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ABSTRACT

Processing bodies (P-bodies) are ribonucleoprotein
granules that contain mRNAs, RNA-binding proteins
and effectors of mRNA turnover. While P-bodies have
been reported to contain translationally repressed
mRNAs, a causative role for P-bodies in regulating
mRNA decay has yet to be established. Enhancer of
decapping protein 4 (EDC4) is a core P-body com-
ponent that interacts with multiple mRNA decay fac-
tors, including the mRNA decapping (DCP2) and de-
cay (XRN1) enzymes. EDC4 also associates with the
RNA endonuclease MARF1, an interaction that antag-
onizes the decay of MARF1-targeted mRNAs. How
EDC4 interacts with MARF1 and how it represses
MARF1 activity is unclear. In this study, we show that
human MARF1 and XRN1 interact with EDC4 using
analogous conserved short linear motifs in a mutu-
ally exclusive manner. While the EDC4–MARF1 inter-
action is required for EDC4 to inhibit MARF1 activ-
ity, our data indicate that the interaction with EDC4
alone is not sufficient. Importantly, we show that P-
body architecture plays a critical role in antagoniz-
ing MARF1-mediated mRNA decay. Taken together,
our study suggests that P-bodies can directly regu-
late mRNA turnover by sequestering an mRNA decay
enzyme and preventing it from interfacing with and
degrading targeted mRNAs.

INTRODUCTION

The decay of mRNA populations is a tightly regulated pro-
cess that is essential for cells to properly execute gene ex-
pression programs. In general, mRNA turnover is initiated
through trimming of the poly(A) tail by the CCR4–NOT
complex (1), followed by the recruitment of the mRNA de-
capping complex to the 5′ end of the mRNA. The mRNA
decapping complex is comprised of the DCP2 decapping
enzyme along with its decapping co-factor DCP1A, and en-

hancer of decapping proteins (EDC proteins; i.e. EDC3 and
EDC4) (2). The mRNA decapping complex mediates the
hydrolysis of the 5′ N7-methylguanosine cap structure from
the mRNA, which generates a monophosphate at the 5′ end
that commits the mRNA for degradation by the XRN1 ex-
onuclease. Human XRN1 associates with the mRNA de-
capping complex through a direct interaction with EDC4,
which has been reported to accelerate the efficient decay
of nascently decapped mRNAs (2,3). The process of 5′-3′
mRNA decay is often initiated by RNA binding proteins
that bind mRNA 3′UTRs and act as platforms that recruit
the CCR4-NOT complex to targeted mRNAs (4,5).

In addition to their roles in regulating mRNA decay,
RNA-binding proteins and their cognate mRNAs can
phase-separate into ribonucleoprotein (RNP) granules that
assemble through multivalent RNA–RNA, RNA–protein
and protein–protein interactions (6). These interactions
drive the formation of microscopically visible foci through
liquid–liquid phase separation and can be defined by char-
acterizing their components. A well-known class of cyto-
plasmic RNP granules are processing bodies (P-bodies),
which are comprised of mRNAs complexed with proteins
that play roles in translational repression, deadenylation,
mRNA decapping, and 5′-3′ decay. These include core pro-
teins such as EDC4, LSM14A, 4E-T, and DDX6 (7–10).
P-bodies were initially thought to be sites of mRNA decay,
given their concentration of decay factors and that blocking
mRNA decay pathways can lead to their dissolution (11).
However, more recent work has postulated that rather than
being sites of mRNA decay, P-bodies contain stable mR-
NAs that are translationally repressed (12–14). Notwith-
standing these advances in characterizing P-body compo-
nents and the mRNAs enriched within them, attempts to es-
tablish causal roles for P-bodies in regulating mRNA trans-
lation and/or decay has remained elusive.

Another RNA-binding protein that associates with P-
bodies is the mammalian endoribonuclease MARF1 (meio-
sis regulator and mRNA stability factor 1) (15–17).
MARF1 plays an essential role in promoting mammalian
oogenesis; female MARF1 knock-in mice that harbor inac-
tivating mutations within the NYN endonuclease domain

*To whom correspondence should be addressed. Tel: +1 514 340 8222 (Ext 28575); Email: marc.fabian@mcgill.ca

C© The Author(s) 2022. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

https://orcid.org/0000-0003-3700-7604


7624 Nucleic Acids Research, 2022, Vol. 50, No. 13

generate fertilization-incompetent oocytes that arrest at the
germinal vesicle stage, failing to undergo proper meiotic
maturation (18,19). MARF1 is also somatically expressed
and has been reported to play a role in promoting cortical
neurogenesis (20). In general, MARF1 binds the 3′UTRs
of targeted mRNAs using a core of tandem RNA-binding
LOTUS domains and mediates their decay using its NYN
endonuclease domain (15,21). MARF1 can physically inter-
act with the mRNA decapping machinery, including EDC4,
through its C-terminal region (16,21). However, in con-
trast to its canonical role in promoting the decay of mR-
NAs, EDC4 inhibits MARF1-mediated mRNA decay by
preventing MARF1 from binding to its targets (15). Still,
the mode by which EDC4 interacts with MARF1 and how
this interaction inhibits MARF1-mRNA targeting is not
known.

In this study, we investigate how EDC4 interacts with
MARF1 and the mechanism by which this interaction
regulates MARF1-mediated mRNA decay. We show that
MARF1 interacts with EDC4 using a conserved EDC4-
binding motif (EBM) first identified in the human XRN1
exonuclease. In keeping with this, we show that MARF1
and XRN1 interact with EDC4 in a mutually exclusive
manner. Moreover, while the EDC4–MARF1 interaction
represses MARF1 activity, we go on to show that associ-
ation alone is not sufficient. Importantly, we demonstrate
that P-body architecture directly prevents MARF1 from
mediating the decay of targeted mRNAs. Taken together,
our data uncover an unprecedented role for P-bodies in reg-
ulating MARF1-mediated mRNA decay, indicating that P-
bodies can directly regulate the stability of select mRNA
populations in human cells.

