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The poly A polymerase Star-PAP controls 3’-end
cleavage by promoting CPSF interaction and

specificity toward the pre-mRNA
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Star-PAP is a poly (A) polymerase (PAP) that is putatively
required for 3’-end cleavage and polyadenylation of a
select set of pre-messenger RNAs (mRNAs), including
heme oxygenase (HO-1) mRNA. To investigate the under-
lying mechanism, the cleavage and polyadenylation of pre-
mRNA was reconstituted with nuclear lysates. siRNA
knockdown of Star-PAP abolished cleavage of HO-1, and
this phenotype could be rescued by recombinant Star-PAP
but not PAPa. Star-PAP directly associated with cleavage
and polyadenylation specificity factor (CPSF) 160 and 73
subunits and also the targeted pre-mRNA. In vitro and
in vivo Star-PAP was required for the stable association of
CPSF complex to pre-mRNA and then CPSF 73 specifically
cleaved the mRNA at the 3’-cleavage site. This mechanism
is distinct from canonical PAPg, which is recruited to the
cleavage complex by interacting with CPSF 160. The data
support a model where Star-PAP binds to the RNA, recruits
the CPSF complex to the 3’-end of pre-mRNA and then
defines cleavage by CPSF 73 and subsequent polyadenyla-
tion of its target mRNAs.
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Introduction

In eukaryotes, generation of messenger RNA (mRNA) is a
multistep process. mRNA precursors (pre-mRNA) undergo
capping at the 5-end, splicing of introns, and processing at
the 3’-end before they are exported as mature mRNA to the
cytoplasm (Hirose and Manley, 2000; Maniatis and Reed,
2002; Auboeuf et al, 2005; Moore and Proudfoot, 2009).
The 3’-end processing of pre-mRNA involves two tightly
coupled reactions—endonucleolytic cleavage followed by
the subsequent addition of a polyadenosine tail to the
3’-end of the cleaved RNA (Colgan and Manley, 1997;
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Wahle and Ruegsegger, 1999; Zhao et al, 1999; Edmonds,
2002; Proudfoot and O’Sullivan, 2002; Mandel et al, 2008).

Mammalian pre-mRNA contains three primary cis-acting
elements that define the accuracy of cleavage and polyade-
nylation: the consensus hexamer (AAUAAA) polyadenylation
signal, the cleavage site, and the GU-rich downstream
element (Colgan and Manley, 1997; Zhao et al, 1999;
Mandel et al, 2008). The 3’-end pre-mRNA processing reac-
tion requires cleavage and polyadenylation stimulating factor
(CPSF), which binds the hexamer AAUAAA (Keller et al,
1991), cleavage stimulating factor (CstF) that recognizes
G/U-rich elements (Takagaki et al, 1990), cleavage factor I,
(CF I,,) (Brown and Gilmartin, 2003), cleavage factor 11, (CF
II,,) (de Vries et al, 2000), poly A polymerase (PAP) (Takagaki
et al, 1988; Ryner et al, 1989), and nuclear poly A-binding
protein (PABP) (Wahle, 1991a). There is evidence that PAP,
RNAPII, CPSF, CstF, CF I, and II,, are involved in the
recognition and cleavage step whereas PAP, CPSF, PABP are
involved in the polyadenylation step (Wahle and Ruegsegger,
1999; Zhao et al, 1999; Edmonds, 2002; Mandel et al, 2008).

Mammalian CPSF consists of five polypeptides—CPSF 160,
CPSF 100, CPSF 73, CPSF 30 and hFipl (Mandel et al, 2008).
CPSF 160 recognizes the AAUAAA sequence on pre-mRNA
(Murthy and Manley, 1995) and interacts with PAP and CstF
(Murthy and Manley, 1995). CstF cooperates with CPSF for
the formation of a stronger complex on pre-mRNA (Takagaki
et al, 1990; Murthy and Manley, 1992, 1995). CPSF 73 acts as
an endonuclease that cleaves the pre-mRNA at the cleavage
site (Ryan et al, 2004; Mandel et al, 2006). The functions of
CPSF 100 are not yet defined (Jenny et al, 1994), whereas the
role of CPSF 30 may be to cooperate with CPSF 160 in RNA
substrate recognition (Barabino et al, 1997). Another CPSF
subunit, hFipl also binds canonical PAP and is presumed
to bring PAP close to the polyadenylation site (Kaufmann
et al, 2004).

Recently, we reported the regulation of 3’-end processing of
specific messages by phosphoinositide signalling mediated
via a novel poly A polymerase named Star-PAP (for Speckle
targeted PIPKla-regulated poly A polymerase) (Mellman
et al, 2008). Star-PAP has also been reported to have
terminal uridylyl transferase activity toward U6 snRNA
in vitro (Trippe et al, 2006). Star-PAP localized to nuclear
speckles together with the type o phosphatidylinositol phos-
phate kinase (PIPKIx), and these two enzymes regulate
expression of select messages including heme oxygenase-1
(HO-1) (Mellman et al, 2008). Star-PAP is distinct from other
PAPs in that PI4,5P,, the product of PIPKIa, specifically
stimulates PAP activity by > 10-fold in vitro and is required
in vivo after priming with oxidative stress signalling
(Mellman et al, 2008). Star-PAP forms a complex with 3'-
end processing components such as CPSF 73, CstF, RNAPII
and Symplekin in vivo, which also associate with canonical
polyadenylation complex. However, there was no detectable
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PAPqa in the Star-PAP complex or vice versa demonstrating
that these two PAPs assemble into distinct complexes.
The knockdown of Star-PAP resulted in the accumulation of
uncleaved HO-1 RNA signifying that Star-PAP was required
for 3’-end cleavage (Mellman et al, 2008).

Canonical PAPa is recruited to the 3’-cleavage site by
interactions with the CPSF complex that in turn binds to
the pre-mRNA (Keller et al, 1991; Murthy and Manley, 1995).
Here, the mechanism for Star-PAP in the cleavage of its target
HO-1 pre-mRNA is defined in vivo and in vitro. The results
demonstrate that Star-PAP binds to HO-1 3/-UTR RNA and is
required for the stable assembly of CPSF complex on HO-1
RNA through its interactions with CPSF160 and 73, distinct
from that of canonical PAPo. These data support a model
where Star-PAP promotes the interaction of CPSF complex to
pre-mRNA and is required for the assembly of the 3’-end
processing complex and defines specificity of CPSF 73
cleavage.

Star-PAP-mediated 3'-cleavage of HO-1 mRNA
RS Laishram and RA Anderson

Results

Star-PAP-dependent cleavage of its target mRNA in vivo
HO-1 expression is highly induced by oxidative stress and the
agonist tert-butyl hydroquinone (tBHQ). To monitor changes
in HO-1 mRNA, total RNA was isolated from HeLa cell
transfected with control or siRNA Star-PAP or with tBHQ
treatment, and subjected to 3’-RACE and primer extension
analysis. 3’-RACE measured the amount of cleaved and
polyadenylated (mature) mRNA and the primer extension
analysis gives a measure of the downstream cleavage product
(Figure 1A and C). RACE products (~ 1000 bp) were observed
with RNAs from both resting and tBHQ-treated cells
(Figure 1B, lanes 1-2) and a loss of product with siRNA
knockdown of Star-PAP (Figure 1B, lane 3). To confirm that
this loss was not due to alternative splicing, the 3’-RACE
analysis was repeated with a primer in the last exon of HO-1
(Supplementary Figure S1A). Consistent with enhanced HO-1

A Cleavage site

1 466 1470

—>
RT/PCR

HO-1 RNA

v

AAAAAAAAAAA

TTTTTT
A

3-RACE

1025

Lane 1 2 3 4

HO-1 GAPDH
(o Cleavage site A
HO-RNA +1 +56 ) )
________ <«— 32p - Primer extension
D Star-PAP - - - + - - =
siStar-PAP - - + + - = +*
tBBHQ - + - - - + - M
= Origin
- 100
9 '
.’ | = 50
4 > -
Lane 1 2 3 4 567 8 9
HO-1 GAPDH

Figure 1 Star-PAP is required for HO-1 mRNA cleavage in vivo. (A) Schematic of 3’-RACE assay. (B) 3’-RACE assay of HO-1 (lanes 1-3) and
GAPDH (lanes 6-8) with total RNA isolated from HeLa cells—resting with control RNAi (WT), treated with tBHQ (+ tBHQ), and siRNA
knockdown of Star-PAP (siStar-PAP). A RACE product (~ 1000 bp) and DNA size markers (kilobases) is indicated. The western analysis of Star-
PAP knockdown is shown in the right panel. (C) Schematic of primer extension analysis. (D) Primer extension analysis by reverse transcription
reaction using a primer specific to HO-1 (lanes 1-4) or GAPDH (lanes 5-8) RNA that is 3’ of the cleavage site. The DNA size marker (lane 9),
origin of the gel and the primer extension product are indicated.
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expression, an increase in intensity of HO-1 RACE product
was detected in samples from tBHQ-treated cells (Figure 1B,
lane 2; Supplementary Figure S1A and B), which was lost
upon Star-PAP knockdown (Supplementary Figure S1B).
GAPDH, a non-target RNA, was not affected by Star-PAP
knockdown or by tBHQ treatment (Figure 1B, lanes 6-8).

