RNA Biology 9:5, 542-548; May 2012; © 2012 Landes Bioscience

Poly(ADP-ribose) regulates post-transcriptional gene regulation

in the cytoplasm

Anthony K.L. Leung,"* Tanya Todorova,” Yoshinari Ando' and Paul Chang?*
'Department of Biochemistry and Molecular Biology; Bloomberg School of Public Health; Johns Hopkins University; Baltimore, MD USA; *Koch Institute for

Integrative Cancer Research and Department of Biology; Massachusetts Institute of Technology; Cambridge, MA USA

Key words: stress, stress granule,
microRNA, PARP, PARG,
PARP-13, ZAP

Submitted: 08/14/11

Revised: 02/16/12

Accepted: 03/05/12
http://dx.doi.org/10.4161/rna.19899

*Correspondence to: Anthony K.L. Leung and
Paul Chang; Email: anleung@jhsph.edu and
pchang2@mit.edu

542

Since its discovery in 1963, poly(ADP-
ribose) (pADPr) has been shown
to play important functions in the
nucleus of multicellular eukaryotes.
Each of these functions centers upon
DNA metabolism, including 'DNA-
damage repair, chromatin remodeling,
transcription and telomere functions. We
recently described two novel functions
for pADPr in the cytoplasm, both of
which RNA metabolism—
(1) the assembly of cytoplasmic stress

involve

granules, cellular macrostructures that
aggregate translationally stalled mRNA/
protein complexes and (2) modulation
of microRNA activities. Multiple stress
granule-localized,  post-transcriptional
gene regulators, including microRNA-
binding argonaute family members, are
substrates for pADPr modification and
are increasingly modified by pADPr upon
stress. Interestingly, the cytoplasmic
RNA regulatory functions for PARPs
are likely mediated through activities
of catalytically inactive PARP-13/
ARTDI13/ZC3HAV1/ZAP and mono/
poly(ADP-ribose)-synthesizing enzymes,
including PARP-5a/ARTD5/TNKSI,
PARP-12/ARTD12/ZC3HDC1 and
PARP-15/ARTD7/BAL3. These data are
consistent with other recent work, which
suggests that mono(ADP-ribosyl)ated
residues can be poly(ADP-ribosyl)ated
by different enzymes.

Introduction
Poly(ADP-ribose) (pADPr) is a

macromolecular polymer consisting of
2-200 ADP-ribose subunits organized in
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linear or branched chains."? It is a post-
translational modification whose function
is best understood in the context of the
nucleus, where its synthesis is highly
upregulated during DNA damage.’ The
polymer acts as a scaffold to recruit repair
factors to the sites of damage and helps
relax chromatin structure to facilitate
DNA repair.* It was later recognized that
pADPr has additional nuclear functions
during non-stress conditions where it is
involved in transcriptional regulation,

chromatin  remodeling and telomere
functions.?
The poly(ADP-ribose) polymerase

(PARP) family of proteins uses NAD* as
substrate to synthesize ADPr modifications
onto acceptor proteins."*>° PARP-1, which
functions during DNA damage, is the
founding member of the family. Using the
PARP-1 catalytic domain, bioinformatics
analyses identified 16 additional PARPs in
the human genome, many with unknown
function’” A new nomenclature for this
PARP family was thus recently proposed
(Table 1),° but their conventional names
are used here for the sake of familiarity.
A detailed examination of their conserved
catalytic residues revealed that 11 out
of 17 PARPs lack one or more of three
critical residues—histidine, tyrosine and
glutamate (or HYE triad)—required
for pADPr polymerization activities.
Two PARPs, PARP-9 and -13, lack
the histidine and glutamate, which are
important for binding NAD* and pADPr
elongation, respectively, and were thus
predicted to be catalytically inactive.® On
the other hand, the remaining 9 PARDPs
are predicted to transfer single ADP-ribose
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Table 1.PARP family

