PERSPECTIVE

Unraveling regulation and new components of human
P-bodies through a protein interaction framework
and experimental validation

DINGHAI ZHENG,'? CHYI-YING A. CHEN," and ANN-BIN SHYU?
Department of Biochemistry and Molecular Biology, The University of Texas Medical School, Houston, Texas 77021, USA

ABSTRACT

The cellular factors involved in mRNA degradation and translation repression can aggregate into cytoplasmic domains known as
GW bodies or mRNA processing bodies (P-bodies). However, current understanding of P-bodies, especially the regulatory
aspect, remains relatively fragmentary. To provide a framework for studying the mechanisms and regulation of P-body
formation, maintenance, and disassembly, we compiled a list of P-body proteins found in various species and further grouped
both reported and predicted human P-body proteins according to their functions. By analyzing protein-protein interactions of
human P-body components, we found that many P-body proteins form complex interaction networks with each other and with
other cellular proteins that are not recognized as P-body components. The observation suggests that these other cellular
proteins may play important roles in regulating P-body dynamics and functions. We further used siRNA-mediated gene
knockdown and immunofluorescence microscopy to demonstrate the validity of our in silico analyses. Our combined approach
identifies new P-body components and suggests that protein ubiquitination and protein phosphorylation involving 14-3-3
proteins may play critical roles for post-translational modifications of P-body components in regulating P-body dynamics. Our
analyses provide not only a global view of human P-body components and their physical interactions but also a wealth of
hypotheses to help guide future research on the regulation and function of human P-bodies.

Keywords: P-body; autophagy; ubiquitin; hnRNP; microRNA; translation; mRNA turnover; protein-protein interaction;
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INTRODUCTION McCaffrey 2011). mRNA decay intermediates are found in
P-bodies, and inhibition of 5’-to-3" mRNA decay increases
the size of P-bodies (Sheth and Parker 2003), suggesting
that mRNAs can be degraded in P-bodies. P-bodies are free
of ribosomes, thus mRNAs cannot be translated in P-bodies.
However, it has been reported that mRNAs in P-bodies can
be released from P-bodies and reenter polysomes (Brengues
et al. 2005; Bhattacharyya et al. 2006). Moreover, in activated
human bronchial epithelial cells, a decrease in P-bodies
accompanies an increase in global translation, a decrease in
mRNA turnover, and a decrease in miRNA function (Zhai
et al. 2008). These observations support the notion that
P-bodies may provide another layer of post-transcriptional
regulation of gene expression by serving as a transient res-
ervoir for nontranslating mRNAs.

Most of the proteins found in P-bodies have functions

Conserved from yeast to human, mRNA processing bodies
(P-bodies) are dynamic cytoplasmic foci in eukaryotic cells
that contain nontranslating mRNAs as well as proteins
involved in translational inhibition and mRNA degradation
(Eulalio et al. 2007; Parker and Sheth 2007; Franks and
Lykke-Andersen 2008; Anderson and Kedersha 2009). Initially
identified through the use of an autoimmune serum targeting
a glycine—tryptophan-rich protein, GW182, these membrane-
free structures are also called GW bodies (Eystathioy et al.
2002). They are anchored to microtubules and move around
in the cytoplasm (Aizer and Shav-Tal 2008; Lindsay and
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related to mRNA binding (e.g., eIF4E), translational in-
hibition (e.g., Rck/p54, eIF4ET, and CPEB1), mRNA dead-
enylation (e.g., Cafl and Ccr4), mRNA decapping (e.g.,
Dcpl/2 and Lsml1-7), mRNA 5'-to-3’ degradation (e.g.,
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Xrnl), or miRNA-mediated gene silencing (e.g., Agol-4
and GW182) (Parker and Sheth 2007). Factors involved in
nonsense-mediated decay (NMD) were also enriched in
P-bodies when NMD was interrupted in yeast (Sheth and
Parker 2006) and in mammalian cells (Durand et al. 2007).
In contrast, most factors involved in mRNA translation
(e.g., eIFAG and ribosome subunits) are normally absent
from P-bodies (Kedersha et al. 2005). The functions of
some P-body components (e.g., ZAR1l) are unknown (Hu
et al. 2010). A recent cell-based siRNA screen identified
proteins involved in O-linked N-acetylglucosamine
(O-GleNAc) modifications as being important for stress-
granule and/or P-body formation, suggesting an important
role for post-translational modifications in cytoplasmic
granule formation (Ohn et al. 2008).

Although P-bodies have been studied in different species
for nearly a decade, the mechanisms by which P-body for-
mation, maintenance, or disassembly is accomplished and
controlled remain poorly understood. The complete com-
position of cellular factors involved in P-body dynamics is
not known either. Moreover, controversy still surrounds
the function(s) and physiological significance of these dy-
namic aggregates of mRNA—protein complexes (mRNPs)
in the cytoplasm. To better understand the functional sig-
nificance and regulation of P-bodies, we began a compre-
hensive analysis of P-body components and their interact-
ing factors. We used bioinformatics tools to retrieve and
analyze information from different studies published since
2002, when the nature and importance of P-bodies began
to be recognized (Eystathioy et al. 2002). Several important
questions directly related to the biological significance and
regulation of P-bodies were addressed. For example, how
many P-body proteins have been identified? How do these
proteins interact with each other and/or with other cellular
proteins? How do these proteins and their interactions with
each other affect the formation, dynamics, function, and reg-
ulation of P-bodies? Combining in silico and experimental
approaches, our study provides not only a global view of hu-
man P-body components but also a framework for predict-
ing genes involved in P-body regulation. In addition, based
on the protein—protein interaction data, our analyses suggest
new P-body components and help guide future investiga-
tions of P-body regulation by suggesting several hypotheses.

RESULTS

Compilation of information about P-body protein
components found in different species

To have a comprehensive list of known P-body proteins, we
retrieved PubMed articles published since 2002 that contain
various synonyms of “P-bodies,” “GW-bodies,” or P-body
or GW-body components in their title or abstract. Two
hundred and ninety articles were retrieved. After careful
examination of the evidence in each article for P-body
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localization of each candidate protein, we generated a list of
P-body protein components reported in six different species
(Supplemental Table 1). The list included 60 human pro-
teins, 11 mouse proteins, 31 yeast proteins, and 17 proteins
from plants, worms, or fruit fly.