In addition, extension of a 3*P-radiolabelled primer specific
to the HO-1 pre-mRNA downstream of the cleavage site
(Figure 1C) also corroborates these results. Primer extension
showed a signal (~ 60 nucleotides) from resting cell RNA, an
enhanced signal with the RNA isolated from tBHQ-stimulated
cells (Figure 1D), and a loss upon Star-PAP knockdown
(Figure 1D, lane 3), which was rescued by re-expression of
wild-type (WT) Star-PAP containing silent mutations in the
siRNA site (Figure 1D, lane 4). Consistently, extension with

an additional downstream primer also showed a loss of
cleavage by Star-PAP knockdown (Supplementary Figure
S1C). There were no detectable differences in the 3’-end
cleavage of GAPDH within the same conditions (Figure 1D,
lanes 5-8, Supplementary Figure S1C). These results support
arole for Star-PAP in 3’-cleavage of its target HO-1 pre-mRNA
in vivo.

Star-PAP is essential for efficient cleavage of its target
RNAs

To reconstitute Star-PAP-dependent cleavage, nuclear extracts
were prepared (see Figure 2G for fractionation) from WT and
siRNA Star-PAP knockdown (siStar-PAP) HeLa cells with or
without tBHQ treatment (Dignam et al, 1983). An in vitro
transcribed HO-1 UTR RNA encompassing the cis-acting
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Figure 2 Star-PAP specifically promotes cleavage of its target mRNA in a cell-free system. (A) Schematic of the HO-1 cleavage substrate.
(B) Cleavage assay of radiolabelled HO-1 substrate reconstituted (4 /— PI4,5P,) with nuclear extracts prepared from HeLa cells (4 /— tBHQ
treatment) (lanes 2-5). The control RNA (HO-1 RNA) (lane 1), pre-mRNA (P), cleaved RNA (C) are indicated. The approximate sizes of RNA
are indicated by a DNA size marker. (C) Cleavage assay with poly A signal mutation (PAM) under the similar conditions as in B (lanes 1-4).
Control—HO-1 RNA without treatment with nuclear extract. (D) Cleavage assay of HO-1 RNA with nuclear extracts from HeLa cells after the
siRNA knockdown of Star-PAP (siStar-PAP) (lanes 6-9) and control HeLa cells (HeLa NE) (lanes 1-4). (E, F) Cleavage assay of Star-PAP non-
target, GCLC (lanes 1-9) and GAPDH (lanes 1-8) UTRs with nuclear extracts prepared from control (HeLa NE) and siRNA Star-PAP knockdown
(siStar-PAP) with or without tBHQ treatment (+ /— tBHQ). Control—substrate RNA without treatment with nuclear extract. (G) Western blot
analysis of nuclear fractionation, C, cytosolic fraction; N, nuclear fraction. (H) Western analysis of siRNA Star-PAP knockdown; cells
transfected with control RNA, siRNA Star-PAP (siStar-PAP) and untransfected (extract WT) are indicated.
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elements required for 3’-end processing (Figure 2A;
Supplementary Figure S2A for sequence) was assayed for
3’-end cleavage using the nuclear extract (Humphrey et al,
1987). The HeLa nuclear extracts displayed cleavage of HO-1
UTR RNA (Figure 2B) and this was increased (> 3-fold) by
treating the cells with tBHQ prior to the isolation of nuclear
extracts (Figure 2B, lanes 4-5; Supplementary Figure S2C).
However, PI4,5P, addition did not impact the cleavage reac-
tion (Figure 2B). To confirm the specificity of cleavage, the
poly A signal on the HO-1 substrate was mutated from
AAUAAA to AAGTAC (poly-A mutation, PAM) (Rigo and
Martinson, 2008). The poly A site mutated HO-1 was not
cleaved regardless of the conditions used (Figure 2C, lanes
1-4). The identity of the cleaved RNA was confirmed
by comparison with an in vitro transcribed RNA from the
5’-end up to 3’-cleavage site of HO-1 UTR (Supplementary
Figure S2B).

To investigate whether Star-PAP is required for efficient
cleavage, Star-PAP was knocked down by siRNA (Figure 2H
for western) and the nuclear extract prepared from these cells
was assayed for cleavage of HO-1 substrate. Nuclear extracts
from Star-PAP knockdown cells failed to cleave HO-1 UTR
RNA both with and without tBHQ or PI4,5P, stimulation
(Figure 2D, lanes 6-9), demonstrating that Star-PAP is
required for the cleavage of target pre-mRNAs. Non-target
mRNA templates, GCLC (Figure 2E) and GAPDH (Figure 2F)
were unaffected upon Star-PAP knockdown or tBHQ treat-
ment, consistent with Star-PAP-dependent cleavage having
specificity for its target messages.

In an approach to rescue the cleavage defect resulting from
knockdown of Star-PAP, the nuclear extracts prepared from
the knockdown cells were supplemented with functionally
active recombinant His-tagged Star-PAP or His-tagged PAP«
(Supplementary Figure S3C for PAP« activity). The cleavage
defect was rescued by His-Star-PAP (Figure 3A, lanes 8-11)
but not by His-PAPa (Figure 3A, lanes 12-15). Moreover, His-
Star-PAP supplementation was not able to rescue the lack of
cleavage from control poly A mutated HO-1 (Figure 3B, lanes
1-4). In a rescue experiment with increasing concentrations
of Star-PAP, we observed a dose-dependent increase in clea-
vage with increasing Star-PAP (Figure 3C, lanes 4-10). These
observations establish that Star-PAP specifically is required
for the 3’-cleavage of its target mRNAs.

Star-PAP associates with CPSF subunits

Previously, Star-PAP was shown to associate with compo-
nents of 3’-end RNA processing machinery (Mellman et al,
2008). To further define the association of Star-PAP with CPSF
subunits, Flag-tagged Star-PAP was isolated from stable ex-
pressing HEK 293 cells and the copurification of respective
CPSF components were examined by immunoblotting. 5%
each of supernatant and the elution fraction was used for the
analysis by immunoblotting. The purification resulted in the
copurification of a complex of proteins containing 3’-proces-
sing and transcriptional components (Mellman et al, 2008).
All of the subunits of CPSF—160, 100, 73 and 30 copurify
with Star-PAP (Figure 3E). As previously observed (Mellman
et al, 2008), CstF 64 was detected in the complex but not
PAPo (Figure 3E). The control purifications from parental
HEK 293 cells (Supplementary Figure S3A) and HEK 293 cells
expressing Flag E-70 (a cytoplasmic protein; Supplementary
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Figure S3B) did not show association with any of the CPSF
subunits.

To define the direct interaction of Star-PAP with CPSF
subunits, GST pull-down assays were performed using
recombinant GST-tagged Star-PAP as bait and the CPSF sub-
units 160, 100 and 73 overexpressed in Escherichia coli as
prey. From these studies, it was determined that GST-Star-PAP
interacts directly with CPSF 160 and CPSF 73 but not with
CPSF 100 (Figure 3F).

Star-PAP specifically binds the HO-1 UTR RNA

As Star-PAP is required for cleavage of its target pre-mRNA
and also contains putative RNA-binding domains (zinc finger
(ZF) and RNA recognition domain) (Mellman et al, 2008),
this suggests that Star-PAP may directly associate with its
target mRNA. To explore this possibility, an RNA immuno-
precipitation (RIP) experiment was carried out by cross-
linking the RNA protein complexes in the cell with formalde-
hyde as previously described (Gilbert et al, 2004). The cross-
linked RNA was immunoprecipitated with Star-PAP-specific
antibody and the associated RNA was identified using pri-
mers specific to HO-1 UTR equivalent of cleavage substrate
(Figure 4A). Strikingly, an in vivo association of Star-PAP
with HO-1 RNA similar to the control RNAPII (Mellman et al,
2008) was detected (Figure 4B). In contrast, PAPa did not
associate with HO-1 RNA (Figure 4B). In case of non-target
GCLC, no association of Star-PAP with the 3’-UTR RNA was
detected (Figure 4B). These results demonstrate that Star-PAP
specifically interacts with the target HO-1 RNA in vivo.