MATERIALS AND METHODS

Cell lines, cell culture and transfections

Epithelioid carcinoma HeLa cells and human embryonic
kidney (HEK) 293T cells lines were obtained from ATCC.
Cell lines identities were established via morphology but
have not been authenticated and all cells were tested nega-
tive for mycoplasma contamination. HEK 293T and HeLa
cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 50
U/ml penicillin and 50 �g/ml streptomycin. RNAi and
3xFLAG-LSM14A complementation cell lines were gen-
erated as previously described (7). EDC4-V5 stable cell
lines were generated with VSV-G pseudotyped pLENTI6-
EDC4-V5 lentiviruses and selected in media containing 10
�g/ml blasticidin. Plasmid transfections were performed
using polyethyleneimine (PEI).

Plasmids and antibodies

Plasmids of pCI-�NHA and pcDNA3 FLAG encoding an-
notated protein coding sequences were generated by con-
ventional molecular cloning techniques. Point and deletion
mutations within the coding sequence of MARF1 were
made through site-directed mutagenesis with Phusion DNA
polymerase. Similarly, Renilla luciferase (RL) reporter plas-
mids containing the MAML1 3′UTR region were gener-
ated through conventional cloning as described in Broth-

ers et al. 2020 (15). V5-tagged EDC4 proteins were gener-
ated by Gateway cloning from pDONR-EDC4 regions into
pDEST40 vectors (Thermofisher). Antibodies for this study
were purchased against HA (Covance), FLAG (Sigma), V5
(Rabbit - Cell Signaling; Mouse - Thermofisher), EDC4
(Bethyl), DDX6 (Bethyl), and XRN1 (Bethyl). Antibodies
used in western blot and immunofluorescence microscopy
analyses were diluted to the manufacturer’s specifications
for each application.

Luciferase reporter assays

HeLa cells were seeded at a density of ∼30% confluency
and transfected with plasmids encoding for the indicated
proteins with RL-MAML1 3′UTR and FL (control) plas-
mids 24 h post-seeding. After an additional 24 h post-
transfection, cells were harvested and lysed in Passive Ly-
sis Buffer (Promega). The activity levels of the Renilla (RL)
and firefly (FL) luciferase was measured using a Dual-
Luciferase Assay (Promega). Cell lysates were also analyzed
by western blotting to determine relative protein expression
levels.

mRNA stability assays

To assess RL-MAML1 mRNA decay, HeLa cells were
transfected with plasmids encoding the indicated proteins
along with one encoding RL-MAML1. Forty-eight hours
post-transfection, cell culture media was replaced with me-
dia containing actinomycin D (5 �g/ml). Cells were har-
vested at the indicated timepoints, pelleted and flash frozen
before being stored at −80◦C. Frozen pellets were processed
for RT-qPCR as described below.

RT-qPCR assays

To assess relative steady-state mRNA levels, HeLa cells
were co-transfected with MARF1 variants and an empty
puromycin-resistance selection cassette 24 h post-seeding.
Twenty-four hours post-transfection, the cell culture media
was replaced with complete cell culture media containing
2 �g/ml of puromycin. Following 24 h of puromycin se-
lection, cells were harvested, and RNA was extracted us-
ing EZ-10 Spin Column RNA Miniprep Kit (Biobasic). Ex-
tracted RNA was treated with Turbo DNase (Invitrogen)
for 1 h at 37◦C and inactivated with Inactivation Buffer (In-
vitrogen). Purified RNA was quantified using a Nanodrop
and 250 ng was random hexamer-primed and reverse tran-
scribed following the protocol for Maxima H Minus Re-
verse Transcriptase (Thermofisher). Quantitative PCR was
carried out with GoTaq qPCR Master Mix (Promega), 5 �l
of 1:3 diluted cDNA, and primers (IDT) against the coding
sequence of endogenous GAPDH (control) and MAML1
mRNAs. Primers for mRNA decay assays were against
GAPDH (control) and Renilla luciferase (RL). Reactions
were carried out on an Eppendorf realplex2 thermocycler
and conditions entailed an initial step of 95◦C for 2min, fol-
lowed by 40 cycles of 95◦C for 15 s, 55◦C for 15 s and 68◦C
for 20 s. Finally, a melting curve was performed by incubat-
ing samples at 60◦C for 15 s followed by a temperature gra-
dient increase to 95◦C over 20 min. Samples were measured
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for two technical replicates with mean CT values being an-
alyzed for three biological replicates. To ensure no DNA
contamination, no-reverse transcriptase controls were per-
formed. Normalized mRNA levels were calculated by tak-
ing the experimental sample CT (MAML1 or RL-MAML1)
and subtracting the CT of the GAPDH control to generate
�CT values. For steady-state qPCR experiments, the �CT
of MARF1�NYN was subtracted from each sample to gen-
erate ��CT for each condition. For mRNA decay experi-
ments, the �CT at timepoint zero was subtracted from each
timepoint to generate ��CT for each sample and time-
point. Relative mRNA levels were calculated as 2−��CT.

Immunofluorescence staining

Indicated cells were seeded on coverslips for 24 h, and sub-
sequently transfected with plasmids encoding the indicated
proteins. Twenty-four hours post-transfection, cells were
washed twice with PBS and then subsequently fixed with 4%
formaldehyde in PBS for 20 min. After formaldehyde fixing,
cells were washed four times with PBS and then permeabi-
lized with 0.1% triton X-100 in PBS (PBS-T) for 20 min. Af-
ter permeabilization, coverslips were blocked in 4% bovine
serum albumin (BSA) in PBS at room temperature (RT)
for 1 h. Indicated primary antibodies were diluted 1:500
in 4% BSA. Diluted antibodies were added to the cover-
slips after blocking and left to incubate at 4◦C overnight.
The next day, cells were washed three times with PBS-T.
Secondary anti-bodies were diluted 1:500 for both Alexa
Fluor 488 goat anti-rabbit and Alexa Fluor 594 goat anti-
mouse in 4% BSA (ThermoFisher). Secondary antibody
was added to the coverslips and incubated at RT for 45
min, shielded from light. Post-secondary incubation, cov-
erslips were washed once with PBS-T and then three addi-
tional times with PBS to remove any residual triton. Nu-
clei were stained with DAPI for 15 min at RT, shielded
from light. Coverslips were washed four times with PBS be-
fore being mounted on to glass slides with ProLong Gold
media (ThermoFisher). Images were taken using a Zeiss
Confocal LSM 800 microscope at 40× magnification and
processed with ImageJ to merge channels and add scale
bars.