Functional classification of human P-body
protein components

To Dbetter understand the functions and regulations of
P-bodies, we grouped the human P-body proteins based
on their known or putative functions (Table 1). We also
searched the NCBI HomoloGene database for human pro-
teins whose orthologs were found to localize to P-bodies
in other species but have not themselves been reported as
P-body components. As most P-body components are con-
served across species, it is likely that the human orthologs
of P-body proteins in other species are also P-body com-
ponents. Based on this homology search, we identified 23
potential human P-body components (Table 1, italics).
Functional classification of these predicted human P-body
components, along with the 60 previously reported human
P-body proteins (Table 1), indicates that human P-body
components are involved in many different aspects of mRNA
metabolism. These include deadenylation, decapping, 5'-to-3’
degradation, AU-rich element (ARE)-mediated mRNA de-
cay, nonsense-mediated decay (NMD), miRNA-mediated
gene silencing, mRNA transport, and translational inhibi-
tion, etc. Moreover, some P-body components are involved
in post-translational modifications, such as phosphorylation
(e.g., PKR) and ubiquitination (e.g., RO52 or TRIM21)
(Table 1), suggesting that these modifications play a role in
regulating the dynamics and function of P-bodies.

Protein—protein interactions among
P-body components

Protein functions are often mediated and regulated through
interacting with other proteins. To better understand how
different P-body components may aggregate to form foci
and how P-body components may be functionally linked,
we analyzed protein—protein interactions (PPIs) among
P-body components. Entry of the gene names of the 83
human P-body proteins listed in Table 1 to the STRING
database version 8.3 (Jensen et al. 2009) returned 100 ex-
perimentally confirmed PPIs among these P-body compo-
nents. An additional 39 experimentally confirmed PPIs among
these proteins were found by manually checking recent
publications. Together, our analysis included 139 PPIs among
human P-body proteins. To better visualize this PPIs analysis,
we imported the PPI data to Cytoscape (Fig. 1; Shannon et al.
2003). In this plot, proteins with similar or related func-
tions are represented with similarly colored nodes. It is
apparent that 58 out of 83 (i.e., more than two-thirds) of
human P-body proteins are part of dense PPI networks,



P-body interactome and regulation

TABLE 1. Functional classification of reported and predicted human P-body proteins

Gene name Alias

Homolog in PBs

Known or presumed function(s)

Reference

ARE-mediated mRNA degradation
TRN TNPOT1

TTP ZFP36
Nonsense-mediated decay

PNRC2

SMG5 EST1B
SMG6 ESTTA
SMG7 EST1C
UPF1

UPF2 Yeast Upf2p

UPF3A

UPF3B

Gene silencing by miRNA or siRNA
Ajuba

EIF2C1 AGOI1

EIF2C2 AGO2
EIF2C3 AGO3
EIF2C4 AGO4
HTT

IPO8 Imp8
LIMD1

MOV10

TNRC6A GW182
TNRC6B

TNRC6C

UPF1

WTIP

Nuclear transport receptor; trafficking of TTP
between the PBs and SGs; modulates
ARE-containing mRNA stability

Binds to and destabilizes some mRNAs with
AU-rich elements

A bridge between the mRNA decapping
complex and the NMD machinery
Required for the dephosphorylation of UPF1

Required for the dephosphorylation of UPF1;
telomere maintenance

Binds to phosphorylated UPF1; triggers mRNA
decay

Binds to eRF1 and eRF3; required for
nonsense-mediated mRNA decay

Bridges Upf1 to the exon junction complex
during nonsense-mediated mRNA decay;
stimulates helicase activity of Upf1

Less effective than Upf3b to induce
nonsense-mediated mRNA decay

Bridges Upf1 to the exon junction complex
during nonsense-mediated mRNA decay;
stimulates helicase activity of Upf1; required
for the phosphorylation of UPF1

miRNA-mediated gene silencing

mi/siRNA-mediated mRNA decay and translational
repression

mi/siRNA-mediated mRNA decay and translational
repression

mi/siRNA-mediated mRNA decay and translational
repression

mi/siRNA-mediated mRNA decay and translational
repression

Contributes to RNA-mediated gene silencing through
association with Argonaute and P-bodies

Nuclear import; functions in cytoplasmic
miRNA-guided gene silencing and affects nuclear
localization of Ago proteins

miRNA-mediated gene silencing

Interacts with Ago1 and Ago2; required for
siRNA-mediated mRNA cleavage

Recruited by Argonaut proteins, important for
miRNA-mediated deadenylation and translational
repression

Recruited by Argonaute proteins, important for
miRNA-mediated deadenylation and translational
repression

Recruited by Argonaut proteins, important for
miRNA-mediated deadenylation and translational
repression

Interacts with Ago1 and Ago2; participates in RNA
silencing

miRNA-mediated gene silencing

Favre et al. 2008; Chang
and Tarn 2009

Franks and Lykke-Andersen
2007; Deleault et al. 2008

Cho et al. 2009

Ohnishi et al. 2003; Unterholzner
and lzaurralde 2004

Chiu et al. 2003

Unterholzner and lzaurralde
2004; Fukuhara et al. 2005

Unterholzner and lzaurralde
2004; lvanov et al. 2008

Chamieh et al. 2008

Durand et al. 2007

Chamieh et al. 2008

James et al. 2010
Wu et al. 2008

Wu et al. 2008; Lima et al. 2009
Azuma-Mukai et al. 2008;
Wu et al. 2008
Wu et al. 2008; Lazzaretti
et al. 2009
Savas et al. 2008
Weinmann et al. 2009
James et al. 2010
Meister et al. 2005
Eulalio et al. 2008
Lazzaretti et al. 2009; Takimoto

et al. 2009

Chen et al. 2009; Lazzaretti
et al. 2009

Jin et al. 2009

James et al. 2010

(continued)

1621

www.rnajournal.org



Zheng et al.

