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ABSTRACT

Two prominent cytoplasmic RNA granules, ubiqg-
uitous RNA-processing bodies (PB) and inducible
stress granules (SG), regulate mRNA translation and
are intimately related. In this study, we found that
arsenite (ARS)-induced SG formed in a stepwise pro-
cess is topologically and mechanically linked to PB.
Two essential PB components, GW182 and DDX®6,
are repurposed under stress to play direct but distin-
guishable roles in SG biogenesis. By providing scaf-
folding activities, GW182 promotes the aggregation
of SG components to form SG bodies. DEAD-box he-
licase DDX6 is also essential for the proper assembly
and separation of PB from SG. DDX6 deficiency re-
sults in the formation of irregularly shaped ‘hybrid’
PB/SG granules with accumulated components of
both PB and SG. Wild-type DDX6, but not its heli-
case mutant E247A, can rescue the separation of PB
from SG in DDX6KO cells, indicating a requirement
of DDX6 helicase activity for this process. DDX6 ac-
tivity in biogenesis of both PB and SG in the cells
under stress is further modulated by its interaction
with two protein partners, CNOT1 and 4E-T, of which
knockdown affects the formation of both PB and also
SG. Together, these data highlight a new functional
paradigm between PB and SG biogenesis during the
stress.
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INTRODUCTION

Cytoplasmic membrane-less RNA-processing bodies (PB)
and stress granules (SG) are two of the best-studied, com-
mon RNA granules. Both consist of translationally arrested
mRNAs in complex with numerous RNA-binding proteins
(RBP) and, therefore, are associated with translational con-
trol in eukaryotic cells (1). Despite their functional overlaps,
PB and SG have been thought in profound differences of
their composition, assembly, and dynamics.

The smaller PB occur in every cell under physiologi-
cal conditions and are ubiquitous from yeast to humans
(2). PB, free from 40S ribosomal subunits, are derived
from the condensation of various ribonucleoprotein (RNP)
complexes, including ~125 RBP (3). Two-thirds of PB-
associated RBP are functionally linked to mRNA repres-
sion, RNA decay, miRNA-mediated silencing, RNA decap-
ping, and non-sense mediated RNA decay (NMD) (3-6).
However, it becomes increasingly clear that PB are not the

*To whom correspondence should be addressed. Tel: +1 301 846 6170; Email: majerciv@mail.nih.gov
Correspondence may also be addressed to Zhi-Ming Zheng. Tel: +1 301 846 7634; Email: zhengt@exchange.nih.gov

Published by Oxford University Press on behalf of Nucleic Acids Research 2023.

This work is written by (a) US Government employee(s) and is in the public domain in the US.


https://doi.org/10.1093/nar/gkad585
https://orcid.org/0000-0003-2907-4583
https://orcid.org/0000-0001-5547-7912

9338 Nucleic Acids Research, 2023, Vol. 51, No. 17

sites of mRNA degradation (7-12) and mainly function as
the sites of translational repression of AU-rich, nonoptimal
codon-enriched mRNAs encoding proteins with regulatory
functions (13,14). The mRNA translational repression in
PB is independent of miRNA-mediated silencing (9,12). In
fact, mRNAs in the PB are actually protected from de-
cay and become translatable after release from PB (3,15-
17). Interestingly, the mRNAs encoding housekeeping pro-
teins and long non-coding RNAs (IncRNAs) are generally
excluded from PB (3). PB-specific protein markers includ-
ing GW182, DDX6, 4E-T, DCP1A, DCP2 and EDC3 are
commonly used by different groups to visualize PB in cells
(8,12,18,19).

The larger SG contain 40S ribosomal subunits and ap-
pear in the cells only under stress conditions (20). Cells un-
der both biological (hypoxia, nutrients deprivation, or vi-
ral infection) and environmental (changes in temperature
or osmotic pressure) stress or exposure to certain chemi-
cals (sodium arsenite or ARS, chemotherapy compounds,
etc.) can be induced to form SG due to the rapid increase of
translationally arrested mRNAs released from polysomes
(21-24). Diftferent types of stress which activate four differ-
ent el F2a kinases (GCN2, PKR, PERK and HRI) (25-29)
have a common influence by inducing the phosphorylation
of an essential translation initiation factor elF2a at Ser51
position (22,30). Heterotrimeric elF2, which is composed
of elF2«, elF2B and elF2vy, binds GTP and the initiator
methionine-tRNA (tRNAiM!) as an elF2-GTP-tRNAiMet
complex and loads the tRNAiM®t onto the small 40S ri-
bosomal subunit by hydrolysis of eIF2-GTP to e[F2-GDP.
Phosphorylation of eIF2a leads eIF2 to stably bind eIF2B,
a guanine exchange factor and sequester of elF2B activ-
ity, thus inhibiting the recycling of eIF2-GDP to elF2-GTP
by eIF2B and blocking the formation of preinitiation com-
plexes and protein translation (31-33). Consequently, trans-
lationally stalled mRNAs with bound small ribosomal sub-
units are then recognized by G3BPs and TIA1 nucleators
for SG assembly (22,34-37). A chemical inhibitor antago-
nizing the effects of phospho-elF2 on elF2B restores trans-
lation and causes SG disassembly (38). However, in some
cases, a type II SG can be formed independently of elF2a
phosphorylation (39,40). Conceivably, most SG protein
components are involved in translation initiation and reg-
ulation and thus mechanistically, SG formation is driven by
a high concentration of stalled preinitiation complexes rec-
ognized by SG nucleating RBP, such as G3BP1, TIAI and
others, which bind both RNA and small ribosomal sub-
units and thus mediate multivalent interactions to facili-
tate SG condensation and recruitment of additional factors
(34,35,37). These multivalent nucleation interactions cause
liquid-liquid phase separation (LLPS) to form SG and can
be regulated by a G3BP-binding CAPRINI to promote, or
another G3BP-binding USP10 to prevent, SG formation
(36). To date, thousands of different mR NA species with rel-
atively long coding and UTR regions and ~411 RBP have
been identified in purified SG from the cells under stress
(14,41). However, it appears that the mRNAs within the
SG are not degraded and become translatable after recov-
ery from stress (17). An ATR4 reporter RNA was found to
be translatable even within the SG itself (42). RNA-binding
proteins TIA1, G3BP1, and PABPC1 are SG-specific mark-

ers and useful for visualizing SG in cells under various stress
conditions.