Alternative Names

Stress Granule Localization

PARP-1 ARTD1

PARP-2 ARTD2

PARP-3 ARTD3

PARP-4 ARTD4, vPARP

PARP-5a ARTD5, TNKS1 +
PARP-5b ARTD6, TNKS2

PARP-6 ARTD17

PARP-7 ARTD14, tiPARP

PARP-8 ARTD16

PARP-9 ARTD9, BAL1

PARP-10 ARTD10

PARP-11 ARTD11

PARP-12 ARTD12, ZC3HDC1 +
PARP-13.1 ARTD13, ZC3HAV1 i
PARP-13.2 ARTD13, ZC3HAV1, ZAP +
PARP-14 ARTDS, BAL2 +)
PARP-15 ARTD?, BAL3 +
PARP-16 ARTD15

“+" denotes stress granule localization determined by antibody staining against endogenous
proteins and GFP-tagging. The antibody staining of PARP-14 has yet to be verified by GFP-tagging.

units, i.e., mono(ADDP-ribose) or mADPr,
onto acceptor proteins.® Such mono (ADP-
ribosyl)ating activities were confirmed
recently for PARP-10, PARP-12, PARP-14
and PARP-15.%

The presence of PARPs with distinct
catalytic activities—synthesis of mADPr
or pADPr—suggests new possibilities.
First, the effect of mADPr modifica-
tion of an acceptor is likely quite differ-
ent from addition of a long pADPr chain.
Second, PARPs of distinct activities could
potentially cooperate in order to modify
a common acceptor protein.®? The physi-
cal association of mADPr- and pADPr-
synthesizing enzymes was demonstrated
by nuclear-localized PARP-1 and PARP-
3,'% and, from our recent work, PARP-5a
and PARP-12 in the cytoplasm.” These
observations suggest a novel mechanism
of pADPr synthesis in which the initiation
and elongation steps can be catalyzed by
different PARPs.

The possibility that poly(ADP-ribosyl)
ation can be mediated by multiple
enzymes is further supported by in vitro
and “in-cell” experiments. For example,
an existing single ADP-ribose could be
poly(ADP-ribosyl)ated by incubating with
NAD* and bacterially expressed PARP-1
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in vitro, where the initial and elongation
steps were separated. In these cases, the
initial ADP-ribose could be derived from
the PARP-1 E988K mutant that can
only auto-mono(ADP-ribosyl)-ate itself,
or the ADP-ribose could be chemically
synthesized and conjugated to peptides or
agarose beads.'®'? Notably, mono(ADP-
ribosyl)ated residues can be derived in cells
from another family of NAD*-consuming
enzymes known as sirtuins.'”” This family
is exemplified by the yeast member Sir2p,
which catalyzes the removal of acetyl
groups from histones and is involved in
gene silencing, chromosomal stability and
aging. However, quite a few members in
yeast, Trypanosomes and mammals have
also demonstrated mono(ADP-ribosyl)
ating activities." For example, yeast Sir2p
can catalyze the transfer of ADP-ribose
to itself and histones. In mammals, two
substrates were identified to date—SIRT4
ribosylates glutamate dehydrogenase to
suppress insulin signaling in pancreatic
B cells and, recently, SIRT6 mono(ADP-
ribosyl)ates PARP-1, which then promotes
PARP-1 automodification with further
ADP-ribose units, upon DNA damage.”
This latter observation suggests that
not only the two NAD*-dependent
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POINT-OF-VIEW

signaling pathways can crosstalk and
cooperate, but also highlights the
possibility  that  mono(ADP-ribosyl)
ated residues can be poly(ADP-ribosyl)
ated by different enzymes in cells.
Similar  sequential modification was
also proposed for other macromolecular
post-translational modifications, such
as  poly(ubiquitin)ation.'s