Co-immunoprecipitation assays

Indicated cell lines were plated in 10 cm dishes and trans-
fected with plasmids encoding the indicated proteins. Forty-
eight hours after transfection, cells were harvested and lysed
in lysis buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl;
0.5% NP40 (Igepal CA630); 2 mM EDTA; 1 mM DTT; 1U
benzonase; protease inhibitors; in water). Lysates were clar-
ified by centrifugation at 15 000 g and diluted to 2 mg/ml.
Lysates were then pre-cleared with 30 �l of packed Pro-
tein G Agarose Fast Flow (Millipore) for 45 min at 4◦C
with end-over-end rotation. For FLAG immunoprecipita-
tion experiments, pre-cleared lysates were incubated with
25 �l of packed FLAG M2 agarose beads (Sigma-Aldrich)
(or Protein G Agarose Fast Flow beads as control) and in-
cubated for 3 h at 4◦C with end-over-end rotation. For V5
immunoprecipitation experiments, pre-cleared lysates were
incubated with 2 �g of V5 antibody (Cell Signaling) (or no

antibody as control) overnight at 4◦C with end-over-end ro-
tation. The following day, lysates were incubated with 30 �l
packed Protein G Agarose Fast Flow (Millipore) for 2 h at
4◦C with end-over-end rotation. For both FLAG and V5
IP experiments, beads were washed five times with 1 ml of
cold lysis buffer and eluted by boiling beads in 40 �l 1×
SDS-PAGE sample buffer. Input and immunoprecipitation
samples were then analyzed by western blotting.

RNA immunoprecipitation assays

HeLa cells were plated in 10 cm dishes and transfected
with plasmids encoding FLAG-MARF1�NYN and either
GFP (control) or V5-tagged EDC4WT / EDC4�Distal. Forty-
eight hours after transfection, cells were harvested and lysed
in lysis buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl;
0.5% NP40 (Igepal CA630); 2 mM EDTA; protease and
RNase inhibitors; in RNase-free water). 1.5mL of lysate
was split into halves, with one half getting FLAG-coupled
DynaBeads™ and the other getting DynaBeads™ alone for
a 2 h immunoprecipitation at 4◦C with end-over-end ro-
tation. Aliquots were taken for RNA and Protein inputs.
Beads were then magnetized and stringently washed with
4 × 1 ml lysis buffer. 20% of the washed beads were taken
for validation by western blot with the ‘Protein Input’ sam-
ples. The remaining beads were incubated with RLT buffer
(Qiagen), magnetized, and RNA was extracted using the Qi-
agen RNeasy mini kit. Extracted RNA levels were quanti-
fied by RT-qPCR, as described above. To measure MARF1-
target mRNA enrichment levels, the input and immunopre-
cipitation samples were analyzed separately. The CT val-
ues of the MAML1 mRNA as determined by qPCR were
first normalized to the GAPDH mRNA CT values (�CT).
This �CT value for the FLAG immunoprecipitation sam-
ples was then normalized to the �CT value of the control
uncoupled bead samples (��CT). Finally, the relative fold-
change of the ��CT value was determined by calculating
2−��CT. After the relative fold-changes were calculated for
both input and immunoprecipitation samples, the enrich-
ment in the immunoprecipitation samples was determined
by dividing the immunoprecipitation relative fold-change
values by the corresponding input relative fold-change
values.

RESULTS

MARF1 contains an evolutionarily conserved EDC4-binding
motif

MARF1 interacts with the mRNA decapping complex, in-
cluding EDC4, via its C-terminal region (residues 1557-
C) (Figure 1A) (15,21). To gain insight into how this re-
gion interacts with EDC4, we carried out a compara-
tive sequence analysis of MARF1 orthologs to identify
evolutionarily conserved sequences in their C-termini. Se-
quence alignments reveal two highly conserved stretches
of amino acids in the MARF1 C-terminal region; residues
1609–1653 and 1714–1733 (Supplementary Figure S1A).
As EDC4 inhibits MARF1-mediated mRNA decay (15),
we set out to determine whether deleting either of these
stretches within the MARF1 C-terminus prevents EDC4
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Figure 1. MARF1 and XRN1 use analogous motifs to interact with EDC4. (A) Schematic diagram for MARF1 and XRN1 domain structures. (B)
Phylogenetic alignment of the candidate C-terminal distal region that mediates MARF1-EDC4 interactions and the XRN1 EDC4-binding motif (EBM)
in H. sapiens (Hs), X. tropicalis (Xt), and D. rerio (Dr). Residues in blue are conservative substitutions that are analogous in both proteins, residues in red are
identical residues between all orthologs for each protein. The (*) represents the C-terminus of the protein and an analogous phenylalanine is indicated with
a red arrow located within the SLiM; LA�NF. (C and D) Co-immunoprecipitation experiments performed by incubating HeLa cell extracts expressing
the indicated FLAG-tagged proteins and incubated with FLAG antibody. Subsequent western blot analysis was performed to identify the presence of
endogenous EDC4. (E) Images generated through confocal microscopy of immunofluorescent staining of HeLa cells transfected with FLAG-MARF1
variants. The merged image represents the overlap of the �-FLAG (red) and �-EDC4 (green) signals and scale bars represent 20 �m. White arrows represent
P-bodies as defined by foci with strong signal overlap between red and green staining. (F) RL-MAML1 activity detected in extracts of transfected HeLa cells
expressing the annotated proteins and FL as a transfection normalization control. Histograms represent the mean RL activity detected from three biological
replicates, normalized to FL activity and the RL/FL ratio of a catalytically inactive MARF1 (MARF1�NYN) set to 100. Error bars represent the SEM
and statistical significance was calculated using a two-tailed T-test comparing RL activity in the (+) to (-) EDC4 overexpression samples (***P < 0.001).
(G) The stability of RL-MAML1 was assessed by using actinomycin D (5 �g/ml) for the indicated amount of time in HeLa cells expressing the indicated
proteins. Total RNA was isolated, reverse transcribed and RL-MAML1 RNA was quantified by qPCR. RL-MAML1 mRNA decay rates were normalized
to GAPDH mRNA levels with the zero time point set at 1.0. Error bars represent the SEM for three biological replicates.
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from antagonizing MARF1 activity. To test this, we co-
transfected HeLa cells with a plasmid encoding EDC4
along with plasmids expressing either wild-type MARF1
(MARF1WT) or MARF1 deletion mutants for each con-
served region (MARF1�1609–1653 and MARF1�1714–1733, re-
spectively) (Supplementary Figure S1B). These proteins
were expressed along with a Renilla luciferase reporter
mRNA containing the 3′UTR of MAML1, a bona fide
MARF1 target (RL-MAML1). As previously reported
(15), MARF1WT efficiently represses the RL-MAML1 re-
porter as compared to a MARF1 mutant lacking its NYN
endonuclease domain (MARF1�NYN) and overexpressing
EDC4 antagonizes MARF1WT activity (Supplementary
Figure S1C–E). EDC4 overexpression similarly inhibits
the ability of MARF1�1609–1653 to repress RL-MAML1;
however, MARF1�1714–1733 silences the RL-MAML1 re-
porter mRNA irrespective of whether EDC4 is overex-
pressed. These data suggest that the MARF1 C-terminal
residues from 1714–1733 are required for EDC4 to antago-
nize MARF1 activity.

