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BSTRACT 

w o pr ominent c ytoplasmic RNA gran ules, ubiq- 
itous RNA-processing bodies (PB) and inducible 

tress granules (SG), regulate mRNA translation and 

re intimately related. In this study, we found that 
rsenite (ARS)-induced SG formed in a stepwise pro- 
ess is topologically and mechanically linked to PB. 
wo essential PB components, GW182 and DDX6, 
re repurposed under stress to play direct but distin- 
uishable roles in SG biogenesis. By providing scaf- 

olding activities, GW182 promotes the a g gregation 

f SG components to form SG bodies. DEAD-box he- 
icase DDX6 is also essential for the proper assembly 

nd separation of PB from SG. DDX6 deficiency re- 
ults in the formation of irregularly shaped ‘hybrid’ 
B / SG granules with accumulated components of 
oth PB and SG. Wild-type DDX6, but not its heli- 
ase mutant E247A, can rescue the separation of PB 

rom SG in DDX6KO cells, indicating a requirement 
f DDX6 helicase activity for this process. DDX6 ac- 
ivity in biogenesis of both PB and SG in the cells 

nder stress is further modulated by its interaction 

ith tw o pr otein partners, CNOT1 and 4E-T, of which 

nockdown affects the formation of both PB and also 

G. Together, these data highlight a new functional 
aradigm between PB and SG biogenesis during the 

tress. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

ytoplasmic membrane-less RNA-processing bodies (PB) 
nd stress granules (SG) are two of the best-studied, com- 
on RNA granules. Both consist of translationally arrested 

RNAs in complex with numerous RNA-binding proteins 
RBP) and, ther efor e, ar e associated with translational con- 
rol in eukaryotic cells ( 1 ). Despite their functional overlaps, 
B and SG have been thought in profound differences of 

heir composition, assembly, and dynamics. 
The smaller PB occur in e v ery cell under physiologi- 

al conditions and are ubiquitous from yeast to humans 
 2 ). PB, free from 40S ribosomal subunits, are deri v ed 

rom the condensation of various ribonucleoprotein (RNP) 
omple xes, including ∼125 RBP ( 3 ). Two-thir ds of PB- 
ssociated RBP are functionally linked to mRNA r epr es- 
ion, RNA decay, miRNA-mediated silencing, RNA decap- 
ing, and non-sense mediated RNA decay (NMD) ( 3–6 ). 
owe v er, it becomes increasingly clear that PB are not the 
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sites of mRNA degradation ( 7–12 ) and mainly function as
the sites of translational r epr ession of AU-rich, nonoptimal
codon-enriched mRNAs encoding proteins with regulatory
functions ( 13 , 14 ). The mRNA translational r epr ession in
PB is independent of miRNA-mediated silencing ( 9 , 12 ). In
fact, mRNAs in the PB are actually pr otected fr om de-
cay and become translatable after release from PB ( 3 , 15–
17 ). Interestingl y, the mRN As encoding housekeeping pro-
teins and long non-coding RNAs (lncRNAs) 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 pr essur e) str ess or exposur e to certain chemi-
cals (sodium arsenite or ARS, chemotherapy compounds,
etc.) can be induced to form SG due to the rapid increase of
translationall y arrested mRN As released from pol ysomes
( 21–24 ). Different types of stress which activate four differ-
ent eIF2 � kinases (GCN2, PKR, PERK and HRI) ( 25–29 )
have a common influence by inducing the phosphorylation
of an essential translation initiation factor eIF2 � at Ser51
position ( 22 , 30 ). Heterotrimeric eIF2, which is composed
of eIF2 �, eIF2 � and eIF2 � , binds GTP and the initiator
methionine-tRN A (tRN Ai Met ) as an eIF2-GTP-tRNAi Met

complex and loads the tRNAi Met onto the small 40S ri-
bosomal subunit by hydrolysis of eIF2-GTP to eIF2-GDP.
Phosphorylation of eIF2 � leads eIF2 to stably bind eIF2B,
a guanine exchange factor and sequester of eIF2B activ-
ity, thus inhibiting the recycling of eIF2-GDP to eIF2-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-eIF2 on eIF2B r estor es trans-
lation and causes SG disassemb ly ( 38 ). Howe v er, in some
cases, a type II SG can be formed independently of eIF2 �
phosphorylation ( 39 , 40 ). Concei vab ly, most SG protein
components are involved in translation initiation and reg-
ulation and thus mechanistically, SG formation is dri v en by
a high concentration of stalled pr einitiation complex es r ec-
ognized by SG nucleating RBP, such as G3BP1, TIA1 and
others, which bind both RNA and small ribosomal sub-
units and thus mediate multivalent interactions to facili-
ta te SG condensa tion 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 CAPRIN1 to promote, or
another G3BP-binding USP10 to pre v ent, SG formation
( 36 ). To date, thousands of different mRNA species with rel-
ati v ely long coding and UTR regions and ∼411 RBP have
been identified in purified SG from the cells under stress
( 14 , 41 ). Howe v er, 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;
howe v er, their intimate relationship is not fully understood
and the role of PB in SG forma tion is highly deba ted 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 stor age and degr adation ( 4 , 45–47 ). Some
suggest that two RNA granules are independent, because
the inhibition of SG formation did not pre v ent PB for-
mation ( 46 ). Others argue that PB and SG are only tem-
poraril y intimatel y related w hen 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
CPEB1 ( 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 disorder ed r egions (IRD) or
prion-like domains (PrD) ( 53–55 ). These RBP at high local
concentra tion media te m ultivalent protein-RN A, protein-
protein, and RN A-RN A interactions that lead to LLPS
( 56 ). Microscopic studies showed that both granules rep-
resent highly dynamic structures, ra pidl y exchanging their
components with the surrounding environment ( 43 , 45 ) and
involving ATP-dependent rearrangement of RNP ( 53 , 57 ).
Se v eral 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 ). Howe v er, the direct role of PB in SG
biogenesis has not been adequately addressed. 

