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During polyadenylation, the multi-functional protein nu-
cleophosmin (NPM1) is deposited onto all cellular mRNAs
analysed to date. Premature termination of poly(A) tail
synthesis in the presence of cordycepin abrogates deposi-
tion of the protein onto the mRNA, indicating natural
termination of poly(A) addition is required for NPM1
binding. NPM1 appears to be a bona fide member of the
complex involved in 3’ end processing as it is associated
with the AAUAAA-binding CPSF factor and can be co-
immunoprecipitated with other polyadenylation factors.
Furthermore, reduction in the levels of NPM1 results in
hyperadenylation of mRNAs, consistent with alterations in
poly(A) tail chain termination. Finally, knockdown of
NPMI1 results in retention of poly(A) * RNAs in the cell
nucleus, indicating that NPM1 influences mRNA export.
Collectively, these data suggest that NPM1 has an impor-
tant role in poly(A) tail length determination and may
help network 3’ end processing with other aspects of
nuclear mRNA maturation.
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Introduction

Polyadenylation is vital to mRNA 3’ end formation in eukar-
yotes and is now clearly considered to be more than a default
process along the pathway of mRNA maturation. Over 50%
of genes contain alternative poly(A) signals (Tian et al, 2005),
the choice of which is dynamically regulated by the cell based
on its growth, developmental stage and cancerous phenotype
(Sandberg et al, 2008; Ji et al, 2009; Mayr and Bartel, 2009).
Furthermore, the polyadenylation process is closely net-
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worked with many aspects of gene expression. Therefore, a
more detailed description of the polyadenylation process and
mechanistic aspects of its connections to other aspects of
RNA biogenesis will be important for a complete understand-
ing of cellular gene expression.

Polyadenylation and transcription are co-regulated at a
variety of levels. Polyadenylation can influence transcription
termination (West and Proudfoot, 2009) as well as the
efficiency of transcription re-initiation at upstream promoters
(Mapendano et al, 2010). In addition to polyadenylation
factors interacting with the C-terminal domain of RNA Pol
II (Lunde et al, 2010), polyadenylation efficiency can be
influenced by positioning of 3’ end processing signals relative
to the promoter (Guo et al, 2011) and factors involved in
transcription initiation can influence 3’ end processing and
termination (Wang et al, 2010a).

Polyadenylation is also networked with a variety of nuclear
mRNA processing events. The presence of a 5’ cap influences
3’ end processing efficiency (Flaherty et al, 1997).
Polyadenylation influences splicing efficiency, particularly
of the last exon (Cooke and Alwine, 1996) and the Ul
spliceosomal snRNP has a role in regulating poly(A) site
usage (Wilusz and Beemon, 2006; Hall-Pogar et al, 2007;
Abad et al, 2008; Kaida et al, 2010). Polyadenylation factors
have been shown to function in mRNA release from the
nucleus (Ruepp et al, 2009), perhaps by recruiting export
factors (Johnson et al, 2009) and export factors in turn have
been demonstrated to influence polyadenylation (Qu et al,
2009). In yeast, coordination between 3’ end formation
and export appears to occur at least in part through the
THO/Sub2p protein complex (Rougemaille et al, 2008).
Thus, the polyadenylation event may have a key coordinating
or quality control role in nuclear mRNA production and
maturation.

Given the extensive networking of polyadenylation with
other nuclear processes, it is perhaps not surprising that the
machinery associated with 3’ end processing in mammals
may comprise as many as 85 proteins (Shi et al, 2009).
Among these are several protein complexes and individual
factors involved in promoting the enzymatic events of pre-
mRNA cleavage and polyadenylation of pre-mRNAs (Millevoi
and Vagner, 2010). CPSF recognizes the upstream core
AAUAAA element and in conjunction with CstF (which
recognizes the U/GU-rich downstream core element) serves
as a platform for the assembly of enzymatic components onto
pre-mRNA substrates. CFI and CFII are also required for the
generation of the 3’ end of the transcript which is subse-
quently polyadenylated by poly(A) polymerase (PAP).
Polyadenylation itself occurs in two stages, an initial distri-
butive addition of ~25 adenosines followed by the proces-
sive incorporation of more adenosines to form the mature tail
(Bienroth et al, 1993). The size of the poly(A) tail in mam-
malian cells is directly influenced by nuclear poly(A) binding
protein PABPN1. PABPNI1 allows the AAUAAA-associated
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CPSF factor to stimulate PAP activity during the elongation
phase and termination is thought to occur when the tail is too
long for this interaction to effectively be maintained (Kiihn
et al, 2009). While the three factors PABPN1, CPSF and PAP
will generate a tail of defined length in reconstituted reactions
(Kiihn et al, 2009), it is not clear whether additional factors
may influence the termination event in living cells. Therefore,
we set out to explore the potential function of nucleophosmin
(NPM1), a protein we have previously reported to mark the 3’
UTR of mRNAs that have undergone successful polyadenyla-
tion (Palaniswamy et al, 2006).

NPM1, which is also referred to as numatrin, B23 and
NO38, is a conserved multi-functional nuclear/nucleolar
chaperone protein that has been implicated in both growth
promotion and tumour suppression (Lindstrom, 2011). NPM1
is overexpressed in most tumours (Pianta et al, 2010), is a
common target for oncogenic translocations (Falini et al,
2007) and approximately one third of adult acute myeloid
leukaemias display aberrant cytoplasmic localization of
NPM1 due to frameshift mutations in exon 12 (Meani and
Alcalay, 2009). NPM1 knockout mice die early in embryogen-
esis due to multiple defects in organogenesis (Grisendi et al,
2005). The protein contains oligomerization, chaperone,
nucleic acid binding and a variety of subcellular localization
domains that are involved in nucleo-cytoplasmic shuttling
(Okuwaki, 2008). The protein can be extensively modified
post-translationally by phosphorylation, acetylation, ubiqui-
tinylation and SUMOylation (Lindstrom, 2011) which
likely regulates its various functions. NPM1 has been impli-
cated in numerous cellular processes, including ribosome
biogenesis (Maggi et al, 2008), chromatin remodelling
(Hisaoka et al, 2010), DNA repair (Lin et al, 2010), ARF/p53
regulation (Li and Hann, 2009) and SUMO regulation
(Yun et al, 2008).

