermediate
effect, suggesting that S970 was protective of mRNAs. In
whole-cell extracts, MOV10 and its substitutions bound AGO2
comparably; however, knockdown of AGO2 abrogated the
S970D-induced mRNA degradation. Thus, MOV10 activity
protects mRNA from AGO2; phosphorylation of S970 restricts
this activity resulting in AGO2-mediated mRNA degradation.
S970 is positioned C-terminal to the defined MOV10–AGO2
interaction site and is proximal to a disordered region
that likely modulates AGO2 interaction with target mRNAs
upon phosphorylation. In summary, we provide evidence
whereby MOV10 phosphorylation facilitates AGO2 association
with the 30UTR of translating mRNAs that leads to their
degradation.

miRNAs regulate approximately half of the expressed
genes (1). The essential effector proteins of the miRNA
pathway like Argonaute 2 (AGO2) are known, but how the
miRNA recognition element (MRE) in the 30UTR is modu-
lated by RNA-binding proteins (RBPs) for AGO2 association
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is still unknown. MOV10 is an RNA helicase that is an
important cofactor for AGO1- and AGO2-mediated trans-
lational suppression (2). MOV10 moves in a 50 to 30 direc-
tion on an RNA through its helicase domain in an ATP-
dependent manner (3). MOV10 can either facilitate AGO2
association with its MREs or block its association with
MREs, depending on the secondary structure of the RNA
and associated RBPs (4). 30 UTRs contain the most G-
quadruplex structures (rG4s) among the gene regions sur-
veyed (5). Thus, rG4s likely play an important regulatory role
in the 30UTR. MOV10 preferentially binds G-rich regions in
mRNAs, including rG4s (4). In addition to associating with
them, MOV10 is also able to unfold rG4s (6), which we
demonstrated using iSpinach, an RNA aptamer that contains
an rG4 structure that is necessary to bind the 3,5-difluoro-4-
hydroxybenzylidene imidazolinone fluorophore. Upon bind-
ing 3,5-difluoro-4-hydroxybenzylidene imidazolinone, the
complex fluoresces as a green fluorescent mimic so unfold-
ing of the rG4 can be measured as a loss of fluorescence
(7–9). We found that MOV10 is able to unfold the iSpinach
aptamer in an ATP-dependent manner (6).

MOV10, as well as many of its associated RBPs, including
FMRP, are regulated by posttranslational modifications (4, 6).
MOV10 is one of the most enriched RBPs in neurites, sug-
gesting an important role in these structures. In neurons, N-
methyl-D-aspartate stimulation results in the ubiquitination of
MOV10 and its consequent degradation, which releases a
subset of mRNAs for translation (10, 11). Here, we identified a
phosphorylation site of MOV10 and the consequence of that
modification on cellular function.
Results

We began this study by examining the mobility shift of
lambda phosphatase treated or nontreated myc-MOV10
immunoprecipitated from the murine neuroblastoma cell
line Neuro 2a (N2A) in a gel containing Phos-tag reagent.
Phos-tag reagent captures phosphate groups, leading to a
mobility shift of phosphorylated modified proteins on a
resolving gel (12). We observed a slower band in the myc-
MOV10 IP that was eliminated upon phosphatase treatment,
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MOV10 S970 controls unfolding and mRNA target stability
suggesting that MOV10 was indeed phosphorylated in N2A
(Fig. 1A).

MOV10 has an N-terminal domain that functions pri-
marily as a protein interaction domain required for neurite
outgrowth (6) and blocking HIV infection (13). In contrast,
the C-terminal domain contains the recA domains, which
confer its helicase properties. To determine on which
domain phosphorylation occurred, extracts of N2A cells
expressing either the N-terminal or C-terminal domains of
MOV10 were resolved on a Phos-tag gel. Only the C-ter-
minal domain showed a doublet in contrast to the N-ter-
minal domain, suggesting that phosphorylation occurred
there (Fig. 1B).