DEAD-box helicase 6 (DDX6 / p54 / Rck and its ortho-
logues Dhh1 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 le v els 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 A TP-binding / A TPase and RNA-
binding / helicase activities ( 64 ). DDX6, abundantly ex-
pressed in cells, is highly interacti v e with RNAs and al-
most half of all PB proteins ( 3 , 8 , 65 ). Thus, DDX6 is essen-
tial f or PB f ormation ( 12 ) and retaining PB identity during
str ess ( 66 ). Inter estingl y, w hile ATPase activity is essential
for PB assembly, this activity of DDX6 appears not affect-
ing the existing PB ( 19 ). The top interactors of DDX6 in-
clude members of mRNA decay and translational r epr es-
sion complexes ( 8 ). The C-terminal RecA-like domain of
DDX6 mediates most of DDX6 pr otein-pr otein interac-
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ions, such as interactions with PATL1, CNOT1, and 4E- 
 in regulating PB formation ( 8 , 67 , 68 ). Although DDX6

s a cofactor of XRN1 5 

′ −3 

′ exonuclease and its interac- 
ion with PATL1 affects RNA 3 

′ to 5 

′ degradation, recent 
eports indicate no RNA decay or degradation within the 
B ( 3 , 15–17 ) and CNOT1-mediated physiological mRNA 

egradation occurs predominantly outside of PB ( 69 , 70 ). 
hile these pr otein-pr otein and pr otein-RNA interactions 

eem sufficient for DDX6 to act as a central node, it be- 
omes increasingly clear that DDX6 RNA-helicase activity 

ppears essential for de novo PB formation ( 19 , 71 ). 
Although the exact intimate nature between PB and SG 

s yet to be understood, both contain translationally re- 
r essed RBP and shar ed e xchangeab le components ( 43 ). 
n this study, we investigated the contribution of PB to 

G formation in cells in response to arsenite (ARS) treat- 
ent. We found that SG are formed in a stepwise process 

rom smaller SG cores into larger granules as stress pro- 
r esses. SG aggr egation is topolo gicall y linked to PB and 

 equir es PB-associated scaffold protein GW182. DDX6, a 

B-associated DEAD-box RNA-helicase, also participates 
n the formation of SG and is r equir ed for separating PB 

rom SG. Loss of DDX6 or its helicase activity is detrimen- 
al for both PB and SG biogenesis, leading to the forma- 
ion of irregular shape of ‘hybrid’ PB / SG granules during 

ellular stress. DDX6 activity is further regulated by its in- 
eracting partners, CNOT1 and 4E-T. Thus, a direct role of 
e v eral PB components was identified in SG biogenesis in 

his report. 

ATERIALS AND METHODS 

ells 

eLa cells (CCL-2, ATCC, Manassas, VA) were main- 
ained in Dulbecco’s modified Eagle’s medium (DMEM, 
at. # 12430054, Thermo Fisher Scientific, Waltham, 

A). HAP1 wild type (WT) and DDX6 knockout 
KO) cells (HZGHC000116c001, Horizon Discovery, Cam- 
ridge, UK), which were originally deri v ed from hu- 
an chronic myelogenous leukemia (CML) cell line 
BM-7, were maintained in Iscove’s modified Dulbecco’s 
edium (IMDM, Thermo Fisher Scientific). All media 

ere supplemented with 10% fetal bovine serum (FBS, 
at. # SH30070.03, Hy clone, Cyti va, Marlborough, MA) 
nd 1 × Penicillin–Streptomycin–Glutamine (PSG, cat. # 

0378016, Thermo Fisher Scientific). The cells were kept at 
7 

◦C in a humidified atmosphere containing 5% CO 2 . 

tress induction 

o induce stress granule formation, cells were incubated in 

he complete culture medium (DMEM or IMDM with 10% 

BS and 1 × PSG) supplemented with 0.5 mM sodium ar- 
enite (ARS, cat. # 1062771003, Sigma Aldrich, St. Louis, 

O) for 0–30 min. Cells without ARS treatment were used 

s a negati v e control. 

iRNA knockdown 

eLa cells at 0.25 × 10 

6 were plated into 6-well plates 24 
 before the first siRNA transfection with 40 nM of the w  
N-TARGETplus human siRNA SMARTpool (Horizon 

iscovery) using LipoJet (cat. # SL100468, SignaGen Lab- 
ratories, Frederick, MD) as recommended by the manu- 
acturer. Twenty-four hours after the siRNA transfection, 
he cells were split into two wells with glass coverslips. Four 
ours later, the cells were transfected again with the same 
iRNA at 40 nM, followed by an additional 24 h incuba- 
ion before the stress induction. HAP1 cells at 0.15 × 10 

6 

er e plated dir ectly on the cover glass and transfected 

nce with 40 nM of siRNA for 24 h. ON-TARGETplus 
uman siRNA SMARTpools (Horizon Discovery) tar- 
eting DDX6 (L-006371-00-0005), GW182 (TNRC6A, L- 
14107-00-0005), PATL1 (L-015591-01-0005), CNOT1 (L- 
15369-01-0005), 4E-T (EIF4ENIF1, L-013237-01-0005), 
DC3 (L-017136-02-0005), TIA1 (L-013042-02-0005), and 

SM14A (L-013920-02-0005) were used in this study. An 

N-TARGET plus non-targeting siRNA #1 (siNT, D- 
01810-01-05, Horizon Discovery) was used as a negative 
ontrol. 

omplementation assay 

he vector expressing myc-DDK-tagged-human WT 

DX6 was purchased from OriGene (cat. # RC209431, 
ockville, MD). The helicase-deficient DDX6 E247A 

utant (MT) was constructed by overlapping PCR us- 
ng primers oVM506 5 

′ -ACTTATCTGCCGCATCCA 

 TACTATCA TCTGGACA TGAT-3 

′ and oVM507 5 

′ - 
TGGATGCGGCAGATAA GTTGCTGTCACA GGA 

TTTGTG-3 

′ . HAP1 DDX6KO cells grown on cover glass 
n 6-well plates wer e dir ectly transfected with FLAG-tagged 

DX6 WT or MT vectors. HeLa cells wer e first tr eated 

ith non-targeting (siNT) or DDX6-targeting (siDDX6) 
iRNA twice at a 24 h interval. Two hours after the second 

iRNA transfection, the cells were transfected with the 
 ector e xpressing either a WT or E247A mutant DDX6. 
he cells were then subjected to 0.5 mM ARS treatment 

or 30 min 24 h after vector transfection, followed by 

mmunofluorescent staining. 