We have previously identified NPM1 as a factor that is
specifically deposited on the 3’ UTR of viral mRNAs
following successful 3’ end cleavage and polyadenylation
(Palaniswamy et al, 2006) and propose that NPM1 may
function as a mark to identify mRNAs that have undergone
polyadenylation. Given the extensive networking of polyade-
nylation with other nuclear RNA synthesis and processing
events, we wished to pursue the role of NPM1 deposition on
polyadenylated nuclear mRNA. We specifically focused on
the influence of the type of poly(A) signal on NPM1 deposi-
tion, the effect of NPM1 on the polyadenylation process itself
and whether NPM1 has a role in the coordination of other
events in mRNA biogenesis with polyadenylation.

In this study, polyadenylation in HeLa cell nuclear extracts
and crosslinking/co-immunoprecipitation analyses in living
cells suggest that NPM1 is associated with many if not all
poly(A) " mRNAs. NPM1 associates with the CPSF polyade-
nylation factor in cells. Interestingly, the deposition of NPM1
on the 3’ UTR of polyadenylated mRNAs requires proper
termination of polyadenylation. Reduction in the level of
NPMT1 in cells or nuclear extracts results in hyperadenylation.
These data suggest that NPM1 may have a role in influencing
the termination of poly(A) tail synthesis. Finally, in addition
to causing mRNA hyperadenylation, NPM1 knockdown in
living cells also results in nuclear accumulation of poly(A) *
mRNA, suggesting that NPM1 deposition may influence
mRNA export. In summary, these data identify a novel
function for the NPM1 oncoprotein and provide further
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insight into factors involved in the networking of polyadeny-
lation with other aspects of gene expression.

Results

Polyadenylation mediated by a variety of cellular
polyadenylation signals causes deposition of NPM1
on transcripts

Our previous studies used three independent viral polyade-
nylation signals to demonstrate the deposition of NPM1 on
the 3’ UTR of RNA substrates undergoing 3’ end processing
in HeLa nuclear extracts (Palaniswamy et al, 2006). NPM1
deposition required the presence of at least 10 bases upstream
of the AAUAAA element. Moreover, the mere presence of a
long poly(A) tail alone was not sufficient to induce NPM1
deposition as RNA substrates with a preformed ~200nt
poly(A) tail failed to crosslink to the protein. While cross-
linking studies in living cells showed that NPM1 can also be
found on poly(A) ¥ RNAs in the nucleus (Palaniswamy et al,
2006), it remained important to directly demonstrate that
cellular poly(A) signals also mediate the polyadenylation-
dependent deposition of NPM1. We first assessed the proteins
deposited as a result of in vitro 3’ end processing on RNA
substrates bearing the well-characterized bovine growth hor-
mone (BGH) poly(A) signal (Goodwin and Rottman, 1992).
As seen in Figure 1A (top panel), pre-cleaved RNAs contain-
ing the BGH poly(A) signal were polyadenylated with an
efficiency similar to the SV40 late (SVL) viral poly(A) signal.
Furthermore, NPM1 specifically associated with the body of
both RNA substrates (labelled at internal U residues) follow-
ing polyadenylation (Figure 1A, lower panel). Similar data
were obtained for the cellular CFIm (CPSF6) poly(A) signal
(Figure 1B). Thus, we conclude that cellular poly(A) signals,
like previously tested viral poly(A) signals, mediate efficient
association of NPM1 with the body of the RNA in conjunction
with the 3’ end polyadenylation event in nuclear extracts.
We next assessed whether individual cellular mRNAs could
be found associated with NPM1 in living cells. Cells were
treated with formaldehyde to stabilize protein-RNA com-
plexes. Extracts were subjected to immunoprecipitation using
NPM1-specific or control antisera and co-precipitated mRNAs
were assessed using RT-PCR analysis. As seen in Figure 1C,
CF1m mRNA, along with five other polyadenylated mRNAs,
was specifically co-precipitated using NPM1 antiserum. This
subset of mRNAs was chosen to represent mRNAs with
conventional AAUAAA-driven polyadenylation signals (CFIm
and hnRNP H), signals containing a core upstream UGUAN
motif (PAPOLG; Venkataraman et al, 2005), an upstream A-
rich core motif (JunB and MC4R; Nunes et al, 2010) or a
putative ‘poly(A) limiting element’ that restricts the overall
size of the tail (Schnurri-2; Gu et al, 1999) in Jurkat cells. In
HeLa cells, however, the poly(A) tail of Schnurri-2 mRNAs was
longer (up to ~150 adenosines) (data not shown). Thus, the
regulation of poly(A) tail size of the Schnurri-2 mRNA appears
to be cell and/or tissue specific. As a control, histone H2A
mRNAs, which generally lack a poly(A) tail, failed to signifi-
cantly interact with NPM1. Collectively, these data suggest that
NPM1 is deposited on poly(A) © cellular mRNAs independent
of the type of upstream polyadenylation signal they possess.
While the significance of the differences in the overall effi-
ciency of NPM1 co-precipitation among individual polyadeny-
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Figure 1 Nucleophosmin is deposited on cellular poly(A) " mRNAs in both HeLa cells and an in vitro polyadenylation system. (A, B)
Radiolabelled RNAs containing polyadenylation signals from the SV40 late (SVL), bovine growth hormone (BGH) or the 68-kDa component of
cleavage factor Im (CFIm) were incubated with HeLa nuclear extract in an in vitro polyadenylation assay for the times indicated. RNA products
were analysed on a 5% acrylamide gel containing urea (top panel). A™ indicates the migration of the polyadenylated product RNAs, while
‘input’ indicates the size of the RNA substrate. In the lower panel, in parallel experiments in the cell-free polyadenylation system radioactive
RNAs were crosslinked by UV light to closely associated proteins, treated with RNase and total crosslinked proteins were analysed by SDS-
PAGE (total lanes) or immunoprecipitated using an anti-NPM1 antisera before electrophoresis (NPM1 IP lanes). The arrow on the right
indicates the migration of the NPM1 crosslinked product while molecular weight markers are indicated on the left. (C) HeLa cells were treated
with formaldehyde to stabilize mRNP complexes and lysed. Lysates were immunoprecipitated using equal amounts of either IgG control sera or
NPM1-specific antibodies. Immunoprecipitated RNA was extracted and analysed by RT-PCR using the primers listed on the left of the panels
and products were resolved on 2% agarose gels. The numbers below each band in the immunoprecipitated lanes represent the relative fold
enrichment of PCR product obtained compared with the control IgG lanes. Results shown are the mean of three experiments with the standard

deviations indicated.

lated mRNAs remains to be elucidated, the mode of recogni-
tion used to initiate 3’ end processing does not appear to have
a role in deposition of NPM1.

