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Ribosome biogenesis is a tightly controlled pathway that

requires an intricate spatial and temporal interplay of

protein networks. Most structural rRNA components are

generated in the nucleolus and assembled into pre-riboso-

mal particles, which are transferred for further maturation

to the nucleoplasm and cytoplasm. In metazoa, few reg-

ulatory components for these processes have been char-

acterized. Previous work revealed a critical role for the

SUMO-specific protease SENP3 in the nucleolar steps

of ribosome biogenesis. We biochemically purified a

SENP3-associated complex comprising PELP1, TEX10 and

WDR18, and demonstrate that this complex is involved in

maturation and nucleolar release of the large ribosomal

subunit. We identified PELP1 and the PELP1-associated

factor LAS1L as SENP3-sensitive targets of SUMO, and

provide evidence that balanced SUMO conjugation/decon-

jugation determines the nucleolar partitioning of this

complex. This defines the PELP1–TEX10–WDR18 complex

as a regulator of ribosome biogenesis and suggests that its

SUMO-controlled distribution coordinates the rate of ribo-

some formation. These findings contribute to the basic

understanding of mammalian ribosome biogenesis and

shed new light on the role of SUMO in this process.
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Introduction

Ribosomes are specialized molecular machines designated

for the synthesis of cellular proteins. Eukaryotic ribosomes

are composed of a small 40S and a large 60S subunit, each of

which contains distinct ribosomal proteins and ribosomal

RNA (rRNA). The structural rRNA component of the 40S

subunit is the 18S rRNA, while the 60S subunit contains the

28S (25S in yeast), 5.8S and 5S rRNA species. Ribosomal

assembly and maturation proceed via a highly regulated

cellular pathway that involves a large set of non-ribosomal

proteins as well as non-coding RNA species (Kressler et al,

2010). Distinct stages of this biogenesis pathway are spatially

separated in specific subcellular regions (Henras et al, 2008).

The process is initiated in the nucleolus, where RNA poly-

merase I generates a 47S (35S in yeast) rRNA precursor,

which contains the sequences for the 18S, 5.8S and 28S

rRNA. These regions are flanked by the external transcribed

spacers (50-ETS and 30-ETS) and separated by the internal

transcribed spacers (ITS1 and ITS2). Cleavage and processing

of these spacer regions mostly take place in the nucleolus and

generate rRNA intermediates that assemble in the nucleolar

pre-40S and pre-60S particles, respectively. The pre-40S par-

ticle is rapidly exported to the cytoplasm, whereas the pre-

60S particle undergoes a complex maturation pathway in the

nucleolus, nucleoplasm and cytoplasm, which is accompa-

nied by the exchange of accessory factors and a stepwise

remodelling of the particles.

Genetic experiments in the yeast Saccharomyces cerevisiae

led to the identification of many critical components of

the ribosome biogenesis pathway. Moreover, biochemical

approaches enabled the isolation of specific ribosomal

pre-40S and pre-60S subcomplexes, which seem to function

as intermediates along the pathway (Tschochner and Hurt,

2003). In mammalian cells, however, only a limited number

of components have been characterized. Additionally, in both

higher and lower eukaryotes it is largely unclear what drives

the spatial distribution and the exchange of protein compo-

nents along the maturation pathway and what controls the

assembly and disassembly of the subcomplexes.

Genetic studies in yeast also revealed an involvement of

the ubiquitin-like SUMO system in the formation and nuclear

export of pre-ribosomal particles (Panse et al, 2006). Recent

work by our group and others has delineated a crucial role of

the SUMO system in the nucleolar steps of mammalian

ribosome biogenesis (Haindl et al, 2008; Yun et al, 2008).

SUMO functions as a post-translational modifier that is

covalently attached to lysine residues of target proteins

(Geiss-Friedlander and Melchior, 2007). Human cells express

three SUMO forms (SUMO1–3, with SUMO2/3 being almost

identical), which are conjugated to target proteins in a path-

way that requires the E1 activating enzyme Aos1/Uba2, the

E2 conjugating enzyme Ubc9 and in many cases involves E3

SUMO ligases (Wang and Dasso, 2009). The attachment of

SUMO to target proteins typically modulates the dynamics

and specificity of protein–protein interactions by either repel-

ling or attracting a binding partner, which is mediated

through non-covalent binding of the SUMO conjugate to a

specialized SUMO-interaction motif (SIM) in a binding part-

ner. Importantly, SUMO modification is a reversible process,

in which the demodification of a given SUMO conjugate is

catalysed by SUMO-specific proteases of the SENP family. In

humans six SENP members, SENP1–3 and SENP5–7, have
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been identified so far (Hay, 2007; Mukhopadhyay and Dasso,

2007; Yeh, 2009). SENP3 and SENP5 exhibit preferential activ-

ities towards SUMO2/3 conjugates and are specifically concen-

trated in the nucleolus implying that they control nucleolar

functions (Nishida et al, 2000; Di Bacco et al, 2006; Gong and

Yeh, 2006). In line with this assumption, we and others have

shown that SENP3 is required for rRNA processing, in parti-

cular, for the conversion of the 32S rRNA intermediate to the

mature 28S rRNA (Haindl et al, 2008; Yun et al, 2008). This

function is connected to nucleophosmin (NPM1), a key factor

of 28S rRNA maturation in mammals (Grisendi et al, 2006).

NPM1 is a major binding partner of SENP3 that governs its

stability and nucleolar localization (Yun et al, 2008). Moreover,

SENP3 mediates desumoylation of NPM1, which appears to be

critical for NPM1 function in rRNA processing (Haindl et al,

2008; Nishida and Yamada, 2008).

Given that eukaryotic ribosome synthesis requires the

coordinated action of a series of cellular components, we

anticipated that it involves SENP3-mediated desumoylation

of additional factors in this pathway. Here, we describe the

characterization of a novel SENP3-associated complex com-

prising PELP1, TEX10, WDR18 and two associated proteins,

MDN1 and LAS1L. We provide compelling evidence that this

complex is implicated in large ribosomal subunit maturation.

We further show that PELP1 and LAS1L are dynamically

modified by SUMO in a SENP3-regulated process, and suggest

that SENP3-mediated desumoylation is required for nucleolar

compartmentalization of this complex.