Next, we expanded our sequence analysis of the MARF1
C-terminal region to determine if it shares sequence similar-
ities to other proteins that play a role in mRNA turnover.
Interestingly, we observe that the stretch of amino acids in
MARF1 that are required for EDC4 to regulate its activity
displays strong similarity to a region in the XRN1 exonu-
clease that directly interacts with EDC4 (Figure 1B) (2,3).
This includes a highly conserved aromatic residue (XRN1
F1699 and MARF1 F1731, respectively) within analogous
short linear motifs (SLiM); LA�NF. We set out to deter-
mine if the conserved phenylalanine within this SLiM plays
a role in establishing an interaction between each ribonucle-
ase and EDC4 using co-immunoprecipitation experiments.
Briefly, HeLa cells were transfected with plasmids encod-
ing FLAG-tagged MARF1WT or a MARF1 mutant where
F1731 was mutated to alanine (MARF1F1731A), lysates
were incubated with FLAG antibody to precipitate FLAG-
MARF1 proteins and analyzed by western blotting. While
MARF1WT efficiently co-precipitates endogenous EDC4,
MARF1F1731A does not (Figure 1C). We carried out sim-
ilar co-immunoprecipitation experiments using a FLAG-
tagged XRN1 EDC4-binding motif (XRN1EBM; residues
1650-C) (Figure 1A). Like MARF1, mutating the analo-
gous phenylalanine to alanine in the XRN1EBM (F1699A)
also disrupts its ability to interact with EDC4 (Figure 1D).
In agreement with these data, MARF1F1731A fails to co-
localize with EDC4 and instead displays diffuse staining in
the cytoplasm (Figure 1E). This contrasts with MARF1WT

which co-localizes with EDC4 in P-bodies (16,17). Taken
together, these data indicate that MARF1 and XRN1 con-
tain analogous EBMs that facilitate their respective interac-
tions with EDC4.

We next evaluated if this central phenylalanine in
MARF1 is required for EDC4 to inhibit MARF1 activ-
ity. Just as MARF1�1714–1733 represses the RL-MAML1
reporter irrespective of EDC4 overexpression (Supple-
mentary Figure S1C), so too does MARF1F1731A (Fig-
ure 1F). Consistent with our previously published work
(15), this repression was at the level of mRNA decay,
where both MARF1WT and MARF1F1731A promote the

decay of RL-MAML1 mRNAs, as assessed by qPCR lev-
els after inhibiting transcription with Actinomycin D (Fig-
ure 1G and Supplementary Figure S2A). However, only
MARF1WT-mediated mRNA decay is inhibited by EDC4-
overexpression. Collectively, these data show that the cen-
tral phenylalanine within the MARF1 C-terminal SLiM is
required for MARF1 to interact with EDC4 and for EDC4
to inhibit MARF1-mediated mRNA decay.

MARF1 and XRN1 ribonucleases interact with EDC4 in a
mutually exclusive manner

XRN1 has been reported to bind to the C-terminal �-
helical region of EDC4 (2). As both MARF1 and XRN1
use analogous EBMs to interact with EDC4, we next set
out to investigate whether MARF1 also interacts with the
same region of EDC4 as XRN1 does. To test this, HeLa
cells were co-transfected with plasmids encoding FLAG-
tagged MARF1 and V5-tagged fragments of EDC4 span-
ning the entire length of the protein (Figure 2A). Cell lysates
were subsequently incubated with FLAG-antibody to pre-
cipitate MARF1 protein complexes, which were analyzed
by western blotting (Figures 2B and Supplementary Fig-
ure S2B). V5-tagged EDC4 fragments containing the N-
terminal WD40 domain or the central serine-rich linker re-
gion fail to co-precipitate with FLAG-tagged MARF1. In
contrast, the C-terminal region of EDC4 (974–1401), which
harbors a large �-helical region, interacts with MARF1 as
well as full-length EDC4. The C-terminal �-helical region
of EDC4 contains two �-helices; the proximal and the dis-
tal helical regions (Figure 2A). We observe that EDC4 lack-
ing the proximal helix (EDC4�Proximal) fails to interact with
MARF1, whereas an EDC4 mutant lacking the distal heli-
cal region (EDC4�Distal) interacts with MARF1 efficiently
(Figures 2B and Supplementary Figure S2C). These results
are consistent with previous reports that XRN1 also binds
to the proximal helix of EDC4 (2,3).

