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Abstract

The mRNA 3’-untranslated region (3'-UTR) modulates message stability, transport, intracellular
location and translation. We have discovered a novel nuclear poly(A) polymerase termed Star-
PAP (nuclear speckle targeted PIPKIa. regulated-poly(A) polymerase) that couples with the
transcriptional machinery and is regulated by the phosphoinositide lipid messenger
phosphatidylinositol-4,5-bisphosphate (P14,5P5), the central lipid in phosphoinositide signaling.
P14,5P, is generated primarily by type | phosphatidylinositol phosphate kinases (PIPKI).
Phosphoinositides are present in the nucleus including at nuclear speckles compartments separate
from known membrane structures. PIPKSs regulate cellular functions by interacting with P14,5P,
effectors where PIPKs generate P14,5P, that then modulates the activity of the associated
effectors. Nuclear PIPKIa interacts with and regulates Star-PAP, and P14,5P, specifically
activates Star-PAP in a gene- and signaling-dependent manner. Importantly, other select signaling
molecules integrated into the Star-PAP complex seem to regulate Star-PAP activities and
processivities toward RNA substrates, and unique sequence elements around the Star-PAP binding
sites within the 3’-UTR of target genes contribute to Star-PAP specificity for processing.
Therefore, Star-PAP and its regulatory molecules form a signaling nexus at the 3”-end of target
mRNAs to control the expression of select group of genes including the ones involved in stress
responses.

Introduction

Stress responses are critical biological processes involving intricate cellular signaling
cascades and protein synthesis, turnover/redistribution and changes in gene expression
required for organismic survival. Under a specific stress condition, only select genes are
transcribed and processed via signaling activation of transcription factors and mRNA
processing machineries. While signaling regulations of gene expression at the 5"-end of
messages have been extensively studied, the hunt for signaling relays at the 3"-end that are
equally essential as those at the 5”-end during processing of the transcripts has just begun.
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Nascent mRNAs are tailed at the 3"-end by a stretch of poly-adenosine monophosphates
called poly(A) tail. This occurs after 3"-end cleavage of the messages at a site situated ~20
nt downstream of the poly(A) signal (AAUAAA). These processes at the 3”-end of a
transcript require high fidelity of the corresponding sequence elements within the mMRNA
and well-tuned coordination of the processing factors that often bind the message. Non-
permissive alterations in this highly ordered process could result in malfunctioning of the
3’-end processing machineries and generation of unnecessary transcripts that could impact
the survival of cells and organisms.

Studies in human diseases such as genetic disorders and cancers have detected mutations in
the cis-regulatory elements of mMRNAs, changes in the levels of the associated regulatory
molecules and even the variations in the expression and activities of poly(A) polymerase. In
addition, utilization of alternative 3’-UTR sequences has been implicated in embryonic
development. These collectively highlight the abundance of the messages that the 3’-end of
mMRNAs carries, and thus regulation strategies targeting the tails of these mRNAs represent a
novel venue for the intervention of human diseases.

The nuclear speckle targeted poly(A) polymerase (PAP), Star-PAP, was identified as a stress
signal-regulated mRNA 3’-end processing enzyme involved in cleavage and
polyadenylation of target pre-mRNAs. Interestingly, Star-PAP recruits common mRNA 3’-
end processing factors that are also components of the canonical PAP complex and recruit
additional enzymes to form and activate the Star-PAP complexes. Star-PAP is regulated
downstream of stress signals and differentially couples with specific activating molecules
(transactivating factors) for the processing of select target mMRNAs. These mMRNAs have well
defined sequence elements at the 3"-end matching with Star-PAP binding specificity.
Therefore, Star-PAP is not only a biosensor for the transduction of stress signals within cell
nucleus but also an effector for the fate of target MRNAS. Here the roles of Star-PAP in
MRNA processing and stress response are discussed.

Star-PAP enzymatic activities and activation for target RNA processing

Star-PAP is a non-canonical PAP (Mellman et al, 2008), a novel member of the DNA Pol
superfamily of terminal nucleotidyl transferases (Martin et al, 2008; Schmidt & Norbury,
2010; Stevenson & Norbury, 2006). It controls the 3"-end processing of select genes
involved in various cellular processes such as oxidative stress response and apoptosis (Li et
al, 2012; Mellman et al, 2008). In vitro, Star-PAP can add poly(A) tail to short
oligonucleotides showing its polyadenylation property, yet it also has uridylation activity
(Mellman et al, 2008; Trippe et al, 2006). Nevertheless, at physiological concentrations of
ATP, adenylation activity competes over uridylation activity suggesting the primary role of
Star-PAP as a PAP in cells (Mellman et al, 2008). In addition, Star-PAP was shown to be
involved in both cleavage and polyadenylation of its target heme oxygenase 1 (HO-1) pre-
mMRNA (Laishram & Anderson, 2010; Mellman et al, 2008). Thus, Star-PAP activity is
discussed in the context of in vitro non-specific polyadenyation, specific cleavage, and
target mRNA polyadenylation.