To obtain microgram quantities of MOV10, Myc-MOV10
was isolated after transfection of HEK293F cells (Fig. S1),
digested with trypsin and run on a Lumos nanoHPLC-MSMS
system. Using three different search algorithms, an identical
site, serine 970 in murine MOV10 was identified as phos-
phorylated (Fig. 1C). Similarly, in a large-scale screen for cell
cycle–dependent phospho-events, this residue was one of the
seven MOV10 phosphosites identified in a global phospho-
proteome study that quantified 6027 proteins and 20,443
unique phosphorylation sites (14).

To identify a function for this phosphosite, an alanine was
introduced at position 970 to render MOV10 constitutively
unphosphorylated (S970A), while the negatively charged
aspartic acid was introduced at position 970 to mimic
constitutive phosphorylation (S970D). Because the phospho-
site was proximal to the helicase domain and because we had
previously shown that MOV10 was able to unfold the model
rG4, iSpinach (6), we examined the activity of purified MOV10
mutants S970A and S970D along with the helicase mutant
K531A (Fig. S2) in this assay. Introduction of an alanine had no
effect on MOV10’s ability to unfold an rG4. In contrast,
S970D, like the helicase mutant, was unable to unfold the
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Figure 1. Murine MOV10 is phosphorylated on serine 970. A, immunopre
phatase and resolved in a 7.5% Phos-tag SDS-PAGE gel and immunoblotted wi
tagged N-terminus of MOV10 or the C-terminus of MOV10 were resolved in a
peptide sequence showing phosphorylation at S970 in myc-MOV10 identifi
serine 970.
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iSpinach aptamer, suggesting that phosphorylation blocks the
unfolding activity of MOV10 (Fig. 2A).

Using another model rG4, Sc1, which we have shown binds
MOV10 (4), we confirmed that the C-terminus of MOV10
bound Sc1 more efficiently than its mutated structure
(Sc1mut) (Fig. 2B). To demonstrate that the impaired
unfolding by S970D was not due to an inability to bind rG4s,
we performed Sc1 capture experiments of the purified proteins
and determined that mutation of S970 had no effect on the
ability of either protein to bind RNA rG4s (Fig. 2C). To
examine whether serine 970 is located in or near a predicted
RNA-binding site, we evaluated MOV10’s C-terminus for the
characteristic sequence motifs shared by SF1 helicases (15)
(Fig. 2D). In the primary sequence of the C-terminus of
MOV10, S970 is distal to the predicted RNA-binding motifs,
boxed in blue. Thus, S970 is not in a predicted nucleic acid–
binding site.

To examine the effect of position 970 of MOV10 on steady-
state levels of RNA, we transfected a MOV10 KO N2A line
described in (15) with either WT MOV10 or S970D or S970A,
isolated total RNA and identified 15,977 genes of which 6419
genes were significantly changed among the three conditions,
which was performed three times (Fig. 3A). A representative
Western blot shows equal transgene expression (Fig. 3B),
which was confirmed in the RNA-seq. The WT and S970D
treatments were distinctly different from each other, with
S970A intermediate in changed RNAs but closer to WT
(Fig. 3A). Because the S970D versus WT pairwise comparison
had so many more genes changed (6939) than S970A versus
WT (2010), we adjusted for multiple testing correction by
doing a “global” False Discovery Rate correction across
p-values for all three comparisons together (Supporting
Information Data 1 and Table S1). This ensured that a gene
with the same raw p-value in two different comparisons would
not end up with vastly different FDR p-values.
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Figure 2. Amino acid at position 970 of MOV10 controls rG4 unfolding but not binding. A, purified murine MOV10 WT (blue) or with substitutions
S970A (orange), S970D (gray), K531D (yellow) was incubated with a synthesized rG4 reporter (iSpinach) and DFHB1; ATP was added and fluorescence was
recorded every 30 s using a SpectraMax M2 microplate reader (ex: 492 nm/em: 516 nm). The control (green) is MOV10 protein with ATP in the absence of
DFHB1. The experiment was performed three times, error bars represent S. D, ***p < 0.0001, Two-way ANOVA followed by pairwise t test with Bonferroni
correction for multiple testing. B and C, model rG4 (Sc1) and Sc1-mutant (Sc1 mut) capture assays using purified recombinant C-term of MOV10 and 970
substitutions. D, C-terminus with motifs identified in Fairman-Williams et al. (31). The sequence aligns with GenBank: CAA36803.1. DFHB1, 3,5-difluoro-4-
hydroxybenzylidene imidazolinone; rG4s, G-quadruplex structure; S970, serine 970.

