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Activator and Posttranscriptional Inhibitor of Gene Expression
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Institute of Technology, Cambridge, MA 02139, USA

Abstract
In this issue of Molecular Cell, Di Giammartino et al. (2012) identify a new function for PARP1 in
the post-transcriptional regulation of mRNAs via ADP-ribosylation of poly(A) polymerase, a
mRNA 3′ processing enzyme.

Poly(ADP-ribose) polymerase 1 (PARP1, also known as ARTD1) is an abundant nuclear
protein that covalently modifies target proteins with poly(ADP-ribose) (PAR) using NAD+

as a substrate. It is a multifunctional enzyme and has many DNA-related nuclear functions
including DNA damage repair and transcriptional regulation under normal and stressed
conditions (reviewed in Kraus, 2008; Luo and Kraus, 2012). During heat shock a small
number of genes, referred to as stress-responsive genes, are upregulated, although overall
gene expression is downregulated. PARP1 plays a critical role in this upregulation by
mediating the transcriptional activation of Hsp70 genes (Tulin and Spradling, 2003). This
occurs at Hsp70 loci where PARP1 becomes activated during heat shock and modifies itself
and histones, resulting in PARP1 release from chromatin and the loss of nucleosomes within
Hsp70 coding regions (Ouararhni et al., 2006; Petesch and Lis, 2008, 2012). In this issue, Di
Giammartino et al. show that PARP1 also functions posttranscriptionally during heat shock,
downregulating the expression of non-stress-responsive genes by PARylating poly(A)
polymerase, the enzyme responsible for poly(A) tail synthesis, thus inhibiting
polyadenylation activity (Di Giammartino et al., 2012).

In eukaryotes, polyadenylation of pre-mRNA is required for stability and is mediated by the
3′ processing complex (reviewed in Millevoi and Vagner, 2010). Two reactions comprise
polyadenylation: endonucleolytic cleavage of the nascent 3′ end and poly(A) synthesis onto
that end, catalyzed by CPSF73 and poly(A) polymerase, respectively. Polyadenylation is
highly regulated by binding proteins and posttranslational modifications (Millevoi and
Vagner, 2010). The complexity of 3′ processing regulation is illustrated by the authors'
previous work identifying ∼80 proteins associated with the 3′ processing complex,
including PARP1 (Shi et al., 2009). To examine PARP1 function at the 3′ processing
complex, Di Giammartino et al. (2012) used nuclear extracts to assay 3′ processing of the
exogenous substrate SV40 late RNA, SVL. Induction of PARP enzymatic activity via NAD+

addition reduced 3′ polyadenylation but not cleavage of SVL, suggesting that poly(A)
polymerase but not CPSF73 activity was downregulated. Poly(A) polymerase was PAR
modified under these conditions, indicating that regulation was due to PARP activity. Using
small molecule inhibitors and siRNAs, they demonstrated that this effect was PARP1
dependent. The authors confirmed that PARP1 can bind and modify poly(A) polymerase in
vitro using purified components and showed that such modification results in a dramatic
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decrease in SVL polyadenylation. To determine the mechanism of inhibition, Di
Giammartino et al. examined 3′ processing complex assembly and SVL RNA binding to
poly(A) polymerase with or without PAR modification. When poly(A) polymerase was
PARylated, RNA binding to poly(A) polymerase decreased, but no effect on assembly of the
3′ processing complex was detected. Together these results identify poly(A) polymerase as
a new PARP1 substrate and show that poly(A) polymerase function is regulated by
PARylation in a PARP1-dependent manner.