Non-specific polyadenylation

Star-PAP has PAP activity and can add long (A)-tail toward nonspecific substrates such as
generic Ays poly(A) RNA oligo primer or A4 oligo primer of the sequence
(UAGGGAG)A 15, and also RNA L1 substrate (Mellman et al, 2008). Intriguingly, while the
polyadenylation activity of recombinant Star-PAP was stimulated >10 fold by
phosphatidylinositol 4,5-biphosphate (P14,5P5), Star-PAP purified from cells required
priming with oxidative stress (tBHQ) or DNA damage signal (etoposide treatment) for
P14,5P, stimulation of its polyadenylation activity (Li et al, 2012; Mellman et al, 2008). The
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stimulation bears two facets. First, treatment of cells with the agonists causes an increase in
PAP activity of Star-PAP for the initiation resulting in the formation of enhanced very short
(A)-chain (at least 1 adenosine addition). Second, Star-PAP isolated from tBHQ or
etoposide treated cells shows a dramatic increase in the processivity of the polymerase in the
presence of P14,5P,, resulting in the formation of increased longer (A)-chain. Both initiation
and processivity of Star-PAP activity are regulated by protein kinases such as casein kinase |
(CKI) and protein kinase C delta (PKCS8), and signaling events like DNA damage and
oxidative stress (Gonzales et al, 2008; Laishram et al, 2011; Li et al, 2012; Mellman et al,
2008).

Characterization of Star-PAP non-specific polyadenylation activity using PAP assays at
different time points illustrated a high processivity of Star-PAP. Star-PAP extended the Ays-
primer to the maximum (A)-tail length (>800 nucleotides) in less than 5 minutes (Li et al,
2012; Mellman et al, 2008). The amount of (A)-tailed substrates increased linearly with time
in both the initiation and the processivity of Star-PAP activity (Li et al, 2012). Various
factors limit the poly(A) tail length to 200-300 adenosine residues within the cell (Mandel et
al, 2008; Zhao et al, 1999). Purified Star-PAP, like other PAPSs, can add several hundred
long (A)-tail to the oligo substrates or non-specific templates in vitro (Kyriakopoulou et al,
2001; Martin & Keller, 1996; Mellman et al, 2008; Nagaike et al, 2005; Raabe et al, 1991,
Zhelkovsky et al, 1995). This is due to the high processivity of the enzyme and absence of
poly(A) tail length control mechanisms in vitro.

Specific cleavage of target pre-mRNA

Microarray analysis demonstrated that Star-PAP regulates oxidative stress-responsive genes
such as HO-1 and NQO-1 (Mellman et al, 2008). Oxidative stress agonist tBHQ stimulates
HO-1 expression in a Star-PAP-dependent manner (Laishram & Anderson, 2010; Mellman
et al, 2008). Measurement of MRNA cleavage using a pair of primers across the cleavage
site showed an increased accumulation of uncleaved HO-1 transcripts upon Star-PAP
knockdown. The non Star-PAP targets such as GCLC and GAPDH, however, were not
affected, indicating the involvement of Star-PAP in mRNA 3’-end processing of specific
genes (Mellman et al, 2008). This was supported by the measurement of the poy(A) tail of
HO-1 mRNA using 3'-RACE assay, where knockdown of Star-PAP resulted in loss of both
the oxidative induced and uninduced 3’-end tail formation of HO-1 mRNA even in the
presence of oxidative stress (Laishram & Anderson, 2010). Further, primer extension by
reverse transcription using a 5"-end radio-labeled primer specific to HO-1 UTR downstream
of cleavage site corroborated the observations of the Star-PAP requirement for the cleavage
and polyadenylation of HO-1 pre-mRNA (Laishram & Anderson, 2010).

Although cleavage and polyadenylation reactions are tightly coupled in vivo, the two
processes can be uncoupled in vitro using chain terminating ATP molecules (3'-dATP)
(Humphrey et al, 1987; Takagaki et al, 1989). In vitro cleavage reactions using an in vitro
transcribed HO-1 UTR RNA fragment encompassing all cis-acting elements required for
cleavage and polyadenylation and active HeLa nuclear extracts confirmed the requirement
of Star-PAP in HO-1 pre-mRNA cleavage (Laishram & Anderson, 2010). Hela nuclear
extract prepared from Star-PAP knockdown cells failed to cleave HO-1 UTR RNA.
Recombinant Star-PAP but not PAPa was able to rescue the cleavage defect. There was a
dose dependent increase in the cleavage of HO-1 pre-mRNA with increasing concentrations
of Star-PAP in the rescue experiment, confirming the role of Star-PAP in the cleavage.
Interestingly, oxidative stress treatment of the cells stimulated the cleavage reaction and
P14,5P, addition did not affect the cleavage of HO-1 pre-mRNA, suggesting that the
phosphatidylinositol-4-phosphate 5-kinase | alpha (PIPKIa) activities are not involved in
this process for this gene (Laishram & Anderson, 2010).
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Specific polyadenylation of target pre-mRNA