NPM1 is deposited on mRNAs as a result of the natural
process of termination of polyadenylation

Our previous results clearly indicated that NPM1 deposition
on mRNAs was associated with the process of poly(A) tail
addition rather than 3’ end cleavage of pre-mRNA substrates
(Palaniswamy et al, 2006). Furthermore, RNAs containing
preformed poly(A) tails of ~200 bases failed to associate
with NPM1, suggesting that NPM1 deposition was intimately
linked with the polyadenylation event itself and was not a
simple consequence of the presence of a poly(A) tail on an
RNA. In order to begin to gain more mechanistic insight into
NPM1 deposition onto mRNAs, we addressed which step of
the polyadenylation process (initiation, elongation or termi-
nation of poly(A) synthesis) was associated with NPM1
deposition. We approached this experimentally via the addi-
tion of increasing amounts of cordycepin triphosphate into
polyadenylation reactions mediated by HeLa nuclear extracts.
Cordycepin will act as a chain terminator when incorporated
into the growing adenylate tract by PAP, allowing us to
determine the effect of artificially terminating poly(A) synth-
esis on NPM1 deposition. As seen in Figure 2A, when
cordycepin is added in sufficient concentrations to terminate
polyadenylation prematurely, NPM1 was not deposited on
the pre-mRNA substrate. This suggests that NPM1 deposition
does not occur during the initiation or elongation steps of
poly(A) tail synthesis. However, when cordycepin is titered
into reactions to cause a block in poly(A) tail elongation and
a concomitant decrease in the amount of natural termination
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of poly(A) tail synthesis, a direct association between NPM1
deposition and natural poly(A) tract termination can be
observed (Figure 2B). Thus, we conclude that deposition
of NPM1 on RNAs undergoing polyadenylation is closely
associated with the termination step of poly(A) tail synthesis.
Two additional observations support this conclusion. First,
RNAs with preformed poly(A) tails of 60 to ~200 bases in
length fail to interact with NPM1 (Palaniswamy et al, 2006).
Thus, the length of the poly(A) tail per se does not appear to be
important for NPM1 interactions. Second, if an ATP analogue
with a non-cleavable -y bond (AMPP(CH,)P) is used instead
of ATP in in vitro polyadenylation assays, the poly(A) tails
generated in the reaction are much shorter (49 10 bases),
consistent perhaps with failure of the poly(A) tail addition to
effectively switch to its processive mode (Wahle, 1995;
Figure 2C, top panel). As seen in Figure 2C (lower panel),
NPM1 deposition also fails to occur under these conditions of
AMPP(CH,)P-induced inappropriate termination of poly(A)
synthesis. Quantification of the total amount of products
containing poly(A) tails of any length indicated that changes
in overall polyadenylation efficiency when using ATP analo-
gues cannot account for the decrease in NPM1 binding that is
observed (Figure 2A and C). Therefore, collectively these data
suggest that NPM1 deposition is associated with the natural
termination step of poly(A) tail synthesis.

NPMT1 interacts with factors directly implicated in the
determination of poly(A) tail length

Previous studies indicated that three factors have a major role
in determining the length of poly(A) synthesized on a given
mRNA: CPSF (which interacts with the AAUAAA core up-
stream element of the poly(A) signal), PABPN1 (which inter-
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Figure 2 Deposition of NPM1 on RNAs is associated with natural termination of poly(A) synthesis. (A) RNAs containing the SVL
polyadenylation signal were incubated in cell-free polyadenylation reactions using HeLa nuclear extract in the presence of the indicated
amount of cordycepin. RNA products of the reaction were analysed on a 5% denaturing acrylamide gel (top); total proteins that were UV
crosslinked to the radioactive body of the RNA were analysed by 10% SDS-PAGE (middle gel); and crosslinked proteins immunoprecipitated
with NPM1-specific antisera were analysed by 10% SDS-PAGE (bottom gel). The arrow in the middle gel indicates the position of NPM1. The
percentage of RNA that received a poly(A) tail of any length is indicated under the top gel. (B) Quantification of the results shown in (A). Error
bars represent the standard deviation of three experiments. (C) RNAs containing the SVL polyadenylation signal were incubated in cell-free
polyadenylation reactions using HeLa nuclear extract in the presence of either ATP or AMPP(CH,)P. RNA products of the reaction were
analysed on a 5% denaturing acrylamide gel (top gel); total proteins that were UV crosslinked to the radioactive body of the RNA were analysed
by 10% SDS-PAGE (bottom gel). The arrow indicates the position of crosslinked NPM1. Poly(A) tail sizes are expressed as the mean size along
with the size range (£ ) of 80% of the poly(A) synthesized in the reaction. The percentage of RNA that received a poly(A) tail of any length is

indicated under the top gel.

acts with CPSF and the growing adenylate tail) and PAP
(which is the enzyme responsible for adding adenylate
residues) (Wahle, 1995; Kiihn et al, 2009; Millevoi
and Vagner, 2010). Poly(A) tail length can also be affected
post-synthesis through remodelling by deadenylases (Brown
et al, 1996). In order to gain further insight into the mechan-
ism of NPMI1 deposition on polyadenylated mRNAs, we
determined whether NPM1 associates with factors known
to have an influence on poly(A) tail length. Co-immunopre-
cipitations were performed using antisera specific for NPM1
and the blots were probed for a variety of polyadenylation
factors. As seen in Figure 3A, NPM1 specifically co-precipi-
tated with CPSF-160. The interaction between NPM1 and the
CPSF complex was direct as it was insensitive to degradation
of RNA by RNase ONE. Immunoprecipitations using antibo-
dies against CPSF-160 and probing for co-precipitated NPM1
confirmed the interaction (Figure 3B). Interestingly, the major
nuclear PAP and PABPN1 were also co-immunoprecipitated
with NPM1 antibody, but in an RNase-sensitive manner
(Figure 3A). As a control, only trace amounts of the nuclear
deadenylase PARN was immunoprecipitated with NPM1, but
this weak interaction was indirect and likely due to RNA
bridging as it was sensitive to ribonuclease (data not shown).
As seen in Figure 3C, the CPSF-100, CPSF-73 and CPSF-30
components of the CPSF complex also co-immunoprecipitated
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with NPM1 in an RNase-resistant manner. The CstF-64 com-
ponent of the CstF complex that interacts with the down-
stream element of the polyadenylation signal, failed to
detectably interact with NPM1 (Figure 3B). The CstF-77
component of this complex interacted only weakly with
NPM1 and in an RNase-sensitive manner (Figure 3B). Thus,
we conclude that NPM1 can interact with the CPSF factor that
binds the AAUAAA element in the 3’ UTR of the pre-mRNA.
In addition, NPM1 interacts indirectly through RNA bridging
with the enzyme that adds adenylate residues to the 3’ end of
the pre-mRNA (PAP) as well as a key factor in poly(A) length
determination (PABPN1). Thus, NPM1 may be part of the
complex present on pre-mRNAs that are being actively poly-
adenylated. Collectively, these data suggest that NPM1 may
directly influence factors that have a role in the natural
process of termination of poly(A) tail addition.

