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Non-canonical poly(A) polymerases (ncPAPs) catalyze the addition of poly(A) tail to the 30 end of RNA to
play pivotal roles in the regulation of gene expression and also in quality control. Here we identified a
novel isoform of the 7th member of ncPAPs: PAPD7 (PAPD7 l), which contains 230 extra amino acids
at the amino terminus of the previously identified PAPD7 (PAPD7 s). In sharp contrast to the inactive
PAPD7 s, PAPD7 l showed robust nucleotidyl transferase activity when tethered to an RNA. A region
required for the activity was localized to 187–219 aa, and this region was also required for the nuclear
retention of PAPD7 l. Western blot analysis revealed that 94 kDa band (corresponding to PAPD7 l) but
not 62 kDa band (corresponding to PAPD7 s) detected by PAPD7 antibody was specifically depleted by
treatment with PAPD7 siRNA in both HeLa and U2OS cells. These results suggest that PAPD7 l is the major
and active isoform of PAPD7 expressed in cells.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Mammalian cells contain genes for seven proteins of the non-
canonical poly(A) polymerases (ncPAPs) or the Cid1-like family
[1]. All these members as well as canonical poly(A) polymerases
belong to the polymerase b-like nucleotidyl transferase superfam-
ily. The family members have sequence and structural homology
with the catalytic domain of DNA Pol b [2]. The general signature
of this highly conserved catalytic-site motif is hG[GS]x(7-13)-

Dh[DE]h, with h indicating hydrophobic and x any amino acid.
Two catalytic Asp and Glu residues in this motif are involved in
the coordination of the divalent metal ion as a cosubstrate (such
as MgATP2�).

Trf4p and Trf5p, the only ncPAPs found in S. cerevisiae, are the
component of TRAMP (Trf4/5p-Air1/2p-Mtr4p polyadenylation
complex) and involved in nuclear RNA surveillance [3,4]. The
TRAMP complex recognizes a variety of nuclear transcripts, such
as snRNAs, snoRNAs, rRNAs, tRNAs, telomeric, and cryptic unstable
transcripts (CUTs) [5–14]. Trf4/5p polyadenylates nuclear RNAs to
facilitate their degradation by the nuclear exosome or their pro-
cessing by the exosome-mediated 30 end trimming [10,15,16].

PAPD5 and PAPD7 (also known as POLS or Trf4-1) were identi-
fied on the basis of sequence comparison with the yeast Trf4p
ll rights reserved.
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[1,17]. PAPD5 was reported to function in the polyadenylation-
mediated degradation of aberrant pre-rRNA [18], uridylation-
dependent degradation of histone mRNAs [19] and the oligo(A) tail
addition of snoRNA [20]. Like yeast Trf4p, PAPD5 forms a complex
with MTR4, RRP6 and a human ortholog of yeast Air1p, ZCCHC7
[21,22], suggesting the existence of a TRAMP-like complex in hu-
mans. Whereas Trf4p is inactive by itself and requires Air1/2p to
polyadenylate RNA substrates [3,7], PAPD5 was shown to be able
to bind to RNA substrates directly and catalyze the polyadeylation
in the absence of a protein cofactor [23]. In contrast to PAPD5, nei-
ther enzymatic characteristics nor biological functions of PAPD7
have been described.

In this study, we generated PAPD7-specific antibodies and
found that PAPD7 protein migrated at about 94 kDa on SDS–PAGE,
which was slower than the NCBI’s Entrez protein (NP_001165276)
migrated at about 62 kDa. The 94 kDa isoform of PAPD7 has N-ter-
minal extension, which is encoded by highly GC-rich sequence
(>76%). Fluorescent microscopy analysis revealed that PAPD5 and
94 kDa PAPD7 display different intranuclear distributions: PAPD5
accumulates in the nucleoli, whereas PAPD7 is excluded from the
nucleoli. A minor pool of PAPD7 was observed in the cytoplasm.
We also confirmed the nucleotidyl transferase activities of these
proteins by tethering assays. Intriguingly, the 94 kDa PAPD7 exhib-
its a robust nucleotidyl transferase activity compared with the
62 kDa isoform when tethered to mRNA 30UTR, although both of
which contain nucleotidyl transferase domain. The nucleotidyl
transferase activity of 94 kDa PAPD7 was comparable to that of
PAPD5. Comparison between PAPD5 and PAPD7 N-terminal se-
quences revealed that these regions contain conserved residues
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that were juxtaposed to nucleotidyl transferase domain. Finally,
we narrowed the N-terminal region that is indispensable for the
nucleotidyl transferase activity and nuclear localization of PAPD7.
Our results point out the possibilities that PAPD7 as well as PAPD5
has strong nucleotidyl transferase activity that is conferred by the
N-terminal region and that these proteins polyadenylate different
RNAs.
2. Materials and methods

