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Eukaryotic pre-mRNA 3�-end formation is catalyzed by a complex set of factors that must be intricately
regulated. In this study, we have discovered a novel role for the small ubiquitin-like modifier SUMO in the
regulation of mammalian 3�-end processing. We identified symplekin, a factor involved in complex assembly,
and CPSF-73, an endonuclease, as SUMO modification substrates. The major sites of sumoylation in symple-
kin and CPSF-73 were determined and found to be highly conserved across species. A sumoylation-deficient
mutant was defective in rescuing cell viability in symplekin small interfering RNA (siRNA)-treated cells,
supporting the importance of this modification in symplekin function. We also analyzed the involvement of
sumoylation in 3�-end processing by altering the sumoylation status of nuclear extracts. This was done by the
addition of a SUMO protease, which we show interacts with both symplekin and CPSF-73, or by siRNA-
mediated depletion of ubc9, the SUMO E2-conjugating enzyme. Both treatments resulted in a marked inhi-
bition of processing. The assembly of a functional polyadenylation complex was also impaired by the SUMO
protease. Our identification of two key polyadenylation factors as SUMO targets and of the role of SUMO in
enhancing the assembly and activity of the 3�-end-processing complex together reveal an important function for
SUMO in the processing of mRNA precursors.

The poly(A) tail at the 3� end of nearly all eukaryotic
mRNAs is essential for the stability of the transcript, for its
transport into the cytoplasm, and for translation initiation. The
3� ends of pre-mRNAs are formed in a two-step process, with
an endonucleolytic cleavage generating a 3� OH end followed
by the synthesis of a poly(A) tail (reviewed in references 10 and
47). This apparently simple reaction requires a surprisingly
complex set of factors. The multisubunit cleavage/polyadenyla-
tion specificity factor (CPSF) and cleavage stimulatory factor
(CstF) define the poly(A) site by binding cooperatively to the
conserved AAUAAA and GU-rich sequence elements up-
stream and downstream, respectively, of the cleavage site (32,
43, 55). Cleavage factors I and II help in the complex assembly
and in the first step (7, 15, 58). Poly(A) polymerase (PAP)
catalyzes poly(A) addition and is also, in most cases, required
in vitro for the cleavage reaction (48). The C-terminal domain
of the largest subunit of RNA polymerase II (CTD) partici-
pates in the 3�-end-processing reaction and plays a critical
stimulatory role (25, 39).

CPSF-73, one of the subunits of the CPSF complex, has
generated considerable interest recently as evidence has accu-
mulated that it is the endonuclease that catalyzes the cleavage
reaction. This was suggested first by its identification as a
member of the metallo-�-lactamase family of Zn-dependent
hydrolytic enzymes (8, 49). More conclusively, recent structural
and biochemical studies carried out with purified CPSF-73

provided unequivocal evidence that CPSF-73 indeed possesses
endonucleolytic activity (38).

In addition to the factors described above, symplekin, a
protein sharing similarity with the yeast (Saccharomyces cerevi-
siae) polyadenylation factor Pta1, was identified as a CstF-64-
interacting factor and was found to associate with both CstF
and CPSF (55). Symplekin was also found to colocalize with
CPSF both in nuclei and in cytoplasmic extracts (27). Later
studies showed the involvement of symplekin as an essential
factor participating in the related processes of histone pre-
mRNA 3�-end processing (34) and cytoplasmic polyadenyla-
tion (4). In the above-mentioned processes, symplekin appears
to function as a scaffold, making contact with multiple factors
in these complexes.

3�-end processing constitutes an important step at which
gene expression can be regulated. For instance, several exam-
ples indicate that 3� processing is regulated by alterations in
the levels of basal polyadenylation factors (3). When B cells
differentiate, CstF-64 levels increase, and high levels of
CstF-64 favor the use of a weaker, proximal poly(A) site, thus
mediating at least in part the switch from the membrane-
bound to the secreted form of immunoglobulin heavy chain in
plasma cells (56, 59). Similarly, the stimulation of macrophages
by lipopolysaccharides elevates CstF-64 levels, thus influencing
gene expression and alternative polyadenylation (53). Human
immunodeficiency virus type 1 Tat protein upregulates
CPSF-73 mRNA levels in infected cells, and this appears to
manipulate cellular transcription and processing to further vi-
ral replication (9).

The regulation by posttranslational modification of basal
polyadenylation factors in mammals is restricted to the single
known example of PAP. PAP possesses several sites for phos-
phorylation by cyclin-dependent kinases in its CTD and is
known to be phosphorylated throughout the cell cycle (2, 11).
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During mitosis and meiotic progression, PAP is hyperphosphor-
ylated by cdc2-cyclin B (11, 12). This results in the downregu-
lation of PAP enzymatic activity, which in turn appears to be
important for normal cell growth (11, 65). Alterations in PAP
phosphorylation and activity have also been reported in human
immunodeficiency virus-infected cells (42).

Posttranslational modification by the small ubiquitin-like
modifier (SUMO) has gained prominence as a regulator of
protein stability, subcellular localization, and interaction (23,
30). Similar to ubiquitin, the multienzymatic cascade of SUMO
conjugation utilizes an E1-activating-enzyme heterodimer
(SAE2/SAE1), a conjugation enzyme (ubc9), and several E3
ligases to attach SUMO via an isopeptide bond to the target
lysine in the substrate. Of the SUMO isoforms found in mam-
mals, SUMO-2 and -3 share 95% identity and can form poly-
meric chains, while SUMO-1 shares 40% identity with SUMO-
2/3 and can only be added as a monomer (52, 60). Various
SUMO proteases, members of the SENP family, catalyze the
deconjugation of SUMO from substrates (30). Proteins that
can interact with SUMO or sumoylated proteins noncovalently
often possess SUMO interaction motifs, or SIMs (24).

The growing list of cellular processes influenced by sumoy-
lation includes transcriptional regulation, DNA repair, main-
tenance of genomic integrity, subcellular transport, and signal
transduction (23, 30). Proteomic analysis showed clustering of
sumoylation substrates in functional protein complexes, sug-
gesting a role for sumoylation in regulating the functions of
these complexes (63). In keeping with this finding, there are
now examples of functional complexes with more than one
component modified by SUMO, such as PML bodies, the
Smc5-6 complex, and PcG bodies (1, 28, 31). Three indepen-
dent proteomic efforts in yeast identified the polyadenylation
factors Ysh1 (CPSF-73 homolog) and Cft2p (CPSF-100 ho-
molog) as potential targets for modification by SUMO (21, 45,
63). Additionally, an in vitro-expression cloning approach has
identified symplekin as a potential SUMO-1 target (19). These
studies suggest a possible role for sumoylation in polyadenyla-
tion.