Results

SENP3 is associated with a complex composed of

PELP1, TEX10 and WDR18

To identify interaction partners and potential substrates

of SENP3, we expressed Flag-tagged SENP3 in HEK293T

cells and captured it together with associated proteins on

a Flag-affinity column. Using mass spectrometry one major

co-purifying protein was identified as NPM1 and others as

PELP1, TEX10, WDR18 and LAS1L, respectively (Supple-

mentary Figure 1A). While no function has been annotated

for TEX10 and WDR18, PELP1 was mainly described as

a transcriptional co-regulator of the oestrogen receptor

(Vadlamudi and Kumar, 2007). Interestingly, LAS1L was

very recently described as a factor involved in ribosome

biogenesis (Castle et al, 2010). Moreover, Psi-Blast searches

revealed a sequence similarity and conserved domains

between PELP1, TEX10, WDR18 and the yeast proteins

Rix1, Ipi1, Ipi3 (Supplementary Figures 1B and 2A–C),

which are essential in yeast and form a complex that is

required for ribosome biogenesis (Krogan et al, 2004;

Nissan et al, 2004). In humans, no functional orthologue of

this complex has been described so far. In order to establish

that PELP1, TEX10 and WDR18 do indeed constitute a com-

plex in mammalian cells and to confirm their association with

SENP3 we performed directed co-immunoprecipitation ex-

periments. We could validate the interaction of ectopically

expressed Flag-SENP3 with endogenous PELP1 and recipro-

cally show binding of HA-PELP1 to endogenous SENP3

(Figure 1A and B). Furthermore, the association of both

proteins at their endogenous levels of expression could be

demonstrated (Figure 1C). In further agreement with the

results from mass spectrometry Flag-SENP3 interacted with

HA-TEX10 or HA-WDR18, and Flag-WDR18 bound HA-SENP3

(Figure 1D–F). Additionally, WDR18 and PELP1 were co-

immunoprecipitated when expressed ectopically or at their

endogenous levels of expression, irrespective of RNase treat-

ment of cellular extracts (Figure 2A–C; Supplementary Figure

3A). Finally, we also detected binding of Flag-tagged TEX10 to

HA-PELP1 and observed an interaction of HA-TEX10 with

endogenous WDR18 (Figure 2D and E). From this network of

mutual interactions, we conclude that PELP1, TEX10 and

WDR18 are part of a common complex, which is physically

linked to SENP3 (Figure 2F). The interdependency of compo-

nents in this complex is further supported by the observation

that siRNA-mediated depletion of WDR18 also led to a

reduction in the amount of PELP1 and, reciprocally, loss of

PELP1 results in lower amounts of WDR18 (Supplementary

Figure 3B; see also Figure 4B, three bottom panels). The yeast

Rix1–Ipi1–Ipi3 complex is transiently associated with the

giant AAA ATPase Rea1 (Galani et al, 2004; Nissan et al,

2004; Ulbrich et al, 2009). Interestingly, mass-spectrometric

analysis identified the human Rea1 orthologue MDN1 as part

of the PELP1-associated proteome (Supplementary Figure

4A). Consistent with this finding, we observed an interaction

of ectopically expressed Flag-PELP1 or endogenous PELP1

with endogenous MDN1 further supporting the idea that the

Figure 1 SENP3 is associated with PELP1, TEX10 and WDR18. (A, B) Flag-SENP3 or HA-PELP1 was expressed in HeLa cells as indicated.
Proteins were captured on Flag- or HA-beads and immunoblotted using antibodies directed against endogenous PELP1 or SENP3 as indicated.
(C) Endogenous PELP1 was immunoprecipitated from HeLa cells with a rabbit polyclonal antibody and immunocomplexes were probed for the
presence of SENP3 by western blotting with an anti-SENP3 antibody. (D–F) Flag- or HA-tagged proteins were expressed in HeLa cells, captured
on Flag- or HA-beads and subjected to immunoblotting as indicated. In all experiments, the inputs represent 2.5% of the total cell lysate.
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mammalian PELP1–TEX10–WDR18 complex is related to the

Rix1–Ipi1–Ipi3 complex (Supplementary Figure 4B and C). As

mentioned above, the recently described rRNA processing

factor LAS1L was also found to physically interact with

SENP3 in the initial mass spectrometry-based proteomic

analysis (Supplementary Figure 1A). Moreover, LAS1L was

also identified as a binding partner of PELP1 in proteomic

experiments and by directed co-immunoprecipitation

(Supplementary Figure 4D and data not shown). This further

points to an involvement of PELP1 and its associated com-

ponents in the pathway of ribosome biogenesis.

Components of the complex localize to the nucleolus

and are involved in ribosome biogenesis

Because SENP3 is mainly compartmentalized in the nucleo-

lus, we investigated the subcellular localization of PELP1,

TEX10 or WDR18. Biochemical fractionation of cell extracts

revealed that all three proteins are mainly found in the

nucleoplasm with a subfraction concentrated in the nucleolus

(Supplementary Figure 5). Immunofluorescence staining of

HeLa cells with anti-PELP1 antibodies confirms that PELP1

indeed accumulates in the nucleolus, where it exhibits an

overlapping localization with SENP3 (Figure 3A). The nu-

cleolus can be subdivided into distinct functional subregions

(Boisvert et al, 2007). The fibrillar centre (FC) is one such

subregion and is the site of rDNA transcription. Co-staining of

PELP1 with UBF1, which serves as a marker for the FC,

shows that PELP1 is largely excluded from this region,

indicating that it is most likely not directly involved in the

transcription of rDNA (Figure 3B). NPM1 is a marker protein

for the granular component (GC) subregion, where proces-

sing of the 32S rRNA precursor to the 28S rRNA and the

assembly of pre-60S ribosome subunits take place. We ob-

served an overlapping localization of PELP1 and NPM1 and

additionally revealed an interaction of both proteins in co-

immunoprecipitation experiments thus pointing to a func-

tional role of PELP1 in the GC subregion (Figure 3C;

Supplementary Figure 6A and B). Similarly to what observed

for PELP1, the PELP1-associated components LAS1L and

MDN1 exhibit strong nucleolar enrichment (Supplementary

Figure 7A and B). TEX10 was also found in the nucleolus, but

is more evenly distributed between nucleolus and nucleo-

plasm (Supplementary Figure 7C).

To investigate a potential involvement of PELP1 and its

associated factors TEX10, WDR18 or MDN1 in rRNA proces-

sing, the proteins were individually depleted from HeLa

cells by siRNA. rRNA processing—schematically depicted in

Figure 4A—was studied by pulse-chase labelling of nascent

rRNA with 32P-orthophosphate. Depletion of the respective

proteins was verified by immunoblotting or quantitative RT–

PCR (Figure 4B, three bottom panels; Supplementary Figure 8).