The analogous modes of EDC4 association with MARF1
and XRN1 led us to posit that MARF1 and XRN1 may
be interacting with the exact same surface on the EDC4
C-terminal �-helical region. We previously showed that ex-
pressing the MARF1 C-terminal region (MARF1C-term) en-
hances full-length MARF1WT activity to similar levels when
compared to a mutant that cannot interact with endoge-
nous EDC4 by acting as a decoy (Figure 3A) (15). The
decoy effect by MARF1C-term is only visible in a range
where MARF1WT is expressed at a low-levels such that
in its absence, endogenous EDC4 is sufficient to impair
MARF1WT activity (Figures 3B; Supplementary Figure
S2D and E). However, co-transfecting a MARF1C-term har-
boring a F1731A mutation that abolishes the MARF1-
EDC4 interaction fails to enhance MARF1WT activity.
In keeping with our model that XRN1 and MARF1 in-
teract with EDC4 in a similar manner, expressing the
XRN1EBM also prevents EDC4 from antagonizing MARF1
activity (Figures 3B, Supplementary Figure S2D and F).
In addition, this was dependent upon the ability of the
XRN1EBM to interact with EDC4, as a XRN1EBM harbor-
ing the F1699A mutation, which abolishes its interaction
with EDC4 fails to enhance the activity of MARF1WT. To
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Figure 2. MARF1 associates with the C-terminal proximal �-helix within EDC4. (A) Schematic diagrams of wild-type EDC4, along with the indicated
EDC4 protein fragments and their relative positions. (B) Co-immunoprecipitation experiments performed by incubating HeLa cell extracts expressing
FLAG-MARF1 and the indicated V5-tagged EDC4 protein fragments. Extracts were incubated with FLAG-antibody and analyzed by western blotting.

determine whether MARF1 and full-length XRN1 directly
compete for EDC4, we generated HEK 293T cells that sta-
bly express V5-tagged EDC4 and transiently transfected
them with plasmid encoding FLAG-tagged MARF1C-term.
Cell lysates were incubated with V5 antibody to precip-
itate EDC4 and analyzed by western blotting to assess
XRN1 co-precipitation (Figure 3C). Consistent with our
hypothesis, expressing the WT MARF1C-term dramatically
decreases the association of endogenous XRN1 with V5-
tagged EDC4 as compared non-transfected cells. In con-
trast, expressing the MARF1C-term mutant that cannot as-
sociate with EDC4 (F1731A) fails to impair XRN1 associ-
ation with EDC4. Collectively, these results suggest that the
MARF1 and XRN1 ribonucleases interact with the proxi-
mal �-helical region in EDC4 in a mutually exclusive man-
ner.

EDC4-MARF1 interaction is required but not sufficient to
inhibit MARF1 activity

EDC4 impairs MARF1-mediated mRNA decay by in-
hibiting MARF1 from interacting with target mRNAs
(15). However, EDC4�Proximal, which does not interact
with MARF1 fails to inhibit MARF1 activity when ec-
topically expressed (Figures 4A, and Supplementary Fig-
ure S2C and G). However, we observed that expressing
EDC4�Distal, which efficiently interacts with MARF1 (Fig-
ure 2B), also fails to antagonize MARF1 activity (Fig-
ures 4A, and Supplementary Figure S2C and G) or prevent
MARF1 from binding to a targeted endogenous MAML1
mRNA, as assessed by RNA-immunoprecipitation (Figure
4B). Taken together, these results suggest that while the
EDC4–MARF1 interaction is required for it to regulate
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Figure 3. MARF1 and XRN1 competitively interact with EDC4 in a mutually exclusive manner. (A) Schematic diagram representing the reporter assay in
(B), where the MARF1C-term or the XRN1EBM compete with low levels of full-length MARF1 for interacting with endogenous EDC4. (B) RL-MAML1
activity detected in extracts of transfected HeLa cells expressing the annotated proteins and FL as a transfection normalization control. Histograms
represent the mean RL activity detected from three biological replicates, normalized to FL activity and the RL/FL ratio of a catalytically inactive MARF1
(MARF1�NYN) set to 100. Error bars represent the SEM and statistical significance was calculated using a two-tailed T-test comparing RL activity to the (-)
samples for MARF1WT samples (**P < 0.01). (C) Co-immunoprecipitation experiments performed on HEK 293T cells stably expressing V5-tagged EDC4.
Cells were transfected with MARF1 C-term variants and a puromycin selectable marker. Puromycin-selected cell lysates were subsequently incubated with
V5-antibody and then analyzed by western blotting for the presence of endogenous XRN1.
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Figure 4. EDC4-MARF1 association is necessary but not sufficient to antagonize MARF1 activity. (A) RL-MAML1 activity detected in extracts of
transfected HeLa cells expressing the annotated proteins and FL as a transfection normalization control. Histograms represent the mean RL activity
detected from three biological replicates, normalized to FL activity and the RL/FL ratio of a catalytically inactive MARF1 (MARF1�NYN) set to 100.
Error bars represent the SEM and statistical significance was calculated using a two-tailed T-test comparing RL activity to the (-) samples for MARF1WT