In this study, we have analyzed the role of sumoylation in
3�-end processing in mammals. We identified CPSF-73 and
symplekin as targets for SUMO-2/3 modification in vivo.
Sumoylation of symplekin was found to be essential for a
function required for cell viability. By reducing the levels of
sumoylation in cell extracts, either by SUMO protease addition
or by prior ubc9 RNA interference (RNAi)-mediated deple-
tion, we provided evidence that sumoylation is necessary for
efficient 3�-end formation. The SUMO protease directly inter-
acted with the two SUMO targets in nuclear extracts of HeLa
cells (NEs), consistent with the idea that desumoylation of
these factors may at least partly account for the observed effect
on 3� processing. Our results suggest a novel role for SUMO
modification in enhancing the assembly and activity of the
pre-mRNA 3�-end-processing complex.

MATERIALS AND METHODS

Plasmids, siRNAs, and antibodies. pcDNA3-Flag symplekin was generated by
reverse transcription-PCR from HeLa total RNA, and the PCR product inserted
downstream of the Flag epitope between EcoRI and XbaI in vector pcDNA3.1.
CPSF-73 was subcloned into pCMV14 upstream of the three-Flag tag. Plasmids
expressing SUMO-2GG and SUMO-3GG were gifts from R. T. Hay, plasmids

expressing ubc9 and SUMO-1 were gifts from D. Wotton, and pQE-his SENP2
was a gift from M. Matunis. Anti-SUMO-3, anti-SUMO-1 (Invitrogen), anti-
symplekin (BD Biosciences), antiactin, anti-ubc9 (Santa Cruz Biotechnology),
anti-Flag (Stratagene), and anti-GST (Molecular Probes) were purchased from
the indicated companies. Anti-CstF-64 was described earlier (57). Polyclonal
antisymplekin and anti-CPSF-73 were gifts from Orit Rosen. The small interfer-
ing RNAs (siRNAs) used were as follows: ubc9 siRNA1 (CAATGAACCTGA
TGAACTG), ubc9 siRNA2 (ubc9 Smartpool; M-004910-00), symplekin siRNA 1
(CCACACTACTGGACAACTT in 5�UTR), symplekin siRNA 2 (TCATCGC
ATTCCAAGCAGA in 5�UTR), and nontargeting control siRNA (D-001210).
All siRNAs were purchased from Dharmacon.

Site-directed mutagenesis. Lysine-to-arginine mutations in pcDNA3-symple-
kin, pCMV14-CPSF-73, and R577L, K578M pQE-HisSENP2 were generated by
PCR-based mutagenesis, using appropriate pairs of site-specific mutagenic prim-
ers. Double and triple mutations were generated by subsequent mutagenesis.
Mutations were confirmed by sequence analysis.

Cell culture and transfections. HeLa and 293T cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum. NIH 3T3
cells were cultured in DMEM with 10% bovine calf serum. Small-scale plasmid
transfections in HeLa cells were carried out in six-well plates with 4 �g of total
DNA using Lipofectamine 2000, following the manufacturer’s instructions. For
immunoprecipation (IP) experiments, 293T cells were grown to 50% confluence
in 10-cm plates and 12 �g DNA was transfected by the calcium phosphate
method. For large-scale siRNA transfections, HeLa cells were grown to 50%
confluence in 10-cm plates, and 250 pmol of siRNAs was transfected with 40 �l
Lipofectamine 2000. Forty-eight hours after transfections, cells were harvested
and NEs were prepared as described below. siRNA-plasmid cotransfections in
HeLa cells were carried out in six-well plates with 50 pmol siRNAs and 1 �g
plasmid using 8 �l of Lipofectamine 2000 per well. Cells were harvested 48 to
60 h after the siRNA transfections or as indicated in the Fig. 4 legend.
RNAiFECT transfection reagent (QIAGEN) was used for siRNA transfections
in NIH 3T3 cells. Cells were grown to 40% confluence in six-well plates, and 100
pmol of siRNAs was transfected with 8 �l reagent.

NE preparation and IPs. HeLa NEs were prepared as described earlier (33).
For assessing the sumoylation of endogenous proteins, buffers used in NE prep-
arations contained 20 mM N-ethyl maleimide (NEM). Extracts were diluted in 50
mM Tris, pH 8.0, 250 mM NaCl, 5 mM EDTA, 0.5% NP-40 and precleared with
protein A-Sepharose beads for 1 h. Antibody-bound Sepharose beads were
incubated with precleared extracts, washed three times with lysis buffer contain-
ing 500 mM NaCl, and eluted by boiling in sodium dodecyl sulfate (SDS) sample
buffer. The inputs and bound proteins were resolved by SDS-polyacrylamide gel
electrophoresis (PAGE) and immunoblotted with the antibodies indicated in
Fig. 1 and 2.

In vivo sumoylation and denaturing purification. 293 cells were grown to 50%
confluence in 10-cm plates and transfected with 6 �g CPSF-73 expression vector
and 6 �g empty vector or His-SUMO-3 vector using the calcium phosphate
method. Forty-eight hours after transfection, cells were lysed in 6 M guanidine-
HCl, 50 mM NaH2PO4 (pH 8.0), 10 mM Tris-HCl (pH 8.0), and 100 mM NaCl.
Six-His-tagged proteins were bound to nickel-nitrilotriacetic acid (Ni-NTA)-
agarose (QIAGEN) by rocking for 3 h. Beads were washed several times se-
quentially in 8 M urea, 50 mM NaH2PO4, 100 mM NaCl, pH 8.0 (buffer A),
buffer A with 10 mM imidazole, and buffer A with the pH adjusted to 6.3. Bound
proteins were eluted by boiling in 1% SDS, 100 mM dithiothreitol, 50 mM Tris,
pH 6.8, 10% glycerol containing 100 mM imidazole. The inputs and the Ni-NTA-
bound fractions were resolved by SDS-PAGE and immunoblotted with the
antibodies indicated below.