Even through PB and SG are distinct, they are dynam-
ically linked sites of RNP remodeling and share some of
their components (14,43). How PB in cells under physi-
ological conditions and SG in the cells under stress are
formed are only partially understood (44). It is known that
PB commonly increase in number and size in the stressed
cells and often appear in close physical proximity with SG;
however, their intimate relationship is not fully understood
and the role of PB in SG formation is highly debated and
somewhat confusing. Some propose that translationally ar-
rested RNPs are first targeted to SG, where they are re-
modeled, stripped of translational components, and trans-
ferred to PB for storage and degradation (4,45-47). Some
suggest that two RNA granules are independent, because
the inhibition of SG formation did not prevent PB for-
mation (46). Others argue that PB and SG are only tem-
porarily intimately related when PB are ‘docked’ to SG, al-
lowing content exchange (43). Several proteins were iden-
tified to promote PB docking on SG, such as TTP and
CPEBI (43,48). A recent finding of single mRNAs inter-
acting with both SG and PB and moving bi-directionally
between SG and PB further supports the intimate relation
of PB with SG (49). PB were also found to promote SG
formation in yeast (50). Recent observation of overlapping
proteomes between PB and SG and complex interactions
between multiple PB and SG components (4,43,51,52) fur-
ther support this notion. Both PB and SG are enriched in
RBP containing, intrinsically disordered regions (IRD) or
prion-like domains (PrD) (53-55). These RBP at high local
concentration mediate multivalent protein-RNA, protein-
protein, and RNA-RNA interactions that lead to LLPS
(56). Microscopic studies showed that both granules rep-
resent highly dynamic structures, rapidly exchanging their
components with the surrounding environment (43,45) and
involving ATP-dependent rearrangement of RNP (53,57).
Several ATP-dependent RNA helicases are enriched in both
PB and SG (3,4,57,58). Their ability to modulate the RNP
composition was proposed to contribute to PB and SG dy-
namic nature (57,59). However, the direct role of PB in SG
biogenesis has not been adequately addressed.

DEAD-box helicase 6 (DDX6/p54/Rck and its ortho-
logues Dhhl in S. cerevisiae, Me31B in D. melanogaster,
CGH-1 in C. elegans and Xp54 in X. laevis) is one of
the ATP-dependent, cellular RNA helicases containing a
conserved Asp-Glu-Ala-Asp motif (DEAD-box) and other
high levels of sequence and structure conservations (50,60—
63). DDX6 consists of an N-terminal and a C-terminal
RecA-like domain for interactions with various factors for
specific functions and ATP-binding/ATPase and RNA-
binding/helicase activities (64). DDX6, abundantly ex-
pressed in cells, is highly interactive with RNAs and al-
most half of all PB proteins (3,8,65). Thus, DDXG6 is essen-
tial for PB formation (12) and retaining PB identity during
stress (60). Interestingly, while ATPase activity is essential
for PB assembly, this activity of DDX6 appears not affect-
ing the existing PB (19). The top interactors of DDXG6 in-
clude members of mRNA decay and translational repres-
sion complexes (8). The C-terminal RecA-like domain of
DDX6 mediates most of DDX6 protein-protein interac-



tions, such as interactions with PATL1, CNOT1, and 4E-
T in regulating PB formation (8,67,68). Although DDX6
is a cofactor of XRN1 5'—3" exonuclease and its interac-
tion with PATL1 affects RNA 3’ to 5’ degradation, recent
reports indicate no RNA decay or degradation within the
PB (3,15-17) and CNOT1-mediated physiological mRNA
degradation occurs predominantly outside of PB (69,70).
While these protein-protein and protein-RNA interactions
seem sufficient for DDX6 to act as a central node, it be-
comes increasingly clear that DDX6 RNA-helicase activity
appears essential for de novo PB formation (19,71).

Although the exact intimate nature between PB and SG
is yet to be understood, both contain translationally re-
pressed RBP and shared exchangeable components (43).
In this study, we investigated the contribution of PB to
SG formation in cells in response to arsenite (ARS) treat-
ment. We found that SG are formed in a stepwise process
from smaller SG cores into larger granules as stress pro-
gresses. SG aggregation is topologically linked to PB and
requires PB-associated scaffold protein GW182. DDXG6, a
PB-associated DEAD-box RNA-helicase, also participates
in the formation of SG and is required for separating PB
from SG. Loss of DDXG6 or its helicase activity is detrimen-
tal for both PB and SG biogenesis, leading to the forma-
tion of irregular shape of ‘hybrid’ PB/SG granules during
cellular stress. DDXG6 activity is further regulated by its in-
teracting partners, CNOT1 and 4E-T. Thus, a direct role of
several PB components was identified in SG biogenesis in
this report.

MATERIALS AND METHODS
Cells

HeLa cells (CCL-2, ATCC, Manassas, VA) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM,
cat. # 12430054, Thermo Fisher Scientific, Waltham,
MA). HAPI wild type (WT) and DDX6 knockout
(KO) cells (HZGHC000116c001, Horizon Discovery, Cam-
bridge, UK), which were originally derived from hu-
man chronic myelogenous leukemia (CML) cell line
KBM-7, were maintained in Iscove’s modified Dulbecco’s
medium (IMDM, Thermo Fisher Scientific). All media
were supplemented with 10% fetal bovine serum (FBS,
cat. # SH30070.03, Hyclone, Cytiva, Marlborough, MA)
and 1x Penicillin—Streptomycin—Glutamine (PSG, cat. #
10378016, Thermo Fisher Scientific). The cells were kept at
37°C in a humidified atmosphere containing 5% CO,.

Stress induction

To induce stress granule formation, cells were incubated in
the complete culture medium (DMEM or IMDM with 10%
FBS and 1x PSG) supplemented with 0.5 mM sodium ar-
senite (ARS, cat. # 1062771003, Sigma Aldrich, St. Louis,
MO) for 0-30 min. Cells without ARS treatment were used
as a negative control.

siRNA knockdown

HeLa cells at 0.25 x 10° were plated into 6-well plates 24
h before the first siRNA transfection with 40 nM of the
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ON-TARGETplus human siRNA SMARTpool (Horizon
Discovery) using LipoJet (cat. # SL100468, SignaGen Lab-
oratories, Frederick, MD) as recommended by the manu-
facturer. Twenty-four hours after the siRNA transfection,
the cells were split into two wells with glass coverslips. Four
hours later, the cells were transfected again with the same
siRNA at 40 nM, followed by an additional 24 h incuba-
tion before the stress induction. HAP1 cells at 0.15 x 10°
were plated directly on the cover glass and transfected
once with 40 nM of siRNA for 24 h. ON-TARGETplus
human siRNA SMARTpools (Horizon Discovery) tar-
geting DDX6 (L-006371-00-0005), GW182 (TNRC6A, L-
014107-00-0005), PATL1 (L-015591-01-0005), CNOT1 (L-
015369-01-0005), 4E-T (EIF4ENIF1, L-013237-01-0005),
EDC3 (L-017136-02-0005), TIA1 (L-013042-02-0005), and
LSM14A (L-013920-02-0005) were used in this study. An
ON-TARGET plus non-targeting siRNA #1 (siNT, D-
001810-01-05, Horizon Discovery) was used as a negative
control.