TABLE 1. Continued

Gene name Alias

Homolog in PBs

Known or presumed function(s)

Reference

Negative regulation of miRNA pathway

APOBEC3F

APOBEC3G

Biccl Mouse Biccl
LIN28

LIN41 TRIM71 Mouse Lin41

Binding to telomere or telomerase
hnRNPA3

MOV10
PCBP2 HNRPE2
SMG6 ESTT1A
Transcription
PCBP1 HNRPET
POLR2G RPB7  Yeast Rpb4p
YB-1 YBX1
Splicing
CNOTI1-4 Yeast Not1-4p
PCBP1 HNRPET
YB-1 YBX1

mRNA trafficking

FMR1 FMRP  Drosophila FMR1
hnRNPA3
KLC3 Mouse KLC3
MYO5C Yeast Myo2p
NXF2 Mouse NXF7
STAUT Drosophila
Staufen
TUBAIC Yeast Tublp

mRNA stabilization
EIF4E

Antagonizes the inhibition of protein synthesis by
various microRNAs

Antagonizes the inhibition of protein synthesis by
various microRNAs

Antagonizes miR-17 microRNA family

Inhibits let-7 miRNA maturation; an RNA binding
protein in PBs and SGs

A stem cell-specific E3 ubiquitin ligase for the
miRNA pathway protein Ago2

Binds to the telomeric sequence; cytoplasmic
trafficking of RNA

Inhibits production of infectious retroviruses when
overexpressed; binds to telomere

Interacts with telomeric DNA and telomerase RNA;
mRNA stabilization and destabilization

Required for the dephosphorylation of UPF1; telomere
maintenance

Transcription activation; splicing; mRNA stabilization;
cap-dependent mRNA translational inhibition;
IRES-driven translation activation

The seventh largest subunit of RNA polymerase I

Transcription activation; splicing enhancement;
translation activation by binding to 5 UTR

Form complexes with the deadenylases CNOT6 and
CNOT70rCNOTS; involved in mRNA splicing and
deadenylation

Transcription activation; splicing; mRNA stabilization;
cap-dependent mRNA translational inhibition;
IRES-driven translation activation

Transcription activation; splicing enhancement;
translation activation by binding to 5" UTR

Involved in translation regulation and trafficking of
certain mRNAs

Binds to the telomeric sequence; cytoplasmic
trafficking of RNA

May bind cargo and regulate kinesin activity

Granule trafficking

Nuclear RNA export; cytoplasmic mRNA localization

mRNA localization and translation regulation;
competes with Upf2 to interact with Upf1 to
promote mRNA decay

Tubulin a-1C chain

Binds mRNA 5’ cap to stabilize mRNA and promote
translation initiation

Wichroski et al. 2006
Wichroski et al. 2006

Tran et al. 2010

Balzer and Moss 2007;
Viswanathan et al. 2008, 2009

Rybak et al. 2009

Ma et al. 2002; Huang et al. 2008;
Katahira et al. 2008

Nakano et al. 2009; Furtak et al.
2010

Du et al. 2004; Fujimura et al.
2008, 2009

Chiu et al. 2003

Meng et al. 2007

Lotan et al. 2005
Stickeler et al. 2001; Jurchott
et al. 2003; Fukuda et al. 2004

Collart 2003; Lau et al. 2009

Meng et al. 2007

Stickeler et al. 2001; Jurchott
et al. 2003; Fukuda et al. 2004

Barbee et al. 2006

Ma et al. 2002; Huang et al. 2008;
Katahira et al. 2008

Chung et al. 2007

Chang et al. 2008; Jacobs et al.
2009

Takano et al. 2007; Katahira
et al. 2008

Barbee et al. 2006; Gong
et al. 2009

Sweet et al. 2007

von der Haar et al. 2004

(continued)
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TABLE 1. Continued

Gene name  Alias Homolog in PBs Known or presumed function(s) Reference
HUD ELAVL4 Mouse HuD Binds to and stabilizes some AU-rich element Beckel-Mitchener et al. 2002;
(ARE)-containing mRNAs Ratti et al. 2006
PCBP1 HNRPE1 Transcription activation; splicing; mRNA stabilization; ~ Adams et al. 2003
cap-dependent mRNA translational inhibition;
IRES-driven translation activation
PCBP2 HNRPE2 Interacts with telomeric DNA and telomerase RNA; Kiledjian et al. 1995; Du et al.

Translation inhibition or activation
CPEB1

DDX6  RCK/p54
EIF2C2  AGO2
EIF4E

EIFAENIFT EIF4T
GEMIN5

PatL 1

PCBP1  HNRPEI
RAP55  TRAL
YB-1 YBX1

Deadenylation

CNOTI1-4 Yeast Not1-4p

CNOT6
CNOT7
NANOS2
PAN3

Ccr4
Caf1
Mouse Nanos2

PAN2
TOB2

Decapping
DCP1A
DCP1B
DCP2
EDC3
GE-1 Hedls, EDC4

LSM1-7

PATL1

TRIM21 RO52

5'-to-3" exonuclease activity
XRN1

mRNA stabilization and destabilization

During the early development, it behaves first as an
inhibitor and later as an activator of translation.

Required for microRNA-induced gene silencing

Competes with elF4E to bind to the 5’ cap to inhibit
translation

Binds mRNA 5’ cap to stabilize mRNA and promote
translation initiation

Mediates the nuclear import of EIFAE; interacts with the
cap-binding protein 4E to inhibit translation

Inhibits both cap-dependent and IRES-driven translation
initiations

May be a decapping activator and translation repressor

Transcription activation; splicing; mRNA stabilization;
cap-dependent mRNA translational inhibition;
IRES-driven translation activation

Translation inhibition

Transcription activation; splicing enhancement;
translation activation by binding to 5" UTR

Form complexes with the deadenylases CNOT6 and
CNOT70rCNOTS; involved in mRNA splicing,
transport, and deadenylation

2004; Waggoner et al. 2009

Wilczynska et al. 2005

Chu and Rana 2006
Kiriakidou et al. 2007

von der Haar et al. 2004
Andrei et al. 2005
Pacheco et al. 2009
Scheller et al. 2007

Meng et al. 2007

Tanaka et al. 2006
Fukuda et al. 2004

Lau et al. 2009

Deadenylase required for second phase of deadenylationChen et al. 2009
Deadenylase required for second phase of deadenylationZheng et al. 2008