3�-processing assays. 32P-labeled simian virus 40 late (SVL) substrate, SVL
precleaved substrate, and L3 substrates were prepared as described previously
(50). For 3� cleavage assays, the reaction mixtures consisted of 0.2 to 0.5 ng
labeled RNA, 250 ng tRNA, 0.25 U RNasin (Promega), 8 mM Tris, pH 7.9, 10%
glycerol, 20 mM creatine phosphate, 120 mM NaCl, 0.2 mM dithiothreitol, 2.5%
polyvinyl alcohol, 2 mM EDTA, and 0.2 mM phenylmethylsulfonyl fluoride.
Specific polyadenylation assays with precleaved SVL substrate and cleavage/
polyadenylation reaction mixtures with L3 contained 1 mM MgCl2 and 1 mM
ATP instead of EDTA. In all cases, the reaction mixtures were preincubated with
the indicated proteins for 15 min at 30°C before the addition of substrate RNA.

Complex assembly assays. Cleavage/polyadenylation reactions with wt SVL or
SVL AAAAAA mutant substrates were performed as described above. The
indicated proteins were preincubated with reaction mixtures prior to the addition
of substrate for 15 min at 30°C, and the reaction mixture was further incubated
for 20 min with the substrate at 30°C. Heparin was added to a final concentration
of 5 �g/�l, and the complexes resolved on a 1.5% low-melting-point agarose gel
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in buffer containing 50 mM Tris and 50 mM glycine. The gel was fixed, dried, and
subjected to autoradiography.

RESULTS

Symplekin is modified by SUMO-3 in HeLa cells. We began
our analysis of the possible role of sumoylation in pre-mRNA
polyadenylation by examining symplekin, which is a potential
SUMO-1 substrate found by expression screening (19). We
first tested whether symplekin can be modified by any of the
three isoforms in vivo by coexpressing Flag-tagged symplekin
with hemagglutinin (HA)-tagged SUMO-1, -2, and -3 in HeLa
cells. Immunoblotting of whole-cell lysates with anti-Flag an-
tibodies revealed slower-migrating forms (Fig. 1A, lane 4) that
were detected strongly and reproducibly with SUMO-3, but
not with SUMO-1. Interestingly, however, cotransfection with
SUMO-1 resulted in a significant decrease in symplekin levels,
even though no SUMO-1-conjugated forms of symplekin were
detected (Fig. 1A, lane 2). In order to confirm that the slower-

migrating species were SUMO-modified forms of symplekin,
we carried out a similar coexpression experiment with Flag-
symplekin and His-tagged SUMO-3. His-SUMO-3 conjugates
were partially purified under denaturing conditions by being
bound to Ni-NTA-agarose beads. As shown in Fig. 1B, lanes 3
and 6, the higher-molecular-weight species of symplekin de-
tected by anti-Flag antibodies were enriched in the Ni-NTA-
bound fraction. In addition, the higher-molecular-weight spe-
cies were recognized by SUMO-3 antibodies following IP with
anti-Flag antibodies (see Fig. S1A, bottom panel, in the sup-
plemental material). The results with SUMO-2 coexpression
were inconclusive since HA-SUMO-2 was only poorly ex-
pressed (results not shown). These experiments reveal that
symplekin is specifically modified by SUMO-3 in vivo.

We next wished to examine whether endogenous symplekin
is naturally sumoylated. To this end, we prepared NEs utilizing
conditions that minimize desumoylation activity, i.e., in the
presence of the cysteine protease inhibitor NEM. We immu-
noprecipitated endogenous symplekin from these extracts and
analyzed the IPs by Western blotting with symplekin,
SUMO-1, and SUMO-2/3 antibodies (Fig. 1C). In addition to
apparently unmodified symplekin, a higher-molecular-weight
form was detected with the antisymplekin antibody (left panel,
lane 3). This species was recognized by anti-SUMO-2/3 (mid-
dle panel, lane 3), but not anti-SUMO-1 (right panel, lane 3)
antibodies. To confirm that endogenous symplekin can be
modified by SUMO-3, HeLa cells were transfected with plas-
mids encoding SUMO-1, -2, or -3. Antisymplekin antibodies
detected higher-molecular-weight species in cells that overex-
pressed SUMO-3 (see Fig. S1B in the supplemental material).
We conclude that symplekin is targeted for modification by
SUMO-2/3 in HeLa cells.

CPSF-73 is modified by SUMO-2/3. We next sought to in-
vestigate the possible sumoylation of CPSF-73 and CPSF-100
in mammalian cells. First, all three SUMO isoforms were co-
expressed with human Flag-tagged CPSF-73 and CPSF-100 in
HeLa cells. With CPSF-100, no changes in the expression lev-
els or any appearance of higher-molecular-weight modified
forms was observed (data not shown). Coexpression of SUMO
with CPSF-73, however, resulted in an increase in expression
levels, an effect that was most obvious with SUMO-3 coexpres-
sion (Fig. 2A, lane 4). In this experiment, specific SUMO-3-
conjugated isoforms were not visible in Western blot analysis
of cell lysates. In order to detect possible SUMO-conjugated
forms, Flag-tagged CPSF-73 was coexpressed with His-
SUMO-3 and His-tagged SUMO-3 conjugates were partially
purified by being bound to Ni-NTA-agarose under denaturing
conditions. Immunoblotting with anti-Flag antibodies revealed
the presence of distinct higher-molecular-weight species that
were enriched in the Ni-NTA-bound fraction (Fig. 2B, lane 2).
To provide additional evidence that these higher-molecular-
weight species were indeed SUMO-modified forms, Flag-
tagged CPSF-73 and HA-tagged SUMO-3 were coexpressed.
Higher-molecular-weight species were detected by anti-HA
antibody in the anti-Flag immunoprecipitates (see Fig. S2 in
the supplemental material).