Complementation assay

The vector expressing myc-DDK-tagged-human WT
DDX6 was purchased from OriGene (cat. # RC209431,
Rockville, MD). The helicase-deficient DDX6 E247A
mutant (MT) was constructed by overlapping PCR us-
ing primers oVM506 5-ACTTATCTGCCGCATCCA
ATACTATCATCTGGACATGAT-3 and oVMS507 5'-
TTGGATGCGGCAGATAAGTTGCTGTCACAGGA
TTTTGTG-3'. HAP1 DDX6KO cells grown on cover glass
in 6-well plates were directly transfected with FLAG-tagged
DDX6 WT or MT vectors. HeLa cells were first treated
with non-targeting (siNT) or DDX6-targeting (siDDX6)
siRNA twice at a 24 h interval. Two hours after the second
siRNA transfection, the cells were transfected with the
vector expressing either a WT or E247A mutant DDXG6.
The cells were then subjected to 0.5 mM ARS treatment
for 30 min 24 h after vector transfection, followed by
immunofluorescent staining.

Immunofluorescent (IF) staining

Cells grown on cover glass (—/+ ARS) were fixed with 4%
paraformaldehyde (cat. #15710, Electron Microscopy Sci-
ences, Hatfield, PA) in 1x PBS (phosphate buffered saline,
pH 7.4, cat. # 10010023, Thermo Fisher Scientific) for 20
min at RT, followed by 5 min quenching with 100 mM
glycine and permeabilization with 0.5% Triton X-100 (cat. #
H5141, Promega, Madison, WI) in 1 x PBS for 15 min. The
cells were then washed three times with 1 x PBS and blocked
with 3% Blot-Qualified bovine serum albumin (BSA, cat.
# W3841, Promega) in 1x PBS containing 0.05% Tween-
20 (TPBS, cat. # AFF-J20605-AP, Thermo Fisher Scien-
tific) in a humidified chamber for 1 h at 37°C. The pri-
mary (1:100) and AlexaFluor-labeled secondary antibod-
ies (1:500, Thermo Fisher Scientific) were diluted in block-
ing solution and incubated with the slides in a humidified
chamber at 37°C for 1-2 h. After each incubation, the slides
were washed three times with TPBS. Hoechst 33342 (cat.
# H3570, Thermo Fisher Scientific) was added to the last
wash (1 wg/ml) to stain cell nuclei for 5 min. The fully
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stained slides were mounted using ProLong Gold Antifade
Mountant (cat. # P36934, Thermo Fisher Scientific) and let
to cure overnight at room temperature.

Antibodies

The following primary antibodies were used in the study:
human autoimmune serum containing anti-GW182 an-
tibody were obtained as a gift from Dr. Marvin Frit-
zler University of Calgary; others were anti-DCP1A (cat.
# ab183709, Abcam, Cambridge, MA), anti-TTA1 (clone
OTI1D7, cat. # MAS-26474, Thermo Fisher Scientific),
anti-G3PB1 (cat. # 611126, BD Biosciences, Franklin
Lakes, NJ), anti-DDX6 (cat. # NB200-191, Novus Bio-
logicals, Centennial, CO), anti-CNOT1 (cat. # 14276-1-
AP, Proteintech, Rosemont, IL), anti-PATLI (cat. # A303-
482A, Bethyl Laboratories, Montgomery, TX), anti-4E-
T/elF4E-T (cat. # A300-706A, Bethyl Laboratories), anti-
LSM14A (cat. # 18336-1-AP, Proteintech), anti-EDC3 (cat.
# 16486-1-AP, Proteintech), anti-B-tubulin (cat. # T5201,
Millipore Sigma), rabbit anti-FLAG (cat. # F7425, Milli-
pore Sigma).

Western blot

The cells transfected twice with non-targeting (siNT) or
gene-specific siIRNAs at a 24 h interval were harvested
by direct lysis in 2x SDS protein samples buffer contain-
ing 5% (vol/vol) 2-mercaptoethanol. The obtained pro-
tein samples were separated on a 4-12% Bis-TRIS Nu-
PAGE gel in 1x MES buffer (cat. # NP0002, Thermo
Fisher Scientific) and transferred to a nitrocellulose mem-
brane before blocking with 5% non-fat milk dissolved in
1x TRIS-buffered saline (TBS) containing 0.05% Tween-
20 (TTBS). The membranes were stained with primary
antibodies diluted 1:1000 in TTBS, followed by incuba-
tion with peroxidase-labeled secondary antibody (Millipore
Sigma) diluted 1:10 000 in 2% non-fat milk in TTBS. The
signal was developed by ProSignal Pico ECL Reagent (cat.
# 20-300B, GeneSee Scientific, San Diego, CA) and pro-
cessed by ChemiDoc Touch molecular imager (BioRad,
Hercules, CA).

Image collection and processing

Images were acquired using a Nikon SoRa spinning disk
microscope equipped with a 60x oil immersion objective
lens (NA 1.49) and Photometrics BSI sCMOS camera.
Super-resolution z-stacks were collected with 0.15 pm step-
size and 0.027 pm x—y pixel size. The resultant images
were deconvolved using a modified Richardson-Lucy iter-
ative deconvolution algorithm in the Nikon Elements soft-
ware (version 5.3), and then imported into Imaris image
analysis software (version 9.9.0) where the different sub-
cellular granules were segmented using automatic back-
ground subtraction setting to measure the number, size, and
inter-granule distances. Alternatively, the subtraction was
based on the different levels of the absolute signal inten-
sity. GW182 staining objects with maximum intensity ex-
ceeding 1200 were counted as PB. Only the objects detected

by Imaris based on G3BP1 staining with a minimal vol-
ume of 0.2 wm?® were considered as SG for statistical analy-
sis. For those ‘hybrid PB/SG clusters out of Imaris analytic
resolution, manual counts were made for individual PB in
each PB cluster and averaged from at least ten clusters (Sup-
plementary Table S1). Otherwise, the confocal images were
collected using the Zeiss LSM 880 confocal laser scanning
microscope (Zeiss) with 63x oil immersion objective lens
and processed by Zen image processing software (Zeiss).
The 3D images were generated from respective z-stack im-
ages using the maximum intensity function. The Imagel
(https://imagej.nih.gov) was used to measure the signal in-
tensity for individual channels at the cross-sections.

Statistical analysis

To test the statistical differences between two groups we
used the two-tailed Student’s 7-test. For the comparison of
three or more groups, we used a one-way ANOVA test with
the Bonferroni correction. The linear regression analysis
was used to calculate the association between two variables.

Structural modeling

The crystal structure of DDX6 (PDB ID: SANR) (67) was
used to analyze the structural basis of E247A mutation.
Briefly, the domain 1 (DEAD domain) of DDX6 was su-
perposed with the corresponding domain of RNA helicase
DDX3X at pre-unwound state (PDB ID: 605F) (72) to
show the relative locations of the DEAD domain and heli-
case domain with RNA bound. Since the DEAD sequence
is a Walker B motif that has been shown to be critical
in the binding and hydrolysis of ATP, a non-hydrolysable
ATP analog, ATP-y-S, and an Mg?* critical for ATP hy-
drolysis were modeled into the DDX6 ATP-binding site
based on alignment with the crystal structure of Ski2 RNA-
helicase Brr2 (PDB ID: 6QV4) (73). Structural alignment,
modeling and graphical rendering were carried out with
PyMol Molecular Graphics System, version 2.4.1 (wWww.

pymol.org).