there are several advantages conferred

Potentially,

by this type of conserved mechanism in
post-translationally modifying substrates
sequentially using different enzymes— (1)
define specificity of substrates to poise for
poly(ADP-ribosyl)-ation only at certain
cellular conditions; (2) increase substrate
diversity given a limited repertoire of
enzymes; or (3) serve as a safeguard/
crosstalk mechanism by adding an extra
layer of regulation. So far, the functions
of mono(ADP-ribosyl)-ation conferred
by these subclasses of PARPs and SIRTs
remain unclear. Given that there are
~1,000-fold more amino acid residues that
are mono(ADP-ribosyl)-ated than being
poly(ADP-ribosyl)ated (as estimated in the
rat liver)," it is formally possible that these
mono(ADP-ribosyl)-ated residues could
serve as unique signals or, alternatively,
as starting points for poly(ADP-ribosyl)

ation.

PARP Functions Beyond
the Nucleus

As more was discovered about the biology
of these recently identified PARDPs, it
became clear that pADPr does have
cellular functions beyond the nucleus.
Most  PARPs  exhibit  cytoplasmic
localizations,®?* yet relatively little is
known about the function of pADPr in the
cytoplasm. Early works by the founders
of the field identified PARP activities
in  cytoplasmic,  post-mitochondrial
fractions.” Such activities accounted for
~25% of total PARP activities in the cell.
These cytoplasmic PARP activities were
identified in multiple mammalian cell
types (HeLa, macrophages, erythroblasts,
plasma cells and neurons) and tissues
(brain and liver extracts) suggesting that
the modification is ubiquitous.*** Further
functions for cytoplasmic pADPr were
suggested by the activities of its degradative
enzyme, pADPr glycohydrolase (PARG).
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More than 50% of total PARG activities

the
suggesting that pADPr synthesis and

are concentrated in cytosol,®
function in the cytoplasm are tightly
regulated. Hints regarding the functions
of cytoplasmic pADPr came from an early
observation of its activities enriched in
free mRNP fractions in sucrose gradients.
Such fractions were enriched in factors
that regulate translation potential and
decay of mRNAs.?#2628 Such correlation
led to the hypothesis that pADPr may be
involved in post-transcriptional mRNA
regulation. This hypothesis was further
supported by the recent discovery of two
PARPs, PARP-12 and -13, that localize to
the cytoplasm and contain CCCH type
zinc finger RNA-binding domains.”?

While the biological function of
PARP-12 remains poorly understood,
PARP-13 is known for its roles in binding
and regulating viral RNA transcripts.””!
It was initially identified as Zinc finger
Anti-viral Protein (ZAP) in a screen for
host factors that confer resistance to the
retrovirus  moloney murine leukemia
virus infection,? and its anti-viral activi-
ties were later confirmed in other retrovi-
ruses such as HIV-1, or other RNA virus
families, including Alphaviruses and
Filoviruses.”*** PARP-13 binding to viral
RNAs correlates with their subsequent
degradation and the inability of the virus
to replicate efficiently.”” PARP-13 co-
immunoprecipitates with two RNA heli-
cases (p72 and DHX30) and the exosome
complex, thought to be responsible for
viral RNA unwinding and degradation,
respectively.?% Knockdown of specific
exosome components decreased the anti-
viral activities of PARP-13, suggesting that
PARP-13 mediates viral RNA degradation
via an exosome dependent pathway.>