To determine if PAP regulation by PARP1 occurs in cells, Di Giammartino et al. (2012)
used nuclear extracts from cells grown under conditions known to activate PARP1
enzymatic activity — DNA damage, oxidative stress, and heat shock. Only heat shock
resulted in polyadenylation repression, suggesting that the signal to activate PARP1 at 3′
processing complexes is specific. These results were confirmed by examining
polyadenlyation of newly synthesized β-globin RNA in an inducible cell line and by
examining polyadenylation of total RNA during heat shock. The authors demonstrated that
poly(A) polymerase is PAR modified in vivo during heat shock and, using chromatin IP/
real-time PCR, that poly(A) polymerase association with the 3′ end of the reporter β-globin
gene and other endogenous genes was reduced. This result suggests that PARylated poly(A)
polymerase no longer associates with the newly transcribed mRNA during heat shock.
Interestingly, poly(A) polymerase binding to the 3′ ends of stress-induced genes was
upregulated during heat shock, consistent with their increased expression and suggesting
that the 3′ processing complex can somehow distinguish between stress-induced and non-
stress-induced transcripts.

This work reaffirms the importance of PARP1 and PAR in nuclear stress responses and adds
posttranscriptional polyadenylation as an additional layer of gene expression regulation
during heat shock. Three critical questions are raised: (1) How does this mechanism of
posttranscriptional regulation differentiate between heat shock and non-heat shock
transcripts? (2) How is PARP1 recruited to the 3′ processing complex? (3) Is PARP1 at the
3′ processing complex regulated independently of PARP1 at Hsp70 loci during heat shock?

How poly(A) polymerase distinguishes between heat shock and non-heat shock-specific
transcripts is unknown. One possibility is that PARP1 activity is inhibited by proteins
specifically bound to heat shock-induced transcripts, resulting in decreased PARylation of
poly(A) polymerase at these transcripts. Alternatively, there could be specific recruitment of
PAR binding proteins to PARylated poly(A) polymerase that convey transcript specificity to
poly(A) polymerase activity. Comparing 3′ processing complex proteins bound to heat
shock-induced versus non-heat shock transcripts and identifying nuclear PAR binding
proteins from heat-shocked cells could provide insight.

How PARP1 is recruited to the 3′ processing complex is currently unknown. While it is
unclear whether PARP1 activation precedes recruitment, the low abundance of PARP1 at 3′
processing complexes under normal conditions suggests that it is not a constitutive
component and that a signal is required for recruitment to the 3′ processing complex (Shi et
al., 2009). Such recruitment could occur via increased binding affinity between 3′
processing components and PARP1 or via binding to the PAR attached to activated PARP1.
Examining the binding interactions between PARylated PARP1 and the 3′ processing
complex could shed significant light on how PARP1 recruitment is regulated.

During heat shock PARP1 enzymatic activity at Hsp70 loci is specifically upregulated in a
heat shock factor (HSF)-dependent manner (Petesch and Lis, 2012). Whether or not PARP1
is independently activated at the 3′ processing complex during heat shock is unknown.
However, either possibility has important functional implications described by the single
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pool and multiple pool models (Figure 1). In the multiple pool model, PARP1 is activated at
the Hsp70 loci and at the 3′ processing complex independently, requiring separate
regulatory mechanisms. In the single pool model, HSF is the sole activator of PARP1, and
activated PARP1 released from Hsp70 loci is recruited to the 3′ processing complex. While
this model requires prior activation at Hsp70 loci, it has the benefit of potential crosstalk
between the two sites of activity (Figure 1). Clearly, identifying the mechanism of activation
of PARP1 in 3′ processing is critical to understanding this interesting new PARP1 function
and will shed light on how it simultaneously functions as both a transcriptional activator and
a posttranscriptional inhibitor during heat shock.
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Figure 1. Regulation of PARP1 during Heat Shock
PARP1 has multiple functions during heat shock, acting as both a transcriptional activator
and a posttranscriptional inhibitor of gene expression. If and how these functions are related
remains unclear. Multiple pools of PARP1 can exist, established by distinct targeting
mechanisms, with each pool being activated independently upon heat shock. Alternatively,
chromatin-bound PARP1 at stress-responsive genes such as Hsp70 could be recruited to the
3′ processing complex upon heat shock, potentially via binding to PAR attached to PARP1.
In each of these models, activation of PARP1 during heat shock results in two distinct
outcomes: upregulationof stress-induced gene expression through PARP1 bound to stress-
induced gene loci such as Hsp70, and downregulation of overall gene expression via
inhibition of poly(A) polymerase at the 3′ processing complex.
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