RESULTS
Kinetics of SG biogenesis during ARS-induced stress

Previous observations suggested a close topological, bio-
chemical, and functional connection between PB and SG
(1,4,43). However, the mechanistic role PB play in SG for-
mation remains elusive. To determine whether any PB com-
ponents contribute to SG formation, we performed a time-
course study of SG biogenesis in HeLa cells after exposure
to ARS (0.5 mM), a well-studied chemical SG inducer, for 0,
5, 10, 15, 20 and 30 min, followed by staining for the mark-
ers of PB (GW182) and SG (TIA1). As shown in Supple-
mentary Figure S1, HeLa cells at both time 0 and 5 min of
ARS induction exhibited ~4-5 large and ~10-15 smaller
rounded GW182-positive PB as previously reported (12)
but no detectable SG. At this stage, TIA1 was stained as a
diffused cytoplasmic protein with some nuclear appearance.
By 10 min, but more profoundly, by 15 min, we observed
the initial appearance of granular TIA1 staining in the cy-
toplasm of ARS-treated cells, accompanied by an increased
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Figure 1. PB promotes the stepwise biogenesis of SG during ARS-induced stress. (A) HeLa cells were treated with 0.5 mM arsenite (+ARS) for 0, 15
and 30 min, followed by staining with anti-GW 182 and anti-G3BP1 antibodies. Super-resolution z-stack images were used to generate a 3D model of PB
(GW182 staining) and SG (G3BP1I staining) using Imaris image analysis software. (B-E) Number per cell (B, D) and volume (C, E) of PB (B, C) and SG
(D, E) detected in 20 randomly selected HeLa cells at time 0, 15 and 30 min after arsenite (+ARS) treatment. The box plots in B-E show the median (-),
minimum and maximum (whiskers), *** P < 0.001, ** P < 0.01, * P < 0.05 by Student z-test. (F, G) Correlation between SG volume and shortest distance
to the closest PB detected in 20 HeLa cells at 15 and 30 min after the arsenite treatment. The circles represent individual data point and dotted lines the

calculated trendline. Linear regression was used to calculate R? and P-value.

number of small PB. Interestingly, most newly formed SG
appeared within close physical proximity to PB, with mature
SG often surrounded by multiple PB (see zoom in 30 min
time point). However, most but not all PB were associated
with SG. To perform a quantitative analysis of this process,
we developed an image-based 3D modeling on PB and SG.
Fixed cells were stained for GW182 and G3BP1 to mark
PB and SG, respectively. Super-resolution z-stacks were ac-
quired and the volume rendering and segmentation of both
PB and SG could be obtained by Imaris image analysis soft-
ware using an automatic background threshold setting. The
numbers of PB and SG per cell, PB and SG volumes, mutual
distances, and signal intensities of individual markers were
obtained for each cell and used for further statistical anal-
ysis. We then used this method to confirm the link between
PB and SG biogenesis observed in our initial time-course
study by quantification of PB and SG in HeLa cells treated

with ARS for 0, 15, and 30 min. As shown in Figure 1A, at
0 min, most cells contained ~15 PB/cell, as previously re-
ported (12) (Supplementary Table S2) and as expected, no
SG, with G3BP1 exhibiting diffused cytoplasmic staining.
At 15 min after ARS treatment, the number of PB almost
doubled to ~28 PB/cell (Figure 1B), but ARS-induced PB
were overall in smaller size (Figure 1C), even though several
large PB were also observed. The newly formed SG were
clearly detectable with ~21 SG/cell at 15 min (Figure 1A
and D, Supplementary Table S2). At 30 min, the number
and volume of PB remained similar to that observed at 15
min (Figure 1B and C). However, the number of SG signifi-
cantly decreased to ~17 SG/cell on average at 30 min (Fig-
ure 1D). Inversely, average SG size significantly increased
between 15 min and 30 min of ARS treatment (Figure 1E,
Supplementary Table S2). As observed in our initial time-
course study (Supplementary Figure S1), almost all large
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SG were associated with PB although not every PB was
linked to SG (Figure 1A). By counting the number of as-
sociated PB per SG, we found an increase from ~1 PB/SG
at 15 min to ~2-3 PB/SG at 30 min (Supplementary Table
S1). The measured distance between SG and PB confirmed
a negative correlation between SG volume and distance to
the closest PB at both 15- and 30-min time points, thus
supporting our observation (Figure 1F and G). Together,
these data suggest that SG are formed by a stepwise process
likely starting from small ‘core’ SG aggregating/growing
into fewer larger granules in the vicinity of PB, indicating
a possible role of PB components in this process.

Selective accumulation of PB components in the newly
formed SG

A close examination of GW182 staining in ARS-treated
cells showed that SG growing into a larger size is not
only topologically linked to PB but also associated with
GW182 accumulation in SG (Supplementary Figure S1).

This was confirmed by the observation of GW182 in over-
lapping with G3BP1-positive SG in HeLa cells under ARS
stress (Supplementary Figure S2) and the measurement of
GW182 signal intensity in the G3BP1-positive SG in 10
randomly selected ARS-treated HeLa cells (Figure 2A and
B). Interestingly, we observed a significant positive corre-
lation between GW182 signal intensity and SG size (Fig-
ure 2A and B). We next asked if other PB components also
accumulate in SG similarly to GW182. We chose two ad-
ditional, commonly used PB-specific markers, DDX6, an
RNA-helicase, and DCP1A, an mRNA-decapping enzyme
1A (8). We found that DDX6 also accumulates significantly
in the SG, and like GW182, its signal intensity was over-
lapped with G3BP1 and positively correlated significantly
with SG size (Figure 2A, Supplementary Table S3). Both
DDX6 and GW182 were highly overlapped in PB and thus
gave an almost identical number of detected PB both in the
absence or presence of stress (Figure 2A, lower bar graph
panel, Supplementary Table S3). In contrast, DCP1A was
excluded from SG and DCPI1A signal intensity showed no



correlation with SG size (Figure 2B). Even though the num-
ber of DCP1A-positive PB also increased slightly during
the stress, their number was significantly lower than that of
GW182-positive PB and appeared independently of stress
condition, indicating that not every RNA in the PB has
a cap for DCP1A binding and, unlike DDX6, DCPI1A is
present only in a fraction of PB (Figure 2B, Supplemen-
tary Table S3) as reported (69,74). The lack of functional-
ity associated with PB (9) and its localization inconsistent
with the localization of other PB components strongly ar-
gue against the reliable use of DCP1A as a PB marker. To-
gether, these data suggest that multiple PB components se-
lectively accumulate in newly formed SG under stress condi-
tion, which is consistent with the previously reported partial
overlap in PB and SG proteomes (4).