Knockdown of NPM1 in cells results in
hyperadenylation of mRNA

If NPM1 does have a role in the termination of poly(A)
synthesis, then one would predict that poly(A) tail length
might be affected in the absence of the protein. In order to
address this, we assessed poly(A) tail length of mRNAs
isolated from HeLa cells depleted of NPM1 using shRNAs.
We established two NPM1 knockdown HeLa cell lines using
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Figure 3 NPM1 is directly associated with the core polyadenylation factor CPSF. (A) HeLa cell lysates were immunoprecipitated with either
control mouse IgG or NPM1 antibodies before (— lanes) or after (4 lanes) treatment with RNase ONE. Precipitated proteins were separated on
a 10% SDS-acrylamide gel and analysed by western blotting using the antisera indicated on the left. Input lanes represent 10% of the total
amount of protein used for the immunoprecipitation reactions. (B) Same as in (A), but antibodies against CPSF-160 were used for the
immunoprecipitation. (C) Co-immunoprecipitation analysis was performed as described in (A) and blots were probed with the antibodies
indicated on the left.
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Figure 4 Knockdown of NPM1 results in an increase in mRNA poly(A) tail length. Total RNA was isolated from untreated HeLa cells (HeLa
lanes), HeLa cells containing a vector only control (LKO.1 lanes) or HeLa cells knocked down for NPM1 (NPM1 KD lanes) and analysed by
linker ligation-mediated PCR-based poly(A) tail length assay. A set of samples was treated with oligo dT and RNAse H to remove the poly(A) tail
before analysis (RNase H/d(T) lanes). The PAT lanes represent samples where mRNAs with intact poly(A) tails were analysed. Primers for
B-actin mRNA were used in (A), hnRNP H mRNA in (B) and rps5 mRNA in (C). PCR products were analysed on a 5% acrylamide gel.
The positions of the unadenylated RNA (A,), normally polyadenylated (pA) and hyperadenylated (pA+ +) are indicated on the left.

the Mission™ pLKO.1 shRNA expression system. As seen in controls. The effect was specific for mRNAs as no evidence
Supplementary Figure S1A and B, NPM1 protein and RNA was obtained for an increase in polyadenylated subforms
levels were knocked down >90% in these cells. Similar of TRNAs (data not shown). Therefore, we conclude that
levels of NPM1 depletion could be achieved with other knockdown of NPM1 in HeLa cells results in hyperadenyla-
shRNAs that target independent regions of the mRNA (data tion of mRNAs.
not shown). An analysis of cell doubling rates indicated that We hypothesized that the hyperadenylation of mRNAs
while viable, HeLa cells that were knocked down for NPM1 observed in NPM1 knockdown cells is due to a direct
did grow significantly slower than their wild-type counter- disruption in regulation of poly(A) tail length during synth-
parts (Supplementary Figure S1C). These data confirm pre- esis or remodelling. Alternatively, hyperadenylation could be
viously published work indicating that NPM1 has a an indirect effect of a block in nuclear export or as a
significant role in cellular growth and metabolism (Grisendi consequence of aberrant mRNA quality control. In order to
et al, 2005; Brady et al, 2009). begin to differentiate between these mechanistic possibilities,
We performed linker ligation-mediated poly(A) tail (LLM- we prepared nuclear extracts from wild-type, control and
PAT) length assays (Garneau et al, 2008) for a series of NPM1 knockdown HeLa cells. Pre-cleaved RNAs containing
individual mRNAs. As seen in Figure 4, the length of the the SVL poly(A) signal (which get a poly(A) tail added
poly(A) tail on the B-actin, hnRNP H and rps5 mRNAs was directly to their 3’ end without the need for a prior cleavage
clearly increased in NPM1 knockdown cells compared with reaction) were incubated in cell-free polyadenylation reac-
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extracts for the time indicated and polyadenylated products were analysed on a 5% acrylamide gel. (F) Increasing amounts of partially purified
NPM1 protein were added back to NPM1-depleted extracts and polyadenylation reactions were performed and assayed as described above.
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tions using nuclear extracts and poly(A) tail length was tional length increase occurred in the poly(A) tail. In extracts
assessed on acrylamide gels. As seen in Figure 5A, while from NPM1-depleted cells, on the other hand, maximal tail
extracts from untransfected HeLa cells and control cells length was clearly increased compared with control cells.
stably transfected with an empty LKO.1 vector gave polyade- These data suggest that NPM1 is likely also influencing the
nylated products of similar size, nuclear extracts from stably activity CPSF-160 and/or PABPNI1 that regulates PAP proces-
transfected NPM1 knockdown lines gave hyperadenylated sivity throughout the cycles of poly(A) addition rather than
tails ~80 bases longer than those seen in control extracts. simply influencing the final termination event. Next, immu-
Importantly, independent extracts gave similar, highly repro- nodepletion studies performed by adding increasing amounts
ducible results (Figure 5A). Similar hyperadenylation in of NPM1-specific antibodies on a fixed amount of Sepharose
NPM1 knockdown extracts was observed on SVL RNA sub- beads to HeLa nuclear extracts and testing the supernatant
strates that were both cleaved and polyadenylated in the also resulted in a dose-dependent increase in poly(A) tail
reaction (Figure 5B). A similar hyperadenylation of RNA length (Figure 5E). Control Sepharose beads with non-speci-
substrates in NPM1 knockdown extracts was observed for fic IgG had no influence on polyadenylation. Finally, the
other poly(A) signals, including adenoviral signals IVA2 addition of partially purified NPM1 protein to NPM1-depleted
(Figure 5C) and E1B (data not shown). Overall RNA recovery extracts was able to restore poly(A) tail length to the size
in the assortment of extracts used in these studies varied by found in control extracts (Figure 5F). Therefore, we conclude
<15%, suggesting that NPM1 levels did not dramatically that the mRNA hyperadenylation observed in NPM1 knock-
influence the degradation rates of RNAs in these experiments. down cells is likely a direct effect of the reduction in NPM1
In addition, variation in overall polyadenylation efficiency levels on the efficiency of poly(A) tail termination.
between extracts was relatively minor (<14 %), and thus was
not sufficient to account for the dramatic differences in the Knockdown of NPM1 in cells results in increased mRNA
size of poly(A) tails that were observed between control and accumulation in the nucleus
NPM1-depleted extracts. In the yeast Saccharomyces cerevisiae, hyperadenylation is
The hyperadenylation observed in extracts made from associated with a block in mRNA export from the nucleus
NPM1-depleted cells was not simply due to differences in (Jensen et al, 2001). In order to assess the overall localization
the kinetics of poly(A) tail addition. As seen in Figure 5D, of the poly(A) © RNA population in NPM1 knockdown HeLa
once a maximal poly(A) tail length was obtained in extracts cells, we performed fluorescence in situ hybridization (FISH)
from control HeLa cells at around 10 min, no notable addi- analyses using labelled oligo d(T) probes. As seen in
©2011 European Molecular Biology Organization The EMBO Journal VOL 30 | NO 19| 2011
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Figure 6A, while poly(A) © mRNA was largely cytoplasmic in
control transfected HeLa cells, NPM1 knockdown caused a
dramatic accumulation of poly(A) © RNA in the nucleus. In
control cells, 79 +3% of the poly(A) © RNA detected by FISH
is cytoplasmic, the remainder being nuclear. In NPM1-de-
pleted cells, 26 +4 of the poly(A) * RNA detected by FISH is
cytoplasmic (with 74 £4% being nuclear). The phenotype is
observed in 85(+9)% of NPM1-depleted cells. Similar data
were obtained using two additional shRNAs that targeted
independent regions of the NPM1 mRNA (Figure 6B), indi-
cating the effects of NPMIl-specific shRNAs were likely
direct. The nuclear retention observed in NPM1 knockdown
cells was specific for mRNA as neither bulk rRNA
(Supplementary Figure S2) nor tRNA (data not shown)
showed any change in their relative nuclear/cytoplasmic
distribution. Note that in this experiment defects in export
of newly synthesized rRNA complexes reported in previous