To study pre-rRNA processing, RNA was prepared and sepa-

rated by denaturing agarose gel electrophoresis. Metabolically

labelled rRNA species were visualized by autoradiography

(Figure 4B, upper panel). In cells transfected with a control

siRNA, the mature 28S rRNA species is typically more abun-

dant than its 32S rRNA precursor. By contrast, knock-down of

PELP1, WDR18, TEX10 or MDN1 causes an accumulation of

the 32S rRNA relative to the 28S form. Quantification of a series

of experiments shows that the depletion of PELP1, TEX10,

WDR18 or MDN1 reduces the ratio of the mature 28S rRNA to

the 32S precursor to 60, 75, 50 or 30%, respectively, when

compared with control cells (Figure 4C). This suggests that the

PELP1–TEX10–WDR18 complex and its associated factor

MDN1 are indeed involved in the conversion of the 32S

rRNA intermediate to the mature 28S rRNA. To further sub-

stantiate this finding we wondered whether the complex con-

tains rRNA species. To this aim, we isolated total RNA from

anti-PELP1 immunoprecipitates (Figure 4D, bottom), reverse

transcribed it to cDNA and performed a PCR with primers

covering the region from the 30-end of the ITS2 to the 50-end of

the 28S rRNA encoding region. A specific amplification product

indicative for an ITS2-containing rRNA species was seen in

anti-PELP1 precipitates, but not in control immunoprecipitates

(Figure 4D, top). Importantly also, mRNA encoding for the

housekeeping protein glyceraldehyde-3-phosphate dehydrogen-

ase (GAPDH) was absent from the anti-PELP1 immunoprecipi-

tate excluding non-specific RNA association.

Figure 2 WDR18 and TEX10 co-immunoprecipitate with PELP1. (A, B) Flag-PELP1 and HA-WDR18 were expressed in HeLa cells as indicated.
HA-WDR18 was captured on HA-beads and the bound material was probed by immunoblotting for the presence of ectopically expressed Flag-
tagged PELP1 or endogenous PELP1 as indicated. (C) Endogenous PELP1 was immunoprecipitated from HeLa cells with a rabbit polyclonal
antibody and immunocomplexes were probed for the presence of endogenous WDR18 by western blotting with an anti-WDR18 antibody.
(D) Flag-TEX10 was expressed with HA-PELP1 in HeLa cells, captured on Flag-beads and proteins were immunoblotted as indicated. (E) HA-
TEX10 was expressed, captured on HA-beads and associated proteins were probed for the presence of endogenous WDR18 using immunoblotting.
The inputs represent 2.5% of the total cell lysate. (F) Scheme of mutual interactions between PELP1, TEX10, WDR18 and SENP3.
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To monitor whether the PELP1–TEX10–WDR18 complex

and SENP3 are associated with pre-ribosomes we isolated

pre-ribosomal particles from cell nuclei by sucrose gradient

centrifugation (Figure 4E; Supplementary Figure 9).

Fractions of sucrose gradients were collected and the pre-

sence of BOP1, a component of the PES1–BOP1–WDR12

(PeBoW) rRNA processing complex (Lapik et al, 2004;

Holzel et al, 2005) served as a marker for fractions contain-

ing pre-60S complexes (Figure 4E, fractions 10–13, note that

in fractions 1–4 unbound proteins are found). This analysis

revealed that endogenous PELP1 and WDR18 perfectly co-

fractionate with BOP1 demonstrating that both proteins are

associated with pre-60S particles. A significant fraction of

SENP3 co-sediments with PELP1, WDR18 and BOP1, but

SENP3 is also found in earlier fractions corresponding to

pre-40S particles (Figure 4E, fractions 5–8; Supplementary

Figure 9). Notably also, NPM1 is present in fractions

overlapping with PELP1, WDR18 and BOP1, but was also

reproducibly found in particles with lower density

(Figure 4E, fractions 8 and 9).

Figure 3 PELP1 localizes to the granular region of the nucleolus. (A–C) Immunofluorescence staining of endogenous PELP1, SENP3, UBF1
and NPM1 in HeLa cells. Nuclei were visualized using DAPI staining.

Figure 4 PELP1, TEX10, WDR18 and MDN1 are involved in ribosome biogenesis. (A) Diagram summarizing the main steps of rRNA
processing. (B) HeLa cells were transfected with siRNA duplexes targeting PELP1, TEX10, WDR18, MDN1 or a control siRNA as indicated.
Downregulation of the respective proteins was analysed by western blotting as indicated (WB, three lower panels). At 72 h after transfection,
cells were pulse labelled with 32P-orthophosphate for 1 h and chased for 2.5 h. RNA was separated on a denaturing agarose gel and detected by
ethidium bromide (EtBr) staining and autoradiography after drying of the gel. (C) The signal intensities of the 28S and 32S rRNA forms were
quantified by phosphoimager analysis and the ratio of 28S:32S rRNA was calculated. Values represent the average of four (two for siMDN1)
independent experiments. Error bars indicate s.d. (D) PELP1 is associated with ITS2-containing RNA species. Endogenous PELP1 was
immunoprecipitated from HeLa cells. In total, 10% of the immunoprecipitated material was analysed by western blotting (lower panel). The
remaining material was used for RNA isolation and cDNA synthesis. The cDNA was used as template for PCR amplification using primers
within the ITS2/28S region or GAPDH as a control. Input corresponds to 10% of the cell lysate. Vertical line in the upper panel indicates
removal of irrelevant adjacent lanes. (E) Pre-ribosomal particles were separated by sucrose gradient centrifugation of nuclear extracts. Proteins
were recovered from the fractions by TCA precipitation and further analysed by SDS–PAGE and western blotting using antibodies as indicated.
Vertical lines solely indicate loading onto two separate gels. (F) Nucleolar export of pre-60S particles is strongly compromised in cells depleted
of PELP1, TEX10, WDR18, MDN1 or SENP3. HeLa cells expressing YFP-RpL27 from a tetracycline-inducible promoter were transfected with the
indicated siRNAs. After 24 h, expression of YFP-RpL27 was induced and 72 h later the localization of RpL27 was monitored. Pictures were taken
using identical exposure times.
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To further validate the functional involvement of PELP1,

TEX10, WDR18 and MDN1 in large ribosomal subunit ma-

turation, we examined the localization of the YFP-tagged

large ribosomal subunit protein L27 (YFP-RpL27) in HeLa

cells depleted of the respective proteins (Figure 4F). In

control siRNA-treated cells, YFP-RpL27 was detectable in

The SUMO system controls ribosome biogenesis
E Finkbeiner et al

&2011 European Molecular Biology Organization The EMBO Journal VOL 30 | NO 6 | 2011 1071



the cytoplasm and nucleoli, which is in accordance with its

presence in nucleolar pre-60S particles as well as mature 60S

ribosomes (Andersen et al, 2005). Strikingly, however, in

cells depleted of PELP1, TEX10, WDR18 or MDN1 YFP-

RpL27 exclusively accumulated within nucleoli. Moreover,

the nucleoli in these cells are dramatically enlarged, a phe-

notype associated with the depletion of other processing

components (Rosby et al, 2009). Depletion of SENP3 induced

a similar phenotype and led to the nucleolar accumulation of

the YFP-RpL27 reporter and a complete loss of cytoplasmic or

nucleoplasmic staining further confirming the crucial role of

SENP3-mediated desumoylation for proper ribosome matura-

tion. Notably, the nucleolar shape is also changed in a subset

of SENP3 depleted cells.