Recruits Ccr4-NOT deadenylation complex to mRNAs

Interacts with both PABP and the deadenylase Pan2 to
stimulate Pan2 activity

Deadenylase required for first phase of deadenylation

Interacts with PABP and recruit the deadenylase Cafl

Decapping enzyme subunit

Decapping enzyme subunit

Catalytic subunit of decapping enzyme

Interacts with multiple components of the decapping
machinery, including DCP1, DCP2, and DDX6

Promotes complex formation between DCP1A and
DCP2; enhances the catalytic activity of DCP2

Sm-like protein complex, decapping activator

May function as a decapping activator and translation
repressor

E3 ubiquitin ligase; interacts with Dcp2 to enhance its
decapping activity

5'-to-3’ riboexonuclease

Suzuki et al. 2010

Uchida et al. 2004; Siddiqui
et al. 2007

Yamashita et al. 2005; Zheng
et al. 2008

Ezzeddine et al. 2007

Kedersha et al. 2005
Cougot et al. 2004
Cougot et al. 2004
Fenger-Gron et al. 2005
Fenger-Gron et al. 2005

Ingelfinger et al. 2002
Scheller et al. 2007

Wada and Kamitani 2006

Ingelfinger et al. 2002

(continued)
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TABLE 1. Continued

Gene name  Alias Homolog in PBs

Known or presumed function(s)

Reference

Helicase activity
DDX3Y
DDX6

Yeast Ded1p
RCK/p54

MOV10

UPF1

Endonuclease activity
EIF2C2 Ago2

SMG6

ZC3H12D P58(TFL)

Protein kinase activity

EIF2AK2  PKR

FAST FASTK

PRKACB Yeast Tpk2p
PRKX Yeast Tpk3p

Ubiquitin ligase activity
LIN41 TRIM71 Mouse Lin41

TRIM21 RO52

Cap-binding activity
EIF2C2 AGO2
EIF4E
GEMIN5

Response to virus
APOBEC3F

APOBEC3G

EIF2AK2  PKR

MOV10

Miscellaneous

LARP1

MEX-3A

MEX-3B

NANOS3 Mouse Nanos3
ZAR1 Mouse ZAR1
ZARITL Mouse ZARTL

Probable ATP-dependent RNA helicase

Helicase activity is required for translational inhibition
and P-body formation.

Probable RNA helicase; interacts with Ago1 and Ago2;
required for siRNA-mediated mRNA cleavage

Helicase activity is required to promote mRNA decay.

Cleaves both passenger strand and mRNA targets of
siRNAs
Functions in nonsense-mediated decay

Probable endonuclease

Phosphorylates elF2a to inhibit translation in
virus-infected cells; targeted to PBs by the E6
oncoprotein of HPV

In response to Fas receptor ligation, it phosphorylates
TIA1, an apoptosis-promoting nuclear RNA-binding
protein.

Mediates cAMP-dependent signaling triggered by
receptor binding to GPCRs

A serine threonine protein kinase that has similarity to
the catalytic subunit of cyclic AMP-dependent
protein kinases

A stem cell-specific E3 ubiquitin ligase for the miRNA
pathway protein Ago2

E3 ubiquitin ligase; interacts with Dcp2 to enhance its
decapping activity

Competes with elF4E to bind to the 5’ cap to inhibit
mRNA translation

Binds mRNA 5’ cap to stabilize mRNA and promote
translation initiation

Binds to m’G cap of mRNAs

A cytidine deaminase that restricts retroviral replication

A cytidine deaminase that restricts retroviral replication

Double-stranded RNA protein kinase targeted to PBs by
the E6 oncoprotein of HPV

Inhibits production of infectious retroviruses when
overexpressed; binds to telomere

C. elegans LARP-1RNA binding

RNA-binding protein; may be involved in
post-transcriptional regulatory mechanisms

RNA-binding protein; may be involved in
post-transcriptional regulatory mechanisms

Germ cell-specific RNA-binding protein

Zygote arrest protein 1

ZART1-like protein

Beckham et al. 2008
Minshall et al. 2009

Meister et al. 2005

Weng et al. 1996; Bhattacharya
et al. 2000

Rand et al. 2005; Wang et al.
2009

Glavan et al. 2006; Eberle et al.
2009

Hebner et al. 2006; Garaigorta and
Chisari 2009

Anderson 1995

Hanamoto et al. 2005; Tudisca et al. 2009

Klink et al. 1995; Tudisca et al. 2009

Rybak et al. 2009

Wada and Kamitani 2006

Kiriakidou et al. 2007
von der Haar et al. 2004

Bradrick and Gromeier 2009

Holmes et al. 2007

Holmes et al. 2007

Hebner et al. 2006; Garaigorta
and Chisari 2009

Furtak et al. 2010

Nykamp et al. 2008
Buchet-Poyau et al. 2007

Buchet-Poyau et al. 2007
Qin et al. 2007; Yamaji et al. 2010

Hu et al. 2010
Hu et al. 2010

P-body proteins predicted based on homology with nonhuman proteins are in italic. P-body proteins with multiple functions are listed in more

than one group.
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FIGURE 1. Protein—protein interactions among P-body components. The protein—protein
interactions (PPIs) among reported and predicted human P-body components are visualized
using Cytoscape. Node colors: (green) NMD factors; (blue) miRNA-mediated gene silencing
factors; (magenta) ARE-mediated decay factors; (red) decapping factors; (yellow) dead-
enylation factors. Lines between the nodes represent PPIs. Details are described in the

Materials and Methods.

suggesting that the interactions among these proteins con-
tribute to aggregation of mRNPs during P-body formation.
Moreover, the plot in Figure 1 indicates that factors in-
volved in ARE-mediated decay, miRNA-mediated gene
silencing, and NMD are physically linked. Although dead-
enylation triggers mRNA degradation mediated by AREs,
miRNAs, and nonsense codons (Shyu and Chen 2011), not
many direct interactions between deadenylation factors and
proteins involved in these mRNA decay pathways have
been reported. This observation is consistent with a regula-
tory model in which deadenylation induces mRNP remod-
eling before nontranslatable mRNPs enter or form P-bodies
(Zheng et al. 2008).