A Control

studies (Maggi et al, 2008) would not have been detected
since total 25S rRNA was followed as was done for poly(A) *
RNA in Figure 6. We did not detect any dramatic differences
on the half-lives of three independent mRNAs tested in
NPMI1-depleted cells (data not shown), suggesting that
NPMT1 levels did not have a major impact on mRNA stability.
Therefore, we conclude that a reduction in the level of NPM1
in HeLa cells results in a dramatic accumulation of mRNA in
the nucleus. This may be due to a block in export as a result
of failure to correctly terminate poly(A) synthesis as hyper-
adenylated mRNAs have been associated with nuclear reten-
tion in other organisms (Jensen et al, 2001).

Discussion

The process of mRNA 3’ end formation/polyadenylation
is highly regulated and networked with other processes

NPM1 KD (shRNA 1)

B Control shRNA 2 shRNA 3

Oligo d(T)

Figure 6 Reduction of NPM1 levels results in the accumulation of poly(A) © RNAs in the nucleus. (A) Control HeLa cells (transfected with an
empty pLKO vector) or HeLa cells treated with an NPM1-specific ShRNA for 24 h were analysed by immunofluorescence using DAPI to mark
nuclei, oligo d(T) to identify poly(A) © RNA or NPM1 antibodies to visualize nucleophosmin. The arrow highlights a representative cell in
which poly(A) ¥ RNA is largely cytoplasmic (control cells) or is retained in the nucleus (NPM1 KD cells). (B) Same as (A) but cells were treated
with two independent shRNAs targeting NPM1 before analysis and the DAPI stained panel to mark nuclei was omitted.
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involved in nuclear mRNA biogenesis. This study identifies
the oncoprotein NPM1 as a factor that influences the length
of the poly(A) tail as well as mRNA export from the nucleus
to the cytoplasm. These observations attribute important new
functions to this abundant nuclear/nucleolar chaperone
which significantly expands our insight into the overall
impact of NPM1 on cellular metabolism.

There are several possible models for how NPMI1 influ-
ences poly(A) tail length. First, by binding CPSF, NPM1 may
influence CPSF interactions with PABPN1 and PAP (Figure 7).
NPM1 may in some manner anchor CPSF at the AAUAAA
element via its ability to interact with nearby RNA sequences.
As the poly(A) tail gets longer and interactions between CPSF
and the other factors become more difficult to maintain
because of distance (Kiihn et al, 2009), NPM1 may provide
added strain to these interactions and favour dissociation.
When CPSF can no longer effectively interact with PAP/
PABPNI1, poly(A) tail synthesis terminates and NPM1 may
simultaneously be released to bind to the 3’ UTR of the
mRNA. Thus, binding of NPM1 to the 3’ UTR just upstream
of the AAUAAA element (Palaniswamy et al, 2006) may also
assist in the release of the core poly(A) factors from the
nascent mRNA. Our data indicating a direct interaction
between NPM1 and CPSF (Figure 3) as well as a requirement
for natural termination of poly(A) tail synthesis for NPM1
deposition (Figure 2) are consistent with this model.
Alternative models exist which we consider less likely but
cannot formally rule out. NPM1, for example, may influence
poly(A) tail size by assisting in the recruitment of a dead-
enylase to remodel the poly(A) tail. We have not, however,
identified any direct interactions between NPM1 and the
nuclear localized PARN deadenylase. In addition, to date
we have not obtained any clear evidence for a role for
deadenylase activity influencing poly(A) tail length in our
nuclear extract-based polyadenylation assays where NPM1