Overall, these observations indicate that the PELP1–

TEX10–WDR18 complex is required for the maturation and

nucleolar release of the large ribosomal subunit.

PELP1 is modified by SUMO in a SENP3-controlled

process

PELP1 has previously been identified as a non-covalent

binding partner of SUMO2 (Rosendorff et al, 2006).

Consistent with this finding we could define two hydrophobic

SIM regions in PELP1, which are required for binding to

SUMO2 in GST pull-down experiments (Supplementary

Figure 10A). To investigate whether PELP1 can also be

covalently modified by SUMO we initially used a reconsti-

tuted in vitro SUMO modification system. 35S-labelled PELP1

was generated by in vitro transcription/translation and in-

cubated with the E1 activating enzyme, Ubc9, and either

SUMO1 or SUMO2. In a control reaction, which lacked

SUMO, PELP1 migrates at the predicted size of 180 kDa

(Supplementary Figure 10B, lane 1). Addition of either

SUMO1 or SUMO2, however, resulted in the formation of

a SUMO conjugate with an apparent molecular weight

of 220 kDa (Supplementary Figure 10B, lanes 2 and 5).

Notably, addition of wild-type SENP3, but not a catalytically

inactive version, led to the reduction of the PELP1–SUMO1

conjugates and an almost complete loss of the PELP1–SUMO2

forms suggesting that SENP3 acts on sumoylated PELP1

(Supplementary Figure 10B, lanes 3, 4 and 5, 7). The higher

activity towards SUMO2 conjugates is in agreement with the

preference of SENP3 towards SUMO2/3 forms (Haindl et al,

2008).

To examine whether SUMO paralogues can also modify

PELP1 in vivo, HA-tagged PELP1 was expressed alone or

together with SUMO1 or SUMO2. In all samples, anti-HA

immunoblotting reveals a major band at 180 kDa correspond-

ing to unmodified PELP1. Importantly, however, upon ex-

pression of SUMO1 or SUMO2 a modified form at 220 kDa

corresponding to a potential SUMO–PELP1 conjugate is de-

tected (Figure 5A, lanes 2 and 3). In support of this inter-

pretation co-expression of SENP3 reverses the modification

(Figure 5A, lanes 4 and 5). To see whether endogenous PELP1

can be modified by SUMO and whether this process is indeed

controlled by endogenous SENP3, cells were depleted of

Figure 5 PELP1 is modified by SUMO in a SENP3-controlled process. (A) HA-PELP1 was expressed alone or in combination with SUMO1 or
SUMO2 in the presence or absence of SV5-tagged SENP3 in HeLa cells. Expression of the respective proteins was verified by western blotting.
Detection of b-tubulin served as loading control. (B) SUMO modification of endogenous PELP1 was monitored by anti-PELP1 immunoblotting
in HeLa cells transfected with siRNAs as indicated. Depletion of the respective proteins was verified by western blotting. (C) HeLa cells were
transfected with siRNAs and plasmids as indicated. His-SUMO conjugates were recovered on Ni-NTA beads and subjected to western blotting
using anti-PELP1 antibodies. (D) HA-PELP1 or HA-PELP1K826R was expressed in the presence of SUMO1 or SUMO2 in HeLa cells. Expression of
the respective proteins was analysed by western blotting. Detection of b-tubulin served as loading control. (E, F) Flag-p14ARF and SUMO were
expressed in HeLa cells and SUMO modification of ectopically expressed HA-PELP1 or endogenous PELP1 was monitored by immunoblotting
with anti-HA or anti-PELP1 antibodies as indicated. Arrowheads indicate SUMO–PELP1 conjugates.
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SENP3 and PELP1 was detected by anti-PELP1 immunoblot-

ting. Depletion of SENP3 led to the appearance of a 220-kDa

anti-PELP1 reactive band, which became almost undetectable

upon co-depletion of SUMO2/3, suggesting that it corre-

sponds to a SUMO–PELP1 conjugate and mainly represents

a SUMO2/3 modified form of PELP1 (Figure 5B). This was

further validated by Ni-NTA pull-down experiments, in which

His-tagged SUMO2–PELP1 conjugates could be specifically

enriched on Ni-NTA beads from cells that are depleted of

SENP3 and express His-SUMO2 (Figure 5C). The exchange of

lysine 826 of PELP1 to arginine abrogated the modification

both in vitro an in vivo, indicating that this residue serves

as the major site for SUMO attachment (Figure 5D;

Supplementary Figure 10C).

To understand how sumoylation of PELP1 is regulated we

studied the potential role of p14ARF because it has been

reported to counter SENP3 activity (Kuo et al, 2008).

Co-expression of HA-PELP1 with p14ARF alone (Figure 5E,

lane 6) or together with either SUMO1 or SUMO2 (Figure 5E,

lanes 2 and 4) induced sumoylation of PELP1. Similarly,

p14ARF enhances SUMO conjugation to endogenous PELP1

(Figure 5F, lanes 2 and 4) further supporting the idea

that PELP1 is a physiological substrate of p14ARF-mediated

sumoylation.

Nucleolar partitioning of PELP1 is controlled by the

SUMO system

The data described above identify PELP1 as a nucleolar

substrate of SUMO and provide evidence that the modifica-

tion state of PELP1 is dynamically regulated by SENP3.

Considering that SUMO is frequently involved in the control

of subcellular compartmentalization we investigated whether

a change in the cellular sumoylation status affects the nu-

cleolar/nucleoplasmic distribution of PELP1 (Heun, 2007).