2.1. Plasmid construction

The coding sequences of PAPD5 (NM_001040284) and PAPD7
(NM_006999.4) were amplified from U2OS cDNA library, and
cloned into pCMV-Myc (Clontech) or pCMV-5�Myc [24]. For the
cloning of N-terminally extended PAPD7, primers 50 TTG GAA
TTC ATG CAG ATC TGG GAG ACC 30 was used to amplify from
�690 ATG. To construct pCI-neo-kN, inverse PCR was performed
to introduce the Kozak sequence followed by N22 peptide coding
sequence between the NheI and EcoRI sites of pCI-neo (Clontech).
The coding sequences of 5�Myc-PAPD5, 5�Myc-PAPD7 or 5�Myc
were PCR-amplified and inserted into pCI-neo-kN. Point mutants
or deletion mutants were generated by inverse PCR. Note that as
the nucleotide sequence between �690 ATG to +1 ATG of PAPD7
l is highly GC-rich, PCR reactions were performed using KOD plus
ver.2 (Takara) in the presence of 5% DMSO or KOD FX (Takara).
PCR reactions for sequencing analyses were also performed in
the presence of 5% DMSO. pFlag-CMV5/TO-BGG boxB was gener-
ated by inserting 30nt spacer sequence followed by boxB sequence
after BGG stop codon. To construct pBSII-5�Flag-7SK, 7SK gene
including the proximal sequence element (PSE) and the TATA box
was cloned into pBSII. Fag-tag sequence was inserted into 50 end
of the 7SK-coding sequence.
2.2. Antibodies

Antibodies used in this study were the following: anti-c-Myc
(9E10, Roche), anti-GAPDH (6C5, Millipore), anti-C23 (H-250, Santa
Cruz). Anti-PAPD5 and anti-PAPD7 were raised against His-tagged
PAPD5 (517–698 a.a; NP_001035374) and PAPD7 (308–542 a.a;
NP_001165276), respectively.
2.3. siRNA

The sequence of siRNA for luciferase was previously described
[24]. PAPD5 and PAPD7 siRNA consisted of 50 r (GGACGACACUU-
CAAUUAUU) d(TT) 30and 50 r (GAAUUACAUGAAGAAAUAU) d(TT)
30, respectively.
2.4. Cell culture and transfection

HeLa and U2OS cells were cultured in Dulbecco’s modified Ea-
gle’s medium (Nissui) supplemented with 5% fetal bovine serum.
Transfection of plasmid DNA was performed using Lipofectamine
2000 (Invitrogen) as described previously [25]. For siRNA transfec-
tion, Lipofectamine RNAi MAX (Invitrogen) was used.
2.5. Northern analysis

The northern blotting analysis was performed as described pre-
viously [24].
2.6. Immunolocalization analysis

Localization of PAPD5, PAPD7 and PAPD7 mutants were visual-
ized in HeLa cells. Twenty-four hours after transfection, cells were
washed once with PBS, fixed with 4% paraformaldehyde in PBS for
12 min, quenched with 10 mM Glycine in PBS for 10 min, permia-
bilized with 0.1% Triton X-100, 1% goat serum in PBS for 12 min,
and incubated at 4 �C overnight with primary mouse anti-Myc
(1:400) and rabbit anti-C23 (1:100) antibodies. Cells were then
washed three times with PBS for 10 min and incubated with Alexa
Fluor 488 goat anti-mouse antibody (1:200), Alexa Fluor 568 anti-
rabbit antibody (1:200) and DAPI. Images were obtained using an
OLYMPUS IX71 fluorescent microscope.
2.7. Accession number

The nucleotide and deduced amino acid sequence of PAPD7 l are
available at GenBank (accession number KC424495).
3. Results