Moreover, PARP-13 has two isoforms;
the shorter PARP-13.2 isoform has recently
been shown to directly bind to RIG-I, a
key factor of innate immune response,
after viral infection.’® RIG-I itself is an
RNA helicase and associates with viral
RNAs. The PARP-13.2 binding to RIG-1
activates the type-I interferon signaling.
As both RIG-1 and PARP-13.2 bind viral
RNAs, such PARP-13.2-to-RIG-1 asso-
ciation stabilizes their binding to viral
RNAs,* which might further strengthen
the anti-viral signaling pathway.
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However, these anti-viral properties are
not due to the ADP-ribosylating activities
of PARP-13 because PARP-13 proteins
are catalytically inactive, either lacking a
PARP domain (PARP-13.2 isoform), or
the critical HYE triad residues (PARP-
13.1 contains YYV),>® where their lack
of activities were confirmed by in vitro
ADP-ribosylating assays.>’ Yet the lon-
ger isoform, PARP-13.1, which contains
the “catalytically inactive” PARP-like
domain, confers stronger anti-viral activi-
ties.”” Despite the lack of catalytic activi-
ties, PARP-13 function may require ADPr
modification by other PARPs instead, and
we found that the modifications of these
two isoforms change upon stress differ-
ently—pADPr modification of PARP-
13.2 increases whereas PARP-13.1 remains
unchanged.” Such trans-modification is
common among PARPs, including modi-
fication between PARP-1 and PARP-2,%
and between PARP-5a and PARP-5b.%®
Thus, it is possible that trans-modification
of PARP-13 by other cytoplasmic PARPs
is important for mediating two novel
roles of pADPr in the cytoplasm (Fig. 1):
assembly of stress granules and regulating
microRNA activities.’

Multiple Cytoplasmic PARPs
Regulate SG Assembly

Cells respond to physiological stresses,
such as heat shock, oxidative stress,
ischemia and viral infection by assembling
large multi-protein complexes in the
cytoplasm called stress granules (SGs).”
SGs are found in many pathological
conditions, including hypoxic tumor
cores’ and neurons in animal models of
ischemia stroke and can be induced by
anti-cancer agents, such as arsenite?> and
pateamine A.®* SGs contain poly(A)*
mRNAs, stalled translation initiation
complexes and multiple RNA-binding
proteins, and are thought to regulate
the stability and translation potential
of mRNAs. We have recently shown
that SGs also comprise pADPr, 2 PARG
isoforms (PARG99 and PARGI102) and
5 PARPs (PARP-5a, -12, -13.1, -13.2 and
-15; localization of PARP-14 was also
identified by antibody staining but yet
to be confirmed by GFP tagging; Table
1 and Fig. 2).° Overexpression of these
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Figure 1. Two novel functions for pADPr in
the cytoplasm. The covalent model indicates
the alteration of protein properties inherently
(highlighted with a star in the figure) whereas
the scaffold model indicates that the change
of protein function relies on new non-cova-
lent protein associations through pADPr.

PARPs resulted in the de novo nucleation
of SGs, identifying them as core SG
components. In contrast, overexpression
of the PARG isoforms result in inhibition
of SG assembly and knockdown of PARG
delays disassembly of SG.” Together, these
data suggest that pADPr concentration
in the cytoplasm is locally regulated for
the assembly and maintenance of SG
structure.

How does pADPr mediate the
assembly and disassembly of the mRNP-
enriched SG? We propose that pADPr
functions as a scaffold to bridge diverse
mRNA/protein complexes together. Such
scaffolding properties of pADPr have also
been observed in DNA repair complexes,*
the mitotic spindle**® and another RNA
organelle Cajal bodies.*® To scaffold, two
classes of proteins appear to be required:
proteins that are covalently modified by
pADPr and proteins that bind to pADPr
non-covalently. During stress, select
sets of RNA-binding SG components,
AGO1-4, TIA-1, G3BP1 and PARP-
13.1/2 complex are increasingly modified
by pADPr.” On the other hand, poly(A)-
binding protein PABP and heterogeneous
ribonucleoprotein hnRNP Al both bind
to but are not modified by pADPr.¥ In
addition, a subset of proteins such as the
endoribonuclease G3BP1, both bind to and
are modified by pADPr.** In assembling
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‘ Figure 2. Domain structure of PARPs localized in SGs. ‘

SGes, proteins that are modified by pADPr
become cross-linked to pADPr binding
proteins via protein-pADPr  binding
interactions. The increasing chains of
pADPr emanating from modified RNA-
binding proteins then recruit additional
RNA binding proteins via non-covalent
pADPr-protein interactions. Thus pADPr
could function as a focal nucleator of SGs
through multiple cycles of modification,
recruitment and cross-linking (Fig. 3).
Consistent with this hypothesis, previously
reported dominant negative mutants of
G3BP1 ® and TIA-1  that disrupt SG
assembly are not modified by pADPr in
stressed cells.’