mmunofluorescent (IF) staining 

ells grown on cover glass ( −/ + ARS) were fixed with 4% 

araformaldehyde (cat. #15710, Electron Microscopy Sci- 
nces, Hatfield, PA) in 1 × PBS (phosphate buffered saline, 
H 7.4, cat. # 10010023, Thermo Fisher Scientific) for 20 

in at RT, followed by 5 min quenching with 100 mM 

lycine and permeabilization with 0.5% Triton X-100 (cat. # 

5141, Promega, Madison, WI) in 1 × PBS for 15 min. The 
ells were then washed three times with 1 × PBS and blocked 

ith 3% Blot-Qualified bovine serum albumin (BSA, cat. 
 W3841, Promega) in 1 × PBS containing 0.05% Tween- 
0 (TPBS, cat. # AFF-J20605-AP, Thermo Fisher Scien- 
ific) in a humidified chamber for 1 h at 37 

◦C. The pri- 
ary (1:100) and AlexaFluor-labeled secondary antibod- 

es (1:500, Thermo Fisher Scientific) were diluted in block- 
ng solution and incubated with the slides in a humidified 

hamber at 37 

◦C for 1–2 h. After each incubation, the slides 
ere washed three times with TPBS. Hoechst 33342 (cat. 
 H3570, Thermo Fisher Scientific) was added to the last 
ash (1 �g / 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 Uni v ersity of Calgary; others were anti-DCP1A (cat.
# ab183709, Abcam, Cambridge, MA), anti-TIA1 (clone
OTI1D7, cat. # MA5-26474, Thermo Fisher Scientific),
anti-G3PB1 (cat. # 611126, BD Biosciences, Franklin
Lakes, NJ), anti-DDX6 (cat. # NB200-191, Novus Bio-
lo gicals, Centennial, CO), anti-CNO T1 (cat. # 14276-1-
AP, Proteintech, Rosemont, IL), anti-PATL1 (cat. # A303-
482A, Bethyl Laboratories, Montgomery, TX), anti-4E-
T / eIF4E-T (cat. # A300-706A, Bethyl Laboratories), anti-
LSM14A (cat. # 18336-1-AP, Proteintech), anti-EDC3 (cat.
# 16486-1-AP, Proteintech), anti- �-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 siRNAs at a 24 h interval were harvested
by direct lysis in 2 × SDS protein samples buffer contain-
ing 5% (v ol / v ol) 2-mercaptoethanol. The obtained pro-
tein samples were separated on a 4–12% Bis-TRIS Nu-
PAGE gel in 1 × MES buf fer (ca t. # NP0002, Thermo
Fisher Scientific) and transferred to a nitrocellulose mem-
brane before blocking with 5% non-fat milk dissolved in
1 × 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 de v eloped 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 60 × oil immersion objecti v e
lens (NA 1.49) and Photometrics BSI sCMOS camera.
Super-r esolution z-stacks wer e collected with 0.15 �m step-
size and 0.027 �m x −y pix el size. The r esultant images
were deconvolved using a modified Richardson-Lucy iter-
ati v e 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. Alternati v ely, the subtraction was
based on the different le v els 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 �m 

3 were considered as SG for statistical analy-
sis. For those ‘hybrid PB / SG clusters out of Imaris analytic
r esolution, manual counts wer e 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 63 × oil immersion objecti v e lens
and processed by Zen image processing software (Zeiss).
The 3D images were generated from respecti v e z-stack im-
ages using the maximum intensity function. The ImageJ
( https://imagej.nih.gov ) was used to measure the signal in-
tensity for individual channels at the cross-sections. 

Statistical analysis 

To test the sta tistical dif ferences between two groups we
used the two-tailed Student’s t -test. For the comparison of
thr ee or mor e 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: 5ANR) ( 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: 6O5F) ( 72 ) to
show the relati v e 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
A TP analog, A TP- � -S, and an Mg 

2+ 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 ( www.
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 ). Howe v er, the mechanistic role PB play in SG for-
mation remains elusi v e. 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-positi v e PB as pre viously 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

https://imagej.nih.gov
http://www.pymol.org
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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-GW182 and anti-G3BP1 antibodies. Super-resolution z -stack images were used to generate a 3D model of PB 

(GW182 staining) and SG (G3BP1 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 t -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 

2 and P -value. 

n
a
S
t
w
w
F
P
q
P
w
n
d
o
y
P
s  

w  

0
p
S
A
d
w  

l
c
a
a
m  

c
u
b
S
c

umber of small PB. Interestingly, most newly formed SG 

ppeared within close physical proximity to PB, with mature 
G often surrounded by multiple PB (see zoom in 30 min 

ime point). Howe v er, most but not all PB were associated 

ith SG. To perform a quantitati v e analysis of this process, 
e de v eloped an image-based 3D modeling on PB and SG. 
ixed cells were stained for GW182 and G3BP1 to mark 

B and SG, respecti v ely. Super-resolution z -stacks were ac- 
uired and the volume rendering and segmentation of both 

B and SG could be obtained by Imaris image analysis soft- 
are using an automatic background threshold setting. The 
umbers of PB and SG per cell, PB and SG volumes, mutual 
istances, and signal intensities of individual markers were 
btained for each cell and used for further statistical anal- 
sis. We then used this method to confirm the link between 

B and SG biogenesis observed in our initial time-course 
tud y by quantifica tion of PB and SG in HeLa cells treated
ith ARS for 0, 15, and 30 min. As shown in Figure 1 A, at
 min, most cells contained ∼15 PB / cell, as previously re- 
orted ( 12 ) (Supplementary Table S2) and as expected, no 