PABPNT1 || PABPN1 || PABPN1

Figure 7 Model for the regulation of poly(A) tail length by NPM1.
NPMI1 is directly associated with CPSF-160 which influences poly(A)
polymerase activity on the growing tail in conjunction with the
poly(A) binding processivity factor PABPN1. The propensity for
NPM1 to bind nearby nucleic acids possibly places an additional
strain on the CPSF-160 interactions with PAP and PABPN1, perhaps
helping the complex dissociate when the poly(A) tail reaches a
specific size. In the absence of the constraints imposed by NPM1
interaction, the CPSF—PAP—PABPN1 complex allows for additional
rounds of poly(A) synthesis on the growing tail.
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regulation of poly(A) tail length could be recapitulated
(Figure 5). In another alternative model, NPM1 via its
chaperone activity may influence the association of other
proteins in the large complex of ~85 factors that may be
involved in polyadenylation (Shi et al, 2009), and thus
influence poly(A) tail length indirectly. Given the lack of
evidence to date for other factors besides CPSF, PAP and
PABPN1 in poly(A) length regulation (Kiihn et al, 2009),
assessment of this alternative model awaits additional experi-
mental insight into the functions of these other putative
poly(A) factors.

Since NPM1 could directly associate with the AAUAAA-
binding factor CPSF, we investigated whether NPM1 influ-
ences alternative polyadenylation. Given the overexpression
of NPMI1 in cancer cells and the altered use of upstream
poly(A) signals on many genes (Sandberg et al, 2008;
Ji et al, 2009; Mayr and Bartel, 2009), we considered this an
attractive possibility. However, to date we have not obtained
evidence for a role for NPM1 in alternative polyadenylation as
poly(A) site choice was not altered in NPM1 knockdown cell
lines for a variety of genes tested (data not shown). This
observation would be consistent with our mechanistic data
that indicates NPM1 is not deposited during the mRNA
cleavage event (Palaniswamy et al, 2006), but rather at later
times in the process of 3’ end formation, long after the choice
of polyadenylation signals on the pre-mRNA has been made.

We can envision several possible explanations as to why
NPM1 was not detected previously as a factor involved in the
termination/sizing of poly(A) tails. First, previous studies
that identified CPSF, PAP and PABPN1 as factors involved in
poly(A) tail sizing were done via a biochemical reconstitution
approach (Bienroth et al, 1993; Kiihn et al, 2009). While these
three factors are undoubtedly required for proper sizing of the
poly(A) tail, they may not be sufficient for poly(A) tail sizing
in biological systems. Second, NPM1 is extremely abundant
in mammalian tissue culture cells and could theoretically
have been overlooked in some reconstitution experiments as
a presumably minor and unimportant contaminant. Finally,
the size of the poly(A) tail on individual mRNAs has not been
very well characterized to date. While the field often uses a
value of 150-200 bases for the length of a poly(A) tail in
mammalian systems, this represents more of a generalization
than an accurate measurement. Reconstitution assays using
CPSF, PAP and PABPNI1 often give longer tails (~250 bases)
rather than the generalized value of 150-200 bases for
poly(A) tails in biological systems (Kiihn et al, 2009). This
length increase in reconstituted assays could, we hypo-
thesize, be due to the limiting amount/lack of NPMI.
Unfortunately, we have not been able to obtain purified
biologically active NPM1 from recombinant sources to date
that can be deposited onto mRNA in reconstituted polyade-
nylation reactions. This is perhaps due to a need for specific
post-translational modification (Haindl et al, 2008) or addi-
tional unidentified factors involved in the deposition of
NPM1 onto mRNAs. Thus, reconstitution studies to test this
hypothesis remain for future experimentation.

The apparent block in mRNA export observed in NPM1-
depleted cells demonstrates the biological relevance of NPM1
to mRNA biology and could be related to the role of NPM1 in
mRNA polyadenylation. In addition to the possible associa-
tion between hyperadenylation and a block in mRNA export
(Jensen et al, 2001), there are several hypotheses for how
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NPMI1 might directly influence mRNA movement from the
nucleus to the cytoplasm. First, NPM1 is a known nucleo-
cytoplasmic shuttling protein (Maggi et al, 2008) and could
have a direct role in chaperoning the movement of mature
mRNAs from the nucleus to the cytoplasm when it is depos-
ited on transcripts that have been properly polyadenylated.
Along these lines, it is important to note that while NPM1 is
readily found associated with nuclear mRNAs, the interaction
appears to be largely lost on mRNAs isolated from the
cytoplasm (Palaniswamy et al, 2006). NPM1 is known to
have a key role in ribosome export from the nucleus (Maggi
et al, 2008) and has recently been implicated in miRNA
export from cells (Wang et al, 2010b); thus, it may be
generally involved in RNP movement in the cell. Second,
NPM1 is known to serve as a shuttle for HIV Rev protein
accumulation in the nucleus (Fankhauser et al, 1991). Thus,
NPM1 could be involved in the nuclear import of other
shuttling proteins and its effect on mRNA export could
formally be independent of its deposition onto mRNAs as a
polyadenylation mark. Third, NPM1 has been shown to
associate with the nuclear pore, specifically through interac-
tions with Nup98 (Crockett et al, 2004). NPM1 could, there-
fore, directly assist in the loading of mRNA export complexes
at the pore. Fourth, there have been a variety of connections
between polyadenylation and mRNA export (Rougemaille
et al, 2008; Johnson et al, 2009; Qu et al, 2009; Ruepp et al,
2009), and exploring the connections between NPM1 and
these export factors could provide significant insight. Finally,
NPMI1-influenced mRNA export could be a regulated process
in the cell. The tumour suppressor ARF blocks NPM1 shut-
tling, affects ribosome biogenesis and reduces polysome
formation (Rizos et al, 2006). It will be informative to assess
whether activation of ARF also affects mRNA export from the
nucleus, which could contribute to the translational effects
that have been observed.

Could NPM1 be involved in the networking of polyadeny-
lation to other aspects of nuclear mRNA biogenesis? Tarapore
et al (2006) have demonstrated that NPM1 phosphorylated
on Thr 199 can localize to nuclear speckles and repress
mRNA splicing. It will be interesting to investigate the role
of NPM1 deposition by polyadenylation in the connections
between splicing and 3’ end formation.