Direct roles of GW182, DDX6 and other PB components in
SG formation

Given the close topological correlation between PB and SG
(Figure 1) and selective accumulation of PB components
GW182 and DDX6 in SG (Figure 2, Supplementary Fig-
ure S2), we performed siRNA knockdown (KD) of GW182,
DDX6 and EDC3, another PB component (68) and SG
nucleating protein TIA1 as controls in HeLa cells to ex-
amine a possible role of PB in SG biogenesis (Figure 3,
Supplementary Figure S3). Western blot confirmed the KD
efficiency of GW182 by ~76%, DDX6 by ~77%, EDC3
by ~81% and TIA1 by ~53% when compared to the cells
treated with siNT (Figure 3A, Supplementary Figure S3B).
As expected, KD of GW182 or DDX6 prevented PB for-
mation in the HeLa cells in the absence of ARS stress as we
previously reported (12) (Figure 3B, Supplementary Figure
S3A), but KD of EDC3 and TIAI did not (Supplementary
Figure S3A). Consistently, EDC3 which is not required for
PB formation was reported in a previous study (8). How-
ever, when the cells with the KD of individual gene expres-
sion for 48 h were exposed to ARS (0.5 mM) for 30 min to
induce SG marked by G3PBI staining, the siRNA-treated
cells under ARS stress displayed an increased number of
small PB by DDX6 staining if GW182 was knocked down
or by GW182 staining if DDX6 was knocked down, along
with overlapped SG by G3BP1 staining (Figure 3B and C
bar graph for siGW182, Supplementary Table S4, Supple-
mentary Figure S4). As expected, DCP1A staining in the
cells under ARS stress displayed only partial overlapping
PB staining with GW182 (Supplementary Figure S4). We
also found that the cells with EDC3 KD or TIA1 KD un-
der ARS stress had no effect, as anticipated, on PB number
or shape by GW182 staining, but ~50% of TIA1 KD, not
EDC3 KD, exhibited reduced formation of SG and induc-
tion of irregular SG (Supplementary Figure S4).

The unexpected increase of small PB induced by ARS
in the GW182 KD cells to ~48 PB/cell, was significantly
higher than that in the siNT control cells with only ~36
PB/cell (Figure 3C, Supplementary Table S4). The ARS-
induced increase in PB number per cell after GW182 KD
was associated with the reduction in PB size (Figure 3D,
Supplementary Table S4). While GW182 KD did not sig-
nificantly affect SG number per cell (Figure 3E), it signifi-
cantly reduced SG size (volume) over the size in the siNT
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control cells (Figure 3F, Supplementary Table S4). Interest-
ingly, the majority of detected SG in the cells with GW182
KD were no longer topologically associated with PB (Fig-
ure 3B, Supplementary Table S1).

Like GW182, DDXG6 is also essential for the formation
of typical PB in the absence of stress (Figure 3B, Supple-
mentary Figure S3). HeLa cells with DDX6 KD, in con-
trast to GW182 KD, exhibited a modest but significant in-
crease of SG number per cell (Figure 3E, Supplementary
Table S4) associated with reduction of SG size when com-
pared to the siNT control cells (Figure 3F). Interestingly,
compared to mostly spherical SG in the siNT control cells,
many irregular SG were found in the DDX6 KD cells (Fig-
ure 3B, Supplementary Figures S4-S6). Loss of DD X6 also
led to accumulation of GW182-positive PB in large clusters
overlapping with SG, thus forming a hybrid PB/SG struc-
ture (Figure 3B, Supplementary Figures S4, S5, and S6).
Signal distribution and intensity analyses confirmed the al-
tered distribution of PB components in SG after DDX6 KD
in HeLa cells, where GW182 and G3BP1 signals were signif-
icantly overlapped within the detected hybrid PB/SG gran-
ules (Figure 4A). These hybrid PB/SG structures feature
clusters with multiple GW182-positive PB within individual
SG when either the automatic background or absolute sig-
nal intensity > 700 (but less than 900) threshold setting was
applied (Figure 4B). Because of this feature, the Imaris im-
age program was unable to distinguish individual GW182-
positive PB in each SG-associated PB cluster, which pre-
vents us to accurately determine the PB number and volume
per DDX6 KD cell (see Figure 3B-D). However, the indi-
vidual PB within each PB cluster could be counted man-
ually for each SG (Figure 4). We found that each control
siNT-treated HeLa cell under ARS stress exhibited ~6—7
large SG associated with ~2 PB, but the cells lacking DDX6
displayed ~9-10 large SG and ~11 PB within each SG-
associated PB cluster (Supplementary Table S1).

Together our data show that, besides their roles in PB for-
mation, both GW182 and DDX6 in the cells under stress are
repurposed for SG biogenesis. GW182 promotes SG growth
(Figure 3F) while DDX6 is to separate PB from SG during
stress (Figure 4, Supplementary Figures S5 and S6). Given
the potential functional overlaps between GW182 and its
paralogues (12,75), we further focused on DDX6 and its
role in SG biogenesis.

DDXG6 is essential for the separation of PB from SG during
ARS-induced stress

To avoid potential off-target effect and incomplete
knockdown by siRNA approach, we employed HAP1
DDX6 knockout (DDX6KO) cells for further studies. A
CRISPR /Cas9-generated 1-bp insertion in DDX6 exon
2 was used to introduce DDX6 ORF frameshift. The
complete loss of DDX6 expression in HAP1 DDX6KO
cells was confirmed by Western blot (Figure 5A). Loss
of DDX6 expression was associated with minor morpho-
logical changes and slower growth of the cells (Figure
5B). Based on GW182 staining, HAP1 WT cells under
normal physiological conditions (no ARS stress) display,
on average, ~6 typical PB/cell (Figure 5C and D). Under
ARS-induced stress condition, the PB number in HAPI1
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Figure 3. GW182 and DDX6 play direct roles in SG biogenesis. (A, B) HeLa cells were transfected with a non-targeting (siNT), GW182 (siGW182) or
DDX6 (siDDX6) targeting siRNA. The knockdown efficiency of individual proteins was confirmed by Western blot (A). The siRNA-treated cells without
(-ARS) or with (+ARS) treatment (0.5 mM, 30 min) were stained with anti-DDXG6 for PB if GW182 was knocked down or anti-GW 182 for PB if DDX6
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25 randomly selected cells in each group shown in (B). All box plots show the median (-), minimum and maximum (whiskers). *** P < 0.001, ** P < 0.01,
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WT cells could be increased, as observed in Hela, to
~14 PB/cell (Figure 5C and D, Supplementary Table S5).
ARS-treated WT HAPI cells also exhibited ~8 SG/cell
often associated with ~1-2 PB as observed in HeLa cells
(Figure 5C and F, Supplementary Tables S1 and S5).