We next investigated whether endogenous CPSF-73 is mod-
ified by SUMO in HeLa cells. To this end, NE was prepared as
described above, and IP with anti-CPSF-73 antibodies carried
out. Figure 2C shows that two higher-molecular-mass forms, in

FIG. 1. Symplekin is modified by SUMO-2/3 in HeLa cells.
(A) HeLa cells were cotransfected with a plasmid encoding Flag-
tagged symplekin along with empty vector (lane 1) or vectors encoding
HA-SUMO-1, -2 or -3 (lanes 2, 3, and 4). Cell lysates were subjected
to Western blot analysis with anti-Flag or antiactin antibodies. Higher-
molecular-weight forms and the unmodified form of symplekin are
indicated by closed and open arrowheads, respectively. (B) 293 cells
were cotransfected with a plasmid encoding His-tagged SUMO-3
(lanes 1 and 4) or with Flag-tagged symplekin plus empty vector (lanes
2 and 5) or vectors encoding His-tagged SUMO-3 (lanes 3 and 6).
Lysates were prepared under denaturing conditions and subjected to
Ni-NTA chromatography. Inputs (lanes 1, 2, and 3) and the Ni-NTA-
bound proteins (lanes 4, 5, and 6) were analyzed by Western blotting
with anti-Flag antibodies. The unmodified (open arrowhead) and
SUMO-modified (bracket) forms of symplekin are indicated.
(C) Symplekin immunoglobulin G or control immunoglobulin G was
used to immunoprecipitate proteins from HeLa NE, and IPs were
analyzed by Western blotting with antisymplekin (left panel), anti-
SUMO-2/3 (middle panel), and anti-SUMO-1 (right panel) antibodies.
The closed arrowheads indicate the slower-migrating form of symple-
kin. Positions of molecular weight markers are indicated. WB, Western
blot; �, present; �, absent.
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addition to the 73-kDa isoform, were immunoprecipitated (left
panel, lane 3). Furthermore, both higher-molecular-weight
forms were recognized by the SUMO-2/3 antibody (middle
panel, lane 3), but not the SUMO-1 antibody (right panel, lane
3), a result consistent with the results of the initial coexpression
experiment. Therefore both exogenously expressed and endog-
enous CPSF-73, like symplekin, are targeted for modification
by the SUMO-2/3 isoform.

The major sites of SUMO modification in symplekin and
CPSF-73 are highly conserved. The above experiments estab-
lish that CPSF-73 and symplekin are targets for SUMO-2/3
modification. We next wished to identify the SUMO acceptor
lysines in these proteins. Symplekin has six lysines that lie
within the sumoylation consensus, �KXE/D, where � repre-
sents a hydrophobic residue (30). As the mutation of lysine to
arginine abolishes sumoylation, all six lysines were individually
mutated to arginine. In vivo sumoylation assays were then
carried out by coexpressing the Flag-tagged mutant proteins

with SUMO-3 in transient transfection experiments, followed
by Western blot analysis of the lysates with anti-Flag antibod-
ies. Mutations at lysines 229 and 351 caused changes in the
sumoylation pattern (Fig. 3A, lanes 4 and 12), and no sumoy-
lated forms were detected with the appropriate double mutant
(Fig. 3A, lane 6). The sumoylation site at lysine 351 is highly
conserved across species and is present in the yeast homolog
Pta1, as shown in the amino acid alignment in Fig. 3A (bottom
panel). This is especially notable because Pta1 shares only 23%
similarity with human symplekin (55).

CPSF-73 has two sumoylation consensus sites, lysine 197
(IKPD) and lysine 630 (VKDD). However, when both sites
were simultaneously mutated in Flag-CPSF-73, the sumoylated
forms of the proteins produced in transfected HeLa cells were
unchanged (results not shown), indicating that the acceptor
lysines are in nonconsensus sites. While many SUMO sub-
strates are commonly modified at consensus lysines, there are
many examples of proteins that are modified at lysines in sites
not conforming to the consensus motif (30), and several pro-
teins are modified at nonconsensus lysines despite the pres-
ence of consensus sites (46, 51). In such cases, it has been
postulated that secondary-structure elements may contribute
to the recognition of the SUMO attachment site or that the
consensus motifs are inaccessible to the sumoylation machin-
ery (46).

CPSF-73 contains 42 lysines. We first created lysine-to-argi-
nine mutations in 14 lysines that are conserved in Ysh1. Ad-
ditionally, lysines 410, 474, 604, and 214, predicted as potential
SUMO sites by the program SUMOplot, were mutated (see
Materials and Methods). The simultaneous mutation of con-
served lysines at 462 and 465 changed the pattern of sumoy-
lated species (Fig. 3B, lane 8), as did mutation of lysine 545
(Fig. 3B, lane 10), while mutation of other lysines had no effect.
Mutating all three sites together significantly reduced overall
sumoylation levels (Fig. 3B, lane 14). Faint bands were still
detected with this mutant, suggesting that there may be alter-
native, less-preferred lysines at which SUMO can be attached.
However, the three lysines identified are highly conserved
across species, as shown by the alignment in Fig. 3B, and they
are not in consensus sites in any of the species examined. The
conservation of SUMO attachment sites for both proteins sug-
gests that sumoylation of these proteins may also be conserved
across species.

Cells expressing a sumoylation-defective symplekin are un-
able to grow. A key question is whether sumoylation of symple-
kin and/or CPSF-73 is important for function in vivo. However,
a difficulty in addressing this problem is that very little is known
about how these proteins function in vivo, and assays to mea-
sure the roles of either protein in vivo have not been devel-
oped. For example, although we assume both proteins are
essential for cell viability, this has not been addressed experi-
mentally. To do so, we determined the effect of siRNA-medi-
ated depletion of each protein on the viability of HeLa cells.
Surprisingly, two different siRNAs directed against CPSF-73
had no apparent effects on growth for periods of up to 96 h
(results not shown). Although both siRNAs depleted CPSF-73
effectively, we assume the remaining protein was sufficient to
allow cell viability for the time period analyzed. Two different
antisymplekin siRNAs, however, each had a significant ef-
fect on cell growth and viability. A large decrease (40%) in

FIG. 2. CPSF-73 is modified by SUMO-2/3. (A) HeLa cells were
transfected with a plasmid encoding Flag-tagged CPSF-73 along with
empty vector (lane 1) or plasmids encoding HA-SUMO-1, -2 or -3
(lanes 2, 3, and 4). Whole-cell lysates were subjected to Western
blotting with anti-Flag and antiactin antibodies. (B) HeLa cells were
transfected with a plasmid encoding Flag-tagged CPSF-73 along with
empty vector (lanes 1 and 3) or a plasmid encoding His-tagged
SUMO-3 (lanes 2 and 4), and cell lysates were partially purified under
denaturing conditions by Ni-NTA chromatography as described in
Materials and Methods. Inputs (lanes 3 and 4) and bound fractions
(lanes 1 and 2) were subjected to Western blotting with anti-Flag
antibodies. Higher-molecular-weight forms of CPSF-73 are indicated
by closed arrowheads, and unmodified CPSF-73 is indicated by an
open arrowhead. (C) Antibodies to CPSF-73 or control immunoglob-
ulin Gs were used to immunoprecipitate proteins from HeLa NEs, and
IPs were analyzed by Western blotting with anti-CPSF-73 (left panel),
anti-SUMO-2/3 (middle panel), and anti-SUMO-1 (right panel) anti-
bodies. Higher-molecular-weight forms of CPSF-73 are indicated by
closed arrowheads. Positions of molecular weight markers are indi-
cated. WB, Western blot; �, present; �, absent.
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cell number compared to the number of control siRNA-
treated cells was observed as early as 48 h following trans-
fection (Fig. 4A).