To investigate the direct interaction, an in vitro RNA
electrophoretic mobility shift assay (EMSA) of radiolabelled
HO-1 UTR RNA was carried out with increasing amounts of
recombinant His-Star-PAP (0-20nM). A slower migrating
band, indicating an interaction, was detected with increasing
Star-PAP concentration (Figure 4C, lanes 1-6). However,
the equivalent UTR region of the non-target GAPDH did not
show any interaction with Star-PAP (Figure 4C, lanes 7-12).
The interaction of Star-PAP with the HO-1 RNA was further
supported by antibody super shift where the binary complex
of Star-PAP (10 nM) and HO-1 was retarded by the addition of
Star-PAP antibody (Figure 4D) but not by B-tubulin antibody
(Figure 4E). Specific binding of Star-PAP to HO-1 was con-
firmed by cold RNA competition using 20-fold molar excess of
the unlabelled RNAs (Figure 4F). While the HO-1 RNA-Star-
PAP complex was out competed by cold HO-1 (lanes 6-7), a
non-specific RNA of similar length could not compete with
binding (lanes 8-9). PAPq, on the other hand, did not show
distinct mobility shifts of the HO-1 RNA at the similar
concentrations (Supplementary Figure S4A) consistent with
previous reports that PAPo has low affinity for RNA (Wahle,
1991b). The results demonstrate that Star-PAP directly and
specifically interacts with the 3’-UTR of HO-1 pre-mRNA.

To identify the domain required for Star-PAP binding to its
target RNA, we deleted the ZF, RRM or both from His-Star-
PAP (Supplementary Figure S6D for purified proteins) and
tested for their ability to bind HO-1 RNA. Neither the deletion
of ZF nor RRM alone could abolish interaction of Star-PAP
although the affinity was lower than that of full-length (FL)
Star-PAP (Figure 4G-J). Whereas FL showed mobility shift of
HO-1 probe at a concentrations as low as 4-5nM (Figure 4C
and J), and a half-maximal binding of ~10nM (Figure 4C);
ZF or RRM deletions exhibited weak mobility shifts from
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Figure 3 Recombinant Star-PAP rescues the cleavage defect and Star-PAP interacts with subunits of CPSF. (A) Cleavage assay of HO-1 RNA
with nuclear extracts prepared from siRNA Star-PAP knockdown HeLa cells (siStar-PAP) (lanes 4-7), supplemented with 20 nM recombinant
His-tagged Star-PAP (lanes 8-11) or recombinant His-tagged PAPa (lanes 12-15) as indicated. (B) Cleavage assay of poly A signal mutant (PAM)
with supplemented His-Star-PAP (lanes 1-4) under similar conditions as in (A). (C) Cleavage assay of HO-1 with siRNA Star-PAP nuclear
extract supplemented with increasing amounts of His-Star-PAP (0.01-20nM) (lanes 4-10) as indicated. The control RNA, pre-mRNA (P) and
cleaved RNA (C) are indicated. (D) Western analysis of siRNA Star-PAP knockdown in Hela cells. (E) Western blot analysis of Flag Star-PAP
purification for the indicated CPSF subunits, CstF and PAPq; Sup, supernatant; FT, flow through; Eluate, elution fraction; W, wash. (F) GST pull-

down assay with GST-tagged Star-PAP, GST (as indicated on the top)
shows 20% of the lysates used for binding.

~10nM (Figure 4G) or 20 nM (Figure 4H) with no saturation
of binding reached even at 40nM protein. The deletion of
both ZF and RRM completely abolished Star-PAP binding to
RNA (Figure 4I). These data demonstrate that both ZF and
RRM domains are involved in the interaction of Star-PAP with
HO-1 RNA.

We further assayed the binding of purified His-tagged ZF,
RRM and ZF-RRM peptides of Star-PAP (Supplementary
Figure SGE for purified peptides) with HO-1 RNA. The ZF or
RRM domains did not exhibit significant interaction with the
HO-1 RNA (Supplementary Figure S4B-D) and at higher
concentration showed non-specific interactions (data not
shown). The N-terminal region containing the ZF-RRM,
interestingly, bound to the HO-1 RNA with almost a five-
fold greater affinity than the FL Star-PAP with saturation at
4nM (Figure 4K; Supplementary Figure S4D).
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with overexpressed CPSF subunits in E. coli (indicated on the right). Input

Mapping of the Star-PAP-binding site on HO-1 UTR RNA
To map the binding site of Star-PAP on HO-1 UTR, we
employed an RNA footprinting assay as described
(Murakawa and Nierlich, 1989; Damgaard et al, 1998) using
the HO-1 RNA substrate for cleavage (Figure 2A). The RNA
was digested in the absence or presence of increasing His-
Star-PAP with RNase T1 and the extent of cleavage was
detected by extension of a primer complementary to the 3'-
end of HO-1 RNA (Figure 5A). In the absence of Star-PAP, we
obtained a ladder of digested fragments with three different
concentrations of RNase T1 (Figure 5A, lanes 7-9 and 12).
The site of protection by Star-PAP was distinguished after
comparing the sample without Star-PAP (lanes 7-9 and 12)
with that received 5nM (lane 11) or 15nM (lane 10) His-
Star-PAP. Several positions within the HO-1 UTR became
specifically protected against RNase T1 cleavage by Star-PAP.

©2010 European Molecular Biology Organization
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Figure 4 Star-PAP associates and interacts directly with HO-1 RNA. (A) Schematic of HO-1 3’-UTR for RIP analysis. (B) RIP analysis of HO-1
and GCLC UTR by IP with antibodies specific to RNA Pol II (RNAPII), Star-PAP and PAPa followed by reverse transcription-PCR with primers
specific to HO-1 and GCLC UTR regions. (C) RNA EMSA of HO-1 (lanes 1-6) or GAPDH (lanes 7-12) (substrate for cleavage assays) with
increasing concentrations of recombinant His-Star-PAP (0-20nM; from lanes 2-6, respectively, 1, 2, 4, 10 and 20nM). The control RNA
(Probe), unbound RNA (F) and Star-PAP-RNA complex (B) are indicated. (D) EMSA of HO-1 RNA with 10nM Star-PAP in the presence of
increasing Star-PAP antibody (antibody super shift) (lanes 2-7) or (E) p-tubulin antibody (lanes 2-5). Unbound RNA (F), Star-PAP-HO-1 RNA
binary complex (B) and antibody, Star-PAP and RNA ternary complexes (T) are indicated. (F) Cold competitions of HO-1 RNA binding with
Star-PAP. EMSA of HO-1 RNA with increasing Star-PAP concentrations (lanes 2-5, respectively, 10, 20, 30 and 40 nM) (lanes 1-5) and 20-fold
molar excess of the respective competitor RNAs as indicated (lanes 6-9). Specific (S) and non-specific (NS) competitions are indicated. Lanes
6-7 and 8-9 correspond to specific and non-specific competitions equivalent of reactions in lanes 4-5, respectively. (G-J) EMSA of HO-1 RNA
with increasing amounts of various His-Star-PAP deletions as indicated (AZF, zinc-finger deletion; ARRM, RNA recognition motif deletion;
AZF-RRM, combine deletion of both ZF and RRM; FL, full-length Star-PAP), or (K) His-ZF-RRM peptide. The control (Probe), unbound (F) and
binary complexes (B) are indicated.

The primary site of protection extended from ~108 to ~55
nucleotides upstream of cleavage site (Figure 5A) with heigh-
tened efficiency of protection with increased Star-PAP (lanes
10-11). In addition, there were weaker (minor) protections,
which extended further downstream to ~45 nucleotides
upstream of cleavage site (Figure 5A). The protection region
and the putative reactive sites protected are shown in
Figure 5B. A protection of similar region on HO-1 UTR RNA
by Star-PAP was also observed from footprinting with RNase
S (Supplementary Figure S5).

Based on these observations, we deleted the region of
protection from —110 to —50 with respect to the cleavage
site (taken as +1) on HO-1 RNA and assayed for Star-PAP

©2010 European Molecular Biology Organization

binding. Star-PAP was unable to bind the deleted HO-1 RNA
(Figure 5C). Additionally, in an in vitro cleavage assay, HeLa
nuclear extract did not cleave the HO-1 RNA with Star-PAP-
binding site deletion (Figure 5D). These data suggest that
Star-PAP-binding sequence in HO-1 lies within the region
approximately from 108 to 50 nucleotides upstream of the
cleavage site (this sequence is underlined Figure 5B).