samples (*P < 0.05; ***P < 0.001). (B) RNA-immunoprecipitation (IP) experiments conducted on HeLa cells expressing the indicated proteins. Cell lysates
were incubated with FLAG antibody to precipitate FLAG-MARF1�NYN complexes. RNA was purified from the IP fraction and reverse transcribed.
Histograms represent the mean fold-enrichment of MAML1 mRNA transcripts detected by qPCR in three experiments, normalized to GAPDH levels,
mock IP controls, and input mRNA levels. Error bars represent the SEM of three biological replicates and statistical significance was calculated using a
two-tailed T-test relative to (-) samples (*P < 0.05). (C) Images generated through confocal microscopy of immunofluorescent staining of HeLa cells stably
expressing FLAG-tagged LSM14A. Cells were transfected with the indicated V5-tagged EDC4 proteins prior to staining. The merged image represents
the overlap of the �-FLAG (red) and �-V5 (green) signals and scale bars represent 20 �m. Cells outlined in blue dotted lines represent cells which were
transfected to contrast with untransfected cells outlined in dotted white lines. Blue arrows indicate P-bodies present in transfected cells, while white arrows
indicate P-bodies present in untransfected cells.
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MARF1 activity, this interaction is not sufficient on its own
to do so. We therefore set out to determine what, in addi-
tion to interacting with MARF1, allows EDC4 to regulate
MARF1-mediated mRNA decay. Given that EDC4 local-
izes to and promotes P-body formation (10) and the distal
helix within the D. melanogaster EDC4 ortholog has been
implicated in P-body localization (22), we set out to deter-
mine if deleting the �-helical domains from EDC4 alters
its localization to P-bodies. To test this, HeLa cells stably
expressing FLAG-tagged LSM14A (a key P-body marker)
were transiently transfected with plasmids encoding V5-
tagged EDC4WT, EDC4�Proximal or EDC4�Distal (Supple-
mentary Figure S2G), and the localization patterns of these
proteins were assessed by immunofluorescence microscopy
(Figure 4C). In agreement with both EDC4 and LSM14A
being core P-body proteins, we observe V5-EDC4WT and
FLAG-LSM14A co-localizing to discrete cytoplasmic foci.
In contrast, EDC4�Proximal or EDC4�Distal mutants exhibit
diffuse staining through the cytoplasm. Strikingly, cells that
express these EDC4 helical mutants (outlined in dotted blue
lines) fail to form P-bodies, as determined by the diffuse
staining pattern of FLAG-LSM14A. This contrasts with
untransfected cells (outlined in white dotted lines), where
FLAG-LSM14A localizes to punctate foci. The apparent
dominant-negative effects of these EDC4 �-helical mutants
on P-body formation may be due to the loss of protein-
protein interactions that are required for P-body forma-
tion, given that this region interacts with multiple P-body
proteins (e.g. DCP2 and XRN1) and plays a role in EDC4
oligomerization (2,22). Thus, while our previous data indi-
cate that the EDC4–MARF1 interaction inhibits MARF1-
mediated mRNA decay, an EDC4 mutant that interacts
with MARF1 but does not support P-body formation fails
to inhibit MARF1 activity.

P-bodies directly inhibit MARF1-mediated mRNA decay

P-bodies are maintained through a complex network of
multivalent protein-protein interactions, including inter-
actions between LSM14A with EDC4, DDX6 and 4E-T
(7,9,23,24). Given that MARF1 mutants that do not in-
teract with EDC4 also fail to localize to P-bodies (Fig-
ures 1C and E) (15,21) and that overexpressing an EDC4
mutant which interacts with MARF1 but inhibits P-
body formation fails to inhibit MARF1 activity (Fig-
ure 4A–C), we set out to investigate whether P-body
architecture plays a direct role in regulating MARF1-
mediated mRNA decay. To do so, we took advantage of
HeLa cell lines that have been depleted of endogenous
LSM14A by RNAi and complemented with either FLAG-
tagged LSM14AWT or LSM14A mutants that disrupt its
contact with 4E-T, EDC4, or DDX6 (LSM14AY22E/I29E,
LSM14A�FFD or LSM14A�TFG, respectively) (Supplemen-
tary Figure S3A). Importantly, disrupting LSM14A con-
tact with any of these proteins in cells renders them un-
able to form microscopically visible P-bodies (Supplemen-
tary Figure S3B and C) (7). Ectopically expressed EDC4
co-localizes with FLAG-tagged LSM14AWT and endoge-
nous DDX6 in large punctate foci (Figures 5A; Supple-
mentary Figures S4A and S5A). However, EDC4 does not
colocalize with LSM14A or DDX6 in LSM14A mutant
cells, with all three proteins displaying diffuse cytoplasmic

staining. Consistent with previous data, ectopically express-
ing EDC4 antagonizes MARF1 activity in cells expressing
LSM14AWT (Figure 5B). However, overexpressing EDC4
does not robustly inhibit MARF1 activity in LSM14A mu-
tant cells that cannot form P-bodies (Figures 5C through
E). These results were recapitulated in the context of en-
dogenous MARF1 targets, where steady-state levels of en-
dogenous MAML1 mRNA in cells expressing MARF1WT

are elevated by ectopic EDC4 expression in LSM14AWT

cells but not in the LSM14A�FFD cell line (Figures 5F
and G).

Establishing causal roles for P-bodies in regulating
mRNA decay has remained elusive due to the confounding
effects of central P-body members also exhibiting granule-
independent roles in regulating mRNA decay (24–26).
Therefore, to modulate visible P-bodies without mutat-
ing or altering the levels of endogenous P-body proteins,
we transiently transfected cells with a plasmid encoding
FLAG-tagged NBDY, a microprotein that ablates P-body
formation when expressed (27–29). In agreement with pre-
vious reports, NBDY expression impairs visible P-body for-
mation, with EDC4 and DDX6 exhibiting diffuse cytoplas-
mic staining in NBDY-expressing cells (Figure 6A and Sup-
plementary Figure S5B). Moreover, overexpressing NBDY
prevents EDC4 from inhibiting MARF1-mediated mRNA
decay (Figure 6B–C and Supplementary Figure S2A).

While our data suggest that P-body formation directly
inhibits MARF1-mediated mRNA decay, this was al-
ways in the context of EDC4-overexpression. Therefore,
we set out to determine if endogenous P-bodies alter
MARF1-mediated mRNA decay in the absence of EDC4-
overexpression. To this end, we transfected LSM14AWT or
P-body deficient LSM14A mutant cell lines with a plas-
mid encoding RL-MAML1, as well as low amounts of a
MARF1-expressing plasmids such that the level of expres-
sion was sufficiently low enough for endogenous EDC4 to
impair MARF1WT activity relative to a mutant that can-
not interact with EDC4 (MARF1F1731A) (Figure 3B and
Supplementary Figure S2D). Interestingly, in contrast to
LSM14AWT cells (Figure 6D), low levels of MARF1WT

efficiently repressed RL-MAML1 reporter levels in cells
expressing LSM14A mutants that do not form visible P-
bodies (Figure 6E–G and Supplementary Figure S3B).
These results support a model where P-body integrity is re-
quired for EDC4 to inhibit MARF1 activity and disrupting
P-bodies has the potential to enhance MARF1-mediated
mRNA decay. Taken together, these data demonstrate that
P-bodies can play a causal role in regulating whether the
MARF1 endonuclease can interface with and promote the
decay of targeted mRNAs.