The above results indicate that symplekin is required for
normal cell growth. Although whether this reflects symplekin’s
role in polyadenylation is unknown, these results provide an
assay for evaluating the requirement of sumoylation for
symplekin function in vivo. Specifically, we first wished to de-
termine whether cell growth could be rescued by cotransfec-
tion of a plasmid expressing wild-type (wt) symplekin, and if so,
to ask if a sumoylation-deficient mutant could also rescue
viability. The strategy was to express symplekin together with
siRNA in a cotransfection experiment. To avoid targeting the
exogenously expressed protein, the siRNA used was directed

against the 5� UTR and exogenous symplekin was expressed
from a construct lacking this region. wt symplekin was indeed
able to rescue the growth phenotype, increasing cell numbers
by up to 90% of the number of control siRNA-treated cells
(Fig. 4A). However, the expression of the sumoylation-defi-
cient K229/351R mutant symplekin was unable to rescue the
growth phenotype (Fig. 4A). Western blot analysis indicates
that both proteins were expressed at comparable levels (Fig.
4B). We conclude from these experiments that symplekin is
required for cell growth and that a sumoylation-defective
symplekin mutant is unable to perform the essential func-
tion(s).

Sumoylation in HeLa NE is decreased by ubc9 siRNA and
SENP2 protease. We next wished to determine whether

FIG. 3. The major sites of sumoylation in symplekin and CPSF-73 are conserved among species. (A) A plasmid encoding HA-SUMO-3 was
cotransfected with plasmids encoding Flag-tagged wt symplekin or the indicated mutants into 293T cells, and lysates subjected to immunoblotting
with anti-Flag antibodies. The sumoylated forms of symplekin are indicated by arrows. The panel below is a CLUSTALW alignment of human,
mouse, and Xenopus symplekin. The bottom panel shows an amino acid alignment of human symplekin and yeast Pta1. Conserved lysines are
boxed. (B) 293T cells were cotransfected with plasmids encoding His-SUMO-3 and Flag-tagged wt CPSF-73 (lanes 2 and 12) or the indicated
mutants. Lysates were prepared and subjected to immunoblotting with anti-Flag antibodies. Sumoylated forms of CPSF-73 are indicated by arrows.
The bottom panel shows a CLUSTALW amino acid alignment of human, zebrafish, D. discoideum and S. cerevisiae homologs of CPSF-73.
Conserved SUMO acceptor lysines are boxed. WB, Western blot; �, present; �, absent.
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sumoylation has an effect on 3�-processing activity. With tran-
scription factors, the wt and sumoylation-deficient mutants are
commonly cotransfected with reporter constructs to examine
transcription activity in reporter gene assays. However, a sim-
ilar approach to examine the activity of basal polyadenylation
factors is not feasible, as changing the activity of a single factor
introduced exogenously by transfection would likely not alter the
polyadenylation of a reporter substrate. Furthermore, neither fac-
tor can be tested individually in assays since both form part of
larger complexes that participate both in steps of cleavage and
polyadenylation. Therefore, we by necessity took a more indirect
approach, which was to examine 3� cleavage and polyadenylation
in NEs whose sumoylation status has been altered.

We first wished to confirm that sumoylation enzymes are
active in NE. To test this, GST-SUMO-3 was added to NE, the
mixture was incubated at 30°C under conditions optimal for

cleavage and polyadenylation, and proteins were resolved by
SDS-PAGE. Several higher-molecular-weight GST-SUMO
conjugates, which formed in a time-dependent manner, were
detected by Western blotting with an anti-GST antibody (Fig.
5A). The GST-SUMO conjugates increased for up to 30 min,
and their levels remained constant thereafter, suggesting that a
balance of sumoylation and desumoylation is maintained in
these extracts. We next sought to determine whether down-
regulating the SUMO pathway in vivo could affect sumoylation
in vitro. NEs prepared from cells depleted of ubc9 by siRNA
were in fact deficient in the formation of high-molecular-
weight GST-SUMO conjugates (Fig. 5B, right panel, lane 3).
The addition of the SUMO protease SENP2 (64) also resulted in
loss of the high-molecular-weight GST-SUMO conjugates, while
SENP2 with a catalytically inactive double mutant with mutations
R577L and K578M (DM SENP2) had no effect (Fig. 5C).

FIG. 4. Cells expressing a sumoylation-deficient mutant of symplekin are inviable. (A) Symplekin siRNA1 or control siRNAs were cotrans-
fected with pcDNA3 empty vector, pcDNA3-wt symplekin, or pcDNA3-mt symplekin with Lipofectamine 2000 in six-well plates as described in
Materials and Methods. Adherent cells were harvested 48 h, 72 h, and 96 h after transfection from three independent experiments and counted,
and the mean value plotted as a percentage of cells in the control transfection (control siRNA plus empty vector). Standard error bars are
indicated. (B) Western blot analysis with antisymplekin antibodies (top panel) and antiactin (bottom panel) of cells harvested at 48 h (lanes 1
through 4) and 72 h (lanes 5 through 8) after transfection. mt, mutant; WB, Western blot; �, present; �, absent.
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SENP2 interacts with both symplekin and CPSF-73. We
also wished to test whether SENP2 can target symplekin and/or
CPSF-73 in the NEs under polyadenylation conditions. Since
only a small fraction of these proteins are sumoylated (see
above), it would be difficult to directly observe the effect of
SENP2 activity on the two proteins. However, a specific inter-
action of SENP2 with CPSF-73 or symplekin would provide
evidence that SENP2 can target the protein for desumoylation.
Therefore, GST SENP2 or GST alone was incubated with NE
and bound proteins analyzed by Western blotting (Fig. 5D).
Both CPSF-73 and symplekin bound to GST SENP2, but not to
GST (top and second panel). SENP2 did not interact with
either CstF-64, another core component of the polyadenyla-
tion machinery (lane 3, third panel from top), or with actin
(lane 3, bottom panel). These data suggest that SENP2 asso-
ciates specifically with both SUMO targets in NE. SENP2 can

target symplekin for desumoylation in vivo, as cotransfection
of SENP2 with symplekin and SUMO-3 abrogated the forma-
tion of higher-molecular-weight forms of symplekin (see Fig.
S3A in the supplemental material).