MOV10 S970 controls unfolding and mRNA target stability
To examine the fate of the directly bound mRNAs, we first
performed enhanced Cross-Linking Immunoprecipitation
(eCLIP) on the replicates of MOV10 isolated from N2A cells
(Figs. S3 and S4). Clusters were identified within the IP sam-
ples that contained multiple over-lapping reads. Each peak was
normalized against the paired input sample. Only peaks that
met a cutoff of log2 fold change ≥3 and −log10 (p-value) ≥3
were considered further. As expected, a large majority of sig-
nificant peaks were on 30 UTRs in both replicates. We iden-
tified 1818 high confidence MOV10-interacting RNAs
(Supporting Information Data 2), which were used to make
two-way Venn diagrams with the significantly changed
mRNAs identified in Figure 3A. Importantly, downregulated
genes in S970A- and S970D-expressing cells have significantly
more genes with eCLIP sites than expected due to chance
(Fig. 3, E and F, p values 9.9e-25 and 9.5e-159, respectively),
while the upregulated S970A genes and S970D genes have
fewer genes with eCLIP sites (Fig. 3, C and D, p values = 1).
Thus, having an eCLIP-binding site is a strong predictor of
whether an mRNA would be downregulated by S970A or
S970D expression. The average fold change in downregulated
genes in S970D was −1.89. In contrast, the average fold change
in S970A was −1.15, suggesting that S970D has a more potent
effect than S970A on a larger number of eCLIP targets.
Accordingly, all of the significantly decreased S970A targets
were contained within the 909 S970D targets (Fig. 3G). This
suggests that the alanine substitution has an intermediate ef-
fect on the transcripts, underscoring the importance of a serine
with its hydroxyl group having a protective effect on directly
bound targets while phosphorylation mitigates that effect. The
upregulation of mRNAs shown in Figure 3, C and D is likely
the downstream effect of reducing eCLIP targets that had
suppressive effects on transcription or transcript stability. We
have shown before that MOV10 binds and regulates tran-
scription factors (4). Presumably, they were suppressive, such
that reducing their expression leads to increased expression of
downstream mRNAs.

To further analyze the downregulated targets, we did a
comparison with published AGO2 CLIP data (16) and found
that 93% of the MOV10-bound genes downregulated in S970D
J. Biol. Chem. (2023) 299(4) 104577 3
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MOV10 S970 controls unfolding and mRNA target stability
are shared with AGO2 targets. These targets were also rep-
resented in the mouse brain AGO2 eCLIP previously done by
our lab (6). The region of MOV10 that is bound by AGO2 was
identified as MOV10 residues 921 to 965, which is just up-
stream of S970 (17). To determine if S970D associated with
more AGO2, we performed coimmunoprecipitation of
MOV10 S970 mutants and WT but found no difference in
binding of AGO2 with WT or the serine mutants of MOV10
or with the helicase mutant K531A (Fig. 4, A and B). Thus,
there is no obvious change in AGO2 association when we look
en masse at cellular extracts. We also determined the binding
of WT and S970D with UPF1 and DDX6, which are known
interactors of MOV10 and found no difference (Fig. S5).