Polyadenylation is always coupled with the preceding 3”-end cleavage in vivo (Colgan &
Manley, 1997; Proudfoot, 2004; Zhao et al, 1999). Various previous experiments
demonstrated the role of Star-PAP in the 3"-end formation of its target MRNA. Therefore,
the polyadenylation activity of Star-PAP toward target pre-mRNA was tested using the
HO-1 UTR RNA in an in vitro coupled cleavage and polyadenylation assay (Laishram &
Anderson, 2010). The HelLa nuclear extract showed specific polyadenylation after cleavage
of the HO-1 RNA substrate. Knockdown of Star-PAP abolished both cleavage and
polyadenylation of the RNA. In addition, pre-cleaved HO-1 mRNA remained
unpolyadenylated with the nuclear extract from Star-PAP knockdown cells (Laishram &
Anderson, 2010). Unlike the non-specific polyadenylation, the addition of poly(A) tail to the
HO-1 UTR RNA by Star-PAP was limited to ~250 adenosine residues. Thus, the
reconstitution experiment reiterated that Star-PAP is indeed the PAP responsible for
polyadenylation of target HO-1 mRNA. The polaydeylation activity was as in the case of
non-specific polyadenylation, enhanced several fold by the addition of P14,5P,. However,
tBHQ treatment did not impact the specific polyadenylation. As noted before, tBHQ
treatment but not P14,5P, addition stimulated the cleavage reaction (Mellman et al, 2008).
Together, this supports a hypothesis where oxidative stress-induced cleavage reaction of
HO-1 pre-mRNA is stimulated by P14,5P,-mediated enhancement of Star-PAP
polyadenylation. It suggests an interconnected pathway of phosphoinositide and oxidative
stress signal regulating Star-PAP-mediated cleavage and polyadenylation of its target pre-
MRNAs.

Mechanism of Star-PAP-mediated cleavage and polyadenylation of target
pre-mRNA

Star-PAP regulates the cleavage and polyadenylation of its target HO-1 pre-mRNA. In
addition to unique regulatory kinases such as PIPKla and CKla,, Star-PAP associates with
all the canonical 3’-end processing factors including CPSF (160, 73, 100, 30 and hFipl
subunits), symplekin, CstF and hFip1 (Laishram & Anderson, 2010; Mellman et al, 2008)
but is devoid of detectable PAPa and vice versa, indicating the distinct nature of the Star-
PAP and canonical PAPa complexes (Mellman et al, 2008). GST-pull down experiments
demonstrated that Star-PAP directly interacts with CPSF 160 and CPSF 73, which are key
factors for cleavage reaction. Star-PAP also associates with target pre-mRNAs such as HO-1
and BIK at 3’-UTR. PAPa on the other hand does not associate with the Star-PAP targets
such as HO-1 or BIK UTR RNA (Laishram & Anderson, 2010; Li et al, 2012). These results
indicate that Star-PAP and PAPa exist in two distinct 3"-end processing complexes each
having a distinct niche of target genes (Fig. 1).

Star-PAP binds target pre-mRNA UTR

Since Star-PAP has two RNA binding motifs: zinc finger (ZF) and RNA recognition motif
(RRM), and associates with target RNAs in the cell, it was hypothesized that Star-PAP
directly interacts with its target mMRNAS. Electrophoretic mobility shift assays (EMSA)
using radio-labeled HO-1 or GAPDH UTR RNA fragments revealed that Star-PAP indeed
binds its target HO-1 RNA directly and specifically (Laishram & Anderson, 2010). The
binding exhibited around ~10 nM of half maximal binding which is consistent with the
general binding properties of most RNA binding proteins and transcription factors (Chen &
Varani, 2005; Lee & Schedl, 2006; Lunde et al, 2007; Ptashne & Gann, 1997). Deletion of
either ZF or RRM resulted in a reduction in the affinity of binding. However, loss of binding
was observed only when both domains were deleted. While full length Star-PAP showed
half maximal binding of ~10 nM, individual deletions showed half maximal binding of
20-30 nM. Interestingly, a peptide comprised of both ZF and RRM domains of Star-PAP
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bound with ~5 fold higher affinity to HO-1 RNA with a half maximal binding of ~2 nM
confirming that Star-PAP RNA binding requires both ZF and RRM domains and suggesting
that the full length Star-PAP partially folds over the ZF and RRM domains (Laishram &
Anderson, 2010). The involvement of two domains for RNA recognition, however,
complicates the determination of actual binding sequence. Therefore, the actual binding
sequence might involve the combination of multiple nucleotide elements interacting with ZF
or RRM or both. The multiple contacts between Star-PAP and target pre-mRNA would in
turn enhance both the specificity and flexibility for targeting specific RNA sequences.