NE prepared from cells depleted of ubc9 is deficient in
cleavage and polyadenylation. We next used the NEs prepared
from ubc9 siRNA or control siRNA-treated HeLa cells in 3�
cleavage and polyadenylation assays. For these, the substrate,
a 32P-labeled SVL RNA, undergoes cleavage but is not poly-
adenylated because the reaction mixture contains EDTA in-
stead of a divalent cation (58). Significantly, NEs made from
cells transfected with ubc9 siRNA displayed reduced cleavage
activity in comparison to the activity in NEs from cells trans-
fected with the control siRNA (Fig. 6A). Polyadenylation was
assayed in both NEs by using a precleaved SVL substrate,
which when incubated with ATP and MgCl2 undergoes AAU
AAA-dependent polyadenylation (50). Polyadenylation in the
ubc9-depleted NE was markedly reduced compared to the
level in control extracts (Fig. 6B). To rule out nonspecific

FIG. 5. Sumoylation in HeLa NE is downregulated by ubc9 siRNA
and SENP2 protease, which interacts specifically with symplekin and
CPSF-73. (A) GST-SUMO-3 was added to reaction mixtures contain-
ing HeLa NE under polyadenylation conditions. Reaction products
were analyzed by Western blotting with anti-GST antibodies.
(B) HeLa cells were transfected with control or ubc9 siRNAs (si), and
NEs were subjected to Western blotting with anti-ubc9 and antiactin
antibodies (left panels). Control siRNA NE, ubc9 siRNA NE, or buffer
(right panel, lanes 1 to 3, respectively) was added to the reaction
mixtures described above. (C) Reactions were performed as described
for panel A in the presence of buffer (lane 2); 50 ng, 200 ng, 500 ng,
and 1 �g of WT SENP2 (lanes, 3, 4, 5, and 6); or 1 �g of DM SENP2
(lane 7) and analyzed by Western blotting with GST antibodies. Lane
1 is a negative control without NE. In all panels, free GST-SUMO-3 is
indicated by a closed arrow and higher-molecular-weight GST-
SUMO-3 conjugates are indicated by an open bracket. (D) HeLa NE
was incubated overnight with 8 �g GST or GST-SENP2 proteins
bound to glutathione beads. Ten percent of input NE, bound proteins
from GST, and GST-SENP2 beads were subjected to Western blot
analysis with anti-CPSF-73, antisymplekin, anti-CstF-64, and antiactin
antibodies as indicated. WB, Western blot.

FIG. 6. Knockdown of ubc9 by RNAi results in loss of cleavage and
polyadenylation activity. (A) 32P-labeled pG3SVL-A pre-RNA was
incubated under standard cleavage conditions in NEs prepared from
control siRNA-treated HeLa cells or ubc9 siRNA-treated cells. RNAs
were resolved by denaturing PAGE. The unprocessed pre-RNA (SVL)
and the 5� and 3� cleavage products are indicated. (B) 32P-labeled
pG3SVL-A precleaved pre-mRNA substrate (pre-SVL) was incubated
as described for panel A under polyadenylation conditions, and RNAs
were resolved by denaturing PAGE. The pre-mRNA substrate (pre-
cleaved SVL) and the polyadenylated products are indicated. (C) NEs
made from control siRNA-treated cells (lane 1) or ubc9 siRNA-
treated cells (lane 2) were analyzed by Western blotting with the
antibodies indicated on the right. (D) HeLa cells were transfected with
control siRNA (lane 1) or ubc9 siRNA (lane 2) and harvested, and
extracts analyzed by Western blotting with antisymplekin (top panel),
anti-ubc9 (middle panel), or antiactin (bottom panel) antibodies. The
higher-molecular-weight forms of symplekin and the unmodified form
are indicated by a bracket and an arrow, respectively. WB, Western
blot.
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effects of the ubc9 siRNA used, we designed a second siRNA
to deplete ubc9. NEs prepared from these cells showed a
similar impairment of both cleavage and polyadenylation (data
not shown). Western blot analysis of the CstF and CPSF sub-
units showed similar levels in NEs from control and ubc9
siRNA-treated cells (Fig. 6C), suggesting that the accumula-
tion of these factors in the nucleus was not significantly af-
fected. Importantly, the accumulation of sumoylated forms of
symplekin was greatly reduced in NEs from the ubc9 siRNA-
treated cells, indicating that sumoylation of symplekin was
reduced by ubc9 siRNA treatment (Fig. 6D). Sumoylated
forms of CPSF-73 were not detectable in the NEs (results not
shown), and therefore, changes in CPSF-73 sumoylation could
not be ascertained.

The above data provide evidence that ubc9-dependent
sumoylation, perhaps of CPSF-73 and/or symplekin, is neces-
sary for efficient 3� processing in NE. In the case of cleavage,
at least, this must reflect a loss of sumoylation in vivo rather
than of ongoing SUMO addition in the NE, because sumoyla-
tion would not be expected to occur in the presence of EDTA.