To verify the RNA-seq experiment, we undertook an
orthogonal approach by expressing WT, S970A, and S970D in
N2A KO cells and extracting RNAs for quantitative PCR. We
also compared the transgene expression to that of WT N2A
and found 3 to 4 fold more expression of the transgenes
(Fig. 4C). We compared the expression of eight MOV10 eCLIP
targets in the presence of WT and S970D (Fig. 4D). As
observed in the RNA-seq experiment in Figure 3, there was a
significant reduction in the expression of the MOV10 eCLIP
targets in cells expressing S970D compared to WT. We next
asked whether there was a functional association with AGO2
by knocking down AGO2 (Figs. 4E and S6) and examining
expression of the same subset of MOV10 eCLIP targets
4 J. Biol. Chem. (2023) 299(4) 104577
evaluated in panel D in the presence of MOV10 S970D. All the
targets showed a significant increase in expression after AGO2
knockdown, suggesting that MOV10 S970D and AGO2
cooperate to downregulate these targets (Fig. 4F). We next
asked whether MOV10 affects the intracellular localization of
AGO2, specifically in puncta. MOV10 and AGO2 both asso-
ciate with P-bodies and P-body marker DDX6 (18, 19). We
coimmunostained MOV10 and AGO2 after transfection of
N2A KO cells with WT and S970D MOV10 but observed no
significant difference in the number of quantified AGO2 par-
ticles in the presence of WT or S970D MOV10. We also
observed no difference in the number of DDX6 particles,
however, there was a decrease in DDX6 particles in MOV10
KO cells, but the difference was not significant from WT-
transfected N2A cells (Figs. S7 and S8). We conclude that
residue 970 in MOV10 has a functional association with
AGO2 that likely occurs in specialized areas in the cell and/or
under specific conditions in the cell, like translation. As
translation does not occur in P-bodies and may be required for
AGO2 association and function, we suspect that S970D
interaction with AGO2 may occur throughout the cytoplasm.

Using Alphafold2, we hoped to gain insight into the rela-
tionship between the AGO2-binding site (921–956), residue
S970, and the remainder of the C-terminus, ending at residue
1004 (20). MOV10 has a helicase domain in its C-terminal half,
and the per-residue confidence score (pLDDT) of this domain
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is very high (>90) and the predicted aligned error is very low
(0–5 Angstroms) indicating confidence in their spatial posi-
tioning. The mapped AGO2-binding site (17) spans two
amphipathic helices (turquoise) and (gray) that are unique to
MOV10 by BlastP. The latter of the two helices ends with S970
followed by a region of very low pLDDT (970–1004), which
could mean that either Alphafold cannot predict the structure
of this region or that it is an intrinsically disordered region as
predicted by MobiDB (21). Intrinsically disordered regions can
modulate the binding of proteins and other molecules due to
their flexibility (22), and phosphorylation of S970 could con-
trol that function (Fig. 5, A–C). In summary, we propose that
the messenger ribonucleoprotein complex of MOV10 and
FMRP bind the translation elongation complex, as we have
shown before (4). Upon reaching the stop codon, the ribosome
dissociates, and MOV10 unfolds the rG4s in the 30UTR in a 50

to 30 direction (3, 6). When MOV10 becomes phosphorylated,
the helicase activity stops, allowing AGO2 to recognize and
bind MREs, leading to mRNA degradation (Fig. 5D).
Discussion

Translation of mRNAs must be tightly regulated—both
temporally and spatially—likely by their association with RBPs.
Outgrowth of neuronal processes is mediated by the assembly
of available proteins and by new protein synthesis. As phos-
phorylation is an important posttranslational modification in
regulating RBP function, we were interested in determining
J. Biol. Chem. (2023) 299(4) 104577 5
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whether MOV10 was phosphorylated and how that affected its
function.