There are numerous interesting potential implications in
the observations made in this study to cancer-related cellular
processes. First, DNA damage results in increased NPM1
synthesis as well as accumulation of NPM1 in the nucleo-
plasm (Wu et al, 2002). Given the changes in polyadenylation
that have been noted in response to DNA damage (Cevher
et al, 2010), it will be worthwhile to determine whether NPM1
contributes to any alterations in 3’ end processing seen under
these conditions. Second, NPM1 undergoes significant altera-
tions in cancer cells and has been implicated both as an
oncogene and as a tumour suppressor (Grisendi et al, 2006).
Many if not all cancer cells show a dramatic increase in
NPM1 expression (Pianta et al, 2010). As the experiments we
have performed to date are in tissue culture cells (HeLa and
293T cells) that express high levels of NPMI, it may be
informative to compare NPM1 deposition, poly(A) tail length
regulation and mRNA export in normal human cells. These
studies could provide important insight into novel roles
for NPM1 in the regulation and quality control of mRNA
biogenesis
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and the promotion of tumourogenic phenotypes. Third, the
N-terminal half of NPM1 is a common target for chromoso-
mal translocations that generate oncogenic fusion proteins
(Grisendi et al, 2006). Whether and how these NPM1 fusion
proteins function as polyadenylation marks will be interest-
ing fodder for future studies. Finally, about a third of adult
acute myeloid leukaemias (AML) possess a frameshift in the
C-terminal portion of NPM1 that results in an aberrant
cytoplasmic accumulation of the protein (Grisendi et al,
2006; Lindstrom, 2011). How this altered NPM1 subcellular
localization influences mRNA poly(A) tails and mRNA export
regulation in AML cells will also be an interesting question
for future studies.

Materials and methods

Cell culture and transfection

HeLa cell lines were grown at 37°C in 5% CO, in Dulbecco’s
modification of Eagle’s medium supplemented with 10% fetal
bovine serum, L-glutamine and penicillin/streptomycin. HeLa
suspension cells were grown in Eagle’s minimum essential medium
supplemented with 10% horse serum. All plasmid DNA was treated
with the MiraCLEAN endotoxin removal kit (Mirus Bio) before
being used for transfection with Lipofectamine 2000 (Invitrogen).
For establishment of the LKO.1 and NPM1 KD HeLa cell lines, either
empty LKO.1 plasmid or LKO.1 plasmid containing an shRNA
against the coding sequence of human NPM1 (shRNA 1: Sigma
MISSION clone ID NM_002520.4-169s1cl) was transfected into
cells. Two days post-transfection, cells were switched to media
containing puromycin (5 pg/ml). Single colonies were selected, and
expression of NPM1 was assessed by qRT-PCR using primers
5'-GGTCTGAAAATGGAGGT-3' and 5'-GGCGCTTTTTCTTCAGCTT-3/
and corroborated by western blot. For growth analysis, cells were
trypsinized and counted using a hemocytometer. For transient
shRNA-mediated knockdown of NPM1 expression, either empty
LKO.1 plasmid or NPM1 shRNA LKO.1 plasmids (shRNA 2:
NM_002520.4-664s1cl; shRNA 3: NM_002520.4-819slcl) were
transfected into HeLa cells. Twenty-four hours post-transfection,
cells were processed for FISH assays.

Plasmids and RNAs

pSVL contains a 241-base pair (bp) BamHI-Bcll fragment containing
the SVL polyadenylation signal inserted into the BamHI site of
pSP65. RNA substrates containing the full polyadenylation signal
were generated by Dral cleavage. Pre-cleaved SVL RNA was
generated by SP6 transcription of pSVL that had been linearized
with Hpal. pIVA2 contains the 155-bp BamHI-Pvull fragment of
adenovirus pE1B cloned into pGem4 at the Hincll and BamHI sites.
SP6 transcription of Bgll-linearized template yielded a 156-base
RNA (IVA2). A 148 base fragment of the BGH poly(A) signal-
containing RNA was PCR amplified from pcDNA3.1 using the
primers 5’-ATTTAGGTGACACTATAGAAAGTCTAGAGGGCCCGTTTA
AAC-3' and 5-GCAATTTCCTCATTTTATTAGGAAGGACACTGGG-3'
and used directly in transcription reactions to produce a pre-cleaved
BGH poly(A) signal. A 154 base fragment of the CFIm
68-kDa subunit was PCR amplified from pCINeo (a gift from
Dr G Gilmartin, University of Vermont) using the primers 5'-
ATTTAGGTGACACTATAGAACTTGTTAAAAATGTTTATATGAT-3 and
5'-TTGCTGAACACAAGACTTTCCCTGAG-3 and used directly in tran-
scription reactions to produce a pre-cleaved CFIm poly(A) signal.
Transcnptlon reacnons usmg SP6 polymerase were performed in the
presence of [**PJUTP and m’GpppG as described previously (Wilusz
and Shenk, 1988) All RNAs were gel purified before use.

Polyadenylation assays

HeLa nuclear extracts were prepared and cell-free polyadenylation
assays were performed as previously described (Wilusz and Shenk,
1988). A typical reaction contained 3% (w/v) polyvinyl alcohol,
1mM ATP, 20mM phosphocreatine, 12 mM HEPES (pH 7.9), 12%
(v/v) glycerol, 60mM KCl, 0.12mM EDTA, 0.3 mM DTT and 60%
(v/v) nuclear extract. Cordycepin 5 -triphosphate and AMPP(CH,)P
(Sigma-Aldrich) were dissolved in water and added to polyadenyla-
tion assays where indicated. Immunodepleted extracts were
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obtained by incubating nuclear extract with Sepharose-Protein A
beads containing either NPM1-specific antibody or control normal
rabbit IgG. Partially purified NPM1 protein was prepared by
fractionation of HeLa nuclear extracts over Q-Sepharose, S-
Sepharose and poly(A)-Sepharose 4B columns using linear salt
gradients. Fractions containing NPM1 were identified by western
blot, concentrated using Microcon filters and dialysed against buffer
D (Wilusz and Shenk, 1988). Reactions were incubated at 30°C for
the indicated times and products were analysed on 6% (w/v)
acrylamide gels containing 7 M urea.