Interactions between P-body proteins and other
cellular proteins

Currently, little is known about how P-body assembly,
maintenance, and disassembly are regulated. As the func-
tion and localization of a protein may be changed by in-
teractions with other proteins, we hypothesize that among

proteins interacting with P-body com-
ponents, some of them are likely to mod-
ulate P-body dynamics. Moreover, al-
though some P-body-interacting proteins
have not been reported or predicted as
P-body components, they may actually
localize to P-bodies. Thus, studying
P-body-interacting proteins may reveal
new P-body components. We retrieved
experimentally confirmed PPIs between
known or predicted human P-body com-
ponents (Table 1) and other cellular pro-
teins using PINA, which integrates PPI
data from six databases (Wu et al. 2009).
Proteins with obsolete Uniprot accession
numbers and/or redundant interactions
were culled. The data were then imported
to Cytoscape for visualization (Supple-
mental Fig. 1), with proteins grouped
based on the number of different P-body
componentswith which they interact. The
results show that among the 535 P-body
interacting proteins, 400 interact with one
P-body component, 84 interact with two
P-body components, 31 interact with
three P-body components, 10 interact
with four P-body components, five inter-
act with five P-body components, two
interact with six P-body components,
one interacts with seven P-body compo-
nents, one interacts with eight P-body
components, and one interacts with
nine P-body components.
Supplemental Table 2 lists proteins that interact with
three or more P-body components. This table includes
some proteins that have already been reported to affect
P-body dynamics, lending support to the validity of our in
silico approach for identifying P-body-related factors. For
example, HSP90AA1 and HSP90AB1, two major cytosolic
HSP90 proteins, appear in Supplemental Table 2. In-
hibition of Hsp90 activity was reported to block association
of some P-body components (Pare et al. 2009; Johnston et al.
2010). Another example involves YWHAG, YWHAB,
YWHAH, YWHAQ, and YWHAZ. These proteins belong
to the highly conserved 14-3-3 family of proteins, which
bind to phosphoserine- or phosphothreonine-containing
proteins (Morrison 2009). It was reported that binding of
14-3-3 proteins to EDC3, an enhancer of mRNA decapping
complex, altered P-body morphology, inhibited miRNA-
mediated gene silencing, and changed protein—protein
interactions of EDC3 (Larance et al. 2010). Our analysis
further revealed interactions between 14-3-3 proteins and
several other reported or predicted P-body components,
including LARP1, KLC3, TRIM21 (RO52), TTP (ZFP36),
and RCK/P54 (DDX6). Collectively, these observations
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suggest that 14-3-3 proteins play an important role in
regulating P-bodies.

Evaluation of proteins that may have impact
on P-bodies

As an initial test of the validity of our in silico approach, we
evaluated the P-body interactants listed in Supplemental
Table 2 by examining their reported functions as well as the
methods used to detect their interactions with P-body com-
ponents and selected USP4, DOM3Z, ATG12, and hnRNP
K (Table 2) for experimental validation. These proteins
have not been reported to link to P-bodies; however, each
interacts with at least three P-body components whose
functions appear to directly impact P-body dynamics. More-
over, they are all ubiquitously expressed in mammalian cells.
USP4 is a deubiquitinating enzyme with isopeptidease ac-
tivity, and it interacts strongly with RO52, an E3 ubiquitin
ligase (Wada and Kamitani 2006). The two enzymes appear
to have antagonistic effects (Wada and Kamitani 2006).
A recent report found that RO52 associates with Dcp2 and
that ectopically expressed RO52 colocalizes with P-bodies
(Yamochi et al. 2008). We therefore also targeted RO52 for
experimental validation.

Human U20S cells were used as the experimental model.
Immunofluorescence microscopy, using endogenous Rck/
p54 (a well-characterized P-body component) as a marker,
showed, as in mouse NIH3T3 cells (Fig. 2A; Zheng et al.
2008), a nice staining of P-bodies in human U20S cells
treated with nonspecific siRNAs (Fig. 2B). Moreover, Pan3
knockdown in U20S cells decreased P-body numbers as
observed in NIH3T3 cells (Zheng et al. 2008), whereas
knocking down Pan2 deadenylase had little effect in both
cell lines (Fig. 2A,B). We then examined the effects of
knocking down USP4, RO52, DOM3Z, ATG12, or hnRNP
K on P-bodies in human U20S cells. The results showed
a significant reduction of P-bodies in cells treated with

siRNAs specific for any one of these five candidates or Pan3
(Fig. 2B,C). Western blot analysis confirmed an effective
knockdown of each protein using specific siRNAs but not
control siRNAs (Fig. 2B). It should be noted that among
the five genes tested, knocking down hnRNP K has the
most dramatic effect on P-body number. While knocking
down >90% of ATG12 or USP4 led to 50%—60% reduction
of P-bodies, P-bodies could hardly be detected when only
~60% of hnRNP K was knocked down. Collectively,
these experiments demonstrated that USP4, RO52, DOM3Z,
ATG12, and hnRNP K all impact the dynamics of P-bodies.

To evaluate whether any of the five proteins tested here
are found in P-bodies, we performed indirect immunofluo-
rescence microscopy, using ectopically expressed GFP-
Dcpla as a P-body marker (Eystathioy et al. 2003; Zheng
et al. 2008). GFP-Dcpla forms clear P-body foci and
colocalized well with P-bodies marked by Rck/p54 in
U20S cells (Fig. 3A). HnRNP K showed strong nuclear
staining without discernable foci in the cytoplasm. Al-
though DOM3Z exhibited strong nuclear staining, it also
formed a few clear foci in the cytoplasm that colocalized
with P-bodies marked by GFP-Dcpla (Fig. 3A). In contrast,
endogenous ATG12 did not appear to form any obvious
foci that colocalized with P-bodies in U20S cells expressing
GFP-Dcpla. Due to the lack of anti-USP4 antibody that is
suitable for indirect immunofluorescence study, it is not
clear whether endogenous USP4 can be found in P-bodies.
However, ectopic expression of Flag-tagged USP4 either
abolished or appreciably reduced P-body formation (Fig.
3B). In most cases, Flag-USP4 gave a fairly even staining of
the cytoplasm. In a few cases, even though Flag-USP4 was
observed to form some cytoplasmic foci, they did not
colocalize with P-bodies. In contrast to USP4, ectopically
expressed RH-tagged RO52 forms many foci that colocalize
well with P-bodies (Fig. 3C), consistent with the observa-
tion by a previous study (Yamochi et al. 2008). Taken
together, our data identified DOM3Z as a new P-body