As expected, HAP1 DDX6KO cells do not exhibit typ-
ical PB, but rather a sand-like cytoplasmic distribution of
GWI182 under physiological conditions (Figure SC and D).
Interestingly, as previously observed in HeLa DDX6 KD
cells (Figures 3B and 4A), we observed that DDX6KO cells
under ARS stress also exhibited clustering GW182-positive
granules using automatic background threshold (Figure 5C,
Supplementary Figure S7). These structures represent the
hybrid PB/SG granules overlapping with both PB and SG
markers (Figure 5C and Supplementary Figure S7A) and
prevent us to determine the PB number and volume by us-
ing Imaris image analysis software (Figure 5D and E). The
GW 182 mean signal intensity in G3BP1-positive SG in the
DDX6KO cells under ARS stress was ~1.7-fold higher than
that in the SG detected in the WT cells (Figure 5G, Supple-
mentary Figure S7A). In HeLa cells, the loss of DDXG6 led

to an increase of SG number under ARS stress (Figure 3E,
Supplementary Figure S5B), whereas DDX6KO in HAP1
cells under ARS stress slightly reduced SG number to ~6
SG/cell (Figure 5F), indicating a cell type-specific effect.
Again, like in HeLa DDX6KD, the irregular SG were found
in HAP1 DDX6KO cells and these irregular SG were topo-
logically associated with a cluster of ~7 PB/SG (Figure 5C,
Supplementary Figure S7, Supplementary Table S1), imply-
ing more GW182-positive PB and GW182 protein is pre-
sumably needed or reprogrammed in generation of ARS-
induced SG when cells lack DDX6. Together, DDX6KO in
HAPI cells recapitulated the results observed in HeLa cells,
confirming the essential role of DDXG6 in the separation of
PB and SG during ARS-induced stress.

Separation of PB from SG requires DDX6 helicase activity

By remodeling RNP complexes, DEAD-box RNA he-
licases play essential roles in many biological processes
(76). They also possess ATPase activity required for
their helicase activity. Although DDXG6 helicase activity is
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essential for de novo PB assembly under physiological con-
ditions (19), other studies have suggested that DDX6 RNA
helicase activity had no effect on preexisting PB (19,71,77).
To test the importance of DDX6 helicase activity in SG bio-
genesis and whether it is essential for separating PB from
SG in the cells under ARS stress, we disrupted DDX6 he-
licase activity by converting glutamic acid residue at amino
acid position 247 to alanine (E247A) in DDX6 DEAD-box
motif (Figure 6A). Structural modeling based on similari-
ties to other DEAD-box helicases, such as the DDX3X (72)
and Ski2-like RNA-helicase Brr2 (73), indicated that E247
in DDX6 is important in mediating ATP-binding and hy-
drolysis that is needed for DDX6 function (Figure 6B). The
constructed expression vectors encoding DDX6 wild-type
(WT) or helicase-deficient E247A mutant contain the epi-
tope tags (myc-FLAG) allowing specific detection of the
ectopically expressed DDX6, distinguishable from the en-
dogenous cellular DDX6 (Figure 6A). To test how inacti-
vation of helicase activity affects DDX6 function, we res-
cued DDX6 expression in HAP1 DDX6KO cells by trans-
fecting either the WT or the helicase deficient E247A mu-
tant (Figure 6C). Under physiological conditions, expres-
sion of the WT DDXG6 led to the formation of DDX6-
positive granules resembling typical PB, which was con-
firmed by GW182 staining (Figure 6C, ~ARS). Upon ARS
treatment, the cells rescued with the WT DDX6 formed
DDXe6-positive PB together with typical G3BP1-positive
SG (Figure 6C, +ARS). The typical PB and SG were of-
ten spatially linked but distinct from each other as observed
in the WT cells (Figure 5C). In contrast, expression of the
E247A mutant DDX6 in the DDX6KO cells failed to re-
store PB formation under physiological conditions, with the
mutant DDXG6 consistently exhibiting diffused cytoplasmic
staining of the PB markers (Figure 6C, ~ARS). After ARS
treatment, the E247A DDX6 mutant accumulated in many
extended, irregularly shaped granules double positive for
PB (GW182) and SG (G3BP1) markers (Figure 6C, +ARYS),
thus resembling the hybrid PB/SG granules also observed in
HeLa DDX6 KD (Figure 3B, +ARS, Figure 4, Supplemen-
tary Figures S5 and S6) and HAP1 DDX6KO cells (Figure
5C, +ARS). The same activities of DDX6 WT and E247A
mutant were observed in the rescue of DDX6 expression on
SG biogenesis in HeLa DDX6 KD cells under ARS stress
(Supplementary Figure S8).

DDX6 activity is modulated by its interacting partners

Besides binding to RNA, DDX6 also binds numerous pro-
tein factors primarily through its RecA2 domain (Figure
6A) (8,78). Many of these interactions are mutually ex-
clusive, allowing the formation of distinct DDX6 com-
plexes (67). To examine whether DDX6-interactions are
functionally required for the DDX6’s role in SG biogene-
sis, we knocked down the expression of previously identified
DDX6-interacting partners PATLI (PB associated mRNA
decay factor), CNOT1 (CCR4-NOT transcription complex
subunit 1), and 4E-T (EIF4ENIF1, eukaryotic translation
initiation factor 4E nuclear import factor 1) in HeLa cells
using gene-specific sSiIRNAs (Figure 7A). The numbers of
PB and SG were determined by GW182 and G3PBI stain-
ing, respectively, in the cells without or with ARS treat-
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ment. Consistent with previous reports (8,78), PATL1 was
not essential for PB formation under normal physiologi-
cal conditions (Supplementary Figure S3, no ARS). Un-
der ARS stress, PATL1 KD led only to a slight reduction
of PB number but not volume compared to siNT control
cells (Figure 7B-D, Supplementary Table S6). The KD of
CNOTI in HeLa cells in stress free condition (no ARS)
displayed no effect on PB formation Supplementary Fig-
ure S3C), which is different from a reported study by us-
ing AGO2-GFP reporter assay (79). However, during ARS
stress the loss of CNOT1 was associated with formation of
PB clusters closely resembling those observed in cells lack-
ing DDX6 (Figure 7B). As reported (8,46,67,80), 4E-T was
also essential for PB formation and KD of 4E-T in HeLa
cells led to block PB formation in the absence of ARS stress
(Supplementary Figure S3C). In contrast, ARS treatment
of the 4E-T KD cells resulted in formation of ~87 PB/cell
that were almost three times of ~31 PB/cell observed in the
siNT control cells (Figure 7B and C, Supplementary Table
S6). PBin the 4E-T KD cells were significantly smaller (Fig-
ure 7D) and mostly tightly associated with the newly formed
SG positive for G3BP1 staining (Figure 7B).