Protein-protein co-immunoprecipitation analysis

HeLa cells were lysed by douncing, purified nuclei were suspended
in NET-2 buffer (150 mM NaCl, 50 mM Tris-Cl pH 7.4, 0.05% NP-40
and 1 mM PMSF) and disrupted by freeze thawing. The lysate was
pre-cleared using Pansorbin cells (Calbiochem). In some samples,
10 units of RNase ONE (Promega) was added to the pre-cleared
lysate and incubated at 37°C for 15min. NPM1l-associated
complexes were purified with anti-NPM1 antibody H-106 (Santa
Cruz Biotechnology) and Pansorbin. Following washing with NET-2
buffer, protein samples were separated on a 10% SDS-polyacryla-
mide gel and blotted onto polyvinylidene difluoride membrane
(Millipore). NPM1 was detected using mouse monoclonal antibody
FC8791 (Santa Cruz Biotechnology). The loading control GAPDH
was detected using mAB374 (Millipore). CPSF-160 was detected
using a rabbit polyclonal serum. CPSF-100 (A301-581A) and CPSF-
30 (A301-585A) were detected using the indicated antibodies from
Bethyl laboratories. CPSF-73 antibodies were the kind gift from Dr
David Bentley (University of Colorado, Denver). CstF-64 and -77
were detected using purified rabbit IgG obtained from Dr Christine
Milcarek (University of Pittsburgh). PABPN1 was detected using
rabbit anti-PABPN1 sera generously provided by Dr David G Bear
(University of New Mexico). PAP was detected using antibody
ab72492 (Abcam).

UV crosslinking and immunoprecipitations

In a typical reaction, 50-200fmol of 3?P-labelled RNA was
incubated in the nuclear extract-based polyadenylation system for
the time indicated. Reaction mixtures were irradiated for 6 min on
ice using a UV Stratalinker 2400 (Stratagene). RNase A was added to
a final concentration of 1mg/ml and reaction mixtures were
incubated at 37°C for 15 min. Crosslinked proteins were separated
by SDS-PAGE and visualized by phosphorimaging. In crosslinking
and immunoprecipitation experiments, samples were pre-cleared
after RNase treatment and incubated with antisera at 4°C. Protein-
antibody complexes were purified using Pansorbin cells.

LLM-PAT poly(A) tail assays

LLM-PAT assays were performed as described (Garneau et al, 2008).
Total RNA was prepared from wild-type, pLKO.1 control and NPM1
KD HeLa cell lines using TRIzol reagent (Invitrogen). The A, marker
was generated by hybridizing total RNA with oligo d(T) (Integrated
DNA Technologies), followed by RNase H (Fermentas) digestion.
Both total RNA and RNase H/d(T) RNA were ligated to a 5 pppRNA
linker (5'-rApppTTTAACCGCGAATTCCAG-3'ddC) at 16°C for 2h in
50mM Tris-Cl, pH 7.5, 10 mM MgCl,, 20mM DTT and 0.1 mg/ml
bovine serum albumin. The ligated RNA was then reverse
transcribed using a reverse transcription primer specific to the
RNA linker (5-CTGGAATTCGCGGT-3’). The resulting cDNA was
then amplified by PCR using the primer (5-CTGGAATTCGCGGT
TAAATTT-3') and one of the following mRNA-specific primers:
B-actin, 5'-GAATGATGAGCCTTCGTGCC-3'; rps5, 5-CTGAGTGCC
TGGCAGATGAC-3": hnRNP H, 5-TGAGACGCAATACCAATACT-3'.
PCR products were separated on a 5% non-denaturing polyacryla-
mide gel. Following electrophoresis, the gel was soaked in 1 x Tris-
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Borate-EDTA buffer with ethidium bromide and visualized using a
Typhoon Trio imager.

Immunofluorescence and FISH assays

Cells grown on cover slips were fixed using 1% paraformaldehyde,
methanol and then 70% ethanol. Poly(A) ™ RNAs and 25S rRNA
were visualized by an oligo d(T)-Cy3 probe or an Alexa 647-rRNA
probe (5-ATCAGAGTAGTGGTATTTC-3’; IDT), respectively. Mouse
anti-NPM1 antibodies and Cy2-goat anti-mouse antibodies (Jackson
ImmunoResearch) were used to stain NPM1. Prolong Gold antifade
mounting reagent with DAPI (Invitrogen) was used to stain nuclei.
Images were obtained using a Zeiss Laser Scanning Axiovert
Confocal microscope and a Nikon inverted epifluorescence
microscope.

Analysis of mRNPs in HeLa cells

HeLa cells were washed with PBS, resuspended in a 0.1%
formaldehyde solution in PBS and incubated for 15min at room
temperature. The reaction was quenched using 0.25M glycine. Cell
pellets were washed with PBS and resuspended in RIPA buffer
(50mM Tris-HCI (pH 7.5), 1% (v/v) NP-40, 0.5% (w/v) sodium
deoxycholate, 0.05% (w/v) SDS, 1 mM EDTA and 150 mM NaCl).
Cells were disrupted by sonication on ice, and insoluble materials
were removed via centrifugation. Aliquots received anti-NPM1 or
control antibodies and were incubated at 4°C for 2h. Antibody-
bound complexes were recovered using Pansorbin cells and washed
seven times with RIPA buffer containing 1 M urea. Formaldehyde
crosslinks were reversed by heating at 70°C for 45 min. Isolated
RNAs were analysed by RT-PCR using random hexamers in the RT
step to assess the amount of an individual RNA that was
precipitated using the following primer sets: Schnurri-2: 5-GGG
AAAAGGAGATGGAGACC-3' and 5'-CAGACATCCTCCCACGAGTT-3';
PAPOLG: 5-TTTCCAGATTGGCACATGAA-3’' and 5-GCATTTCAAA
GGCCTCCAT-3'; H2A 5'-AGCTCAACAAGCTTCTGGGCAA-3" and 5'-
TTGTGGTGGCTCTCGGTCTTCTT-3'; MC4R: 5'-GATTACCTTGACCAT
CCTGA-3' and 5'-AGTGAGACATGAAGCACACA-3'; JunB: 5-TTAACA
GGGAGGGGAAGAGG-3' and 5-TGCGTGTTTCTTTTCCACAG-3';
hnRNP H: 5-GGGAAAAATTTGAGACGCAAT-3" and 5'-GACAAGTTT
CACTTAGCGCAAT-3'; CFIm (CPSF6): 5'-TGAACCTGTAAGGATTCAT
GG-3' and 5-TGCACATCATAATGGCCAAA-3'.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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