DISCUSSION

In this study, we provide functional and mechanistic in-
sights into how the MARF1 endoribonuclease interacts
with the enhancer of mRNA decapping EDC4, and how
these interactions regulate MARF1-mediated mRNA de-
cay. Importantly, our data point to P-bodies playing a direct
role in regulating MARF1-mediated mRNA decay. Taken
together, our results indicate that P-bodies use EDC4 to se-
quester MARF1, rendering MARF1 unable to interact with
and degrade targeted mRNAs (Figure 7).
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Figure 5. EDC4 requires P-bodies to negatively regulate MARF1 activity. (A) Images generated through confocal microscopy of immunofluorescent
staining of HeLa cells stably expressing FLAG-tagged LSM14A variants as indicated. Cells were transfected with V5-tagged EDC4 prior to staining. The
merged image represents the overlap of the �-FLAG (red) and �-V5 (green) signals and scale bars represent 20 �m. White arrows indicate P-bodies as
defined by intense signal overlap between red and green staining. (B–E) RL-MAML1 activity detected in extracts of HeLa cells that have been supplemented
with either FLAG-LSM14AWT (B) or the indicated FLAG-LSM14A mutants (C–E). Cells were transfected with plasmids encoding the annotated proteins
and FL as a transfection normalization control. Histograms represent the mean RL activity detected from three biological replicates, normalized to FL
activity and the RL/FL ratio of a catalytically inactive MARF1 (MARF1�NYN) set to 100. Error bars represent the SEM and statistical significance was
calculated using a two-tailed T-test comparing RL activity in the (+) to (-) EDC4 overexpression samples (*P < 0.05; ***P < 0.001). (F and G) Endogenous
steady-state MAML1 mRNA levels detected in LSM14A-complemented HeLa extracts expressing the indicated proteins. Histograms represent the mean
MAML1 mRNA levels normalized to GAPDH mRNA levels for three biological replicates, where normalized MAML1 mRNA levels in cells expressing
the catalytically inactive MARF1 (MARF1�NYN) are set to 100. Error bars represent the SEM and statistical significance was calculated using a two-tailed
T-test comparing RL activity in the (+) to (-) EDC4 overexpression samples (***P < 0.001).
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Figure 6. P-body dynamics directly regulate MARF1 activity. (A) Images generated through confocal microscopy of immunofluorescent staining of either
cells stably expressing FLAG-tagged LSM14A (top) or WT HeLa cells (bottom). Cells were transfected with V5-tagged EDC4 (and FLAG-tagged NBDY
for bottom images) prior to staining. The merged image represents the overlap of the �-FLAG (red) and �-V5 (green) signals and scale bars represent 20
�m. White arrows represent P-bodies as defined by foci with strong signal overlap between red and green staining. (B) RL-MAML1 activity detected in
extracts of transfected HeLa cells expressing the annotated proteins and FL as a transfection normalization control. Histograms represent the mean RL
activity detected from three biological replicates, normalized to FL activity and the RL/FL ratio of a catalytically inactive MARF1 (MARF1�NYN) set to
100. Error bars represent SEM and statistical significance was calculated using a two-tailed T-test comparing RL activity to the (-) samples (*** P < 0.001).
(C) The stability of RL-MAML1 was assessed by using actinomycin D (5 ug/ml) for the indicated amount of time in HeLa cells expressing the indicated
proteins. Total RNA was isolated, reverse transcribed and RL-MAML1 RNA was quantified by qPCR. RL-MAML1 mRNA decay rates were normalized
to GAPDH mRNA levels with the zero time point set at 1.0. Error bars represent the SEM for three biological replicates. (D–G) RL-MAML1 activity
detected in extracts of HeLa cells that have been supplemented with either FLAG-LSM14AWT (C) or the indicated FLAG-LSM14A mutants (D–F).
Cells were transfected with plasmids encoding the annotated proteins and FL as a transfection normalization control. Histograms represent the mean RL
activity detected from three biological replicates, normalized to FL activity and the RL/FL ratio of a catalytically inactive MARF1 (MARF1�NYN) set to
100. Error bars represent SEM of biological replicates and statistical significance was calculated using a two-tailed T-test comparing RL activity between
the MARF1WT and MARF1F1731A samples (*P < 0.05; ***P < 0.001).
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Figure 7. Model for how P-body architecture regulates MARF1-mediated
mRNA decay. In the presence of intact P-bodies, the MARF1–EDC4 in-
teraction leads to the sequestration of MARF1 to P-bodies in a way that
inhibits its RNA-binding and mRNA decay potential. By ablating endoge-
nous P-bodies, MARF1 exists in an active form that can robustly decay
target mRNAs.

EDC4 interacts with a conserved SLiM shared by the
MARF1 and XRN1 ribonucleases

The efficient assembly of the mRNA decapping complex
is mediated through EDC4, which helps facilitate efficient
mRNA decapping in vivo (2,13). EDC4 acts, in part, as a
scaffold protein to bridge the interaction of the DCP2 de-
capping enzyme with DCP1A. This interaction is required
in vitro to mediate the hydrolysis of the N7-methylguanosine
cap on the 5′ end of the mRNA (2). The cleavage of the
5′ cap facilitates subsequent 5′-3′ mRNA decay through
the XRN1 ribonuclease, which directly contacts EDC4 in

humans (2,3). In addition to the mRNA decapping and
decay factors that comprise the canonical mRNA decap-
ping complex, MARF1 also physically interacts with EDC4
in cells (16,21). With the exception of DCP1A––which in-
teracts with the N-terminal WD40 domain of EDC4––the
aforementioned mRNA decay factors (DCP2, XRN1 and
MARF1) all interact with the C-terminal �-helical region
of EDC4 (2). While no direct interaction between MARF1
and EDC4 has been established, we show here that MARF1
and XRN1 interact with EDC4 in human cells using anal-
ogous motifs, which contain a SLiM (LA�NF) that is
conserved in both ribonucleases across vertebrates. In D.
melanogaster, XRN1 does not maintain an obvious EBM
and instead associates with the mRNA decapping complex
through a direct interaction with DCP1 (3). Similarly, the
MARF1 ortholog within D. melanogaster does not con-
tain an EBM. This ortholog has significantly diverged from
other MARF1 proteins, where it does not contain a NYN
endonuclease domain and, rather than interacting with the
mRNA decapping complex, it interacts with the CCR4-
NOT deadenylation machinery through its first LOTUS do-
main (30).