MOV10 is both an activator and a suppressor of translation,
likely through its ability to regulate AGO2 association with
mRNAs (4). Our data show that changing the serine at posi-
tion 970 leads to increased functional association with AGO2
—particularly, when the phospho-mimic aspartic acid is
introduced. This leads us to hypothesize that the serine at
position 970 leads to a C-terminal conformation that precludes
AGO2 association, permitting translation of bound mRNA.
FMRP, a MOV10 interactor (4, 6), directly associates with ri-
bosomes (23, 24) and AGO2 (6, 25) and may be the principal
assembler of this complex, which is poised to be deposited on
the 30UTR of newly translated mRNAs. Alternatively, MOV10
may facilitate translation of its bound mRNAs indirectly. In
fact, MOV10 interactor, UBAP2L (3) was recently shown to
bind ribosomes directly and activate translation (26). We have
also shown that MOV10 association with FMRP on rG4s
blocks AGO2 association to allow translation of reporters (4,
6). About the kinase that may phosphorylate MOV10, in silico,
S970 is predicted to be phosphorylated by MAPKs, including
p38 kinase (NetPhos3.1 and Phosphonet). p38 was identified as
regulating neurite outgrowth in rat embryonic hippocampal
cultures (27). CDK5 was also identified as a possible kinase for
6 J. Biol. Chem. (2023) 299(4) 104577
MOV10. It will be important to identify the signal that acti-
vates the kinase cascade that phosphorylates MOV10.

Experimental procedures

Creation of mutant constructs

The murine myc-MOV10 construct was described in (4).
The serine at position 970 was changed to alanine or aspartic
acid using the Quick Change II Site directed mutagenesis kit
(Cat #200513, Agilent) per manufacturer’s instructions.
PAGE-purified primers introducing the substitutions were
obtained from Integrated DNA Technologies. The N- and C-
terminal MOV10 plasmids were provided by (28).

Transfections, immunoprecipitations, and phosphatase
treatments

N2A cells were transfected with myc-MOV10 or HA-tagged
N-terminal MOV10 or HA-tagged C-terminal MOV10 as
described (4). 25 μl/sample c-MYC antibody coupled agarose
(A7479, Sigma-Aldrich) was used to IP MOV10 from trans-
fected N2A cells. Lamda protein phosphatase (P0753S, NEB)
was used to treat the immunoprecipitated MOV10 or lysates
prepared in the absence of EDTA. Samples were mixed with
10× MnCl2 and 10× reaction buffer provided with the lambda
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protein phosphatase and incubated at 30 �C for 45 min. 7.5%
SDS-PAGE gels were supplemented with Phos-tag AAL so-
lution (304-93521 [AAL-107] Wako-Chemical) according to
manufacturer’s instructions. Large scale purifications of myc-
MOV10 were from 250 to 500 ml of Freestyle HEK293F
cells (Invitrogen) transfected using PEI (Cat # 408727, Sigma-
Aldrich) as described (4).

MOV10 coimmunoprecipitation

MOV10 coimmunoprecipitation was performed using as
described (6).

Antibodies and Western blot

Western blotting was performed as described (4, 6). The
following antibodies were used: anti-MOV10 (A301-571A;
Bethyl Laboratories) at 1:1000, anti-eIF5 (sc-282, Santa Cruz
Biotechnology), anti-AGO2 (ab57113, Abcam), anti-DDX6
(SAB4200837, Sigma-Aldrich), anti-UPF1 (ab86057, Abcam).
Secondary antibodies used were horseradish peroxidase–
conjugated goat anti-rabbit (Cat # 111-035-008, Jackson
Immunoresearch) and goat anti-mouse (Cat # 115-035-174,
Jackson Immunoresearch). Densitometric quantification of
Western blot bands was performed using imageJ following
NIH protocol: https://imagej.nih.gov/ij/docs/menus/analyze.
htmlCat #gels

N2A transfection and preparation for RNA-seq

2 × 105 N2A MOV10 KO [15] were plated in triplicate and
transfected with plasmids bearing full-length mouse MOV10
or MOV10 S970A or MOV10 S970D. Total RNA was isolated
using TRIZOL reagent (Ambion), and the RNA quality was
checked on a 1% MOPS-Agarose gel. The samples were
DNAse treated and cleaned and concentrated using the RNA
clean and concentrator Kit (Zymo Research) and submitted to
the UIUC Roy J Carver Sequencing core for library preparation
and sequencing.