We therefore initially ectopically expressed SUMO2 and mon-

itored the localization of endogenous PELP1 by immuno-

fluorescence (Figure 6A). SUMO2 shows the described

localization in the nucleoplasm, where it is occasionally

found in nuclear speckles, but is excluded from the nucleolus

(Ayaydin and Dasso, 2004). Importantly, in all cells ectopi-

cally expressing SUMO2 PELP1 was also largely excluded

from the nucleolus (Figure 6A, green arrowheads), whereas

in adjacent untransfected cells it shows the typical distribu-

tion in the nucleoplasm and the nucleolus (Figure 6A, white

arrowheads). This indicates that enhanced sumoylation pre-

vents nucleolar accumulation of PELP1.

In order to expand upon the above finding we monitored

how depletion of SENP3, which is paralleled by an increase

in PELP1 sumoylation, affects the localization of PELP1.

Again, in cells treated with the control siRNA PELP1

exhibits a nucleoplasmic and nucleolar localization pattern

(Figure 6B). Strikingly, however, the absence of SENP3

causes an almost complete release of the nucleolar fraction

of PELP1 to the nucleoplasm, indicating that desumoylation

by SENP3 is required for its nucleolar partitioning

(Figure 6B). Noteworthy, depletion of SENP3 did not affect

the nucleolar accumulation of the 18S regulator WDR50/

hUtp18, assuring that loss of SENP3 does not generally affect

nucleolar integrity (Supplementary Figure 11A). Next, we

monitored the localization of the PELP1-associated compo-

nents LAS1L, TEX10 and MDN1, as well as the unrelated

PeBoW component PES1, upon depletion of SENP3.

Importantly, TEX10, LAS1L and MDN1 were largely excluded

from the nucleolus upon loss of SENP3 (Figure 6C, rows 1–4;

Supplementary Figure 11B), while the nucleolar accumula-

tion of PES1, which does not appear to be an integral

component of the PELP1–TEX10–WDR18 complex, was un-

affected (Figure 6C, rows 5 and 6; Supplementary Figure 12).

To further strengthen the idea that the nucleolar compart-

mentalization of PELP1 is controlled through SUMO2/3

modification, PELP1 localization was studied after siRNA-

mediated knock-down of SUMO2/3. Remarkably, in the

absence of SUMO2/3, but not SUMO1, PELP1 strongly accu-

mulates in the nucleolus, indicating that SUMO2/3 is indeed

required for the nucleolar exclusion of PELP1 (Figure 6D).

Based on these findings, we wished to determine whether

SUMO modification of PELP1 directly mediates its subnuclear

partitioning. To mimic constitutive modification, we linearly

fused SUMO2 to the C-terminus of PELP1 and expressed it

in cells depleted of the endogenous protein (Figure 6E).

Importantly, in contrast to PELP1WT, which accumulated

in the nucleolus, the PELP1–SUMO2 fusion protein exhibited

a nucleoplasmic distribution and was largely excluded

from the nucleolus. Moreover, PELP1-associated factors,

such as LAS1L and SENP3, were also released from the

nucleolus in the presence of PELP1–SUMO2 (Figure 6F).

The SIM-deficient PELP1–SUMO2 fusion exhibits a similar

localization, suggesting that the covalent attachment of

SUMO to PELP1 is sufficient to determine its subnuclear

distribution (Supplementary Figure 13A). Notably, however,

PELP1 is not the only critical target of SENP3 in nucleolar

partitioning of this complex because the non-sumoylatable

PELP1K826R as well as the SUMO-binding deficient mutant

(PELP1IV790/1AA,VI880/1AA) are excluded from the nucleolus

upon depletion of SENP3 (Supplementary Figure 13B).

Although we cannot totally exclude residual sumoylation of

PELP1K826R in the absence of SENP3, we favoured the hypo-

thesis that the nucleolar exclusion of PELP1K826R may result

from the modification of an additional SENP3-sensitive

SUMO2/3 substrate that is associated with PELP1. In support

of this idea in vitro and in vivo experiments demonstrated

that LAS1L is modified by SUMO (Figure 7A–C). Moreover, the

modification of endogenous LAS1L by endogenous SUMO2 or

ectopically expressed SUMO2 is drastically induced upon de-

pletion of SENP3 (Figure 7B, compare lanes 1–3 and 2–4,

Figure 7C). We therefore propose a model, in which SENP3

controls nucleolar partitioning by desumoylating multiple com-

ponents of this ribosome biogenesis complex.

Discussion

Proper coordination of ribosome biogenesis requires an in-

tricate spatial and temporal interplay of protein networks.

Here, we define the PELP1–TEX10–WDR18 complex as a

novel regulator in the biogenesis pathway of the 60S riboso-

mal subunit in mammalian cells and provide evidence that

the SUMO system controls the spatial distribution of this

complex and the associated factors MDN1 and LAS1L.

We focused on a function of PELP1–TEX10–WDR18 in

ribosome biogenesis, because sequence comparison unra-

velled a relationship between PELP1, TEX10, WDR18 and

the yeast Rix1, Ipi1, Ipi3 proteins, which comprise a three-

component protein subcomplex of the pre-60S ribosomal

particle (Galani et al, 2004; Krogan et al, 2004; Nissan et al,
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2004). Although the overall homology between the respective

human and yeast proteins is limited, they clearly share

conserved regions and domains. Human PELP1 is about

20% identical to Rix1 in a region between amino acids 150

and 500. Additionally, both proteins possess a characteristic

highly acidic C-terminal region. TEX10 and Ipi1 are 30%

identical within a conserved 200 residue N-terminal region,

which includes a domain—annotated as Ipi1N domain—that

defines a eukaryotic protein family. Notably, however, TEX10

has an additional 600 amino-acid extension, which is missing

in Ipi1. WDR18 and Ipi3 belong to the WD40 protein family

and are the most conserved subunits of the complex sharing

an overall identity of about 25% along the entire sequence.

The yeast Rix1/Ipi core complex and its associated factor

Rea1 have been connected to large subunit maturation.