Star-PAP recruits CPSF and stabilizes the processing
complex

Star-PAP binds HO-1 pre-mRNA in vitro and in vivo and also
interacts with CPSF subunits, it is possible that Star-PAP
promotes the binding of CPSF on pre-mRNA. To test this
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PAP (lanes 10-11), and the untreated HO-1 RNA (lane 6) are indicated. Sequencing ladder generated using the primer for primer extension from
the template of HO-1 RNA (lanes 1-4) and a dideoxy U ladder generated by primer extension reaction (lane 5) are indicated. Numbers refer to
the position of nucleotides with respect to cleavage site taken as + 1. (B) The primary region of Star-PAP protection (solid line) on HO-1 RNA,
the extended minor protection (dashed line) and the putative reactive sites protected (grey lines) (C) RNA EMSA of HO-1 RNA deleted for the
Star-PAP protection site from —110 to —50 (lanes 1-3) and control EMSA with HO-1 UTR RNA (lanes 4-5). (D) Cleavage assay of HO-1 UTR

deletion as in (C) with HeLa nuclear extract (lanes 4-5) and control HO-1 UTR RNA (lanes 2-3).

hypothesis, the association of CPSF subunits onto the 3’-end
of pre-mRNA was investigated by in vivo RIP analysis.
Individual CPSF components were immunoprecipitated
(IP’ed) from the cross-linked HeLa cell lysates with control
RNAi or siRNA Star-PAP knockdown and the associated HO-1
pre-mRNA encompassing the poly A site (Figure 4A) was
detected by reverse transcriptase (RT)-PCR. The results
indicate an association of CPSF 160 and overall CPSF com-
plex (which includes other subunits 100, 73, 30) with HO-1
UTR (Figure 6A, lanes 5-12). Remarkably, siRNA knockdown
of Star-PAP eliminated the in vivo association of the CPSF
subunits with the HO-1 UTR (Figure 6A). The control RIP
using RNAPII antibodies did not change upon Star-PAP
knockdown (Figure 6A, lanes 2-3). In addition, the associa-
tion of CPSF subunits and RNAPII with the Star-PAP non-
target GAPDH message was not influenced by Star-PAP
knockdown (Figure 6A). A control using primers specific to
the coding region of HO-1 mRNA where CPSF subunits were
unlikely to get cross-linked also showed no association
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(Supplementary Figure S7A) with or without Star-PAP knock-
down supporting the specificity at the 3’-end.

To further study the requirement of Star-PAP for CPSF
interaction with HO-1 RNA, CPSF 160 was IP’ed from nuclear
lysates with or without Star-PAP knockdown. The CPSF 160
complex was eluted from the IP (Supplementary Figure S7C
and E for western and SDS-PAGE) and was then assayed for
binding to HO-1 RNA (Figure 2A). CPSF 160 complex showed
the mobility shift of HO-1 RNA, indicating an interaction
between the CPSF complex and HO-1 RNA that was absent
in the control IgG eluates (Figure 6B). Knockdown of
Star-PAP resulted in a loss of this complex formation
(Figure 6B, lane 5). These results support the in vivo
observation that the assembly of the CPSF complex on the
HO-1 UTR requires Star-PAP.

Previous studies have shown that EMSA using L3 UTR
RNA with nuclear extracts in the presence of either 3’-dATP
for cleavage or ATP for polyadenylation specifically shows a
processing complex (S) assembled on RNA (Humphrey et al,
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Figure 6 Star-PAP promotes CPSF binding and stabilizes the cleavage complex on HO-1 RNA. (A) RIP analysis using antibodies specific to
RNAPII (lanes 2-3) and CPSF subunits (lanes 5-12), followed by detection of associated RNA by RT-PCR using primers specific to the UTR
region encompassing the poly A signal of HO-1 and GAPDH. (B) RNA EMSA of HO-1 UTR (Figure 4A) with the CPSF 160 complex. CPSF 160
was IP’ed from HeLa cell with control RNAi lysates (+) (lanes 2-3) or lysates of Star-PAP RNAi (Si) (lanes 4-5), and the IP eluate was
incubated with radiolabelled HO-1 RNA (see Figure 4A). The unbound RNA (F) and complex of the 3’-RNA with CPSF 160 (S) are indicated.
(C) EMSA of HO-1 RNA with nuclear extracts from HeLa cells with (lanes 6-10) or without (lanes 1-5) Star-PAP knockdown for various
incubation times. The unbound fraction (F) and specific processing complex (S) are indicated. (D) RNA EMSA of poly A signal mutated HO-1
RNA (lanes 1-5) with HeLa nuclear extract. (E) EMSA of GAPDH UTR RNA with nuclear extracts control (lanes 1-5) or Star-PAP knockdown

(lanes 6-10). F, unbound RNA fraction; S, specific processing complex.

1987). To investigate the role of Star-PAP in the assembly of
the processing complex (S), EMSA of HO-1 RNA was carried
out in the absence of both ATP and 3’-dATP with nuclear
extracts prepared from HeLa cells with or without Star-PAP
knockdown (Supplementary Figure S7D for SDS-PAGE). As
reported for L3 UTR RNA (Humphrey et al, 1987), a slower
migrating complex (S) was observed for both HO-1
(Figure 6C, lanes 1-5) and GAPDH (Figure 6E, lanes 1-5)
that were stable during electrophoresis for at least 2h. The
nuclear extracts prepared from siRNA Star-PAP knockdown
cells exhibited a loss of complex formation with HO-1 RNA,
and when analysed by electrophoresis, this resulted in a
diffuse banding pattern (Figure 6C, lanes 6-10), indicating
the dissociation of the complex formed during gel electro-
phoresis. As expected, the poly A site mutation abolished the
stable complex (S) formation (Figure 6D). For GAPDH, the
assembly of the complex (S) was independent of Star-PAP
knockdown (Figure 6E). These results illustrate that Star-PAP
not only facilitates the stable association of CPSF on the HO-1
UTR RNA, but also promotes the assembly of a stable 3’-end
processing complex. Together, these results suggested that
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Star-PAP’s role in cleavage was to promote the stable associa-
tion of the CPSF complex with RNA.

Star-PAP controls cleavage by promoting CPSF
interaction with HO-1 RNA

Star-PAP interacts directly with both CPSF 160 and 73 and
controls CPSF binding to RNA. Therefore, we examined
whether Star-PAP regulates the in vitro cleavage of HO-1
RNA by CPSF subunits. The results demonstrate that in the
presence of recombinant Star-PAP, CPSF 160 and 73 showed
specific cleavage of the HO-1 RNA (Figure 7A, lanes 3 and 5).
This required the intact poly A signal, when this sequence
was mutated, the RNA was not cleaved under any of the assay
conditions (lanes 6-8). The addition of PI4,5P, did not affect
the cleavage of the HO-1 RNA (lanes 2-5). The inactive CPSF
73 mutant (CPSF 73 (M)) where the Zn-binding site was
mutated (Mandel et al, 2006), did not show any specific
cleavage in the presence of Star-PAP and CPSF 160
(Figure 7B). Also the recombinant PAPo, CPSF 160 and 73,
did not show cleavage of HO-1 RNA (Supplementary Figure
S8A). The combination of Star-PAP, CPSF 160 and CPSF 73
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Figure 7 Star-PAP facilitates HO-1 cleavage by CPSF subunits, and PI4,5P, stimulates coupled polyadenylation. (A) Cleavage reactions of HO-1
(lanes 1-5) and poly A mutation (lanes 6-8) with recombinant CPSF 160 (40 nM) and 73 (120nM) with Star-PAP (20nM) as indicated. The
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tBHQ treatment as indicated. Polyadenylated (poly A) and pre-mRNA (P) are indicated. (E) Stable ternary complex formation on HO-1 RNA by
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indicated. (F) RNA EMSA experiment of HO-1 with increasing CPSF (0-120nM) (lanes 1-6) (G) RNA EMSA of HO-1 with increasing CPSF
(0-120nM) in the presence of 15nM Star-PAP (lanes 2-6). The approximate half-maximal binding was obtained from the mobility shifts.
Symbols are as described in legend to (E). (H) EMSA of poly A signal mutant HO-1 RNA with increasing amount of His-CPSF 160 (left, lanes
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were unable to cleave the control GAPDH RNA substrate Supplementary Figure S8C), which was absent in Star-PAP

(Supplementary Figure S8B). Consistent with the previous
report (Mandel et al, 2006), CPSF 73 alone showed non-
specific nuclease activity toward RNA whereas Star-PAP,
CPSF 160 or CPSF 73 (M) did not exhibit any nuclease
activity toward the HO-1 substrate (Figure 7C; Supple-
mentary Figure S6A-C for SDS-PAGE).