Since Star-PAP was found to directly bind HO-1 RNA, the binding region and the required
sequence for Star-PAP interaction with HO-1 RNA was further investigated by RNA
footprinting (Laishram & Anderson, 2010). Both RNase T1 and RNase S showed a similar
protection of a region around ~60 nt footprint on the RNA. It extended from ~108 to ~50
nucleotide upstream of cleavage site followed by weak protection extended up to ~45 nt
downstream (Laishram & Anderson, 2010). Based on this observation, deletion analysis of
the protected region also resulted in the loss of Star-PAP binding and failure of cleavage by
HelLa nuclear extract (Laishram & Anderson, 2010). This further confirmed that Star-PAP
binds a region extending from ~108 to ~50 nucleotides upstream of the cleavage site.

Star-PAP recruits CPSF factors to promote specific cleavage

RNA immunoprecipitation (RIP) analysis identified association of the CPSF subunits (160,
100, 73, and 30) with HO-1 pre-mRNA in a Star-PAP dependent manner (Laishram &
Anderson, 2010), suggesting a role of Star-PAP in the assembly of the CPSF complex onto
target RNAs. This was corroborated by EMSA experiments with HO-1 UTR RNA and the
immunoprecipitated CPSF 160 complex from the cells in the presence or absence of Star-
PAP knockdown and HO-1 UTR RNA (Laishram & Anderson, 2010). Similar experiments
with AAUAAA containing UTR RNA and nuclear extract showed a mobility-shifted
complex of the 3”-end processing factors assembled on the RNA (Humphrey et al, 1987).
For the Star-PAP target HO-1 RNA, a distinct 3"-end processing complex formed in nuclear
extract, which was not observed upon Star-PAP knockdown (Laishram & Anderson, 2010).
This demonstrated that Star-PAP is required for the stable assembly of the cleavage complex
on HO-1 RNA.

Star-PAP specific recruitment of CPSF was further defined using recombinant proteins.
Recombinant CPSF 160 exhibited weak binding to the HO-1 UTR RNA, which in the
presence of recombinant Star-PAP formed a stronger ternary complex of CPSF 160, HO-1
RNA and Star-PAP (Laishram & Anderson, 2010). In a dose dependent EMSA experiment,
CPSF 160 bound to the HO-1 RNA with a half maximal binding of ~60 nM. However, in
the presence of Star-PAP, the binding affinity was increased with a half maximal binding of
~20 nM, suggesting that Star-PAP recruits CPSF 160 to assemble a cleavage complex. This
was confirmed by an in vitro reconstitution of cleavage assay using limited number of 3’-
end processing factors (Laishram & Anderson, 2010). To date, no successful reconstitution
of the in vitro cleavage reaction with recombinant cleavage factors was reported, likely due
to the requirement of a complex set of proteins for the cleavage reaction in vivo (Shi et al,
2009). Yet, for Star-PAP, specific cleavage of HO-1 RNA in vitro was reconstituted with
Star-PAP along with CPSF 160 and 73 subunits (Laishram & Anderson, 2010). While CPSF
73 alone exhibited non-specific cleavage, it specifically cleaved HO-1 RNA at the cleavage
site in the presence of Star-PAP and CPSF 160 (Laishram & Anderson, 2010; Mandel et al,
2006). Specific cleavage was weak indicating that additional cleavage factors or regulation
is required to obtain the optimal cleavage in vivo (Humphrey et al, 1987; Mandel et al,
2008; Takagaki et al, 1989). Nevertheless, this represents the first reconstitution of a specific
cleavage reaction in vitro with recombinant and a limited number of 3"-end processing
factors (Laishram & Anderson, 2010; Marzluff, 2010). This reconstitution suggests that the
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failure to reconstitute the cleavage reaction in vitro in the previous studies would probably
relate to the inability to assemble a strong complex on the 3"-UTR RNA substrate to recruit
the CPSF 73. In case of Star-PAP, the association of Star-PAP with CPSF 160 and the HO-1
RNA was sufficiently strong to recruit and position CPSF 73 at the correct cleavage site.

Model of Star-PAP-mediated 3'-end processing

Star-PAP binds a GC rich region upstream of the poly(A) signal of its target pre-mRNA and
also directly interacts with CPSF 160 and 73 subunits (Laishram & Anderson, 2010; Li et al,
2012). CPSF 160 feebly interacts with the poly(A) signal on the target RNA, and its
cooperation with other cleavage factors in the absence of Star-PAP is not stable enough to
assemble a processing complex on the RNA. Star-PAP direct binding to the RNA and an
additional interaction with CPSF 160 then help recruit CPSF complex to the Poly(A) signal.
The direct interaction with CPSF 160 and Star-PAP will recruit CPSF 73 to the complex and
direct it to the correct cleavage site (Fig. 1). The interaction-effected recruitment of Star-
PAP and CPSF on cleavage site provides the cue for remaining cleavage factors to be
engaged at the site of assembly. Cleavage ensues with the action of CPSF 73 followed by
subsequent polyadenylation. This mechanism is in contrast to the PAPa-mediated 3”-end
processing where PAPa does not have RNA specificity nor binds RNA (Martin & Keller,
1996; Wahle, 1991; Zhao et al, 1999). Instead, PAPa is recruited by CPSF complex (Keller
et al, 1991). CPSF 160 associates with the poly(A) signal and co-operates with CstF, which
binds to GU/U-rich DSE and CF Im that recognizes UGUA sequence on the pre-mRNA to
assemble a stable complex. This complex by virtue of CPSF interaction with PAPa, recruits
PAPa to the cleavage site for polyadenylation (Brown & Gilmartin, 2003; Gilmartin &
Nevins, 1991; Keller et al, 1991; Murthy & Manley, 1995). Thus, Star-PAP is the first
example of a PAP that recruits CPSF subunits to promote efficient cleavage of an mRNA
and represents a novel mechanism for cleavage and polyadenylation of pre-mRNAs.