Several proteins that interact with core P-body compo-
nents do so using conserved binding motifs. For example,
EDC3, LSM14A and Pat proteins use a conserved FDF
motif to bind DDX6 in a mutually exclusive manner (24).
Similarly, our data indicate that MARF1 and XRN1 also
use a SLiM to interact with EDC4 in a mutually exclusive
manner. Nevertheless, whether MARF1 and XRN1 ever
compete for EDC4 under normal cellular conditions is less
clear. MARF1 is typically expressed at low levels in somatic
cells as compared to robust expression in the early stages
of oogenesis (20,31). Moreover, most mRNAs remain un-
usually stable during oogenesis, where deadenylation is un-
coupled from mRNA decapping (32). Indeed, Dcp1a and
Dcp2 transcripts remain dormant in mouse oocytes until
the oocyte-to-zygote transition where they facilitate a wave
of maternal mRNA destabilization by reactivating the 5′-3′
decay pathway (33). Thus, it is possible that differing bio-
logically relevant contexts for MARF1 and XRN1 preclude
the competitive interaction for EDC4 in vivo.

P-body architecture directly regulates MARF1-mediated
mRNA decay

While widely reported from yeast to human cells, P-bodies
remain enigmatic. P-bodies have been reported to contain
translationally repressed mRNAs, however despite contain-
ing an array of factors involved in mRNA decay, mRNAs
enriched within P-bodies do not appear to be actively un-
dergoing decay (12). While the composition and structure
of P-bodies have been the subject of study for quite some
time, it has not been until recently that direct roles for P-
bodies in regulating mRNAs have been described. For in-
stance, disrupting P-bodies in embryonic stem cells through
knocking down DDX6 or LSM14A releases mRNAs that
code for transcription and chromatin remodeling factors
that are subsequently translated and impact cell fate (25). In
D. melanogaster, it has recently been reported that P-bodies
can regulate early development––through the sequestration
of the bicoid mRNAs (34)––and intestinal stem cell iden-
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tity through the repression of pro-differentiation transcripts
(35). To date, described roles for P-bodies in regulating
the transcriptome have been exclusively through transla-
tionally repressing the mRNAs that localize to P-bodies.
In contrast to these observations, here we report a novel
role for P-bodies in directly regulating the stability of select
mRNA populations––irrespective of their presence within
the granule––through the sequestration of an mRNA decay
factor; MARF1. While it has been suggested that P-bodies
may play a role in regulating the decay of mRNAs through
preferentially protecting their 5′ end (12), to our knowledge
these are the first data to establish a direct and causal role
for P-bodies in regulating the decay of select mRNAs by
modulating the activity of a decay factor.

P-body regulation of MARF1 and mammalian oogenesis

MARF1 was first identified in the context of its role in pro-
moting mammalian oogenesis, where MARF1−/− mouse
oocytes arrest at the germinal vesicle (GV) stage of meio-
sis, fail to undergo cytoplasmic maturation, and experi-
ence meiotic arrest (19). During the growth of meiotically-
competent GVs, transcriptional activity shuts down to
nearly undetectable levels, requiring oocytes to tightly reg-
ulate existing mRNA populations in order to execute gene
expression programs (36). Concomitant with this drop in
transcription rates, P-bodies are lost during the early growth
phase of the oocyte and RNP granules become reorga-
nized in the cytoplasm (37). Similarly, P-body-like foci
that form through the overexpression of human DCP1A in
growing oocytes dynamically reduce in both number and
size over the course of meiotic maturation (38). Interest-
ingly, overexpressing the core P-body protein LSM14A in
mouse GVs has been reported to impair GV maturation
into fertilization-competent oocytes (39). This phenotype
is strikingly similar to MARF1−/− oocytes, which also dis-
play defects in GV maturation (19). We demonstrate that
disrupting endogenous P-bodies in human cells enhances
the ability of MARF1 to repress targeted mRNAs. It is
therefore plausible that P-bodies during the early stages of
GV growth negatively regulate MARF1 activity. However,
once sufficient GV growth has occurred, P-bodies dissoci-
ate thereby freeing MARF1 to interface with and degrade
select transcripts at this critical stage of development.

In agreement with this model, MARF1 mutant oocytes
which are predicted to be catalytically active but have a mis-
folded eGFP tag fused to the MARF1 C-terminus gener-
ates fertilization-incompetent oocytes that exhibit a wholly
different phenotype to meiotically arrested MARF1−/−
oocytes (40). These MARF1-eGFP oocytes displayed de-
fects where meiotic completion was accelerated that was
coincident with increased rates of aneuploidy. While the
mechanism behind these observations was not described,
we believe that generating a mis-folded eGFP tag at the
C-terminal end of MARF1 likely interfered with the in-
teraction site of EDC4, which we demonstrated is only 10
residues from the C-terminus. This is consistent with our
model of P-body regulation of MARF1, where instead of
generating a catalytically dead MARF1 mutant that leads
to meiotic arrest in growing GVs, interfering with the C-
terminus generates an overactive mutant of MARF1, which

is incapable of being antagonized by the P-bodies that are
present in the early stages of oogenesis. Furthermore, as
knocking down Lsm14b generates a highly similar phe-
notype to MARF1-eGFP oocytes (39), these observations
point to a model where interfering with the ability of P-
bodies to regulate MARF1 activity explains the generation
of oocytes that attempt to accelerate through meiosis before
sufficient growth has occurred. This, in turn, could lead to
the dysregulated meiotic processes and chromosomal seg-
regation defects that were described. However, although in-
triguing, this model remains to be tested in the context of
mammalian oogenesis.

In summary, we have described a novel mode whereby P-
bodies can directly regulate the stability of select mRNA
populations by using the P-body protein EDC4 to sequester
the MARF1 endoribonuclease and prevent it from degrad-
ing targeted transcripts. Whether this represents a unique
mechanism or one that P-bodies use to regulate other RNA-
binding proteins that effect mRNA decay remains to be
seen.
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