3.1. Identification of N-terminaly extended PAPD7 isoform

It has already been shown that PAPD5 catalyzes polyadenylation
of RNA substrates in vitro [23]. As PAPD7 deposited in NCBI protein
database shares strong identity with PAPD5 (>77%) especially in
the nucleotidyl transferase domain (>92%) and PAP-associated do-
main (>94%), we first examined the nucleotidyl transferase activity
of PAPD7 as well as PAPD5 by using MS2-based tethering strategy.
HeLa cells were co-transfected with b-globin (BGG) MS2-bs reporter
gene and a plasmid expressing MS2-fused PAPD5 or PAPD7. Unex-
pectedly, we could not detect any significant activity for PAPD7,
which is in sharp contrast to PAPD5 (data not shown). Therefore,
PAPD7-specific antibodies were generated in two individual rabbits
using recombinant PAPD7 (C-terminal 235 a.a. of NP_001165276)
prepared from E.coli as antigen (Fig. 1A). Western blot analysis of
HeLa or U2OS cell extracts revealed that proteins commonly de-
tected by these antibodies migrated at about 94 kDa, which was
slower than the NCBI’s Entrez protein (NP_001165276) migrated
at about 62 kDa on SDS–PAGE (Fig. 1B and data not shown). Since
94 kDa protein was specifically depleted by treatment with siRNA
against PAPD7, the NP_001165276 clone is unlikely to contain full-
length PAPD7. Computational analysis of the 50-flanking region of
PAPD7 gene coding for the NCBI’s Entrez mRNA (NM_006999) re-
vealed that it has a candidate AUG triplet corresponding to the size
of the 94 kDa form of PAPD7 (Supplementary Figure, positions
�690 of the proposed AUG (+1)). To determine whether the up-
stream AUG is actually transcribed and used as the translation initi-
ation site to produce full-length PAPD7, a primer was designed to
amplify cDNA starting from the putative initiation site. The primer
�690 ATG successfully amplified PAPD7 cDNA with extended 50 se-
quence from a U2OS cDNA library. It is note that this PCR product
was not amplified from contaminated genomic DNA as an isolated
amplicon contains exon-exon junctions. To test if PAPD7 cDNA with
the extended 50 sequence indeed encodes 94 kDa form of PAPD7, this
amplicon was cloned into pCMV-Myc and expressed exogenously in
HeLa cells. Western blot analysis using anti-PAPD7 antibody showed
that the exogenously expressed protein migrated at a similar posi-
tion to endogenous PAPD7 (Fig. 1C). From these results, we conclude
that the 94 kDa form of PAPD7 (hereafter referred to as PAPD7 l) has
N-terminal extension compared to the NCBI’s Entrez protein
NP_001165276 (hereafter referred to as PAPD7 s).

Thus, we next examined nucleotidyl transferase activity of the
newly identified PAPD7 l by using kN-boxB-based tethering sys-
tem. The assay was performed by co-transfecting with b-globin
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Fig. 1. Identification of 94 kDa PAPD7 isoform. (A) Scheme of original PAPD7 clone (NP_008930.1). The light- and dark-gray boxes indicate core NTD and PAP-associated
domain, respectively. The areas used for antibody production and siRNA knockdown are underlined. (B) HeLa or U2OS cells were transfected with PAPD5, PAPD7 or control
Luciferase siRNA for 72 h. Cell lysates were analyzed by western blotting using the indicated antibodies. An arrow indicates the protein specifically depleted by si-PAPD7.(C)
HeLa cells were transfected with siRNA against PAPD7 or control Luciferase, or increasing amount of pCMV-Myc-PAPD7. Exogeous PAPD7 protein migrated at almost the
same position to endogenous PAPD7 on SDS–PAGE. (D) Tethered function assays using kN-boxB-based tethering system. kN-fused PAPD proteins were brought to 30UTR of a
BGG boxB reporter mRNA, and the nucleotidyl transferase activity was examined. (E) Sequence alignment of the core nucleotidyl transferase domain of PAPD4, PAPD5 and
PAPD7. Identical residues are shaded in black. (F) HeLa cells were transfected with pFlag-CMV5/TO-BGG boxB reporter plasmid, pBSII-5�Flag-7SK reference plasmid, and
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(BGG) boxB reporter and a plasmid encoding either kN-fused test
protein or its mutated form (DADA) (Fig. 1D and E). Multiple
Flag-tagged 7SK RNA served as transfection/loading control. When
PAPD7 l was tethered to the mRNA 30UTR, the protein displayed
strong nucleotidyl transferase activity, which was comparable to
that of PAPD5 (Fig. 1F, lanes 2 and 4). Mutations of two aspertate
residues in the nucleotidyl transferase domain (DADA) completely
abolished the nucleotidyl transferase activity of these proteins
(lanes 3 and 5). The expression level of tethered proteins was con-
firmed by western blotting (Fig. 1G). The same result was obtained
when MS2-based tethering system was used instead of kN-boxB
system (data not shown).