It is not clear why Star-PAP target mRNAs are exclusively regulated by Star-PAP and not
by PAPa.. One obvious reason for the specificity is Star-PAP binding to its target pre-
MRNA upstream of the poly(A) signal (Laishram & Anderson, 2010). Star-PAP footprint on
HO-1 and BIK pre-mRNAs and RNA sequence analysis of Star-PAP target genes indicated
a GC rich sequence ~40-60 nucleotides upstream of the cleavage site (Laishram &
Anderson, 2010; Li et al, 2012). Yet, it does not answer why PAPa cannot process Star-PAP
target genes while there are intact poly(A) signals and cleavage sites. Bioinformatics
analysis showed that there appears to be U/GU-depleted downstream sequence element
(DSE) present in the Star-PAP target genes (Li et al, 2012). Moreover, the Star-PAP target
BIK UTR RNA does not have an optimal DSE, which is critical for CstF binding (Li et al,
2012). Therefore, one possible reason for PAPa exclusion from the Star-PAP target genes
could be that the low U/GU sequence (suboptimal DSE) downstream of cleavage site
renders the pre-mRNA inaccessible to CstF and thus prevents the recruitment of PAPa (Fig.
1).

Regulation of Star-PAP activity by protein kinases and stress signaling

The observations that Star-PAP activities are regulated and Star-PAP targets select mMRNA
sequences for processing suggest that Star-PAP is a sensor at the 3”-end of a transcript under
processing. To date, several signaling molecules have been identified as direct Star-PAP
activators and two major stress-responsive pathways regulating Star-PAP activities defined.

PIPKIa and P14,5P, regulation of Star-PAP activity

Star-PAP was identified in a yeast two-hybrid screen using the PIPKla C-terminal nuclear
speckle-targeting region as bait (Mellman et al, 2008). Interestingly, while readily detectable
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in the Star-PAP complex, PIPKIla was excluded from the PAPa complex, and its messenger
product P14,5P, that markedly triggered Star-PAP processivity failed to stimulate PAPa
polyadenylation activities (Mellman et al, 2008), indicating a PAP-specific manner of
PIPKIa and P14,5P, regulation. This also highlights the notion that PIPKla exerts its
function by targeting P14,5P, effector proteins. PIPKSs interact with receptor targets and
spatially and temporally generate P14,5P,, which associates with the target proteins via
unique phosphoinositide binding domains to activate the targets (Heck et al, 2007).

PIPKIa activation of Star-PAP might be achieved through four possible ways (Fig. 2). First,
activation of the locally targeted PIPKla within a phosphatidylinositol phosphate (PIP)-
containing compartment in the vicinity of pre-mRNA templates generates P14,5P,, which
further reinforced the formation and configuration of the Star-PAP processing complex. This
facilitates the recruitment of other protein kinases such as PKC& required for Star-PAP
activation (Li et al, 2012). Second, the locally generated P14,5P, directly activates Star-PAP.
This is supported by the evidence that P14,5P, stimulates the RNA processing activities of
both recombinant Star-PAP in vitro and isolated Star-PAP from cells (Mellman et al, 2008).
Third, P14,5P,, acting as a direct messenger, binds and activates other kinases such as PKC8&
within the Star-PAP complex that further activates Star-PAP (Li et al, 2012). Fourth,
P14,5P, is further catalytically processed by nuclear PLCs or PI3K to generate second
messengers that switch on additional pathways inducing Star-PAP activation although this
might not apply to all Star-PAP targets since under certain conditions diacylglycerol (DAG)
failed to mediate PIPKla- and PKC&-regulated Star-PAP activities (Li et al, 2012). The
existence of a nuclear phosphoinositide signaling network independent of the cytosolic
counterpart and separated from the nuclear membrane structures has been well established
(Barlow et al, 2009; Cocco et al, 1987; Cocco et al, 1988; Payrastre et al, 1992).
Interestingly, PIPKIa, P14,5P, and PI3K all assemble at nuclear speckles where Star-PAP
and other mRNA processing factors dwell (Boronenkov et al, 1998; Didichenko & Thelen,
2001; Osborne et al, 2001), implicating potential PI3K/Akt signaling switches at this
compartment.