G, with G3BP1 exhibiting diffused cytoplasmic staining. 
t 15 min after ARS treatment, the number of PB almost 
oubled to ∼28 PB / cell (Figure 1 B), but ARS-induced PB 

ere overall in smaller size (Figure 1 C), e v en though se v eral
arge PB were also observed. The newly formed SG were 
learly detectable with ∼21 SG / cell at 15 min (Figure 1 A 

nd D, Supplementary Table S2). At 30 min, the number 
nd volume of PB remained similar to that observed at 15 

in (Figure 1 B and C). Howe v er, the number of SG signifi-
antly decreased to ∼17 SG / cell on average at 30 min (Fig- 
re 1 D). Inv ersely, av erage SG size significantly increased 

etween 15 min and 30 min of ARS treatment (Figure 1 E, 
upplementary Table S2). As observed in our initial time- 
ourse study (Supplementary Figure S1), almost all large 
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Figure 2. PB components are selecti v ely recruited to SG. ( A , B ) HeLa cells without or with 30 min treatment with 0.5 mM arsenite (+ARS) were stained 
with an anti-G3BP1 for SG and anti-GW182 along with anti-DDX6 ( A ) or anti-DCP1A ( B ) antibody for PB. The SG 3D model based on G3BP1 staining 
was generated by Imaris software based on the z -stack images of 10 randomly selected cells in each group. The mean signal intensity means for each marker 
in detected SG was plotted alongside the volume of individual SG (top panels). The dotted lines r epr esent the calculated trendline. The linear regression 
was used to calculate R 

2 and P -value. The GW182, DDX6 or DCP1A signal was used to generate the 3D model of PB in the same cells to determine the 
number of PB per cell (lower panels, *** P < 0.001, ** P < 0.01 by Student t -test). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SG were associated with PB although not e v ery PB was
linked to SG (Figure 1 A). 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 negati v e correlation between SG volume and distance to
the closest PB at both 15- and 30-min time points, thus
supporting our observation (Figure 1 F and G). Together,
these data suggest that SG are formed by a stepwise process
likely starting from small ‘cor e’ SG aggr egating / 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
onl y topolo gicall y 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-positi v e SG in HeLa cells under ARS
str ess (Supplementary Figur e S2) and the measurement of
GW182 signal intensity in the G3BP1-positi v e SG in 10
randomly selected ARS-treated HeLa cells (Figure 2 A and
B). Interestingly, we observed a significant positi v e corre-
lation between GW182 signal intensity and SG size (Fig-
ure 2 A and B). We next asked if other PB components also
accum ulate in SG similarl y 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 accum ulates significantl y
in the SG, and like GW182, its signal intensity was over-
lapped with G3BP1 and positi v el y correlated significantl y
with SG size (Figure 2 A, 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 2 A, lower bar graph
panel, Supplementary Table S3). In contrast, DCP1A was
excluded from SG and DCP1A signal intensity showed no
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orrelation with SG size (Figure 2 B). Even though the num- 
er of DCP1A-positi v e PB also increased slightly during 

he stress, their number was significantly lower than that of 
W182-positi v e PB and a ppeared independentl y of stress 

ondition, indica ting tha t not e v ery RNA in the PB has
 cap for DCP1A binding and, unlike DDX6, DCP1A is 
resent only in a fraction of PB (Figure 2 B, Supplemen- 
ary Table S3) as reported ( 69 , 74 ). The lack of functional-
ty associated with PB ( 9 ) and its localization inconsistent 
ith the localization of other PB components strongly ar- 
ue against the reliable use of DCP1A as a PB marker. To- 
ether, these data suggest that multiple PB components se- 
ecti v el y accum ulate in newl y formed SG under stress condi-
ion, which is consistent with the pr eviously r eported partial 
verlap in PB and SG proteomes ( 4 ). 

irect roles of GW182, DDX6 and other PB components in 

G formation 

i v en the close topological correlation between PB and SG 

Figure 1 ) and selecti v e accumulation of PB components 
W182 and DDX6 in SG (Figure 2 , Supplementary Fig- 

re S2), we performed siRNA knockdown (KD) of GW182, 
DX6 and EDC3, another PB component ( 68 ) and SG 

ucleating protein TIA1 as controls in HeLa cells to ex- 
mine a possible role of PB in SG biogenesis (Figure 3 , 
upplementary Figure S3). Western blot confirmed the KD 

fficiency of GW182 by ∼76%, DDX6 by ∼77%, EDC3 

y ∼81% and TIA1 by ∼53% when compared to the cells 
reated with siNT (Figure 3 A, Supplementary Figure S3B). 
s expected, KD of GW182 or DDX6 pre v ented PB for- 
ation in the HeLa cells in the absence of ARS stress as we 

r eviously r eported ( 12 ) (Figur e 3 B, Supplementary Figur e
3A), but KD of EDC3 and TIA1 did not (Supplementary 

igure S3A). Consistently, EDC3 which is not r equir ed for 
B formation was reported in a previous study ( 8 ). How- 
 v er, when the cells with the KD of individual gene expres-
ion for 48 h were exposed to ARS (0.5 mM) for 30 min to
nduce SG marked by G3PB1 staining, the siRNA-treated 

ells under ARS stress displayed an increased number of 
mall PB by DDX6 staining if GW182 was knocked down 

r by GW182 staining if DDX6 was knocked down, along 

ith overlapped SG by G3BP1 staining (Figure 3 B and C 

ar graph for siGW182, Supplementary Table S4, Supple- 
entary Figure S4). As expected, DCP1A staining in the 

ells under ARS stress displayed only partial overlapping 

B staining with GW182 (Supplementary Figure S4). We 
lso found that the cells with EDC3 KD or TIA1 KD un- 
er ARS stress had no effect, as anticipated, on PB number 
r shape by GW182 staining, but ∼50% of TIA1 KD, not 
DC3 KD, exhibited reduced formation of SG and induc- 

ion of irregular SG (Supplementary Figure S4). 
The unexpected increase of small PB induced by ARS 

n the GW182 KD cells to ∼48 PB / cell, was significantly 

igher than that in the siNT control cells with only ∼36 

B / cell (Figure 3 C, Supplementary Table S4). The ARS- 
nduced increase in PB number per cell after GW182 KD 

as associated with the reduction in PB size (Figure 3 D, 
upplementary Table S4). While GW182 KD did not sig- 
ificantly affect SG number per cell (Figure 3 E), it signifi- 
antly reduced SG size (volume) over the size in the siNT 
ontrol cells (Figure 3 F, Supplementary Table S4). Interest- 
ngly, the majority of detected SG in the cells with GW182 