3.2. Differential subcellular localization of PAPD5 and PAPD7

We next examined the subcellular localization of PAPD5 and
PAPD7. N-terminally Myc-tagged proteins were visualized in
transiently transfected HeLa cells. To discriminate between the
nucleolar and nonnucleolar part, we stained nucleolar part with
anti-nucleolin antibody (NCL). As previously described [21,23],



Myc
DAPI 
NCL Merge

PAPD5 

PAPD7 l 

A 

B Myc
DAPI 
NCL Merge

Fig. 2. Different subcellular localization of PAPD5 and PAPD7. HeLa cells were transfected with pCMV-Myc-PAPD5 (A) or pCMV-Myc-PAPD7 l (B), and the localization of
expressed proteins were analyzed by immunofluorescence using anti-Myc antibody and visualized by fluorescent microscopy (green). Nucleolin (NCL) staining (red) served as
a nucleolar marker and was overlaid with labeling of nuclei by DAPI (blue).

138 K. Ogami et al. / Biochemical and Biophysical Research Communications 432 (2013) 135–140
PAPD5 localized strictly to the nucleus with nucleolar accumula-
tion as judged by the co-localization with nucleolin (Fig. 2A).
PAPD7 mainly localized to the nucleus, however, in sharp contrast
to PAPD5, it was excluded from the nucleolus and weak staining
was detected in the cytoplasm (Fig. 2B). Similar results were ob-
tained for U2OS cells (data not shown). These results suggest that
in contrast to PAPD5, which functions in the nucleus, PAPD7 func-
tions mainly in the nucloplasm, and also has roles in the
cytoplasm.
3.3. Newly identified N-terminal region is indispensable for both the
nucleotidyl transferase activity and the nuclear localization of PAPD7

As described above, we have observed that tethering of PAPD7 l
but not PAPD7 s that lacks N-terminal region (NP_001165276) re-
sults in extensive nucleotide transfer to mRNA substrates (Fig. 3B,
PAPD7 l and s). These facts imply that there is a region that is indis-
pensable for catalytic activity of PAPD7 in the newly identified N-
terminal region, besides the nucleotidyl transferase domain and
PAP-associated domain. To search for such a region, we first com-
pared the N-terminal sequence of PAPD7 l with its corresponding
region of PAPD5 and identified a highly conserved sequence that
is located in juxtaposition to nucleotidyl transferase domain
(Fig. 3A). The sequence identified is absent in other non-canonical
poly(A) polymerases. Deletion of this region completely abolished
the nucleotidyl transferase activity of PAPD7 (Fig. 3B, D1). To fur-
ther narrow the area, we prepared a set of deletion constructs
(Fig. 3A, D2–D4). PAPD7 residues 167–186 which contain a stretch
of basic amino acids are dispensable for the nucleotidyl transferase
activity (Fig. 3A and B, D2). In contrast, PAPD7 lacking residues
187–230 did not show nucleotidyl transferase activity (D3). The
D4 mutant that lacks residues 187–219 but contains residues
220–230 which are conserved in PAPD5 and yeast Trf4 protein
was not able to transfer nucleotides to the reporter mRNA. The
expression level of tethered proteins was confirmed by western
blotting (Fig. 3C). Taken together, we conclude that not only core
NTD but also residues 187–219 are required for the full nucleotidyl
transferase activity of PAPD7.

In addition to the difference in the nucleotidyl transferase activ-
ity between PAPD7 l and PAPD7 s, we found that these proteins ex-
hibit different distribution in cells (Fig. 3D and E). PAPD7 l was
more abundant in the nucleus than the cytoplasm, whereas PAPD7
s that lacks N-terminal residues evenly distributed throughout the
cell. To investigate the region responsible for the nuclear localiza-
tion of PAPD7 l, we utilized the deletion mutants (D1–D4). Unex-
pectedly, the same distribution as PAPD7 l was observed only in D2
mutant, although the mutant lacks a putative nuclear localization
signal (NLS)-like sequence (RRKR). In contrast, other mutants
showed strong cytoplasmic localization (D1, D3 and D4), indicat-
ing that PAPD7 residues 187–219 are required for the nuclear
localization of PAPD7.
4. Discussion