CPSF 160 binds the poly A site in combination with Star-
PAP on HO-1 RNA. Therefore, the interaction of CPSF 160 and
Star-PAP with HO-1 RNA was tested in vitro. Recombinant
CPSF 160 exhibited a weak interaction with HO-1 UTR RNA
(Figure 7E, lanes 2 and 3). Upon addition of His-tagged Star-
PAP (15nM), in the presence of 30nM CPSF 160, a distinct
super-shifted band appeared, representing a ternary complex
of RNA, CPSF 160 and Star-PAP (Figure 7E, lane 4;

4140 The EMBO Journal VOL 29 | NO 24 | 2010

alone addition (Figure 7E, lane 6). In an EMSA of HO-1 RNA
with increasing amount of CPSF 160 (from 0 to 120nM), we
observed, albeit weak, a dose-dependent binary complex
formation with increased CPSF 160 with a half-maximal
CPSF binding of ~60nM (Figure 7F, lanes 2-6). In the
presence of Star-PAP (15nM), the CPSF 160 concentration-
dependent ternary complex of CPSF-Star-PAP-HO-1 formed
with higher affinity, and a half-maximal binding of ~20nM
was observed (Figure 7G, lanes 2-6). Increasing CPSF con-
centration in the presence of Star-PAP transitioned to a
distinct ternary complex band (Figure 7G, lanes 4-6). These
combined results illustrate that Star-PAP is required for stable
interaction of CPSF 160 onto its target pre-mRNA, which in
turn could recruit and position other cleavage factors.

©2010 European Molecular Biology Organization



Star-PAP control of cleavage is poly A signal dependent
For many pre-mRNAs, the poly A signal is critical for clea-
vage, and mutation of this sequence abolishes cleavage
(Wickens and Stephenson, 1984; Sheets et al, 1990).
Cleavage assays demonstrated that though Star-PAP pro-
motes CPSF binding to pre-mRNA, the actual cleavage of
HO-1 RNA is dependent on the presence of an intact poly A
signal (Figures 2 and 7A). To further define the significance of
this site in HO-1 UTR, the interaction of the CPSF 160
complex was investigated with poly A signal mutation. The
mutation abolished the binding of CPSF 160 complex IP’ed
from nuclear lysates (Supplementary Figure S7B). In addi-
tion, the mutation completely abolished recombinant CPSF
160 binding to HO-1 UTR RNA (Figure 7H, lanes 1-3).
Conversely, the Star-PAP interaction with the HO-1 RNA
was not affected by the mutation (Figure 7H, lanes 4-6).
These results confirm that the poly A signal remains critical
for cleavage and also for CPSF interactions with HO-1 RNA.
These data also indicate that Star-PAP though promotes the
CPSF 160 interaction with HO-1 RNA, the specificity for
binding and cleavage is determined by the poly A signal.

HO-1 mRNA polyadenylation is stimulated by Pl4,5P,
Star-PAP activity was previously reported to be activated by
the addition of PI4,5P,. As HO-1 cleavage is not affected by
PI4,5P,, the role of PI4,5P, was investigated in a coupled
cleavage and polyadenylation assay of the HO-1 UTR RNA
using HeLa nuclear extracts. Although the role of Star-PAP in
the cleavage reactions is independent of PI4,5P, there was
significant stimulation of the coupled polyadenylation reac-
tion by PI4,5P, in nuclear extracts from cells treated with
tBHQ (Figure 7D, lanes 3-6). Most importantly, the coupled
cleavage and polyadenylation was completely abolished with
the poly A signal mutation (lanes 8-11). This supports a
mechanism wherein HO-1 pre-mRNA cleavage is dependent
upon Star-PAP which then is followed by polyadenylation
that is stimulated by PI4,5P,.

Discussion

The results demonstrate that Star-PAP participates both in the
cleavage and polyadenylation of its target pre-mRNA by a
mechanism that is distinct from that of canonical PAPo.
Previous studies demonstrated that CPSF binds the
AAUAAA element on pre-mRNA and directly interacts with
PAPo (Wilusz et al, 1990; Gilmartin and Nevins, 1991;
Murthy and Manley, 1992, 1995). The CPSF interaction
with PAPa results in recruitment of PAPa to the cleavage
site (Murthy and Manley, 1992, 1995). In contrast, Star-PAP
directly binds to both the pre-mRNA and the CPSF subunits
160 and 73. These associations promote the stable interaction
of CPSF with the 3/-UTR of Star-PAP target HO-1 RNA and
assemble a functional cleavage complex. The in vitro and
in situ interactions between Star-PAP and CPSF 160 and 73
are confirmed by reconstitution of specific 3'-cleavage of
the HO-1 RNA in vitro with recombinant Star-PAP and CPSF
160 and 73.

Previously, it had been reported that four factors (cleavage
factors—CF Im and IIm, CPSF, PAP and CstF) were required
for the reconstitution of cleavage in vitro (Takagaki et al,
1989). Although CPSF 160 recognizes the AAUAAA and
cooperates with other factors to bind pre-mRNA (Murthy
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and Manley, 1995), CPSF 160 alone is not sufficient as the
specificity and the binding requires intact CPSF (Bardwell
et al, 1991; Keller et al, 1991; Murthy and Manley, 1995).
CPSF interaction also requires cooperation with CstF and CF
Im for the stable association with the RNA and vice versa
(Gilmartin and Nevins, 1991; Weiss et al, 1991; MacDonald
et al, 1994; Ruegsegger et al, 1996). In addition, recently it
has been reported that both the CPSF 73 and 100 are required
to assemble the active endonuclease for histone mRNA 3’-end
maturation (Kolev et al, 2008). CPSF 73 possesses the en-
donuclease activity and does not require CPSF 100 for its
enzymatic activity for some substrates (Mandel et al, 2006).
CPSF 100 does not show significant endonuclease activity
(Jenny et al, 1994; Mandel et al, 2006). Thus, the mechanism
of how CPSF 73 and 100 participate to assemble the active
endonuclease for histone mRNA 3'-cleavage is unclear (Kolev
et al, 2008). CPSF 100 might affect the assembly or position-
ing of CPSF 73 or, this might be unique for histone 3’-end
maturation that contain distinct sequence elements and
required influence from other factors that are absent in the
canonical pre-mRNA 3’-end processing (Dominski and
Marzluff, 2007). This raises the possibility that different
combinations of CPSF subunits may participate with CPSF
73 in the 3/-processing of different pre-mRNAs.

In case of the Star-PAP target HO-1, Star-PAP binds to the
HO-1 RNA upstream of the poly A signal. Star-PAP also
interacts with CPSF 160 and enhances the interaction of
CPSF 160 with HO-1 RNA. This results in a strong ternary
complex formed on the RNA. In addition to CPSF 160 and
RNA, Star-PAP also directly interacts with the endonuclease
CPSF 73. The combined interactions between Star-PAP and
CPSF 160 with CPSF 73 result in assembly of CPSF 73 on the
RNA and define specifically for the cleavage site. CPSF 73
alone exhibited only non-specific cleavage of the HO-1 RNA,
whereas the Star-PAP-CPSF 160-CPSF 73 complex exhibited
specific 3’-end cleavage. The resulting 3'-cleavage is specific
but weak, suggesting that optimum in vivo cleavage may
require other processing factors as depicted in Figure 8.
Therefore, the Star-PAP, CPSF 160 and CPSF 73 complex
represent the minimal protein complex required for the
specific cleavage of Star-PAP target mRNAs.

Star-PAP differs from canonical PAPo in many aspects
including stimulation by PI4,5P, and functional specificity
toward pre-mRNAs (Mellman et al, 2008). Mammalian PAPa
is also required for the cleavage reactions in vitro and
possibly in vivo (Zhao et al, 1999; Mandel et al, 2008),
although the mechanism as to how PAP« is involved is not
precisely defined. PAPa has very low affinity for RNA sub-
strate (Wahle, 1991b; Martin and Keller, 1996) and lacks
RNA-binding specificity (Zhao et al, 1999); and thus PAP«
is thought to be recruited to pre-mRNA in part by the CPSF
complex binding (Keller et al, 1991; Murthy and Manley,
1995). Star-PAP’s specificity for pre-mRNAs on the other
hand appears to be defined by its direct interaction with
RNA. Star-PAP also directly interacts with both CPSF 160 and
73 and this promotes the CPSF 160 interaction with the poly
A signal and recruitment of CPSF 73. The resulting complex
has two contacts with the pre-mRNA and multiple protein—-
protein interactions. These interactions would enhance both
affinity and specificity toward the RNA and may exclude
PAPa from the cleavage complex. This model is outlined in
Figure 8.
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Figure 8 Model of Star-PAP-mediated cleavage of target RNA. Direct contact of Star-PAP with HO-1 RNA recruits CPSF 160 to the poly A signal
and association of other cleavage factors in the complex is also indicated.