D were no longer topolo gicall y associated with PB (Fig- 
re 3 B, Supplementary Table S1). 
Like GW182, DDX6 is also essential for the formation 

f typical PB in the absence of stress (Figure 3 B, Supple- 
entary Figure S3). HeLa cells with DDX6 KD, in con- 

rast to GW182 KD, exhibited a modest but significant in- 
rease of SG number per cell (Figure 3 E, Supplementary 

able S4) associated with reduction of SG size when com- 
ared to the siNT control cells (Figure 3 F). Interestingly, 
ompared to mostly spherical SG in the siNT control cells, 
any irregular SG were found in the DDX6 KD cells (Fig- 

re 3 B, Supplementary Figures S4–S6). Loss of DDX6 also 

ed to accumulation of GW182-positi v e PB in large clusters 
verlapping with SG, thus forming a hybrid PB / SG struc- 
ur e (Figur e 3 B, Supplementary Figur es S4, S5, and S6). 
ignal distribution and intensity analyses confirmed the al- 
ered distribution of PB components in SG after DDX6 KD 

n HeLa cells, where GW182 and G3BP1 signals were signif- 
cantl y overla pped within the detected hybrid PB / SG gran- 
les (Figure 4 A). These hybrid PB / SG structures feature 
lusters with multiple GW182-positi v e PB within indi vidual 
G when either the automatic background or absolute sig- 
al intensity ≥ 700 (but less than 900) threshold setting was 
pplied (Figure 4 B). Because of this feature, the Imaris im- 
ge program was unable to distinguish individual GW182- 
ositi v e PB in each SG-associated PB cluster, which pre- 
ents us to accurately determine the PB number and volume 
er DDX6 KD cell (see Figure 3 B–D). Howe v er, the indi- 
idual PB within each PB cluster could be counted man- 
ally for each SG (Figure 4 ). We found that each control 
iNT-treated HeLa cell under ARS stress exhibited ∼6–7 

arge SG associated with ∼2 PB, but the cells lacking DDX6 

isplayed ∼9–10 large SG and ∼11 PB within each SG- 
ssociated PB cluster (Supplementary Table S1). 

Together our data show that, besides their roles in PB for- 
ation, both GW182 and DDX6 in the cells under stress are 

epurposed for SG biogenesis. GW182 promotes SG growth 

Figure 3 F) while DDX6 is to separate PB from SG during 

tr ess (Figur e 4 , Supplementary Figur es S5 and S6). Gi v en
he potential functional overlaps between GW182 and its 
aralogues ( 12 , 75 ), we further focused on DDX6 and its 
ole in SG biogenesis. 

DX6 is essential for the separation of PB from SG during 

RS-induced stress 

o avoid potential off-target effect and incomplete 
nockdown by siRN A a pproach, we employed HAP1 

DX6 knockout (DDX6KO) cells for further studies. A 

RISPR / Cas9-generated 1-bp insertion in DDX6 exon 

 was used to introduce DDX6 ORF frameshift. The 
omplete loss of DDX6 expression in HAP1 DDX6KO 

ells was confirmed by Western blot (Figure 5 A). Loss 
f DDX6 expression was associated with minor morpho- 

ogical changes and slower growth of the cells (Figure 
 B). Based on GW182 staining, HAP1 WT cells under 
ormal physiological conditions (no ARS stress) display, 
n average, ∼6 typical PB / cell (Figure 5 C and D). Under 
RS-induced stress condition, the PB number in HAP1 
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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-DDX6 for PB if GW182 was knocked down or anti-GW182 for PB if DDX6 
was knocked down and anti-G3BP1 antibodies 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 selected cells in each group shown in ( B ). All box plots show the median (–), minimum and maximum (whiskers). *** P < 0.001, ** P < 0.01, 
* P < 0.05 by Student t -test; N / D: not determined. 
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Figure 4. DDX6 knockdown led to cluster PB together and alter SG morphology in HeLa cells under ARS stress. ( A ) HeLa cells treated twice with non- 
targeting (siNT) or DDX6-targeting (siDDX6) siRNA were induced for SG formation by 0.5 mM sodium arsenite (+ARS) for 30 min before staining with 
GW182 for PB and G3BP1 for SG (see Figure 3 B for details). The signal intensity of individual channels across the selected regions (arrows in the left 
panels) was determined by ImageJ and plotted in Excel (right panels). ( B ) Effect of various thresholds settings on PB size and number of 3D models was 
determined by the surface function of Imaris image analysis software based on GW182 staining. 
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T cells could be increased, as observed in HeLa, to 

14 PB / cell (Figure 5 C and D, Supplementary Table S5). 
RS-treated WT HAP1 cells also exhibited ∼8 SG / cell 
ften associated with ∼1–2 PB as observed in HeLa cells 
Figure 5 C and F, Supplementary Tables S1 and S5). 

As expected, HAP1 DDX6KO cells do not exhibit typ- 
cal PB, but rather a sand-like cytoplasmic distribution of 

W182 under physiological conditions (Figure 5 C and D). 
nter estingly, as pr e viously observ ed in HeLa DDX6 KD 

ells (Figures 3 B and 4 A), we observed that DDX6KO cells 
nder ARS stress also exhibited clustering GW182-positive 
ranules using automatic background threshold (Figure 5 C, 
upplementary Figure S7). These structures represent the 
ybrid PB / SG granules overlapping with both PB and SG 

arkers (Figure 5 C and Supplementary Figure S7A) and 

re v ent us to determine the PB number and volume by us- 
ng Imaris image analysis software (Figure 5 D and E). The 

W182 mean signal intensity in G3BP1-positi v e SG in the 
DX6KO cells under ARS stress was ∼1.7-fold higher than 

hat in the SG detected in the WT cells (Figure 5 G, Supple-
entary Figure S7A). In HeLa cells, the loss of DDX6 led 
o an increase of SG number under ARS stress (Figure 3 E, 
upplementary Figure S5B), whereas DDX6KO in HAP1 

ells under ARS stress slightly reduced SG number to ∼6 

G / cell (Figure 5 F), indicating a cell type-specific effect. 
gain, like in HeLa DDX6KD, the irr egular SG wer e found 

n HAP1 DDX6KO cells and these irregular SG were topo- 
o gicall y associated with a cluster of ∼7 PB / SG (Figure 5 C,
upplementary Figure S7, Supplementary Table S1), imply- 

ng more GW182-positi v e PB and GW182 protein is pre- 
umably needed or reprogrammed in generation of ARS- 
nduced SG when cells lack DDX6. Together , DDX6K O in 