In our working model, SGs are a
physical manifestation of the extensive
networks formed by interactions between
pADPr modification on RNA-binding
proteins, proteins that bind pADPr and
proteins that bind to RNA. In fact, those
PARPs localized in SGs, including the
CCCH zinc finger PARPs, could initiate
part of this interaction network through
their various binding domains for protein,
RNA and pADPr (Fig. 2). The pADPr-SG
scaffold appears to be highly dynamic and,
depending on cell stress state, disassembled
or assembled by regulating PARP/PARG
activities. These opposing enzymatic
activities could thus provide a rapid,
regulatory mechanism for SG assembly
or disassembly, while keeping individual
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RNA/protein  complexes  and  their
functions intact (Fig. 4). The preservation
of RNA/protein complex function could
be critical to a rapid cellular recovery
from stress. Furthermore, one notable
characteristic of pADPr, distinctive from
other macromolecular post-translational
modifications, such as ubiquitin and
SUMBO, is its non-proteinaceous nature,
which theoretically renders the pADPr
scaffold resistant to the activities of
proteases, such as caspases, during stress.

PARP-13 Together
with Other PARPs Regulate
MicroRNA Silencing

In addition to a function in the assembly
of macrostructures, pADPr also plays
important roles in regulating mRNA/
protein interactions at the molecular scale.
To better understand this role, we focused
on examining pADPr modification of
AGO2 and its effect on microRNA
silencing.” This was due to its pervasive
roles in regulating > 60% of mammalian
mRNAs®  AGO2  modification  is
mediated by multple PARPs that
bind to AGO2, each of which exhibits
distinct  catalytic PARP-13
is catalytically inactive, PARP-5a has
demonstrated  poly(ADP-ribosyl)ating
activities and PARP-12 has mono(ADP-
ribosyl)ating activities. We also observed

activities:
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that other family members of argonaute
(AGO1-4) are modified by pADPr. Not
surprisingly, AGO2 immunoprecipitates
exhibited ADP-ribosylating activities upon
NAD" addition. Addition of the general
PARP  inhibitor = 3-aminobenzamide,
which can potentially bind to PARP
domains of all catalytically active PARPs,
completely abrogated ADPr synthesis
in the AGO2 immunoprecipitates. The
pattern of AGO2 modification and the
concentration-dependent  incorporation
of NAD* confirmed that the AGO2
precipitates contain pADPr synthesizing
activities and that it is directly modified
by mADPr and/or pADPr. However, it
remains to be investigated whether the
poly(ADP-ribosyl)ation is mediated in
a sequential manner—as in the case of
SIRT-6  mediated  poly(ADP-ribosyl)-
ation of PARP-1°—that is, first by the
mono(ADP-ribosyl)ating PARP-12,
followed by  poly(ADP-ribosyl)ating
PARP-5a, or directly through PARP-5a
alone.

What is the effect of ADPr modi-
fication on argonaute activities? The
amount of pADPr modification of argo-
naute was inversely correlated with
microRNA silencing. Upon stress, argo-
naute modification by pADPr increased,
and microRNA silencing was relieved.
Notably, under the same conditions, the
global translation rate was reduced; how-
ever the expression of microRNA targets
decreased to a lesser extent than other
mRNAs, consistent with selective regu-
lation of argonaute activities. Similarly,
we observed an increase in pADPr modi-
fication of argonaute and a decrease in
microRNA silencing when PARG was
knocked down, consistent with a function
for pADPr modification of argonaute in
regulating microRNA activities.