CKI-mediated regulation of Star-PAP activity

The CKI family of Ser/Thr-specific protein kinases requires “priming” phosphorylation by
other kinases or by CKI itself (Flotow & Roach, 1991; Gross & Anderson, 1998). The
isoform CKla is a P14,5P,-sensitive kinase co-localized with Star-PAP at nuclear speckles
(Gonzales et al, 2008; Gross et al, 1999). Star-PAP is phosphorylated at the proline rich
region (PRR) in the catalytic domain by CKI isoforms a and e and this is critical for Star-
PAP activity (Laishram et al, 2011). The PRR contains several Ser and Thr residues, which
are putative sites of CKI phosphorylation. It is therefore likely that Star-PAP is
phosphorylated at multiple sites within the PRR region. This is consistent with the
observation that none of the individual mutations of the Ser or Thr residues in the PRR
abolished the in vitro kinase activity of CKI toward Star-PAP (Gonzales et al, 2008;
Laishram et al, 2011). Oxidative stress treatment resulted in the induction of Star-PAP
phosphorylation, signifying that stress signaling pathways work in concert with
phosphorylation of Star-PAP (Laishram et al, 2011).

Since CKI activity is required for the expression of some of the Star-PAP target genes, the
role of phosphorylation on the Star-PAP polyadenylation activity was studied using affinity
purified Star-PAP (Gonzales et al, 2008; Laishram et al, 2011). Treatment of the Star-PAP
complex with A-phosphatase resulted in the inhibition of Star-PAP polyadenylation activity,
demonstrating that phosphorylation is critical for Star-PAP activity. Both the initiation and
processivity of poly(A) tail addition activities were affected by the dephosphorylation of
Star-PAP. Dephosphorylated Star-PAP purified from cells exhibited only minimal activity
irrespective of stimulation by P14,5P, and/or oxidative stress (Laishram et al, 2011).
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Concomitantly, loss of CKI activity resulted in the loss of Star-PAP polyadenylation
activity. Conversely, only when both CKla and CKle isoforms were knocked down, was
Star-PAP polyadenylation activity abolished, suggesting that these CKI isoforms are
redundant in the cell (Laishram et al, 2011). In addition, the target gene such as HO-1
expression was affected by the knockdown of both a and e isoforms, and single CKI
isoform knockdown did not significantly affect the expression. Moreover, both of the
isoforms were shown to regulate 3"-end processing of Star-PAP target HO-mRNA
(Laishram et al, 2011). Thus, one of the two isoforms may serve as the major CKI that
regulates Star-PAP phosphorylation and HO-1 expression, and the other isoform could act as
a substitute kinase to regulate HO-1 3”-end processing and could act more specifically in
other pathways regulating Star-PAP.

PCK®d regulation of Star-PAP activity

PKCS belongs to the novel PKC subfamily, whose members are commonly regulated by
diacylglycerol, a second messenger generated by phospholipase C hydrolysis of P14,5P,.
Yet, some PKCs directly interact with and are regulated by P14,5P, (Chauhan &
Brockerhoff, 1988; Huang & Huang, 1991; Lee & Bell, 1991). PKCS is a key enzyme in
apoptosis pathways and was shown to function within nucleus downstream of DNA damage
(Humphries et al, 2006; Steinberg, 2004). Though, its nuclear targets and mechanisms of
action remain elusive.

The full length PKCS, but not the cleaved form, was shown to be targeted to nuclear
speckles where it associates with the Star-PAP complex. Further, PKCS is required for Star-
PAP processing of the transcript encoding the pro-apoptotic gene BIK (Li et al, 2012).
PKCS is recruited to the Star-PAP complex by binding to PIPKIa and can directly
phosphorylate Star-PAP and potentiate Star-PAP polyadenylation activity (Li et al, 2012).
P14,5P, dose-dependently increased PKCS phosphorylation of its substrates. Remarkably,
PKCS8 phosphorylation of Star-PAP in the presence of PIPKla required P14,5P,
demonstrating that PIPKIa activation and P14,5P, generation are prerequisites for PKC&
activation and subsequent modulation of Star-PAP. PKCS is key in the activation pathway
since P14,5P,-potentiated and DNA damage-induced Star-PAP stimulation of
polyadenylation activity were abolished by loss of PKC6 (Li et al, 2012). In this signaling
cascade, P14,5P, but not diacylglycerol acted as a direct activator of PKCS that then
activates Star-PAP and possibly other downstream events. Therefore it would be of interest
to know what defines the difference in the PKCS activation mechanism in the Star-PAP
complex, and how the local pool of P14,5P, is metabolized after the activation.