Krogan et al (2004) revealed a requirement of the complex

for processing of the primary rRNA transcript within the ITS2

region, which separates the 25S rRNA (28S in mammals)

encoding sequence from the 5.8S region within the yeast

27S precursor (32S rRNA in mammals). Distinct cleavage

Figure 6 Nucleolar partitioning of PELP1 is controlled by the SUMO system. (A) Flag-SUMO2 was expressed in HeLa cells by transient
transfection. Flag-SUMO2-expressing cells were visualized by indirect immunofluorescence. The localization of endogenous PELP1 was
monitored in Flag-SUMO2-positive cells (green arrowheads) or untransfected cells (white arrowheads) using anti-PELP1 antibody. (B–D) HeLa
cells were transfected with siRNAs as indicated. After fixation and permeabilization, the localization of PELP1, LAS1L, TEX10 or PES1 was
monitored by indirect immunofluorescence using the corresponding antibodies. (E) HeLa cells were depleted of endogenous PELP1 and
reconstituted with siRNA resistant constructs expressing either wild-type HA-tagged PELP1 or a Flag-tagged PELP1–SUMO2 fusion protein. The
localization of the respective proteins was monitored by indirect immunofluorescence using either anti-HA- or anti-Flag-antibodies. (F) The
localization of LAS1L or SENP3 was analysed in cells expressing Flag-PELP1–SUMO2. Indirect immunofluorescence was done using anti-LAS1L
or anti-SENP3 antibodies. Nuclei were counterstained with DAPI.
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reactions in ITS2 that mainly take place in the GC region of

the nucleolus generate the mature 25S rRNA species and a 7S

pre-rRNA intermediate (12S in mammals), which is further

trimmed to the 5.8S form by the exosome in the nucleoplasm.

Individual depletion of the Rix1–Ipi1–Ipi3 proteins resulted in

a reduction of the mature 25S and 5.8S rRNA species and a

concomitant accumulation of the corresponding 27S and 7S

precursors, suggesting that the Rix/Ipi complex affects both

nucleolar and nucleoplasmic stages of ITS2 cleavage (Wu

et al, 2002; Peng et al, 2003; Krogan et al, 2004). Wu et al

(2002) reported similar phenotypes upon depletion of Ipi3.

Using slightly different experimental approaches, Hurt and

co-workers have placed the activity of the complex primarily

at the extranucleolar stage of the assembly pathway and

show that it is specifically required for the nucleoplasmic

7S pre-rRNA processing step and the nuclear export of late

pre-60S particles from the nucleoplasm to the cytoplasm

(Galani et al, 2004; Ulbrich et al, 2009). Notably, however,

more recent work showed that at least Rea1 functions at

multiple stages of the biogenesis pathway and also drives exit

of early pre-60S particles from the nucleolus (Bassler et al,

2010).

Our results demonstrate that the mammalian PELP1–

TEX10–WDR18 complex as well as the Rea1 orthologue

MDN1 are involved in nucleolar steps of the 60S maturation

pathway. Depletion of either component of the complex

affects the processing of the 32S rRNA and concomitantly

prevents the nucleolar export of the pre-60S ribosomal

subunit. In line with a nucleolar function, a subfraction

of PELP1–TEX10–WDR18 was detected in the nucleolus

corroborating proteomic studies of the nucleolus (Andersen

et al, 2005; Ahmad et al, 2009; Boisvert et al, 2010) (see also

http://www.lamondlab.com/NOPdb/). The distinct localiza-

tion of PELP1 to the GC region and its association

with ITS2-containing 28S rRNA precursor forms and pre-

60S particles are also in perfect agreement with a function

in 32S processing. Additional evidence for an involvement of

PELP1 in this process comes from the observation that it

binds to the recently described 28S rRNA maturation factor

LAS1L (Castle et al, 2010). Collectively, these data argue for

an evolutionary conserved function of the PELP1–TEX10–

WDR18 complex and the Rix1–Ipi1–Ipi3 complex in ITS2

processing and large subunit maturation, with PELP1–

TEX10–WDR18 having a pronounced role in the nucleolar

steps of this process.

Notably, however, PELP1, TEX10 and WDR18 as well as

MDN1 and LAS1L are also found in the nucleoplasm, indicat-

ing that they are dynamically distributed between both

compartments. Importantly, SENP3, which is physically

linked to PELP1–TEX10–WDR18, is required for the nucleolar

partitioning of this complex and the associated proteins

LAS1L and MDN1. This suggests that the balanced SUMO

conjugation/deconjugation governs the spatial distribution of

these ribosome biogenesis factors. Consistent with this idea

constitutive modification of PELP1 by SUMO2, which was

mimicked by linearly fusing SUMO2 to PELP1 leads to

nucleolar exclusion of PELP1 and LAS1L. Endogenous

PELP1 undergoes a robust sumoylation in the absence of

SENP3 and thus represents one important SENP3-controlled

target in the PELP1–TEX10–TEX18 complex. One other

SENP3-sensitive target is the PELP1-interacting protein

LAS1L. We propose that enhanced sumoylation of LAS1L

accounts for the nucleolar exclusion of the non-sumoylatable

variant of PELP1 in SENP3-depleted cells. We thus favour a

model, in which SENP3 controls nucleolar partitioning by

desumoylating multiple components of this complex.

Importantly, we show that the constitutive modification of

one component of the complex, that is PELP1, affects the

subnuclear partitioning of other members. This scenario also

explains why removal of the SUMO site on a single compo-

nent is not sufficient to interfere with SENP3-controlled

subnuclear distribution.

Quantitative proteomic studies revealed that loss of SENP3

does not affect the interaction of PELP1 with either WDR18 or

LAS1L, indicating that enhanced sumoylation does not trig-

ger disassembly of the complex (Finkbeiner and Muller,

unpublished results). We rather hypothesize that the mod-

ification promotes binding to a nucleoplasmic protein or

prevents the interaction with a nucleolar binding partner or

rRNA. Considering that a SUMO-dependent nucleolar release

upon DNA damage has been previously described for mam-

malian topoisomerase I and yeast Rad52 (Mo et al, 2002;

Torres-Rosell et al, 2007), our data expand the concept of

SUMO-mediated nucleolar exclusion as a general mechanism

to control nucleolar protein dynamics.

The SUMO-regulated dynamic distribution of PELP1 and

its binding partners likely provides an important mechanism

to coordinate the rate of ribosome formation with the phy-

siological state of the cell. We propose that enhanced sumoy-

lation shifts the activity of these proteins from the nucleolus

Figure 7 LAS1L is modified by SUMO in a SENP3-controlled manner. (A) LAS1L was generated by in vitro transcription/translation and
incubated with recombinant E1 and E2 enzymes and SUMO1 or SUMO2, respectively, in the presence of ATP. In the control reaction (lane 1)
SUMO was not added. (B) HeLa cells were transfected with siRNAs and plasmids as indicated. Expression of the respective proteins was
verified by western blotting. Detection of b-tubulin served as loading control. (C) HeLa cells were transfected with siRNAs and plasmids as
indicated. His-SUMO2 conjugates were captured on magnetic Ni-NTA beads and subjected to western blotting using anti-LAS1L antibodies.
Vertical lines indicate removal of irrelevant neighbouring lanes from the initial gel (see Supplementary Figure 14).
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to the nucleoplasm thereby compromising 60S maturation

and limiting ribosome biogenesis. We speculate that the

balanced SUMO modification assures the timely association

of PELP1 and its binding partners with 60S pre-ribosomal

particles. We hypothesize that sumoylation acts as a signal to

release the PELP1–TEX10–WDR18 complex from these struc-

tures. Loss of SENP3 would therefore prevent binding to the

pre-60S particles or induce a premature release from these

structures. The regulated, dynamic sumoylation would thus

provide a mechanism to control the remodelling of pre-

ribosomal particles in order to assure the proper timely and

spatial regulation of the maturation process.