However, the exact mechanism as how PAPa is not able to
access the Star-PAP target RNAs in the absence of Star-PAP is
still unclear. One plausible explanation could be the loss of
CPSF interaction with HO-1 RNA in the absence of Star-PAP
rendering PAP« unable to be recruited onto the 3’-end of Star-
PAP targets. There is a clear loss of in vivo 3’-end cleavage
complex assembly upon Star-PAP knockdown on HO-1 RNA.
This suggests that in the absence of Star-PAP, in spite of the
other accessory factors such as CstF, CF Im and the intact
poly A signal, CPSF subunits are unable to establish a stable
cleavage complex. Analysis of the nucleotide sequence in this
region of HO-1 UTR has not yet yielded unique or distinct
sequence elements. However, the significance of trans-acting
factors in the cooperative binding of CPSF on poly A signal of
a pre-mRNA is well established (Lutz et al, 1996). In case of
HO-1, despite of the intact poly A signal, CPSF requires Star-
PAP to form a stable complex on the pre-mRNA. There are
examples of similar suboptimal poly A sequences, where the
existence of an intact AAUAAA is not sufficient for CPSF
complex to stably bind the pre-mRNA (Gilmartin et al, 1995).
This could also be analogous to cytoplasmic polyadenylation
in oocytes, where phosphorylated CPEB directly interacts and
recruits CPSF 160 to an AAUAAA on the pre-mRNA (Mendez
et al, 2000). Previous studies indicate that the nucleotides
required for CPSF interaction are confined to the AAUAAA
hexamer (Bardwell et al, 1991; Keller et al, 1991) and could
form specific complexes with RNAs as short as 10-18 nucleo-
tides (Wigley et al, 1990; Keller et al, 1991). Interestingly,
AAUAAA sequences occur commonly (~16% of all pre-
mRNAs in the cell) in the coding and intronic regions (Day,
1992). It is therefore possible that Star-PAP-directed recruit-
ment enables CPSF to identify the authentic poly A site at the
3’-end by excluding those hexamers that reside elsewhere in
target mRNAs.

Star-PAP binds HO-1 RNA and protects a region of ~ 60
nucleotides approximately between 108 and 50 nucleotides
upstream of cleavage site. Star-PAP contains two RNA-bind-
ing motifs, a ZF and an RNA recognition (RRM) motif
(Mellman et al, 2008) both of which bind HO-1 RNA.
Deletion of one motif results in lower affinity but the loss
of binding was seen only after deletion of both the motifs.
Therefore, the actual binding sequence of Star-PAP on the
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pre-mRNA could involve multiple RNA sequences that com-
binatorially interact with the ZF and/or RRM domains, in-
dicating a bipartite or more complex binding sequence motif.
This is consistent with Star-PAP’s large footprint on the HO-1
RNA. In addition, EMSA of Star-PAP with HO-1 RNA at higher
Star-PAP concentration showed more than one band. This
could also suggest multiple recognition sequences of Star-PAP
on the RNA or that Star-PAP might exist in different oligo-
meric state when it forms a complex with RNA. The multiple
contact sites between Star-PAP and the pre-mRNA could
enhance both the specificity and flexibility for targeting
specific RNA sequences.

Star-PAP polymerase activity and the HO-1 expression is
activated by oxidative stress signalling (Maines and Gibbs,
2005). The lipid messenger PI4,5P,, synthesized by PIPKIax,
directly stimulates Star-PAP (Mellman et al, 2008). Star-PAP
also associates with and is phosphorylated by protein kinases
such CKla (a PI4,5P, effector) that are also required for
expression of HO-1. However, some targets of Star-PAP are
not regulated by PIPKIx and CKlIa (Gonzales et al, 2008). The
combined results suggest that Star-PAP is regulated by multi-
ple signalling pathways that modulate Star-PAP activity
(Barlow et al, 2009), its specificity toward mRNAs and/or
its interaction with the processing factors.

In the cytosol, PI4,5P, is a membrane lipid that modulates
enzyme activities and also induces the assembly of protein
complexes (Heck et al, 2007). In the nucleus, PI4,5P; is at the
inner nuclear envelop and also in a nuclear compartment
separate from known membrane (Boronenkov et al, 1998;
Barlow et al, 2009). The Star-PAP-mediated 3’-end processing
of HO-1 requires PIPKIa that generates PI4,5P,. Spatially, the
nuclear organization of the PI14,5P, that regulates Star-PAP is
not known. One possibility is that the PI4,5P,-regulated
processing occurs at the nuclear envelop close to the nuclear
pore complex. This concept would be consistent with a model
proposed for transcriptional memory in yeast (Tan-Wong
et al, 2009) that involves 3’-processing complexes (Ansari
and Hampsey, 2005). In such a model, PI14,5P, would facil-
itate the assembly of the processing complex containing Star-
PAP or potentially other unique PI4,5P,-regulated proteins.
Such a model would also be consistent with a putative role
for PI4,5P, in the regulation of mRNA export (Okada et al,
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2008) such that the nuclear PI4,5P, could modulate both
3’-end processing and export of certain pre-mRNAs and their
coupling.

Materials and methods

Cell culture, transfections and cell stimulation

HEK 293 and HeLa cells were obtained from ATCC and maintained
in DMEM with 10% FBS at 37°C in 5% CO,. HeLa cells were
transfected using Oligofectamine for siRNA knockdown (Invitro-
gen). In HEK 293 cells, transfections were accomplished by calcium
phosphate method with 5pg of plasmid DNA. siRNA oligos were
used at a final concentration of 120 nM oligo/ml. The growth media
was exchanged 4-6h after transfection and the transfection was
repeated 24h later. Cells were harvested for analysis 48h after
second transfection. The Star-PAP siRNA oligo used was GUGUG
UUUGUCAGUGGCUU. When required, cells were treated with
100 uM of tBHQ in DMSO for 4h to stimulate the antioxidant
response. Control cells were treated with DMSO.

Protein purifications

Affinity purified human Flag-Star-PAP was obtained from HEK 293
cells with stably expressed Flag-Star-PAP as described previously
(Mellman et al, 2008). Recombinant His-tagged Star-PAP
and PAPa purifications were performed as described previously
(Mellman et al, 2008). The individual as well as the combine
deletions of ZF and RRM of Star-PAP were made on the pET 28
construct of Star-PAP (Mellman et al, 2008). These deletions or
His-tagged CPSF 160 and 73 (pET 28 construct) were obtained by
overexpression in E. coli BL21(DE3) after induction with 0.5 mM
IPTG at 37°C for 4h or 18°C overnight. The proteins were purified
using Ni-NTA affinity chromatography as described previously
(Laishram and Gowrishankar, 2007). The proteins were concen-
trated with PEG, snap frozen and stored in —80°C.

Immunoprecipitations and immunoblottings
Immunoprecipitation and immunoblotting experiments were per-
formed as described previously (Mellman et al, 2008).

Preparation of nuclear fraction

The nuclear extracts from Hela cells were prepared as in Dignam
et al (1983) except that the crude nuclei were prepared using NE-
PER Nuclear and Cytoplamic Extraction Kit (PIERCE Biotechno-
logy). The nuclei were then extracted with 20 mM HEPES (pH 7.9),
25% glycerol (v/v), 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA and
0.5 mM DTT supplemented with protease inhibitor cocktail (Roche)
as described in Dignam et al (1983). A 95% confluent 10 cm dish of
cells were extracted into 40 pul of nuclear fraction, and 10 pl of this
fraction was used for each cleavage reaction.

GST pull down

GST-Star-PAP fusions (Mellman et al, 2008) and GST were
immobilized on glutathione-sepharose beads by incubating the
respective overexpressed E. coli lysates with glutathione-sepharose
beads pre-equilibriated in TEN 100 buffer (20mM Tris, pH 7.5,
0.1 mM EDTA and 100mM NaCl). The beads were again washed
three times with TEN 100 and separately incubated with the E. coli
extracts of overexpressed CPSF subunits at 4°C for 2h. After
incubation, the beads were washed three times with NETN buffer
(20 mM Tris, pH 7.4, 300 mM NacCl, 0.1 mM EDTA and 0.5% NP40).
Buffers were supplemented with protease inhibitor cocktail
(Roche), DNasel and RNase A. The bound proteins were visualized
by western blotting. The input shows 20% of the lysate used for pull
down.

RNA isolation

Total RNA from the cell was isolated using the Trizol (Invitrogen)
method. A measure of 1 ml of Trizol reagent was used for a 10-cm
dish of 95% confluent cells.

3'-RACE assay

The cDNAs for 3’-RACE assays were synthesized using the SMART
RACE KIT (Clontech) with 1pg of total RNA isolated from HeLa
cells. The gene-specific forward primers of HO-1 and GAPDH
used for RACE PCR were 5-GACCTGCCCAGCTCTGGCGAG-3' and
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5'-GTATCGTGGAAGGGGACTCATGG-3, respectively. PCR reactions
were performed as described by the manufacturer. The RACE
products were confirmed by sequencing.