MOV10 eCLIP from N2A cells

Cell pellets from N2A cells were flash-frozen and sent to
Eclipse BioInnovations. eCLIP was performed per (29) and as
described in (6) except using the anti-MOV10 antibody (A301-
571A; Bethyl Laboratories).

Phosphosite identification

Metal oxide affinity chromatography (SMOAC; Thermo
Fisher Scientific) was used for phosphopeptide enrichment and
separation of monophosphorylated and multiple phosphory-
lated species. The analysis was performed by directly injecting
the enriched fractions onto an EASY-Spray (Cl8, 2 μm dp, 75
μm × 250 mm) column to avoid losing any phosphopeptides
on a trapping column followed by gradient elution of the
peptides sprayed directly into the model Orbitrap Lumos mass
spectrometer using an EASY-Spray source. The instrument
was operated in the HCD mode; however, if there was enough
material, a second analysis using ETD fragmentation instead of
HCD was performed. The MS and MS/MS data was processed
using Proteome Discoverer 2.2 (Thermo Fisher Scientific)
using the SEQUEST HT search engine with the phosphoRS
node for site localization and validated with 1% FDR criteria
using the Percolator algorithm.

MOV10 unfolding assay

MOV10 unfolding assay was performed as described (6).

AGO2 siRNA knockdown

0.5 × 106 N2A MOV10 KO cells were seeded in 6-well plate
and after reaching 80% confluency, they were transfected with
either AGO2 siRNA (ON-Target plus Mouse Ago2 siRNA, Cat
#:L-058989-01-0005 (239528) siRNA, Dharmacon) or Irrele-
vant siRNA (Human PRMT9, Cat #: M-024046-00-0005,
Dharmacon) using Lipofectamine 2000 (Thermo Fisher Sci-
entific) and incubated overnight. Twenty four hours later, the
cells were again transfected with siRNA and MOV10 S970D
and incubated overnight. The next day, cells were lysed using
TRIzol. As per manufacturer’s protocol, the aqueous layer was
used to isolate RNA for cDNA synthesis and qPCR. The
organic layer was saved to extract protein sample for Western
blotting to confirm AGO2 knockdown.

RNA isolation and RT-qPCR

RNA isolation, cDNA synthesis, and qRT-PCR was per-
formed as described (6). The gene specific primers used are in
Table S2.

Immunostaining of N2A cells

The staining protocol was performed as previously described
(30) The primary antibodies used were as follows: rabbit
MOV10 antibody (1:1000 dilution, Cat # A301-571A, Bethyl
laboratories) and mouse-AGO2 antibody (1:300 dilution, Cat #
ab57113, Abcam) or mouse-DDX6 antibody (1:300 dilution,
SAB4200837, Sigma-Aldrich). The secondary antibodies used
are as follows: Alexa fluor 594 donkey anti-rabbit (1:3000
dilution, Jackson ImmunoResearch, Cat # 711-585-152) and
Alexa fluor 488 donkey anti-Mouse antibody, Jackson Immu-
noResearch, Cat # 715-545-150). The samples were washed and
mounted on slides with mounting media containing 40,6-
diamidino-2-phenylindole. Fluorescence images were ob-
tained with DeltaVision OMX deconvolution microscope (GE
Healthcare Life Sciences) using 100× 1.42 NA objective. A total
of 86 and 67 0.2 μm thick z-stacks were acquired for AGO2 and
DDX6 probed samples, respectively. The particles were coun-
ted using Analyze Particles plugin of ImageJ.

Data availability

All data are available in the main text or the supporting
information and supporting tables. RNA-seq and eCLIP se-
quences are available at GEO GSE226241.
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