TABLE 2. Proteins selected for experimental validation of putative functions related to P-bodies

Selected Putative functions
protein Interacting P-body components Detection methods Reported functions related to P-bodies
USP4 DCP1A, DCP1B, EDC3, LSM2, Interaction with Trim21: Y2H; Deubiquitination Deubiquitination of P-body
LSM4, LSM6, LSM7, TRIM21 interactions with other proteins: proteins to regulate their
IP using the non-RNA-binding abundance or function
protein USP4 as bait
ATG12 DDX6, HNRNPA3, MOV10 IP using the non-RNA-binding Autophagy Affects miRNA-mediated
protein ATG12 as bait; no gene silencing
RNaseA treatment
DOM3Z DCP2, UPF1, XRN1 Y2H Nuclear decapping Affects mRNA decay
hnRNPK PCBP1, PCBP2, YBX1 Y2H mRNA metabolism Affects translation

repression or mRNP
remodeling

Reported functions of the proteins, their interacting P-body components, and the methods used to detect the PPIs were considered to evaluate
their possible functions related to P-bodies. (IP) Immunoprecipitation; (Y2H) yeast two-hybrid screen; (pull-down) protein affinity purification

followed by mass spectrometry.
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FIGURE 2. Effects of siRNA knockdown of selected P-body interacting proteins. (A)
Immunofluorescence microscopy and Western blot results showing a significant loss of
P-bodies in mouse NIH3T3 cells when Pan3 (and not Pan2) was knocked down by specific
siRNAs. P-bodies were visualized using rabbit anti-Rck/p54 antibody followed by secondary
goat anti-rabbit conjugated to Alexa 488 (green). Cell nuclei were stained by DAPI. (B)
Immunofluorescence microscopy results showing effects on P-bodies when the indicated
endogenous proteins were knocked down by specific siRNAs in human U20S cells. P-bodies
were visualized with rabbit anti-Rck/p54 antibody followed by secondary goat anti-rabbit
conjugated to Alexa 488 (green). Cell nuclei were stained with DAPI. Western blots showing
effective knockdown of the targeted endogenous proteins. (C) The changes in P-body number
following knockdown of target proteins were analyzed. The quantification of P-bodies was
determined by counting the number of P-bodies of a group of cells per experiment. Data are
presented as the mean P-body number per cell + standard error of the mean (n > 4). The
asterisk denotes a significant difference analyzed by a paired t-test.

component and further suggest a role
for ubiquitination—deubiquitnation in
regulating P-body dynamics.

DISCUSSION

Our study combining in silico analyses
and experimental data led to new obser-
vations and also lends support to several
notions. First, P-body components are
not limited to proteins involved in mRNA
decay and translation repression in the
cytoplasm (Eulalio et al. 2007; Parker and
Sheth 2007; Franks and Lykke-Andersen
2008; Anderson and Kedersha 2009);
they also contain proteins involved in
various other aspects of mRNA metabo-
lism in the nucleus as well, including tran-
scription, splicing, or mRNA transport.
Second, the present analysis reveals that
at least two-thirds of human P-body pro-
teins form dense PPI networks (Fig. 1),
supporting the notion that PPIs among
P-body components contribute to the
aggregation of mRNPs during P-body
formation. Third, in addition to dead-
enylases and the 5'-to-3" exonuclease
Xrnl, two endonucleases (SMG6 and
\ZC3H12D) can also be found in P-bodies
(Table 1). This suggests that degra-
dation of some mRNAs in P-bodies
may involve endonucleolytic cleavage.
Fourth, although many mRNA degra-
dation factors are found in P-bodies,
some proteins identified as P-body com-
ponents are actually mRNA stabilizers
(e.g., eIF4E, HuD, PCBPI, and PCBP2).
This suggests that some mRNAs in
P-bodies may be protected from degra-
dation, consistent with the notion that
P-bodies can serve as temporary mRNP-
storage sites (Eulalio et al. 2007; Parker
and Sheth 2007; Franks and Lykke-
Andersen 2008; Anderson and Kedersha
2009). Finally, localization of protein
modification factors—including 14-3-3
protein family members, kinases, E3
ubiquitin ligases, and deubiquitinating
enzymes—to P-bodies (Table 1) suggests
that phosphorylation and ubiquitina-
tion may occur in P-bodies to modulate
P-body dynamics (also see discussion
below).

While more about the effectiveness of
the in silico strategy can be further
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FIGURE 3. Subcellular localization of selected P-body-interacting proteins. Immunofluorescence microscopy of (A) endogenous Rck/p54,
hnRNP K, Dom3Z, and ATG12; (B) ectopically expressed USP4; or (C) ectopically expressed RO52 in proliferating U20S cells. U20S cells were
transfected with a plasmid encoding GFP-Dcpla to mark P-bodies (green foci) in panel A. Endogenous proteins were visualized using the cognate
rabbit antibodies followed by secondary goat anti-rabbit conjugated to Alexa 555 (red staining). Flag-tagged USP4 or RH-tagged RO52 was
visualized using the corresponding anti-epitope monoclonal antibody followed by secondary goat anti-mouse conjugated to Alexa 488 (green
staining). P-bodies were visualized using rabbit anti-Rck/p54 antibody followed by secondary goat anti-rabbit conjugated to Alexa 555 (red).

determined through additional experimentation in the
future, our initial test (Fig. 2B,C) with individual knock-
down of five genes selected based on the analyses supports
the validity of our in silico approach. It is worth noting that
P-body loss or reduction as a result of gene knockdown
should not be extrapolated to mean that the corresponding
gene product is physically required for P-body integrity. It
is also possible that a gene knockdown may indirectly
impact translation or mRNA decay, which, in turn, could
influence P-body dynamics. Our results have stimulated
several hypotheses that help to guide future research on
P-bodies. Some examples of these hypotheses are discussed
below.