AP1 cells recapitulated the results observed in HeLa cells, 
onfirming the essential role of DDX6 in the separation of 
B and SG during ARS-induced stress. 

eparation of PB from SG requires DDX6 helicase activity 

y r emodeling RNP complex es, DEAD-box RNA he- 
icases play essential roles in many biological processes 
 76 ). They also possess ATPase activity r equir ed for 
heir helicase activity. Although DDX6 helicase activity is 
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Figure 5. DDX6 is r equir ed for separation of PB from SG during ARS stress. ( A ) Western blot analysis of DDX6 protein expression in HAP1 wild- 
type (WT) and DDX6 knockout (DDX6KO) cells. Cellular tubulin served as a loading control. ( B ) Morphology of the WT and DDX6KO HAP1 cells 
as detected by light microscopy of living cells. ( C ) Immunofluorescent staining of the HAP1 WT and DDX6KO cells without (–ARS) or with (+ARS) 
arsenite treatment (0.5 mM, 30 min) using GW182 as a marker for PB and G3BP1 for SG. ( D – F ) Numbers per cell ( D, F ) and volume ( E ) of PB ( D , E ) and 
SG ( F ) in the WT and DDX6 KO cells based on 20 randomly selected cells in each group. ( G ) The mean GW182 signal intensity in all SG detected in the 
WT or DDX6KO cells. All box plots show the median (–), minimum and maximum (whiskers). *** P < 0.001, ** P < 0.01, * P < 0.05 by Student’s t -test; 
N / D: not determined. 
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ssential for de novo PB assembly under physiological con- 
itions ( 19 ), other studies have suggested that DDX6 RNA 

elicase activity had no effect on preexisting PB ( 19 , 71 , 77 ).
o test the importance of DDX6 helicase activity in SG bio- 
enesis and whether it is essential for separating PB from 

G in the cells under ARS stress, we disrupted DDX6 he- 
icase activity by converting glutamic acid residue at amino 

cid position 247 to alanine (E247A) in DDX6 DEAD-box 

otif (Figure 6 A). Structural modeling based on similari- 
ies to other DEAD-box helicases, such as the DDX3X ( 72 ) 
nd Ski2-like RNA-helicase Brr2 ( 73 ), indicated that E247 

n DDX6 is important in mediating ATP-binding and hy- 
rolysis that is needed for DDX6 function (Figure 6 B). The 
onstructed expression vectors encoding DDX6 wild-type 
WT) or helicase-deficient E247A mutant contain the epi- 
ope tags (m yc-FLAG) allo wing specific detection of the 
ctopically e xpressed DDX6, distinguishab le from the en- 
ogenous cellular DDX6 (Figure 6 A). To test how inacti- 
ation of helicase activity affects DDX6 function, we res- 
ued DDX6 expression in HAP1 DDX6KO cells by trans- 
ecting either the WT or the helicase deficient E247A mu- 
ant (Figure 6 C). Under physiological conditions, expres- 
ion of the WT DDX6 led to the formation of DDX6- 
ositi v e granules resembling typical PB, which was con- 
rmed by GW182 staining (Figure 6 C, –ARS). Upon ARS 

reatment, the cells rescued with the WT DDX6 formed 

DX6-positi v e PB together with typical G3BP1-positi v e 
G (Figure 6 C, +ARS). The typical PB and SG were of- 
en spatially linked but distinct from each other as observed 

n the WT cells (Figure 5 C). In contrast, expression of the 
247A mutant DDX6 in the DDX6KO cells failed to re- 

tore PB formation under physiological conditions, with the 
utant DDX6 consistently exhibiting diffused cytoplasmic 

taining of the PB markers (Figure 6 C, –ARS). After ARS 

reatment, the E247A DDX6 mutant accumulated in many 

xtended, irregularl y sha ped granules double positive for 
B (GW182) and SG (G3BP1) markers (Figure 6 C, +ARS), 

hus resembling the hybrid PB / SG granules also observed in 

eLa DDX6 KD (Figure 3 B, +ARS, Figure 4 , Supplemen- 
ary Figures S5 and S6) and HAP1 DDX6KO cells (Figure 
 C, +ARS). The same activities of DDX6 WT and E247A 

utant were observed in the rescue of DDX6 expression on 

G biogenesis in HeLa DDX6 KD cells under ARS stress 
Supplementary Figure S8). 

DX6 activity is modulated by its interacting partners 

esides binding to RNA, DDX6 also binds numerous pro- 
ein factors primarily through its RecA2 domain (Figure 
 A) ( 8 , 78 ). Many of these interactions are m utuall y ex-
lusi v e, allowing the formation of distinct DDX6 com- 
lexes ( 67 ). To examine whether DDX6-interactions are 
unctionally r equir ed for the DDX6’s role in SG biogene- 
is, we knocked down the expression of previously identified 

DX6-interacting partners PATL1 (PB associated mRNA 

ecay factor), CNO T1 (CCR4-NO T transcription complex 

ubunit 1), and 4E-T (EIF4ENIF1, eukaryotic translation 

nitiation factor 4E nuclear import factor 1) in HeLa cells 
sing gene-specific siRNAs (Figure 7 A). The numbers of 
B and SG were determined by GW182 and G3PB1 stain- 

ng, respecti v ely, in the cells without or with ARS treat- 
ent. Consistent with previous reports ( 8 , 78 ), PATL1 was 
ot essential for PB formation under normal physiologi- 
al conditions (Supplementary Figure S3, no ARS). Un- 
er ARS stress, PATL1 KD led only to a slight reduction 

f PB number but not volume compared to siNT control 
ells (Figure 7 B–D, Supplementary Table S6). The KD of 
NOT1 in HeLa cells in stress free condition (no ARS) 
isplayed no effect on PB formation Supplementary Fig- 
re S3C), which is different from a reported study by us- 

ng AGO2-GFP reporter assay ( 79 ). Howe v er, during ARS 

tress the loss of CNOT1 was associated with formation of 
B clusters closely resembling those observed in cells lack- 

ng DDX6 (Figure 7 B). As reported ( 8 , 46 , 67 , 80 ), 4E-T was
lso essential for PB formation and KD of 4E-T in HeLa 

ells led to block PB formation in the absence of ARS stress 
Supplementary Figure S3C). In contrast, ARS treatment 
f the 4E-T KD cells resulted in formation of ∼87 PB / cell 
hat were almost three times of ∼31 PB / cell observed in the 
iNT control cells (Figure 7 B and C, Supplementary Table 
6). PB in the 4E-T KD cells were significantly smaller (Fig- 
re 7 D) and mostly tightly associated with the newly formed 