Intriguingly, the p14ARF tumour suppressor—a known

inhibitor of ribosome biogenesis—acts as an inducer of

PELP1 sumoylation and thus shifts the balance of sumoyla-

tion/desumoylation towards the modified state. Several lines

of evidence indicate that the ARF-induced inhibition of ribo-

some biogenesis contributes to its p53-independent anti-pro-

liferative and tumour suppressive functions and recent data

suggest that this is mechanistically linked to ARFs ability to

induce sumoylation of nucleolar proteins by antagonizing

SENP3 (Haindl et al, 2008). Our results further substantiate

this view and suggest that PELP1 is a functionally relevant

target of the ARF/SENP3 circuit. The inhibitory action of

ARF on ribosome biogenesis might thus be connected to

an improper spatial control of the PELP1–TEX10–WDR18

complex.

While p14ARF acts as a negative regulator of ribosome

biogenesis, the proto-oncogene c-myc promotes ribosome

biogenesis by inducing the expression of nucleolar proteins

involved in rRNA transcription or processing (van Riggelen

et al, 2010). This assures an increase in ribosome supply

when cell growth and proliferation are enhanced, but also

contributes to the ability of c-myc to initiate tumourigenesis.

Notably, PELP1 and WDR18 have been identified as target

genes of c-myc, suggesting that the PELP1–TEX10–WDR18

complex is also under the control of c-myc (Schlosser et al,

2003; Zeller et al, 2006). Several reports show that the

expression of PELP1 is deregulated in a variety of human

tumours and provide evidence that PELP1 acts itself as a

potential proto-oncogene (Rajhans et al, 2007; Vadlamudi and

Kumar, 2007; Dimple et al, 2008). The growth-promoting

effects of PELP1 have been connected to its role in nuclear

hormone receptor-mediated genomic and non-genomic sig-

nalling pathways (Vadlamudi and Kumar, 2007). Based on

our new findings, it is now tempting to speculate that the

pathological role of PELP1 in tumourigenesis might also be

related to a deregulation of ribosome production, which is a

hallmark of many tumours (Ruggero and Pandolfi, 2003).

Materials and methods

Cell culture and transfection
HeLa cells were grown under standard conditions. OCI-AML3 cells
were grown in RPMI media containing 20% FBS. Plasmid
transfections were carried out with FuGeneHD (Roche) using 5ml
transfection reagent and 2mg DNA per 105 HeLa cells in a 35-mm
diameter well. For siRNA-mediated knock-down 105 HeLa cells per
35 mm diameter well were transfected with the respective siRNAs
(120 pmol) using Oligofectamine (Invitrogen) according to the
manufacturer’s instructions. For the in vivo labelling assays, HeLa
cells were transfected with siRNA using the Amaxa Cell Line
Nucleofector Kit R (Lonza). In all experiments, 106 cells were

transfected with 900 pmol of the corresponding siRNA and one fifth
of the cells were seeded per 35 mm diameter well.

The following siRNA sequences (sense) were used:
Control: CGUACGCGGAAUACUUCGAdTdT
PELP1: GGAAUGAAGGCUUGUAUGAdTdT
TEX10: AGAUGCUAAUGUACGAUUAdTdT
WDR18: AUCGGGACCUGUUCGACUUdTdT
SENP3: CUGGCCCUGUCUCAGCCAUdTdT
MDN1: GGAAUGCCGAAGCCAUUAAdTdT
SUMO2/3: GUCAAUGAGGCAGAUCAGAdTdT

Cloning and mutagenesis
cDNAs encoding for PELP1, WDR18 and LAS1L was amplified by
PCR from EST clones provided by ImaGenes (PELP1: IR-
ATp970H0593D, WDR18: IRAUp969B034D, LAS1L: IRAUp969-
CO677D). A cDNA for TEX10 was generated by PCR amplification
from a human testis cDNA library (Marathon-Ready, Invitrogen).
For transient expression of Flag- or HA-epitope-tagged proteins in
mammalian cells the respective cDNA sequences were inserted into
the pCI vector (Invitrogen). For bacterial expression of GST-fusion
proteins cDNA sequences were inserted into pGEX-4T-1 (GE
Healthcare). All other plasmids are described previously (Ledl
et al, 2005; Haindl et al, 2008; Klein et al, 2009; Stehmeier and
Muller, 2009). Site-directed mutagenesis was carried out using
the QuickChange Mutagenesis Kit (Stratagene) according to the
manufacturer’s instructions.

Expression of recombinant proteins and GST pull-down
experiments
GST-fusion proteins were expressed in Escherichia coli BL21 after
induction of cells with IPTG for 3 h. Bacteria were harvested,
resuspended in lysis buffer (PBS, 1% Triton X-100, 1 mM DTT and
100 mM PMSF) and homogenized with a cell disruptor (Emulsi-Flex
C3). The lysate was incubated for 3 h with Glutathione Sepharose
4B (GE Healthcare). The beads were washed three times with lysis
buffer and stored at �201C. GST pull-down experiments were done
as described (Schmidt and Muller, 2002).

Generation of YFP-RpL27-expressing cells
HeLa cells were transfected with a tetracycline-inducible episomal
pRTS1 vector encoding eYFP-RpL27 and cells were selected with
400mg/ml Hygromycin B for 14 days to generate a homogenous cell
population (Bornkamm et al, 2005). Expression of eYFP-RpL27 was
induced by the addition of 1mg/ml Doxycycline and the localization
of RpL27 was monitored by immunofluorescence.