Desumoylation of NEs by SENP2 also inhibits 3�-end pro-
cessing. We next wished to determine whether the desumoy-
lation of proteins in NE was sufficient to block 3� processing in
vitro. To this end, we preincubated NEs with increasing
amounts of SENP2 and carried out polyadenylation reactions.
Following a 15-min preincubation, 32P-labeled adenovirus L3
RNA (similar results were obtained with SVL RNA; results
not shown) was added and reaction mixtures incubated for a
further 90 min at 30°C. The addition of SENP2 resulted in a
significant reduction in the formation of polyadenylated RNA
(Fig. 7A, lanes 2 to 5). To extend this result, separate cleavage
and polyadenylation reactions were carried out as described
above. The addition of SENP2 to cleavage reaction mixtures
resulted in a concentration-dependent decrease in the forma-
tion of the cleaved product (Fig. 7B, lanes 2 to 5). Similarly, the
addition of SENP2 resulted in a strong decrease in the poly-
adenylation of the precleaved SVL substrate (Fig. 7C, lanes 2
to 5). The addition of DM SENP2 to these reaction mixtures
had no effect on cleavage (Fig. 7B, lane 6) or polyadenylation
(Fig. 7C, lane 6), indicating that the desumoylation activity of
SENP2 was necessary for the effects observed. Taken together,
these results show that the desumoylation of proteins in NEs
compromises 3� processing at both the cleavage and polyaden-
ylation steps. We confirmed that SENP2 incubation does not
result in the proteolysis of proteins in the NE by Western
blotting of the reaction products with antisymplekin and
CPSF-73 antibodies (see Fig. S3B in the supplemental mate-
rial).

SENP2 impairs the formation of specific polyadenylation
complexes. Sumoylation is known to have significant effects on
protein-protein interactions. It is thus conceivable that inter-
actions that occur during the assembly of the polyadenylation
complex are affected by sumoylation. To address this possibil-
ity, the complex assembly on 32P-labeled SVL RNA in NE was
monitored. Polyadenylation-specific complexes A and B (40)
were distinguished from nonspecific (H) complexes by incu-
bating SVL RNA and a poly(A) site mutant (SVL AAAAAA)
with NE and resolving the complexes by native gel electro-
phoresis. Complexes A and B were formed with the wt but not
the mutant substrate (Fig. 7D). NE was then preincubated with

SENP2 or DM SENP2 before assembly with wt SVL RNA.
After 15 min of incubation, the complexes were analyzed by
native gel electrophoresis. The addition of increasing amounts
of SENP2 resulted in the retention of the substrate in H com-
plexes, with poor formation of A and B complexes (Fig. 7E,
lanes 3 to 5). DM SENP2 had no effect on complex formation
(Fig. 7E, lane 6). Significantly, the preincubation of NE with
SENP2 was necessary for the inhibition, and the addition of

FIG. 7. Desumoylation of NE by the SUMO protease SENP2 in-
hibits 3� processing and blocks the formation of polyadenylation-spe-
cific complexes. (A) 32P-labeled pG3L3-pre-RNA was incubated under
cleavage/polyadenylation conditions following preincubation with
buffer (lane 1) or 50 ng, 100 ng, 500 ng, and 1 �g wt SENP2 (lanes 2,
3, 4, and 5, respectively). RNAs were resolved by denaturing PAGE.
(B) 32P-labeled pG3SVL-A pre-RNA (SVL) was incubated under
cleavage conditions following preincubation with buffer (lane 1); 50 ng,
100 ng, 500 ng, and 1 �g wt SENP2 (lanes 2, 3, 4, and 5, respectively);
or 1 �g DM SENP2 (lane 6). RNAs were resolved by denaturing
PAGE. (C) 32P-labeled pG3SVL-A precleaved pre-mRNA (pre-SVL)
was incubated under polyadenylation conditions after preincubation as
described above. Pre-RNA, 5� cleaved products, and the polyadenyl-
ated products are indicated on the right in all panels. (D) Standard
cleavage/polyadenylation reaction mixtures using 32P-labeled pG3SVL-A
pre-RNA were assembled with buffer (lane 1) or NE (lane 3). Reaction
mixtures using 32P-labeled pG3SVL-AAAAAA mutant RNA were
assembled with NE (lane 2). Following incubation, complexes were
resolved by nondenaturing PAGE. Positions of free pG3SVL-A pre-
RNA substrate polyadenylation-specific complexes and nonspecific
complexes are indicated. (E) Standard reaction mixtures were assem-
bled with NE as above, and preincubation was carried out with buffer
(lane 1); 50 ng, 100 ng, 500 ng, and 1 �g wt SENP2 (lanes 2, 3, 4, and
5, respectively); or 1 �g DM SENP2 (lane 6) before the addition of
32P-labeled pG3SVL-A pre-RNA. Complexes were analyzed as de-
scribed for panel D.
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SENP2 had no effect on preformed complexes (data not
shown). Thus, desumoylation indeed disrupts the productive
interactions necessary for the formation of specific complexes,
providing a mechanism by which SENP2 inhibits the cleavage/
polyadenylation reactions.

DISCUSSION

The work described here has provided the first evidence for
a regulatory role of sumoylation in the processing of mRNA
precursors. We demonstrated that symplekin and CPSF-73 are
modified specifically by the SUMO-2/3 isoform in vivo and
identified evolutionarily conserved sites of modification in both
proteins. We also showed that reducing sumoylation in NEs
diminished the capacity of the extracts to cleave and polyade-
nylate RNA substrates, at least in part by inhibiting the assem-
bly of processing complexes. Our observations that SENP2
directly interacts with symplekin and CPSF-73 and that a
sumoylation-deficient mutant of symplekin was unable to pro-
vide a function necessary for cell viability support the idea that
the desumoylation of these substrates is involved in the inhi-
bition of 3� processing. However, further work is required to
establish the specific functional roles of symplekin and
CPSF-73 sumoylation.

Our data have indicated that both symplekin and CPSF-73
are specifically targeted by the SUMO-2/3 isoforms. Several
previous studies have indicated that certain substrates are in-
deed preferentially conjugated to SUMO-1 or SUMO-2/3 (22,
26, 52, 62), which is consistent with our data showing that
SUMO-2/3 specifically modifies symplekin and CPSF-73 in
vivo. However, we also found that SUMO-1 overexpression
had a significant effect on symplekin, as the coexpression of
SUMO-1 with symplekin reduced the levels of symplekin, and
that the reduction occurred in a proteasome-dependent man-
ner (unpublished data). This is not the first example of
SUMO-1 inducing the degradation of a substrate. For exam-
ple, SUMO-1 overexpression has been shown to induce the
proteasome-mediated degradation of the p53-related protein
p63 and of the glucocorticoid receptor (17, 35). Notably how-
ever, we were unable to detect SUMO-1 modification of
symplekin in vivo. This could indicate that SUMO-1-modified
symplekin is so unstable that it cannot be detected or that the
effect of SUMO-1 on symplekin is indirect. In any event, our
data point to a role for SUMO-1 that is distinct from the role
of SUMO-2/3 in affecting symplekin function.