Primer extension analysis

For primer extension analysis, oligos were end labelled with 5 units
of poly nucleotide kinase (New England Biolabs) in 1 x buffer in
the presence of 50 uCi of y*?P-ATP at 37°C for 1h. Reactions were
then cleaned with the Nucleotide Removal Kit (Qiagen). Approxi-
mately 1 x10° c.p.m. equivalent of radiolabelled primer was reverse
transcribed from 2 pg of total RNA at 50°C with AMV RT in 1 x RT
buffer for 2h for primer extension. The reaction was stopped by
addition of EDTA (5mM) and extracted with phenol chloroform.
The extended products were analysed on a 6% sequencing gel.
The primers used were 5-ACCAGGGAGGAAAAGGTCAGTTC-3’ for
HO-1 and 5-AAGAATGTCTCACCTTGACAC-3’ for GAPDH.

RNA immunoprecipitation

RIP experiments were performed as described previously (Gilbert
et al, 2004; Mellman et al, 2008). The primers specific to HO-1
used to study Star-PAP and CPSF associations were 5'-
TTCTGTTGTTTTTATAGCAG-3’ as forward and 5'-TCAAACAGACCA
GCTCCTG-3' as reverse. For GCLC, the primers used were, res-
pectively, 5'-GATGATTAAAGAATGCCTGGTT-3’ (forward) and 5'-TA
TGCTTCTTTCTAGAAACATC-3’ (reverse).

Construction and in vitro synthesis of substrate RNAs

HO-1 RNA substrate was obtained from the plasmid pTZ-HO-1,
harboring HO-1 3’-UTR under the T7 promoter. The plasmid
contained a region of HO-1 UTR encompassing the poly A signal,
extending from 120 bp upstream to 122 bp downstream of cleavage
site cloned in Pstl and BamHI sites of pTZ19R (Fermentas).
Similarly, pTZ-GCLC and pTZ-GAPDH has the corresponding UTR
regions in pTZ19R.

Uniformly radiolabelled RNA substrates were prepared by in
vitro transcription of the templates linearized with BamHI using the
T7 transcription Kit (Fermentas). A typical 20 pl reaction contained
1 x reaction buffer, 20 units of RNase inhibitor, 1 g of DNA,
500 uM each of ATP and CTP, 50 uM UTP and 100 uM GTP in the
presence of 50 uCi o->*P-UTP and 400 uM m7G cap analogue and 40
units of T7 RNA polymerase (Nielsen and Shapiro, 1986). The RNA
from the in vitro transcription reaction was cleaned up using the
Qiagen Mini RNeasy Kit. Poly A signal mutation was introduced by
Quik Change site-directed PCR mutagenesis.

Cleavage assay

Cleavage assays were performed as described previously (Hum-
phrey et al, 1987). Reactions contained 1 x 10° c.p.m. of *P-labelled
pre-mRNA substrate (~0.5nM) in a 25-ul reaction volume of
cleavage buffer (20mM creatinin phosphate, 0.5 mM MgCl,, 10%
glycerol, 10mM HEPES, pH 7.9, 50mM KCl, 0.05mM EDTA, 1%
PVA) with 0.8 mM 3’-dATP and 10 ul of the nuclear extract. When
required, PI4,5P, was added at a concentration of 100 uM. The
reactions were incubated at 30°C for 2 h and stopped by the addition
of proteinase K mixture (2% sarcosyl, 100mM Tris-Cl, pH 7.5,
20mM EDTA and 400 pg/ml proteinase K) followed by incubation at
30°C for 10min. RNA was extracted with phenol chloroform,
precipitated with absolute alcohol in the presence of 3M
ammonium acetate and 1 pg carrier tRNA, and analysed on a 6%
urea denaturing gel.

To assess cleavage with recombinant proteins, the cleavage assay
was reconstituted in a similar buffer and conditions with His-CPSF
160 (40nM), 73 (120nM) and Star-PAP (20 nM).

For the coupled in vitro polyadenylation reaction, similar buffers
and conditions were used as in the cleavage assay except that
3/-dATP was replaced by ATP.

RNA EMSA experiment
EMSA experiments were carried out each in 20ul EMSA-binding
buffer (10mM Tris-Cl, pH 7.5; 1mM EDTA, 50 mM NaCl, 0.5 mM
MgCl,; 1mM DTT, 10% glycerol) containing 0.5nM of uniformly
labelled RNA, 1pg/ml bovine serum albumin and Star-PAP or
other proteins at the indicated concentrations. After incubation
at RT for 30min, it was analysed on a non-denaturing 4%
polyacrylamide gel.

For EMSA experiments with nuclear extracts, the substrate RNA
was incubated in cleavage buffer with 1.0 g protein of nuclear
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extract from either control or Star-PAP knockdown HeLa cells at
30°C for various time points as indicated, and the complex
assembled on the RNA was analysed on a non-denaturing PAGE
as described above. For EMSA with multiple proteins, the indicated
concentrations of CPSF 160 and Star-PAP were added together
before incubation of the reaction.

For EMSA with the IP CPSF 160 complex, CPSF 160 was IP’ed
with 6ug of CPSF 160 antibody or control IgG from the nuclear
extracts as described (Mellman et al, 2008). After the IP, the CPSF
160 complex bound to the antibody was eluted from the antibody
bound beads with 40 pl of Tris, pH 7.5 containing 200 mM NaCl.
The EMSA reaction was carried out with 8 ul eluate from each IP or
control IgG for the respective binding reactions in EMSA buffer as
described above.

RNA footprinting
The RNA footprinting was carried out by probing with either RNase
T1 or RNase S and detecting the cleaved fragments by primer
extension as described (Murakawa and Nierlich, 1989; Damgaard
et al, 1998). Around 0.5nM of RNA was incubated in each of 20 ul
reaction volume with or without indicated amounts of His-Star-PAP
in RT for 20 min in EMSA buffer. Each sample was then digested
with the indicated amounts of either RNase T1 or RNase S at RT for
15min. The reaction was terminated with stop solution (Ambion)
and then recovered by phenol extraction followed by precipitation.
For primer extension reaction, the air-dried RNA pellets were
re-dissolved in 6 pl of annealing buffer (10 mM Tris, pH 7.0; 40 mM
KCl; 0.5 mM EDTA) and mixed with 0.2 pmol (10 c.p.m. equivalent)
of 5-end labelled Primer. After incubation at 95°C for 1min, the
samples were transferred to 50°C for 10min for annealing and
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Figure S1: Star-PAP is required of cleavage of HO-1 pre-mRNA in vivo (A) 3’-RACE assay
of HO-1 (lanes 2-4) with a primer (5’-GTTCCTGGCTCAGCCTCAAATG-3’) specific to the
last exon (exon 5) from the total RNA isolated from HeLa cells — wild type (WT), treated with
tBHQ (+tBHQ) and siRNA knockdown of Star-PAP (siStar-PAP). (B) 3’-RACE assay as in Fig.
1B with the RNA samples from tBHQ treated HeLa cells in presence and absence of Star-PAP
knockdown (lane 3-4). (C) Primer extension analysis of an oligo specific to HO-1 or GAPDH
mRNA 3’ of cleavage site from the total RNA isolated from HeLa cells as indicated. Western
analysis of siIRNA knockdown of Star-PAP in HeLa cells is shown to the right.

Figure S2: Star-PAP mediated cleavage of HO-1 in vitro. (A) The sequence of HO-1 UTR
RNA template for cleavage assay extending from 120 bases upstream to 122 bases downstream
of the cleavage site. The sequences derived from vector are italicized. Poly A signal (PAS),
cleavage site, Pstl and BamHI sites are underlined. (B) Comparison of the sizes of cleaved HO-1
RNA with an amplified HO-1 RNA extending from the 5’-end of the template to the cleavage
site; lane 1, molecular size markers; lane 2, synthesized HO-1 RNA from 5’-end to the cleavage
site (AHO-1); lane 3, the control full length 250 bps HO-1 UTR uncleaved (P); lane 4, cleaved
HO-1 RNA products (C) after addition of nuclear extract and are indicated. (C) Quantification of
the fraction of cleaved HO-1 UTR RNA described in Fig. 2.

Figure S3: CPSF subunits association and control Flag purifications. Flag purifications from
HEK 293 cells (A) and Flag E-70 expressed HEK 293 cells (B) and analyzed by Western blotting
for Star-PAP and the indicated CPSF subunits. Sup-supernatant, F/T-flow through, W-wash and
E-elution fraction. (C) In vitro polyadenylation assay with increasing PAPa concentration using
the 45-mer RNA oligonucleotide (UAGGGA)sA s as an RNA substrate (as described in Mellman
et al, 2008) (lane 1-3).