Knockdown of any of the tested DDX6 co-factors in
HeLa cells did not significantly affect SG number or vol-
ume when compared to the siNT control cells (Figure 7E
and F, Supplementary Table S6). However, knockdown of
either CNOT1 or 4E-T was associated with altered SG
morphology characterized by the formation of extended ir-
regularly shaped SG linked with clustered PB stained by
GWI182 (Figure 7B), thus to various extend resembling the
hybrid PB/SG granules in HeLa DDX6 KD cells (Figure
3B, +ARS, Figure 4, Supplementary Figures S5 and S6).
The manual count of GW182-positive PB in the PB clusters
within each SG in the HeLa cells with KD of CNOT]1 or
4E-T under ARS stress exhibited ~8-9 PB/SG, that is also
similar to ~11 PB/SG observed in HeLa DDX6 KD cells.
In comparison, the control siNT-treated cells and PATL1
KD cells exhibited only ~2 PB/SG as observed in the cells
without siRNA treatment (Supplementary Table S1). In-
terestingly in all cases, DDX6 showed close colocalization
with GW182 staining both in the siNT-treated control and
gene-specific knockdown cells (Supplementary Figure S9).
On the contrary, DCP1A only partially overlapped with
GW182-positive granules in control and siPATL1-treated
cells and was mainly excluded from GW182-granules in
siCNOTI1- and si4E-T-treated cells (Supplementary Figure
S10). All together, these results indicate that proper PB and
SG separation also depends on DDX6 interacting partners
CNOTI and 4E-T that presumably act by modulation of
DDXG6 helicase/ATPase activity as previously shown (81).

GW182 acts independently of DDX6 in SG biogenesis

To investigate if the activity of above-mentioned PB compo-
nents in SG biogenesis depends on their binding to DDXG6,
we knocked down GW182, CNOT1, and 4E-T, separately,
in HAP1 WT and DDX6KO cells (Figure 8A). The cells
treated with non-targeting (siNT) siRNA served as a nega-
tive control. After knockdown, the cells were treated with
ARS for 30 min to induce SG and stained with anti-
LSM14A, a true PB marker separately from GW182 for PB
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gray cartoon) to show the relative locations of DEAD-box and helicase domain. An ATP analog (ATP-y-S) and an Mg?" critical for ATP hydrolysis are
modeled based on alignment with the Ski2 RNA-helicase Brr2 (PDB ID: 6QV4). The DEAD-box motif in the wild type (WT) and E247A mutant DDX6
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are shown in dash lines. The E247A mutation abolishes critical chemical interactions needed for ATP binding and/or hydrolysis. (C) HAP1 DDX6KO
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transfection, the cells were incubated in the absence (~ARS) or presence (+ARS) of 0.5 mM arsenite for 30 min before immunofluorescent staining with
an anti-FLAG antibody to detect ectopically expressed DDX6, anti-GW182 for PB and anti-G3BP1 for SG.

(Supplementary Figure S11) as described (82,83) and anti-
G3BP1 for SG. As shown in Figure 8B and Supplementary
Figure S11, the WT cells without (Supplementary Figures
S11C) or with siNT treatment (Figure 8B) formed typical
LSMI14A* PB and G3BP1* SG in response to ARS, with
large SG formed in the proximity of LSM14A™ PB. Again,
number of DCP1A-positive PB was much less than that of
LSM14A-positive PB in the ARS-stressed cells (compare
the Supplementary Figure S11D to S11C). Interestingly,

KD of GW182, CNOT1 or 4E-T in HAP1 DDX6WT cells
significantly increased SG number (Figure 8D) without af-
fecting SG volume (Figure 8E, Supplementary Table S7). It
is noticeable that most of the SG in the HAP1 cells with KD
of CNOT1 or 4E-T, but not with the GW182 KD, were the
hybrid PB/SG hybrid granules (Figure 8B) with the irreg-
ular shape and associated with PB clusters as observed in
DDX6-defficient cells (Figure 5C and Supplementary Fig-
ure S7). By manual count of PB number in the cluster in
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Figure 7. Modulation of DDXG6 activity in PB and SG biogenesis by its interacting partners. (A, B) HeLa cells were transfected either with a non-targeting
siRNA (siNT) or siRNA targeting DDX6 interactors PATL1 (siPATL1), CNOT1 (siCNOT1), or 4E-T (si4E-T). The efficiency of siRNA-induced knock
down of individual proteins was determined by western blot (A). The effect of individual protein knockdown on PB and SG formation in cells without
(-ARS) or with (+ARS) arsenite treatment (0.5 mM, 30 min) was determined by immunofluorescent staining with GW182 for PB and G3BP1 for SG (B).
(C-F) Numbers per cell (C, E) and volume (D, F) of PB (C-D) and SG (E, F) were determined in 25 randomly chosen cells from each group shown in the
panel B. All box plots show the median (-), minimum and maximum (whiskers). *** P < 0.001, ** P < 0.01, * P < 0.05 by Student’s ¢-test; N/D: not

determined.

each SG, we found that HAPI cells with KD of CNOT1 or
4E-T under ARS stress exhibited, ~6-7 PB/SG, when com-
pared with the ~1 PB/SG in control (siNT) or GW182 KD
cells at the same condition (Supplementary Table S1). Data
suggest GW182 functions differently from CNOT1 and 4E-
T in regulation of SG formation in HAP1 cells.

Since CNOT1 and 4E-T interact directly with DDX6
via binding to its C-terminal RecA2 domain (Figure 6A),

we next examined if their activity is dependent on DDX6
and how their knockdown affects SG formation in HAP1
DDX6KO cells (Figure 8C). As previously observed in Fig-
ure 5C, due to the lack of DDX6 separation activity, the
control siNT-treated DDX6KO cells form only the hybrid
PB/SG granules in the presence of ARS stress (Figure 8C).
Interestingly, GW182 retained its activity in the DDX6KO
cells with GW182KD leading to the formation of more and
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Figure 9. The proposed model of distinct roles of PB components in SG biogenesis. An integrated model of how PB contribute to SG biogenesis during
cellular stress, where GW182 acts as a scaffold for recruiting the stalled mRNA in interaction with TIA1 and G3BP1 and promotes assembly of mature
SG via hybrid PB/SG bodies followed by DDX6-mediated separation of PB from SG components. This separation depends on DDX6 helicase/ATPase
activities which could be modulated by DDX6 interacting partners CNOT1 and 4E-T. Thus, knockdown by individual siRNAs or deletion or mutation
of these factors will severely interrupt PB-mediated SG biogenesis and separation of PB from SG. Stress relief makes SG collapse and the cells back to a
normal condition with cells bearing PB for storage of viable RNAs useful for incoming cell proliferation and cycling.

significantly smaller SG when compared to control siNT-
treated cells (Figure 8C-E, Supplementary Table S7). Op-
posite to WT HAPI cells, knockdown of CNOT1 and 4E-T
in HAP1 DDX6KO cells had no significant effect on SG
numbers while only significantly reducing SG size (Figure
8C-E, Supplementary Table S7). In all cases the DDX6KO
cells exhibited irregular hybrid PB/SG granules, indicating
that KD of any tested factor cannot relieve or rescue the
loss of DDX6 separation activity, and thus, the number of
PB per SG or per PB cluster remained unchanged (~6-7
PB/SG) in all HAP1 DDX6KO cells (Supplementary Ta-
ble S1). In summary, our data also argue for the first time
for distinct activities of individual DDX6 interactors in SG
biogenesis. While the scaffolding activity of GW182 repur-
posed in ARS stress for HAP1 cells to increase PB and
SG number is independent of DDX6, DDX6 is indispens-
able for separation of PB from SG during ARS stress and
its activity could be modulated by its interacting partners
CNOT]1 and 4E-T, but not GW182.