Immunoprecipitation, Ni-NTA pull-down and western
blotting
For the immunoprecipitation of ectopically expressed or endogenous
proteins 9�106 HeLa cells were used. For the immunoprecipitation
performed in OCI-AML3 cells 3�107 cells were used. Cells were
lysed in 50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% NP-
40 containing Complete Protease Inhibitor (Roche). Cleared cell
lysates were incubated overnight with anti-Flag beads (Sigma-
Aldrich), anti-HA agarose beads (Roche) or specific antibodies
directed against the respective antigens. Bead-coupled immunocom-
plexes were directly collected by centrifugation and washed three
times with lysis buffer. Soluble antibody complexes were captured on
Protein A/G beads (Roche) and processed identically. Bound proteins
were eluted by boiling the beads with SDS–PAGE loading buffer.
Purification of Flag-SENP3- or Flag-PELP1-associated proteins and
subsequent mass spectrometry as well as Ni-NTA pull-down
experiments were carried out as described (Haindl et al, 2008). The
initial purification of Flag-SENP3-associated proteins was done in
Nocodazole-treated cells. Western blotting was done using ECL
detection reagents (GE Healthcare).

For immunoprecipitations done in the presence of RNase A
100 mg/ml of the enzyme (Roche) was added to the lysis buffer. To
control for complete digestion, RNA was isolated by TRIZOL reagent
(Invitrogen) and subjected to random hexamer-primed reverse
transcription using Transcriptor First Strand cDNA Synthesis Kit
(Roche). The cDNA was used as a template for PCR amplification of
the ITS2/28S region or GAPDH as a control (primer sequences see
below).
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Immunofluorescence
For immunofluorescence, HeLa cells were fixed in 3.4% parafor-
maldehyde, permeabilized with 0.5% Triton X-100 and processed
using standard protocols. Images were acquired with an AX10
microscope (Zeiss). Antibodies are listed below. As secondary
antibodies Alexa Fluor 555 goat anti-rabbit (Invitrogen), Alexa
Fluor 488 goat anti-rat (Invitrogen), Alexa Fluor 488 goat anti-rabbit
(Invitrogen), Cy3 goat anti-mouse (Jackson ImmunoResearch) and
FITC donkey anti-mouse (Jackson ImmunoResearch) were used.

32P in vivo labelling and RNA analysis
Metabolic labelling of rRNA and analysis of RNA was carried out as
described previously (Haindl et al, 2008).

RNA immunoprecipitation
For the isolation of PELP1-associated RNA species 8�107 HeLa cells
were used for immunoprecipitation. Cells were lysed in lysis buffer
(25 mM Tris–HCl pH 7.2, 100 mM KCl, 2.5 mM EDTA, 10% glycerol,
1.4% NP-40, 0.2% sodium deoxycholate, 2 mM DTT, 20 U/ml
RNase inhibitor (Roche), Complete Protease Inhibitor (Roche)) and
immunoprecipitation was performed as described above using a
polyclonal anti-PELP1 antibody. In total, 10% of the immunopre-
cipitated material was kept for immunoblotting to control for
efficient IP, while the remainder was used for RNA extraction using
TRIZOL reagent (Invitrogen) according to the manufacturer’s
instructions. RNA was digested with DNase (Turbo DNA-free,
Ambion) and subjected to random hexamer-primed reverse
transcription using Transcriptor First Strand cDNA Synthesis Kit
(Roche). For each sample a control reaction without reverse
transcriptase was included. The cDNA was used as a template for
PCR amplification of the ITS2/28S region or GAPDH as a control.
Twenty-five cycles were performed using the following primers:

ITS2/28S forward: 50-GCTCTCTCTCCCGTCGCCTCTC, reverse:
50-CCTGTTCACTCGCCGTTACTGAGG

GAPDH forward: 50-TGACAACTTTGGTATCGTGGAAG, reverse:
50-CAGTAGAGGCAGGGATGATGTT

Nucleolar isolation
Cells were fractionated according to the following protocol http://
www.lamondlab.com/f7nucleolarprotocol.htm

Sucrose gradients
The analysis of pre-ribosomal ribonucleoprotein complexes was
carried out as described according to published procedures with
minor modifications (Pestov et al, 2008). Fractions of 600ml were
manually collected and A254 of each fraction was measured
photometrically (Nanodrop, Peqlab). After TCA precipitation of
proteins pellets were air dried and dissolved with 25ml urea sample
buffer. In total, 7 ml of each fraction was used for SDS–PAGE.

In vitro sumoylation and desumoylation
35S-labelled PELP1 and LAS1L were generated by in vitro transcrip-
tion/translation using the TNT Quick Coupled T7 Kit (Promega,
Madison, WI, USA) and sumoylation was carried out as described

previously (Schmidt and Muller, 2002). For demodification SENP3,
generated by in vitro transcription/translation, was added to the
in vitro modification reactions and samples were incubated for an
additional 90 min at 301C. Proteins were separated on SDS gels and
detected by autoradiography.

Antibodies used for western blotting and
immunofluorescence
The following antibodies were used for western blotting, immuno-
precipitation and immunofluorescence: anti-HA (clone 16B12,
Covance), anti-Flag (clone M2, Sigma-Aldrich), anti-Flag (#F7425,
Sigma-Aldrich), anti-SV5 (clone R960-25, Invitrogen), anti-b-Tubu-
lin (clone E7, Developmental Studies Hybridoma Bank), anti-
Vinculin (clone hVIN-1, Sigma-Aldrich), anti-PELP1 (#A300-180A,
Bethyl Laboratories), anti-WDR18 (#15165-1-AP, ProteinTech
Group), anti-TEX10 (#17372-1-AP, ProteinTech Group), anti-SENP3
(clone G3, Santa Cruz), anti-U2AF65 (#ab37483, Abcam), anti-
Fibrillarin (#ab5821, Abcam), anti-UBF1 (clone F9, Santa Cruz),
anti-NPM/B23 (clone NA24, Santa Cruz), anti-NPM (#32-5200,
Invitrogen), anti-GFP (clone B2, Santa Cruz), anti-SUMO2/3 (clone
1E7, MBL), anti-MDN1 (#HP A02 9666, Sigma-Aldrich), anti-LAS1L
(#AV34629, Sigma-Aldrich), anti-RGS-(His)6 (#34610, Qiagen), anti-
PES1 (rat monoclonal antibody, gift from Dirk Eick, Helmholtz
Zentrum, Munich), anti-BOP1 (rat monoclonal antibody, gift from
Dirk Eick, Helmholtz Zentrum) and anti-WDR50 (rat monoclonal
antibody, gift from Dirk Eick, Helmholtz Zentrum). Polyclonal anti-
SENP3 antibody was raised in rabbits by immunization as described
(Haindl et al, 2008). An anti-TEX10 antibody was raised in rabbits
by immunization with the peptide QLKEDGTLPTNNRKL (Euro-
gentech SA, Belgium). The crude serum was affinity-purified
against the antigenic peptide.

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