In this report, we have identified a novel N-terminally extended
94 kDa isoform of PAPD7 (PAPD7 l). Translation of this isoform
starts at AUG codon located at 690 nt upstream from the previ-
ously predicted start codon of NCBI’s Entrez mRNA (NM_006999)
which encodes 62 kDa isoform of PAPD7 (PAPD7 s). Interestingly,
the PAPD7 l but not PAPD7 s exhibits nucleotidyl transferase activ-
ity. This finding and the fact that only 94 kDa protein was specifi-
cally depleted by siRNA against PAPD7 in both HeLa and U2OS cells
indicate that the PAPD7 l is the major and active isoform that is
actually expressed in cells.

The observation that PAPD7 l but not PAPD7 s showed catalytic
activity was surprising, because both isoforms contain nucleotidyl
transferase domain. Analysis of deletion mutants revealed the
importance of residues 187–219 for the nucleotidyl transferase
activity of PAPD7 l. This region is also required for nuclear localiza-
tion of PAPD7 l. It appears that nuclear retention of PAPD7 l corre-
lates with the nucleotidyl transferase activity; the deletion
mutants that lost its catalytic activity have a tendency to localize
in the cytoplasm. Since no putative NLS was found in this region,
we hypothesize that this region is involved in the interaction with
other factors that is required for nuclear retention and the nucleot-
idyl transferase activity of PAPD7 l.

While PAPD7 l lacking residues 167–230 (D1) is almost exclu-
sively cytoplasmic, PAPD7 l lacking residues 1–230 (PAPD7 s) is
evenly distributed throughout the cell. These results led us to spec-
ulate that PAPD7 l contains a nuclear export signal (NES) in
residues 1–166. We therefore treated cells with a nuclear
export inhibitor, leptomycin B (LMB) and examined subcellular
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localization of D1 mutant. However, LMB treatment did not cause
nuclear accumulation of the mutant: D1 mutant remain cytoplas-
mic after the incubation with LMB (data not shown). Thus, it is un-
likely that the cytoplasmic localization of PAPD7 mutants is the
result of Crm1-dependent nuclear export.
An interesting and important observation is that PAPD7 and its
paralog PAPD5 display different intracellular distributions. PAPD5,
in agreement with previously published results, is restricted to the
nucleus with nucleolar enrichment [21]. In contrast, the majority
of PAPD7 is nuclear but excluded from nucleoli. We also confirmed
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a minor cytoplasmic pool of PAPD7. We therefore propose that the
biological functions of these paralogs are not equivalent. In support
of this proposal, previous study demonstrated that PAPD5 but not
PAPD7 is responsible for the polyadenylation of aberrant pre-
rRNAs in mouse cells [18] and in human cells (our unpublished
data). We note that despite the previous work using PAPD7 s
[22], we were unable to confirm the interaction between PAPD7
and ZCCHC7 (data not shown). As ZCCHC7 was shown to display
a strict nucleolar localization [21,22], and as PAPD7 s is also ex-
cluded from nucleoli, we think it is unlikely that PAPD7 forms com-
plex with ZCCHC7. On the other hand, we could detect the
interaction between PAPD5 and ZCCHC7 (as described previously
[21] and data not shown) indicating that PAPD5 is truly a compo-
nent of the nucleolar TRAMP-like complex in human cells.

The functional relevance of PAPD7 as well as PAPD5 outside
nucleoli remains to be elucidated, however, several evidences
point out the possibility that PAPD7 and/or PAPD5 are also in-
volved in the pre-mRNA processing in the nucleoplasm. First,
PAPD7 s was shown to interact with a non-nucleolar protein
PRPF31 that is necessary for U4/U6�U5 tri-snRNP formation
[26,27]. PAPD5 also interacts with a subset of splicing factors
including PRPF31 [21]. Second, in budding yeast, the function of
Trf4p is not restricted to ncRNA surveillance. It has been reported
that Trf4p but not Trf5p is indispensable for the proper 30 end for-
mation of mRNAs encoding Nab2 [28] or Cth2 [29]. Future research
will aim to identify the substantial substrate of PAPD7 and to
determine whether PAPD7 and PAPD5 work redundantly or inde-
pendently in the nucleoplasm.
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