Figure S4: (A) EMSA experiment of HO-1 UTR RNA with His tagged PAPa at the similar
concentrations used for Star-PAP binding as in Fig. 4C. The control HO-1 UTR RNA (Probe)
(lane 1), unbound RNA (F) (lanes 2-6) is indicated. (B-D) EMSA of HO-1 RNA with increasing
amounts of peptides - ZF (B), RRM (C) or, ZF-RRM combine (D) of Star-PAP. The control
HO-1 RNA (Probe), unbound RNA (F) and binary (B) complexes are indicated.



Figure S5: RNase S footprinting of HO-1 RNA for Star-PAP binding site determination:
HO-1 RNA digestion was probed with RNase S and detected by primer extension as in Fig. SA.
The digestion pattern in presence (lane 4-5) and absence of (2-3) of Star-PAP and the Star-PAP
footprint from around -105 to -50 are indicated. The dideoxy sequencing ladder and undigested
HO-1 RNA are also indicated. All symbols are as in Fig. SA. In this case of RNase S probing, at
the very low concentrations of enzyme required for the footprinting to prevent the overdigestion
of the template RNA, not all the reactive U/C sites on HO-1 UTR RNA were digested by the
RNase S used.

Figure S6: SDS-PAGE analysis by coomassie staining of purified (A) recombinant CPSF 160
(lane 2) and 73 (lane 3); (B) mutant CPSF 73 (C) His Star-PAP (lane 2); (D) His tagged Star-
PAP deleted for ZF domain (lane 4), RRM domain (lane 3) and combined ZF-RRM domain
(lane 2); and (E) His tagged peptides of Star-PAP ZF domain (lane 4), RRM domain (lane 3),
and ZF-RRM domains combined (lane 2).

Figure S7: Star-PAP is required for CPSF complex assembly (A) RIP experiment of HO-1
RNA with RNAPII and CPSF antibodies to assay for the association with primer specific to the
coding region of HO-1. The primers used were 5’- CCACCAAGTTCAAGCAGCTCTA-3’ and 5’-
GCTCCTGCAACTCCTCAAAGAG-3’. (B) RNA EMSA experiment of HO-1 UTR (lanes 1-3)
and PAM HO-1 RNA (lanes 4-7) with [P’ed CPSF 160 complex. (C) Western blot of CPSF 160,
Star-PAP and PAPa in the IP CPSF 160 complex; and SDS-PAGE analysis of (D) Nuclear
extracts of WT (lane 2) and siRNA Star-PAP knockdown (lane 3) HeLa cells, (E) CPSF 160 IP
complex from WT (lane 2) and siStar-PAP (lane 3) HeLa cells, and stained with Coomassie.

Figure S8: In vitro Cleavage reaction of (A) HO-1 UTR RNA with CPSF subunits 160 and 73
in presence and absence of PAPa (lane 1-4), (B) GAPDH UTR RNA with CPSF subunits 160
and 73 in presence Star-PAP or PAPa (lane 5-7). Pre mRNA (P), cleaved RNA (C), uncleaved
HO-1 RNA probe and control cleavage with Star-PAP are indicated. (C) EMSA experiment of
HO-1 UTR RNA with CPSF 160 (lane 2) or both CPSF 160 and Star-PAP (lane 3). The binary
complex B, ternary complex T and the free RNA F are indicated.



Lane

1

3000
1000 <
700
500
300
200

Lanes 1

Q
s &
& P
S

- IB Star-PAP

- ==» B (3-tubulin

Figure S1



Figure S2
A g

> Pstl

GAAAGCTTGCCTIGCAGTTTTTATAGCAGGGTTIGGGGTGGTTTITTGAGCCAT
GCGTGGGTGGGGAGGGAGGTGTITAACGGCACTGTGGCCTTGGTCTAA
PA Signal Cleavage site
CTITIGTGTGAAATAATAAACAACATTGTCTGATAGTAGCTTGAAGTAGT
TITCATGGGCTTTIGTTATICTIGGGGAACTGACCTTTTCCTCCCTGGTTT

CTTGCGTGCTCGGTAGGAGAAGTGGTGATAGGGGGTTGGCAGGAGCTG

BamHI
GTCTGTGGATCC
Q_
&
of o
2 $E
M - -+NE C
,_- -‘“ o7
: a7 -
- 06
500 W
‘ § 0.5
3% 8 04 -
300 W <
: % S 03
R < g
200 ‘ 35 w 02 -
ot~
3 »;",QG-C
. 0.0 -
- EE2 &0 = - 0
100 é §iin
A Ble .
NE @+ & L 0 e S
8 Star-PAP

Lane 1 234



Sup FT W E
— —

— —

Sup FT W E

IB Star-PAP
IB CPSF 160

IB CPSF 100

IB CPSF 73

IB CPSF 30

@SS @ B E-70 (a-Flag)

—“‘
¥
- e

——

IB Star-PAP
IB CPSF 160

IB CPSF 100

IB CPSF 73

IB CPSF 30

Lanes 1 2 3

Poly A’'s

Figure S3



Figure S4

Lane 1 2 3 4 5 6

B C

(%) ()
Q@Q/I

Q@QAI
“1‘|‘l" ]‘ILI‘ILI‘|J||i“|;
1 1 2 3 4 5

ZF
2 3 4 5

Lane



Figure S5

RNase S (mU) - 12 2

Star-PAP (nM) - - -51 GATC

-105

-50

Poly A sequence
Cleavage site »

Lane 1 23 45 67809



Figure S6

S
N
¢
S

Lane 1 2 3 Lane 1 2

180
82

49
37

17

11

Lane 1 2 Lane 1 2 3 4 Lane 1 2 3 4



A
_ 3 RNAPII  CPSF 160 CPSF73 CPSF 100
IP: K O + - + - + - +
HO-1
B
HO-1 UTR PAM HO-1
Star-PAP + o+ + Si +
IPCPSF160 - IgG IP - I1gG IP IP C

Endo Star-PAP  +
IP CPSF 160 IgG

§
Xe
S

CPSF complex
- HO-1 RNA

180 180
130 130
95 95
75 75
54

54
43

34

43
34
26
26

Lane 1 2 3

Lane 1 2 3

Figure S7

SiStar-PAP

Si + +

IP IP Lysate
IB CPSF 160
IB Star-PAP
IB PAPo



A B
HO-1 GAPDH
PIP2 - - -+ - - -
PAPa - - ++ - - +
Star-PAP - + - - -+ -
CPSF73 -+ ++ -+ +
CPSF 160 - + ++ -+ +

P>

C >

Lane1 2 34 56 7

Lane 1

2

3

Figure S8



	The poly A polymerase Star-PAP controls 3prime-end cleavage by promoting CPSF interaction and specificity toward the pre-mRNA
	Introduction
	Results
	Star-PAP-dependent cleavage of its target mRNA in vivo

	Figure 1 Star-PAP is required for HO-1 mRNA cleavage in vivo.
	Star-PAP is essential for efficient cleavage of its target RNAs

	Figure 2 Star-PAP specifically promotes cleavage of its target mRNA in a cell-free system.
	Star-PAP associates with CPSF subunits
	Star-PAP specifically binds the HO-1 UTR RNA
	Mapping of the Star-PAP-binding site on HO-1 UTR RNA

	Figure 3 Recombinant Star-PAP rescues the cleavage defect and Star-PAP interacts with subunits of CPSF.
	Star-PAP recruits CPSF and stabilizes the processing complex

	Figure 4 Star-PAP associates and interacts directly with HO-1 RNA.
	Figure 5 Determination of Star-PAP-binding site on HO-1 RNA.
	Star-PAP controls cleavage by promoting CPSF interaction with HO-1 RNA

	Figure 6 Star-PAP promotes CPSF binding and stabilizes the cleavage complex on HO-1 RNA.
	Figure 7 Star-PAP facilitates HO-1 cleavage by CPSF subunits, and PI4,5P2 stimulates coupled polyadenylation.
	Star-PAP control of cleavage is poly A signal dependent
	HO-1 mRNA polyadenylation is stimulated by PI4,5P2

	Discussion
	Figure 8 Model of Star-PAP-mediated cleavage of target RNA.
	Materials and methods
	Cell culture, transfections and cell stimulation
	Protein purifications
	Immunoprecipitations and immunoblottings
	Preparation of nuclear fraction
	GST pull down
	RNA isolation
	3prime-RACE assay
	Primer extension analysis
	RNA immunoprecipitation
	Construction and in vitro synthesis of substrate RNAs
	Cleavage assay
	RNA EMSA experiment
	RNA footprinting
	Supplementary data

	Acknowledgements
	References

	emboj2010287s1.pdf
	Supplementary Figures.pdf
	Supplementary Figure 1.jpg
	Supplementary Figure 2.jpg
	Supplementary Figure 3.jpg
	Supplementary Figure 4.jpg
	Supplementary Figure 5.jpg
	Supplementary Figure 6.jpg
	Supplementary Figure 7.jpg
	Supplementary Figure 8.jpg