The role of 14-3-3 family proteins in regulating
P-body dynamics

Although proteins of the 14-3-3 families were not reported
as P-body components, our analysis reveals that 14-3-3
proteins interact with several reported or predicted P-body
components (Supplemental Table 2). The putative roles of
these proteins in regulating P-body dynamics are also
supported by several recent studies showing that binding
of 14-3-3 proteins to EDC3, a P-body component, altered
P-body morphology, inhibited miRNA-mediated gene si-
lencing, and changed EDC3’s PPIs (Larance et al. 2010).
Furthermore, phosphorylated 14-3-3y protein (YWHAG)
translocates to P-bodies, and knocking down 14-3-3v
protein blocks P-body formation after UV damage (Okada
et al. 2011). It is known that 14-3-3 proteins bind to
protein ligands with phosphorylated serine or threonine
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residues, which, in turn, physically prevent molecular inter-
actions or modulate the accessibility of a target protein to
modifying enzymes such as kinases, phosphatases, and
proteases (Mhawech 2005; Johnson et al. 2010). In addi-
tion, 14-3-3 proteins can act as scaffolds to bring target
proteins in close proximity to one another. We hypothesize
that these activities of 14-3-3 proteins and the involved
signaling pathways play a pivotal role in regulating P-body
assembly, maintenance, and/or disassembly.

P-body regulation via protein ubiquitination
and deubiquitination

Our results show that knocking down USP4, a deubiquitinating
enzyme with isopeptidease activity that interacts strongly
with RO52 E3 ubiquitin ligase (Wada and Kamitani 2006),
caused a significant reduction of P-bodies (Fig. 2B,C). We
also show that ectopically overexpressing USP4 results in
loss of P-bodies (Fig. 3B). One possibility is that the
isopeptidease activity of USP4 is necessary for it to impact
P-body dynamics. Given that mLin41 and RO52 (Trim21),
two E3 ubiquitin ligases, are also found in P-bodies (Wada
and Kamitani 2006; Rybak et al. 2009), it is possible that
USP4-mediated deubiquitination of P-body components,
which are ubiquitinated by these ubiquitin ligases, may
influence P-body dynamics. It is of particular interest that
RO52 colocalizes with P-bodies, and knocking down RO52
also impedes P-body formation (Figs. 2B, 3C). Moreover,
RO52 can ubiquitinate itself and USP4, and USP4 can
deubiquitinate itself and RO52 (Wada and Kamitani 2006).
Taken together, it is tempting to postulate that a balance of
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the USP4-RO52 yin—yang actions on P-body components
and on each other is important for P-body formation or
maintenance, which may represent a new regulatory mech-
anism controlling P-body dynamics and/or functions.

A new role for the nuclear decapping enzyme
DOMS3Z in cytoplasmic P-body formation

The yeast ortholog of human Dom3Z, Railp, possesses
both pyrophosphohydrolase activity toward 5’-triphos-
phorylated mRNA and a decapping endonuclease activity
that removes the entire unmethylated cap dinucleotide
from mRNA (Xiang et al. 2009; Jiao et al. 2010). More-
over, Railp was reported to be involved in a novel surveil-
lance mechanism that ensures the integrity of mRNA’s 5’
end by removing aberrant caps of mRNA in the nucleus
(Jiao et al. 2010). Given the sequence conservation be-
tween Railp and Dom3Z, our finding that Dom3Z
knockdown resulted in loss of P-bodies in human U20S
cells suggests that Dom3Z also plays an important role in
mammalian cytoplasmic mRNA degradation. Moreover, our
observation that Dom3Z colocalizes with P-bodies also
supports the possibility that mammalian Dom3Z may have
a surveillance role in P-bodies, e.g., by removing aberrant
caps of mRNPs in P-bodies.

A potential role of autophagy in P-body formation

Our finding that knocking down ATG12 reduced P-bodies
(Fig. 2B) raises an intriguing question as to how ATGI12,
a ubiquitin-like protein required for autophagy in mam-
mals (Geng and Klionsky 2008), is involved in P-body for-
mation. Autophagy plays a vital role in maintaining cellular
homeostasis in differentiated mammalian cells (Glick et al.
2010). One possibility is that P-bodies help maintain cy-
toplasmic mRNA homeostasis in a way that coordinates
with autophagy. The observation that ribosomes can be
selectively degraded by autophagy (Glick et al. 2010), which
could, in turn, affect the translation status of the mRNA
pool, supports this possibility. Alternatively, given that
ATGI12 is a ubiquitin-like modifier that can be covalently
attached to multiple protein substrates (Geng and Klionsky
2008), our finding also supports the notion that modifica-
tions of certain P-body component proteins may be nec-
essary for P-body assembly.

A general role of hnRNP proteins in P-body formation

HnRNP K belongs to a large family of RNA-binding pro-
teins that associate with mRNAs during mRNA biogenesis
in the nucleus (Bomsztyk et al. 2004). They participate in
various aspects of mRNA metabolism both in the nucleus
and in the cytoplasm (Bomsztyk et al. 2004), e.g., pre-
mRNA splicing, mRNA decay, translation, virus replica-
tion, and axon development. Therefore, hnRNP K may be

important for general mRNP remodeling, and thus knock-
ing down hnRNP K impairs formation of the proper
mRNP structure required for P-body formation. However,
it is equally possible that the effect of hnRNP K knockdown
is indirect. It may alter the general integrity of mRNPs and
thus their translation and decay, which, in turn, impacts
P-body dynamics. The involvement of hnRNP K in P-body
formation also raises a question as to whether and how
many other hnRNP proteins also directly participate in or
indirectly influence P-body assembly.

In summary, our study combines the identification of
protein—protein interactions via in silico approach with ex-
perimental testing of some key protein targets. The analyses
suggest several new pathways for controlling P-body assem-
bly, maintenance, and disassembly and also provide several
hypotheses that help to guide future research on human
P-bodies.