DISCUSSION

Many groups have investigated the formation, regulation,
and function of PB and SG, but the intimate biomolec-
ular relationship between them remains mysterious. Here,
we describe the dependence of SG biogenesis selectively on

PB components under ARS stress and uncover the direct
roles of PB components in SG biogenesis. As summarized
in the proposed model (Figure 9), we found that GW182
undertaking a general scaffold activity and DDXG6 carrying
helicase activity are necessary for PB de novo assembly as
well as SG biogenesis under ARS stress. DDX6 also pro-
motes the separation of PB from SG. This separation activ-
ity of DDX6 is modulated by two DDX6-interacting pro-
teins, CNOT1 and 4E-T, which presumably regulate DDX6
helicase activity by binding to the DDX6 RecA2 domain.
Our observations demonstrated that SG are topolog-
ically and mechanically linked to PB in the cells under
ARS stress, where major PB components GW182, DDXG6,
and LSM14A are significantly overlapped with SG. A
striking discovery in our study is the observation of the
stress-induced hybrid PB/SG granules in both HeLa and
HAPI cells lacking DDX6 helicase or its interacting pro-
tein CNOT1 and 4E-T. These hybrid PB/SG granules are
featured by a GW182- or LSM14A-positive PB cluster on
each SG and the multiple PB in the cluster surround a newly
formed SG. We interpret that formation of the hybrid gran-
ules in the absence of DDXG6 helicase activity might rep-
resent a previously unknown, intermediate transition step
from PB to SG in a rapid cellular response to a large amount
of influx RNA released from polysomes during ARS
stress (Figure 9), that are resulted from condensation of
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nonselective heterogenous macromolecules of PB and SG
components (52,55). The following ‘demixing’ into distinct
PB and SG is a selective, energy-dependent process requir-
ing DDXG6 helicase activity and its interacting proteins (Fig-
ure 9). The finding that nearly half (62/125) of PB proteins
are associated with DDX6 (3.8) might provide a source of
such selectivity. Thus, our work provides a sensible mecha-
nistic model (Figure 9) for the observed intimate intercon-
nection between PB and SG.

In the cells with DDX6 helicase activity, we found that
SG are formed in a stepwise process by aggregation or re-
purposing of preexisting PB components and SG nucleat-
ing factors in a time-dependent manner. This coalescence
occurs topologically in proximity to PB. As a result, almost
every SG has at least one associated PB (~1PB at 15 min
to ~2-3 PB at 30 min). Interestingly, the number of stress-
induced SG was always fewer than the number of PB. Thus,
not every PB in the cells under stress is associated with SG.
As previous reports (8), we found that ARS stress also in-
duces PB formation and thus increases PB quantity in the
cells no matter which PB marker was used for staining. One
can argue for a passive accumulation of PB components
within SG due to elevated number of PB in the vicinity of
where large SG are formed. However, our observation that
selective accumulation GW182, DDX6, and LSM14A, but
not DCP1A, in SG suggests a rather active recruitment of
these factors in SG biogenesis during ARS stress. DCP1A
presents only in a subset of PB and is dispensable for PB
biogenesis (9,12).

We found that GW182 progressively accumulates in SG
as a scaffold protein to facilitate SG ‘growth’ because lack
of GW182 led to a reduction in SG size and their topolog-
ical dissociation from PB in HeLa cells. This is compati-
ble with a proposed structure of ‘mature = large’ SG con-
sisting of rigid ‘cores’ enriched in SG markers surrounded
by heterogeneous and dynamic ‘shell’ (84,85). The ob-
served GW 182 scaffolding activities in PB formation (12,86)
is also supported by its long intrinsically disordered re-
gions with high binding potentials (https://alphafold.ebi.ac.
uk/entry/Q8NDV7), which provides a plausible molecular
mechanism in stress-induced GW182 reprogramming for
SG nucleation possibly by cooperation with other known
SG nucleation factors (55,85). However, it remains unclear
what functions of other two human GW182 paralogues,
TNRC6A-1, and TNRC6B-1, in SG biogenesis are and our
study in this report only focused on GW182 TNRC6A-
2 (12,75). As deletion of individual TNRC6 promotes the
compensatory expression of remaining members (75), it
may contribute to varied phenotypic SG size from one cell
type to another under ARS stress. We noticed that the effect
of GW182 KD on ARS-induced SG size differs from HelLa
to HAP1 cells.

We found that the major function of DDXG6 is to sepa-
rate PB from SG during ARS stress, although the depen-
dency of PB formation on DDX6 in both physiological and
stress conditions are well documented from yeast to mam-
malian cells (8,12,50). The cells lacking DDX6 under ARS
stress form irregular SG granules surrounded by a cluster
of multiple PB. DDX6KO cells can be rescued by exoge-
nous DDXG6 to separate PB from SG. This lack of built-in
redundancy, typical for many cellular processes, is surpris-

ing, because both PB and SG are enriched in several other
RNA-helicases, including UPF1, MOV10, eIF4A (DDX?2),
DDX3, and RNA helicase A (DHXD9) (3,4,57,58). Despite
of high abundance, only ~10% of total DDX6 appear to
be localized in PB (65). Besides its RNA-binding and heli-
case activity, DDX6 interacts with many proteins through
its RecA2 domain (8,19,68), which are often mutually exclu-
sive and have opposite effect on DDX6 activity (68,77,87).
We observed that DDX6 interactors PALT1 and CNOT1
are dispensable for PB formation in the absence of ARS
stress, as reported (8,78). CNOTI1 and 4E-T knockdowns
induces the hybrid PB/SG granules in the cells contain-
ing a functional DDX6. This phenotypical similarity be-
tween knockdowns of DDX6, CNOT1, and 4E-T in induc-
tion of the hybrid PB/SG granules could be explained by
CNOTI stimulation of DDX6 ATPase activity (78). 4E-T
binding DDX6 RecA2 domain via a different binding site
from CNOT1 may possess the similar stimulatory activity
(67,78). In contrast, CNOT1 and PATLI binding to DDX6
are mutually exclusive as they share the same binding motif
also used for EDC3 and LSM14A binding (68). The high
sequence and functional conservation of DDX6 from yeast
to human and rare human polymorphism further supports
its essential role in basic cell biology (88).

In summary, our discovery in this report that the direct
roles of two major PB components, GW182 and DDX®6,
play in SG biogenesis represents a significant conceptual
shift in our understanding of PB and SG biology. Our find-
ings provide a mechanistic interpretation of the intimate in-
terconnection from PB to SG. Most importantly, it empha-
sizes the roles of PB components in regulating gene expres-
sion in cells not only under physiological condition but also
under stress.
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