Stress signaling regulation of Star-PAP and control of stress-responsive gene expression

The 3"-UTR is important for mRNA stability, localization, export and translation. Our data
indicate that multiple signal transduction pathways occur at the 3’-end of RNA transcripts.
This is an emerging field of study and represents a “hotspot” for the regulation of mMRNA
processing and gene expression. For example, the MAPKSs have been shown to
phosphorylate the inhibitory RNA-binding proteins FBP2/3 and TTP at the 3'-UTR and
promote mRNA stability and expression (Danckwardt et al, 2011; Hitti et al, 2006).
Genotoxic stress could induce dissociation of the mRNA decay-promoting AUF1 and the
translational suppressor TIAR from GADD45a, a DNA damage-inducible gene, thereby
increase its expression required for DNA repair and genomic stability (Lal et al, 2006).

RNA polymerase Il (Pol 11) is the core of the transcriptional machinery and its
phosphorylation status changes during signaling and downstream of stress responses.
Laminar shear stress-induced Pol 11 phosphorylation at carboxy-terminal domain (CTD)
serine 2 increased Pol 11 binding to the endothelial nitric oxide synthase (eNOS) gene and
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enhanced its expression (Moore et al, 2010). Of note, while serine 2 phosphorylated in the
CTD of RNA Pol Il is involved in 3"-end processing of certain mRNASs, it fails to act for the
others (Fujita et al, 2008; Gomes et al, 2006). Interestingly, Pol Il is able to carry certain
transactivating factors from the 5" to the 3" of the gene and the 3’-UTR RNA is important
for the factors to interact with the transcript. When yeast experiencing osmotic stress, the
stress-activated protein kinase Hog1 is recruited to Pol 1l during elongation of the mRNA of
the stress-responsive gene STL1 and this requires the 3"-UTR region of the gene even in the
presence of the wild type promoter (Proft et al, 2006), suggesting that the 3’-UTR has signal
sensing regions that are independent of the mMRNA 5”-end.

It is becoming evident that polyadenylation of mMRNA by PAP is a signal-regulated event.
Hyperphosphorylation of PAP by the maturation/mitosis-promoting factor, MPF, inhibits
PAP activity during cell cycle (Colgan et al, 1996). In addition, different cleavage sites seem
to be used for the generation of specific transcripts during stress response and
embryogenesis (Berger & Meselson, 1994; Hall-Pogar et al, 2005; Ji et al, 2009). Therefore,
exploring the regulation of the 3"-end processing will shed light on the control of gene
expression and response of cells under stress conditions.

As a nuclear PAP, Star-PAP functions at the 3"-end of newly transcribed mRNAs by
integrating upstream stress signals and binding to specific sequence elements within the 3’-
UTR of transcripts. Star-PAP activity and processivity are tightly regulated by signaling
molecules such as PIPKIa, P14,5P,, CKla/e and PKCS&. Two distinct stress signaling
pathways, the oxidative and the DNA damage cascades, have been defined for the regulation
of Star-PAP control of stress-responsive gene expression (Fig. 3).

Oxidative stress and DNA damage both stimulated the Star-PAP cleavage and
polyadenylation of RNA substrates and both are required for Star-PAP polymerase activity
(Li et al, 2012; Mellman et al, 2008). Treatment of cells with oxidative or DNA damage
agonists primed Star-PAP for the P14,5P, stimulation of Star-PAP activity. DNA damage
stimulated both the initiation (short A-tail) and the priming of the P14,5P,-stimulated
processivity (long A-tail formation) of Star-PAP polyadenylation activity. Remarkably,
knockdown of PKCS§ abolished etoposide-induced Star-PAP activity as well as the initiation
(short tail) and processivity (long tail) of polyadenylation by Star-PAP suggesting that
PKCS is required for Star-PAP activation in this DNA damage pathway (Li et al, 2012).

The expression and 3”-end processing of Star-PAP target BIK also require PKC8
downstream of DNA damage stimulation. PKC8& knockdown blocked etoposide priming for
PIP, stimulation of Star-PAP polyadenylation activity, but did not affect the oxidative stress
stimulated Star-PAP polyadenylation activity. This demonstrates that the DNA damage and
PKC&-mediated Star-PAP regulatory pathways are distinct from that of the oxidative stress
modulated Star-PAP pathway (Laishram & Anderson, 2010; Li et al, 2012) (Fig. 3). In
addition, oxidative stress did not affect the expression of PKC&-regulated BIK mRNA
processing, and the DNA damage pathway did not significantly alter the oxidative stress-
regulated HO-1 expression suggesting a signal-mediated differential regulation of Star-PAP.
PKC& knockdown also did not affect the HO-1 expression (Li et al, 2012). These
observations indicate that distinct signaling pathways and complexes regulate Star-PAP
control of 3”-end processing of specific target MRNAs (Fig. 3).