The lysines at modification sites in symplekin and CPSF-73
were found to be conserved across species, an indication that
the sumoylation of 3�-processing factors may also be conserved
in different species. In keeping with this, Ysh1, the yeast ho-
molog of CPSF-73, is known to be sumoylated (21, 45). Yeast
PAP was shown to interact with the SUMO E1, Uba2, and
although PAP was not shown to be sumoylated, the depletion
of Uba2 resulted in increased polyadenylation activity in yeast
extracts (13). This would appear to contrast with our findings,
but it would not be the first instance in which yeast 3� process-
ing differs from mammalian 3� processing. For example, yeast
PAP lacks the regulatory domain of mammalian PAP that is
important for the cell cycle-dependent phosphorylation and
regulation of PAP activity (11, 12, 66). In addition, although we
have recently discovered that mammalian PAP is sumoylated,

the SUMO acceptor lysines are not conserved in yeast PAP
(unpublished data).

Symplekin was first suggested to be a scaffolding protein
when it was found to interact with purified CstF-64 and to
associate with both CPSF and CstF as part of a higher-molec-
ular-weight complex (55). Symplekin was also observed to as-
sociate with CPSF subunits in enucleated oocytes (27) and to
form an essential scaffold upon which the cytoplasmic poly-
adenylation components CPSF and CPEB were assembled,
together with the GLD-2 PAP (4). Similarly, in histone mRNA
3�-end processing, symplekin functions as a key component of
a multisubunit complex required for the reaction and was
found to be necessary for the functional integrity of the com-
plex (34). These multiple functions are consistent with our
discovery that symplekin is required for cell viability, and the
fact that a sumoylation-deficient mutant was unable to rescue
viability supports the involvement of sumoylation in symplekin
function in one or more aspects of 3� processing.

We have shown that the SUMO protease SENP2 interacts
with both CPSF-73 and symplekin and also inhibits 3� process-
ing in NE. We utilized SENP2 in our experiments because it
efficiently desumoylates both SUMO-1- and SUMO-2/3-conju-
gated substrates in vitro (44, 64). However, whether SENP2
influences 3� processing in vivo is unclear. The substrate spec-
ificities of SUMO proteases are often determined by their
subcellular localization. For example, the SENP2 gene pro-
duces three alternatively spliced isoforms, SENP2, SMT3IP2,
and SuPR-1, which localize to the nucleoplasmic side of the
nuclear pore, cytoplasm, and nuclear bodies, respectively (30,
44, 64). While the localization makes it possible that SENP2 or
one of the forms generated by alternative splicing may target
the 3�-processing complex in vivo, it is also possible that an-
other SUMO protease, such as a SUMO-2/3-specific protease
like SENP3 and SENP5 (16, 20), functions in this capacity in
vivo.

While there are numerous examples of transcription factors
that are modified by sumoylation, there are very few studies
examining SUMO modification of proteins potentially in-
volved in RNA processing. Several hnRNPs were found in
proteomic analysis to be modified by SUMO, and SUMO mod-
ification of the hnRNP C and M proteins was reported to
reduce RNA binding by both proteins (36, 61). The RNA-
editing enzyme ADAR1 is also sumoylated, and SUMO mod-
ification was found to reduce editing activity (14). Ours, how-
ever, is the first study demonstrating a role for sumoylation in
an RNA-processing event carried out by a large complex. The
negative effects of hnRNP and ADAR1 sumoylation on activity
contrast with the positive role that sumoylation plays in 3�-end
formation. As discussed below, this likely reflects the fact that
multiple subunits of the complex polyadenylation machinery
may be SUMO targets and is also consistent with the idea that
SUMO-mediated interactions may enhance the assembly of
the polyadenylation complex. While CPSF-73 and/or symple-
kin is likely involved in mediating this assembly, the sumoyla-
tion of other factors may also be important.

Several examples of sumoylation modifying multiple factors
in a functional protein complex and affecting its assembly have
been described. For example, PML nuclear bodies, thought to
be storage depots for nuclear factors or sites of assembly of
transcription factors, contain several sumoylation targets, such
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as PML, Daxx, and SP100 (28). The integrity of nuclear bodies
depends on maintaining the sumoylation of all these compo-
nents, and the overexpression of the SUMO protease Su-PR1,
which localizes to PML bodies, disassembles this nuclear sub-
structure (5). Recently, PML and Daxx were found to possess
SUMO binding motifs, and the interaction between the SIM
and the sumoylated components promoted the complex assem-
bly (37, 54). An attractive possibility is that the sumoylation of
components of the 3�-processing complex functions in a similar
manner. Supporting this idea, we identified a 30-amino-acid
stretch in symplekin (amino acids 368 to 398) that has a strik-
ing resemblance to SIMs found in PIASy and PIASx� (24).
Preliminary experiments have revealed a weak interaction be-
tween symplekin and SUMO (unpublished data), and we sug-
gest that the presence of SUMO moieties in polyadenylation
factors may augment their interactions with symplekin, thereby
enhancing its role as a scaffolding factor and facilitating the
assembly of the polyadenylation complex.

The cleavage/polyadenylation reaction has been reconsti-
tuted with highly enriched or purified fractions of NE (e.g., see
references 6 and 58). It is doubtful that sumoylated forms of
proteins are retained through such extensive purification pro-
cesses. It thus may be that the activity detected may reflect a
low, SUMO-independent activity, perhaps requiring higher
concentrations of factors than would be necessary if the pro-
teins were sumoylated. However, it is also possible that the role
of sumoylation in facilitating assembly is more important in the
nucleus or in a crude environment such as HeLa NE, where
other factors may interfere with the formation of a functional
complex due to inhibitory interactions with the polyadenyla-
tion factors. Sumoylation may be necessary in such an environ-
ment to regulate such interactions and facilitate the proper
assembly of the functional 3�-processing complex. While addi-
tional work is required to establish the specific roles of
CPSF-73 and symplekin sumoylation in 3�-end formation, our
data have both extended the potential regulatory roles of
sumoylation to RNA processing and also highlighted the com-
plexity of the 3�-processing reaction.
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