MATERIALS AND METHODS

Compiling a comprehensive list of reported P-body
protein components

To compile a comprehensive list of known P-body protein compo-
nents in eukaryotes, we searched articles published since 2002 in
PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) that contain var-
ious synonyms of “P-bodies” in their titles or abstracts {(mRNA
processing bod* [TIAB] OR P bod* [TIAB] OR (Dcpl* [TIAB] AND
(foci [TIAB] or bodies [TIAB])) OR ((GW [TIAB] OR GW182 [TIAB])
AND (bodies [TIAB] OR foci [TIAB])) AND “last 8 years” [DP])}.

Prediction of new human P-body components
and functional classification of human
P-body proteins

To identify potential new human P-body components, the gene
names of P-body components found in nonhuman species were
submitted to the NCBI HomoloGene database (http://www.ncbi.
nlm.nih.gov/homologene) to retrieve their human homologs. Fi-
nally, the reported and predicted human P-body proteins were
grouped according to their reported functions.

Bioinformatic analysis of protein—protein interactions
(PPls) among human P-body components

Gene names of the reported and predicted human P-body com-
ponents were searched in the STRING database version 8.3
(http://string-db.org/newstring_cgi/show_input_page.pl?Userld=bP_
09PRBhSK_&sessionld=ZaAJSCDzZs5j&input_page_type=multiple_
identifiers), with “organism” set to Homo sapiens. PPIs were
limited to those experimentally detected (e.g., by coimmunopre-
cipitation, pull-down, or yeast two-hybrid assays). Additional
PPIs were identified manually via a PubMed literature search. All
PPIs were assembled in an Excel file that was imported to Cyto-
scape version 2.6.3 (Shannon et al. 2003) for visualization. The
nodes were colored to reflect the presumed functions of the
P-body proteins.
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Bioinformatic analysis of protein—protein interactions
(PPls) between human P-body components and other
cellular proteins

A list of Uniprot accession numbers for both reported and
predicted human P-body components was submitted to the
Protein Interaction Networks Analysis (PINA) platform (http://
csbi.ltdk.helsinki.fi/pina/interactome.batchForm.do), which inte-
grates PPI data from six databases. PPIs detected by affinity
technology (e.g., co-IP, pull-down, or tandem affinity purifica-
tion) or transcriptional complementation assay (e.g., two-hybrid
or two-hybrid array) were selected and saved as new networks on
the PINA server. These networks were then combined and down-
loaded as an MITAB file in TSV format, which was processed with
a PHP script to remove records that were duplicates or contained
obsolete accession numbers.

The resulting network data were then further imported to
Cytoscape (version 2.6.3). Nodes representing P-body compo-
nents were selected by opening a text file containing all reported
and predicted P-body components and organized into a circle.
Next, the non-P-body nodes were grouped based on the number
of P-body nodes they interact with. The color of each group of
nodes was set via VizMapper. To create a list of cellular proteins
reported to interact with three or more P-body components, we
gathered the gene names of the selected non-P-body nodes and
their interacting P-body nodes from the Node Attribute Browser.

Cell culture, transfection, gene knockdown,
and Western blotting

NIH3T3 cells and U20S cells were transfected using Lipofectamine
2000 (Invitrogen) and FuGENE 6 (Roche), respectively, using
the manufacturers’ protocols. A pool of siRNAs (SMARTpool;
DHARMACON) was used to knock down expression of each
target gene expression.

Cell lysates were prepared, resolved on a 7% or 10% SDS-
polyacrylamide gel, transferred to PVDF membranes, and immu-
noblotted using an ECL Western blotting kit (Amersham). The
primary antibodies are indicated in the figure legends; bands were
visualized with SuperSignal West Pico Chemiluminescent Sub-
strate (Pierce). The primary antibodies were rabbit anti-Rck/p54
(Bethyl; 1:2000 dilution); mouse monoclonal anti-GAPDH (Re-
search Diagnostics; 1:10,000 dilution); rabbit anti-USP4 (Bethyl;
1:2000 dilution); rabbit anti-RO52 (Lifespan Biosciences; 1:800);
rabbit anti-ATG12 (Cell Signaling; 1:2000 dilution); rabbit anti-
Dom3Z (ProteinTech Group; 1:400 dilution); and rabbit anti-
hnRNP K (Bethyl; 1:2000 dilution). Horseradish peroxidase-
conjugated donkey anti-rabbit IgG (Amersham; 1:4000 dilution)
or goat anti-mouse IgG (Bio-Rad; 1:5000 dilution) was used as the
secondary antibody.

Immunofluorescence assays

NIH3T3 or U20S cells were seeded in six-well plates (0.4 X 10°
cells per well) 24 h before transfection. At 22-26 h after trans-
fection, cells were reseeded to slide chambers (BD Falcon) and
incubated overnight. Cells in the slide chambers were fixed for 10
min each with 3.7% (w/v) paraformaldehyde (Sigma, Cat. P6148)
in PBS, with cold methanol, and then with 0.2% (v/v) Triton
X-100 in PBS (Zheng et al. 2008). For indirect immunofluores-

1630 RNA, Vol. 17, No. 9

cence microscopy, the primary and secondary antibodies were
diluted 1:1000 with 1% (w/v) BSA in PBS. Endogenous Rck/p54
was detected using rabbit anti-Rck/p54 and Alexa Flour 488
(green) or Alexa Flour 555 (red) conjugated to goat anti-rabbit
IgG. Endogenous USP4, RO52, DOM3Z, ATG12, and hnRNP K
were detected in U20S cells, transiently expressing GFP-Dcpla,
using antibodies raised in rabbits and Alexa Flour 555 (red)
conjugated to goat anti-rabbit IgG. After incubation with primary
antibody, cells were washed three times in PBS for 5 min and then
incubated with the fluorescent-labeled secondary antibody. After
washing with PBS, fluorescence mounting medium with DAPI
was added. Slides were examined with a Leica 40X objective lens
with a Leica DM IL light microscope, or with a Deltavision
deconvolution microscope and a 100X objective lens. Optical
z-sectioning was set at 18 sections in total (0.2-pwm space between
sections), and images were deconvoluted using the SoftWorx Suite
(Applied Precision). To analyze the changes in P-body number
following gene knockdown, cells transfected with either control
nonspecific (NS) or gene-specific siRNAs were analyzed using
Image ] software. Particles with values greater than 50 square pixels
were considered above background staining and were selected for
P-body analysis.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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