How is argonaute modification by
pADPr regulated? We are just beginning
to study this aspect of microRNA/
ADPr function, however critical data
has emerged. Poly(ADP-ribosyl)ation of
AGO?2 is dependent on its ability to bind
RNA. AGO2 mutants lacking the mRNA
binding PIWI domain are unable to be
poly(ADP-ribosyl)ated. Interestingly, a
similar phenomenon was observed for
other  post-transcriptional  regulators
TIA-1 and G3BPI, where their respective
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mutants lacking RNA-binding motifs
were also not poly(ADP-ribosyl)-ated.
These data suggest that either RNA-
binding is required for modification, or
that the RNA-binding domain is the site
of pADPr modification.
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PARP-13 appears to be critical for
microRNA  silencing.  Upon  stress,
modification of argonaute family members
and PARP-13.1/2 complex by pADPr
significantly increases. Overexpression of
the catalytically inactive PARP-13.1 or
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PARP-13.2 relieves microRNA silencing.
While the of PARP-13
function in AGO2 regulation is not
currently clear, one possibility is that the
poly(ADP-ribosyl)ation of argonaute is
mediated by catalytically active PARDPs

mechanism
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(PARP-5aand PARP-12) via PARP-13.1/2.
In fact, all of these PARPs bind to PARP-
13 family members. This is reminiscent of
the activation of tyrosine kinase pathway
where erbB-3, which, though itself has
no active kinase domain, can mediate
signaling  through heterodimerization
with active EGF family kinases like
Her2.' Consistent with this, AGO2
associates with PARP-13 in an RNA-
dependent manner. Perhaps, because of
their ability to bind mRNA, the function
of the inactive PARP-13 isoforms is to
anchor the activities of the catalytically
active PARPs to the mRNP complex. This
might partially explain why the mRNA-
binding domain of AGO?2 is required for
its poly(ADP-ribosyl)ation.

Based on these observations, we pro-
pose that the relief of microRNA silencing
occurs due to a decrease in the accessibility
of the argonaute/microRNA complex to
target mRNAs. This decrease likely results
from the increased pADPr modification of
proteins within the complex, such as those
microRNA-binding  argonaute family
members and PARP-13. Such modifica-
tion could change the protein structure of
target proteins resulting in altered acces-
sibility to mRNA. Alternatively, consid-
ering that one ADP-ribose unit is ~0.5
kDa in size (equivalent to -5 amino acids)
and has two negatively-charged phos-
phate groups, increased concentrations
of pADPr near the RNA binding site in
the argonaute/microRNA complex could
disrupt electrostatic interactions or pres-
ent steric hindrances between argonaute/
microRNA and mRNA target. Finally,
the pADPr might provide a scaffold for
recruiting repressor(s) of microRNA activ-
ities to target mRNAs.

Conclusion

In summary, we propose that pADPr
functions as a general mediator of
stress and can specifically regulate post-
transcriptional gene expression in the
cytoplasm: stress granule assembly and
microRNA activities. These results
further extend its well-characterized DNA
metabolism roles mediated by PARP-1
in the nucleus. Small molecule inhibitors
targeted against PARP-1, which mediates
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DNA damage repair in the nucleus, are
already in phase II/III human trials for
cancer therapy.? These inhibitors have
also shown promise for treatment of
inflammation, ischemia and degenerative
vascular diseases.”®* Our results suggest
that these therapeutic effects may be due
to partial inhibition of PARDPs in the
cytoplasm.

Note added in proof

Wahlberg et al’® recently profiled 185
existing PARP inhibitors and found that
some existing PARP-1 inhibitors can also
bind catalytic domains of other PARPs
with comparable affinity. Therefore,
designing specific inhibitors to PARDPs
may potentially result in highly effective
treatments for these stress-related diseases.
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