G positi v e for G3BP1 staining (Figure 7 B). 
Knockdown of any of the tested DDX6 co-factors in 

eLa cells did not significantly affect SG number or vol- 
me when compared to the siNT control cells (Figure 7 E 

nd F, Supplementary Tab le S6). Howe v er, knockdown of 
ither CNOT1 or 4E-T was associated with altered SG 

orphology characterized by the formation of extended ir- 
egularl y sha ped SG linked with clustered PB stained by 

W182 (Figure 7 B), thus to various extend resembling the 
ybrid PB / SG granules in HeLa DDX6 KD cells (Figure 
 B, +ARS, Figure 4 , Supplementary Figures S5 and S6). 
he manual count of GW182-positi v e PB in the PB clusters 
ithin each SG in the HeLa cells with KD of CNOT1 or 
E-T under ARS stress exhibited ∼8–9 PB / SG, that is also 

imilar to ∼11 PB / SG observed in HeLa DDX6 KD cells. 
n comparison, the control siNT-treated cells and PATL1 

D cells exhibited only ∼2 PB / SG as observed in the cells 
ithout siRNA treatment (Supplementary Table S1). In- 

erestingly in all cases, DDX6 showed close colocalization 

ith GW182 staining both in the siNT-treated control and 

ene-specific knockdown cells (Supplementary Figure S9). 
n the contrary, DCP1A only partially overlapped with 

W182-positi v e granules in control and siPATL1-treated 

ells and was mainly excluded from GW182-granules in 

iCNOT1- and si4E-T-treated cells (Supplementary Figure 
10). All together, these results indicate that proper PB and 

G separation also depends on DDX6 interacting partners 
NOT1 and 4E-T that presumably act by modulation of 
DX6 helicase / ATPase activity as previously shown ( 81 ). 

W182 acts independently of DDX6 in SG biogenesis 

o investigate if the activity of above-mentioned PB compo- 
ents in SG biogenesis depends on their binding to DDX6, 
e knocked down GW182, CNOT1, and 4E-T, separately, 

n HAP1 WT and DDX6KO cells (Figure 8 A). The cells 
reated with non-targeting (siNT) siRNA served as a nega- 
i v e control. After knockdown, the cells were treated with 

RS for 30 min to induce SG and stained with anti- 
SM14A, a true PB marker separately from GW182 for PB 
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Figure 6. DDX6 helicase activity is essential for separation of PB from SG. ( A ) A diagram of ectopically expressed wild type (WT) human DDX6 with 
tw o RecA-lik e domains (R ecA1, green, R ecA2, yello w). The DEAD-bo x motif located in the RecA1 is sho wn in the red bo x. The helicase deficient E247A 

mutant is shown below with a mutated DAAD-box in the blue box. Both proteins were fused with c-myc and FLAG tags on the C-terminus. Proteins 
binding to the DDX6 C-terminal Rec2A domain ( 8 , 78 ) are sho wn belo w. ( B ) Predicted structural consequences for the E247A mutation. The DEAD-box 
motif of DDX6 (PDB ID: 5ANR, green cartoon) is superposed with the DEAD-box of RNA helicase DDX3X at the pre-unwound state (PDB ID: 6O5F, 
gray cartoon) to show the relati v e locations of DEAD-box and helicase domain. An ATP analog (ATP- � -S) and an Mg 2+ 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 
are shown in pink and b lue, respecti v ely, with the D246 and E247A residues in stick r epr esentation. Bonds between D246, E247, ATP- � -S and Mg 2+ 

are shown in dash lines. The E247A mutation abolishes critical chemical interactions needed for ATP binding and / or hydrolysis. ( C ) HAP1 DDX6KO 

cells were transfected with a vector expressing myc-FLAG-tagged wild type (WT) or helicase-deficient (E247A) DDX6 mutant. Twenty-four hours after 
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 8 B and Supplementary
Figure S11, the WT cells without (Supplementary Figures
S11C) or with siNT tr eatment (Figur e 8 B) formed typical
LSM14A 

+ PB and G3BP1 

+ SG in response to ARS, with
large SG formed in the proximity of LSM14A 

+ PB. Again,
number of DCP1A-positi v e PB was much less than that of
LSM14A-positi v e 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 8 D) without af-
fecting SG volume (Figure 8 E, 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
h ybrid PB / SG h ybrid granules (Figur e 8 B) with the irr eg-
ular shape and associated with PB clusters as observed in
DDX6-defficient cells (Figure 5 C and Supplementary Fig-
ure S7). By manual count of PB number in the cluster in
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Figure 7. Modulation of DDX6 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 t -test; N / D: not 
determined. 
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ach SG, we found that HAP1 cells with KD of CNOT1 or 
E-T under ARS stress exhibited, ∼6–7 PB / SG, when com- 
ared with the ∼1 PB / SG in control (siNT) or GW182 KD 

ells at the same condition (Supplementary Table S1). Data 

uggest GW182 functions differently from CNOT1 and 4E- 
 in regulation of SG formation in HAP1 cells. 
Since CNOT1 and 4E-T interact directly with DDX6 

ia binding to its C-terminal RecA2 domain (Figure 6 A), 
e ne xt e xamined if their acti vity is dependent on DDX6 

nd how their knockdown affects SG formation in HAP1 

DX6KO cells (Figure 8 C). As previously observed in Fig- 
re 5 C, due to the lack of DDX6 separation activity, the 
ontrol siNT-treated DDX6KO cells form only the hybrid 