Perspective

The mRNA 3’-end processing machinery has a different composition compared to the 5’-
end transcription initiation complex. However, key components of the 3”-end processing
machinery including CPSF 73 (Glover-Cutter et al, 2008), PAPa and Star-PAP
(unpublished) are detectable at the 5"-end of genes, presumably through association with
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RNA Pol 11. As the transcriptional complex progresses from the 5”-end to the 3"-end, RNA
Pol 11 associates with some 3’-end processing components. Yet, PAPa and Star-PAP are
always in separate complexes, indicating that the distinct PAPs differentially integrate into
the RNA Pol Il complexes during transcription elongation of specific gene transcripts.
Along the gene, the PAPa- or Star-PAP-RNA Pol Il complexes must recruit specific
signaling molecules, kinases or other transactivators that modulate Star-PAP or canonical
PAP specificity (Fig. 4). The complexes of RNA Pol Il with the 3"-end processing
machinery and kinase transactivators are gene specific and modulate the PAPa and Star-
PAP specificity toward specific pre-mRNAs and polyadenylation sites. As the RNA Pol Il
complexes progress down the gene and generate transcript, Star-PAP specifically binds the
RNA at the 3"-end and recruits processing factors that cleave the RNA followed by Star-
PAP polyadenylation of the message.

Star-PAP differentially mediates target gene expression downstream of oxidative and DNA
damage pathways, indicating that unique transactivators are incorporated into the 3"-end
processing complexes. In addition, for Star-PAP targets, there appears to be unique sequence
elements within the 3’-UTR RNAs. As not all genes are Star-PAP targets, the Star-PAP and
canonical PAP targets appear to have distinct sequence elements around the 3"-end cleavage
sites (Laishram & Anderson, 2010; Li et al, 2012). This suggests that within a single gene
that has multiple poly(A) signals, some sites may be targeted by Star-PAP and others by
canonical PAPs. There are three canonical PAPs in human, PAPa, PAPR and PAP-y. While
PAPB is a testis-specific cytoplasmic PAP, PAPa and PAP-y are expressed in nucleus of
most cells. It is not clear how these PAPs define their target messages and how they conspire
in processing a single transcript with multiple poly(A) signals.

Phosphorylation of PAPs is a critical way of regulating the activities of the enzyme required
for RNA processing. Star-PAP phosphorylation by CKla/e and PKCS and canonical PAP
phosphorylation by MPF exemplify this regulation. Besides the common domains that the
canonical PAPs have, Star-PAP has additional domains that contain putative
phosphorylation sites by other kinases. This feature allows the flexibility of Star-PAP
regulation by different signaling pathways and integration of select proteins for activation,
suggesting that certain genes are only regulated by Star-PAP downstream of specific signals.

Star-PAP is regulated by the lipid messenger P14,5P, that is generated by PIPKla and
possibly other PIP kinases. The organization of P14,5P, in the nucleus that regulates Star-
PAP is not known but has significant implications for spatial regulation of Star-PAP-
controlled gene expression.
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Fig.1.

Mechanism of Star-PAP mediated mRNA 3’-end processing. Stress signals activate specific
protein kinases and other factors, which are targeted to the Star-PAP complex and induce
Star-PAP activation. In turn, other regulatory proteins including the CPSF subunits required
for the 3”-end processing could be recruited to the complex. Star-PAP binds a GC-rich RNA
sequence upstream of the poly(A) signal. The U/GU deficient DSE is suboptimal for CstF
64 binding, which in combination with Star-PAP binding, excludes PAPa recruitment and
the formation of PAPa-based processing complex.
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Fig. 2.

PIPKIa and P14,5P, regulation of Star-PAP activation. PIPKla activation and P14,5P,
generation could activate Star-PAP through four potential mechanisms under different
conditions. (D Activation of the locally targeted PIPKla within a PIP-containing
compartment generates P14,5P,, which in turn participates the conformational changes of the
Star-PAP complex and facilitates the recruitment of PKCS8 and other activating enzymes. @
The locally generated P14,5P, stimulates Star-PAP activation together with other co-factors.
Q@ PI4,5P, directly activates PKCS, which phosphorylates and enhanced Star-PAP activities
required for mRNA processing. @ The nuclear PLCs or PI13K processes P14,5P, and
generates second messengers that are in involved in additional signaling events for Star-PAP
activation.
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Signaling regulation of Star-PAP mediated 3”-end processing. Star-PAP-mediated mMRNA
3’-end cleavage and polyadenylation precede transcription termination. Star-PAP activities
were stimulated by various signaling molecules in response to different upstream signals as

exemplified by the oxidative and DNA damage signaling cascades, where the protein

kinases CKla/e and PKC8 phosphorylate and activate Star-PAP in the presence of locally

generated P14,5P.
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Fig. 4.

Interactive model of signaling regulation of MRNA 3’-end processing — a big picture. The
mRNA 3’-end carries unique sequence elements for specific PAP-containing processing
complex. Additionally, the processing is regulated by signaling pathways involving multiple
levels of modulation by protein kinases, other signaling molecules/second messengers (SM),
and regulatory proteins (RP). The interactions between these signaling cascades and
between the mMRNA 3’- and 5”-ends as well as the connective transcriptional processes form
a dynamic nexus for the control of mMRNA processing and gene expression.
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