B / SG granules in the presence of ARS stress (Figure 8 C). 
nter estingly, GW182 r etained its activity in the DDX6KO 

ells with GW182KD leading to the formation of more and 
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Figure 8. DDX6 interacting factors in DDX6-mediated SG biogenesis. HAP1 wild type (WT) and DDX6 knockout (DDX6KO) cells were transfected with 
non-targeting (siNT) or siRNA targeting GW182 (siGW182), CNOT1 (siCNOT1), and 4E-T (si4E-T). The siRNA-mediated knockdown efficiency was 
determined by Western blot ( A ). ( B , C ) The siRNA-treated cells were treated with 0.5 mM arsenite (+ARS) for 30 min and stained with an anti-LSM14A 

antibody for PB and anti-G3BP1 antibody for SG, which are shown in fluorescent and 3D images. Numbers ( D ) and volume ( E ) of SG per cell were 
calculated from 20 randomly selected HAP1 WT or DDX6KO cells treated with a non-targeting (siNT) or gene-specific siRNAs. The box blot shows the 
median (–), minimum and maximum (whiskers). *** P < 0.001, ** P < 0.01, * P < 0.05 by Student’s t -test. 
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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 str ess, wher e GW182 acts as a scaff old f or recruiting the stalled mRNA in interaction with TIA1 and G3BP1 and promotes assembly of mature 
SG via hybrid PB / SG bodies followed by DDX6-media ted separa tion 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 se v erely interrupt PB-mediated SG biogenesis and separation of PB from SG. Str ess r elief 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. 
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ignificantl y smaller SG w hen compared to control siNT- 
r eated cells (Figur e 8 C–E, Supplementary Table S7). Op- 
osite to WT HAP1 cells, knockdown of CNOT1 and 4E-T 

n HAP1 DDX6KO cells had no significant effect on SG 

umbers w hile onl y significantl y r educing SG size (Figur e 
 C–E, Supplementary Table S7). In all cases the DDX6KO 

ells exhibited irregular hybrid PB / SG granules, indicating 

hat KD of any tested factor cannot relie v e or rescue the
oss of DDX6 separation activity, and thus, the number of 
B per SG or per PB cluster remained unchanged ( ∼6–7 

B / SG) in all HAP1 DDX6KO cells (Supplementary Ta- 
le S1). In summary, our data also argue for the first time 
or distinct activities of individual DDX6 interactors in SG 

iogenesis. W hile the scaf folding activity of GW182 repur- 
osed in ARS stress for HAP1 cells to increase PB and 

G number is independent of DDX6, DDX6 is indispens- 
ble for separation of PB from SG during ARS stress and 

ts activity could be modulated by its interacting partners 
NOT1 and 4E-T, but not GW182. 

ISCUSSION 

any groups have investigated the forma tion, regula tion, 
nd function of PB and SG, but the intimate biomolec- 
lar relationship between them remains mysterious. Here, 
e describe the dependence of SG biogenesis selecti v ely on 
B components under ARS str ess and uncover the dir ect 
oles of PB components in SG biogenesis. As summarized 

n the proposed model (Figure 9 ), we found that GW182 

ndertaking a general scaffold activity and DDX6 carrying 

elicase activity are necessary for PB de novo assembly as 
ell as SG biogenesis under ARS stress. DDX6 also pro- 
otes the separation of PB from SG. This separation activ- 

ty of DDX6 is modulated by two DDX6-interacting pro- 
eins, CNOT1 and 4E-T, which pr esumably r egulate DDX6 

elicase activity by binding to the DDX6 RecA2 domain. 
Our observa tions demonstra ted tha t SG are topolog- 

cally and mechanically linked to PB in the cells under 
RS str ess, wher e major PB components GW182, DDX6, 

nd LSM14A are significantly overlapped with SG. A 

triking discovery in our study is the observation of the 
tress-induced hybrid PB / SG granules in both HeLa and 

AP1 cells lacking DDX6 helicase or its interacting pro- 
ein CNOT1 and 4E-T. These hybrid PB / SG granules are 
eatured by a GW182- or LSM14A-positi v e PB cluster on 

ach SG and the multiple PB in the cluster surround a newly 

ormed SG. We interpret that formation of the hybrid gran- 
les in the absence of DDX6 helicase activity might rep- 
 esent a pr eviously unknown, intermediate transition step 

rom PB to SG in a rapid cellular response to a large amount 
f influx RNA released from polysomes during ARS 

tr ess (Figur e 9 ), that ar e r esulted from condensation of
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nonselecti v e heterogenous macromolecules of PB and SG
components ( 52 , 55 ). The following ‘demixing’ into distinct
PB and SG is a selecti v e, energy-dependent process requir-
ing DDX6 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 w ork pro vides 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 topolo gicall y in proximity to PB. As a result, almost
e v ery 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 w as alw ays fewer than the number of PB. Thus,
not e v ery PB in the cells under stress is associated with SG.
As pr evious r eports ( 8 ), we found that ARS str ess 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 passi v e accumulation of PB components
within SG due to elevated number of PB in the vicinity of
where large SG are formed. Howe v er, our observation that
selecti v e accumulation GW182, DDX6, and LSM14A, but
not DCP1A, in SG suggests a rather acti v e 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 progressi v ely 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 GW182 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 ). Howe v er, it remains unclear
what functions of other two human GW182 paralogues,
TNR C6A-1, and TNR C6B-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 HeLa
to HAP1 cells. 

We found that the major function of DDX6 is to sepa-
rate PB from SG during ARS stress, although the depen-
dency of PB formation on DDX6 in both physiological and
str ess conditions ar e well documented from yeast to mam-
malian cells ( 8 , 12 , 50 ). The cells lacking DDX6 under ARS
str ess form irr egular SG granules surrounded by a cluster
of multiple PB. DDX6KO cells can be rescued by exoge-
nous DDX6 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 se v eral other
RNA-helicases, including UPF1, MOV10, eIF4A (DDX2),
DDX3, and RNA helicase A (DHX9) ( 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 m utuall y exclu-
si v e 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
str ess, as r eported ( 8 , 78 ). CNOT1 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
CNO T1 stim ulation 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 PATL1 binding to DDX6
are m utuall y e xclusi v e 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 DDX6,
play in SG biogenesis r epr esents 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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