LAS1L interacts with the mammalian Rix1
complex to regulate ribosome biogenesis
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ABSTRACT The coordination of RNA polymerase | transcription with pre-rRNA processing,
preribosomal particle assembly, and nuclear export is a finely tuned process requiring the
concerted actions of a number of accessory factors. However, the exact functions of some of
these proteins and how they assemble in subcomplexes remain poorly defined. LAS1L was
first described as a nucleolar protein required for maturation of the 60S preribosomal sub-
unit. In this paper, we demonstrate that LAS1L interacts with PELP1, TEX10, and WDR18, the
mammalian homologues of the budding yeast Rix1 complex, along with NOL9 and SENP3, to
form a novel nucleolar complex that cofractionates with the 60S preribosomal subunit. De-
pletion of LAS1L-associated proteins results in a p53-dependent G1 arrest and leads to de-
fects in processing of the pre-rRNA internal transcribed spacer 2 region. We further show
that the nucleolar localization of this complex requires active RNA polymerase | transcription
and the small ubiquitin-like modifier-specific protease SENP3. Taken together, our data iden-
tify a novel mammalian complex required for 60S ribosomal subunit synthesis, providing
further insight into the intricate, yet poorly described, process of ribosome biogenesis in
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higher eukaryotes.

INTRODUCTION

Actively dividing cells must increase their rate of protein synthesis to
sustain the growth associated with proliferation. As ribosomes are
the main effectors of translation, their synthesis underlies a cell’s abil-
ity to grow and divide (Lempiainen and Shore, 2009). Eukaryotic ri-
bosome biogenesis is initiated in the nucleolus as RNA polymerase |
(Pol I) transcribes a 475 (35S in yeast) pre-rRNA. This 47S pre-rRNA is
subjected to a series of cotranscriptional and posttranscriptional
modifications involving the collaborative actions of more than 200
trans-acting factors to form what will become the mature 28S (25S in
yeast), 18S, and 5.8S rRNAs (Hadjiolova et al., 1993; Kopp et al.,,
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2007; Kos and Tollervey, 2010; Panse and Johnson, 2010). The 18S
rRNA and small ribosomal proteins transcribed by RNA polymerase
I (Pol 1) are incorporated into the pre-40S ribosomal subunit (Panse
and Johnson, 2010). The 28S and 5.8S rRNAs, along with the 5S
rRNA transcribed by RNA polymerase Il (Pol Ill) and large ribosomal
proteins, are incorporated into the pre-60S ribosomal subunit (Panse
and Johnson, 2010). These preribosomal subunits are then subjected
to further modifications, as each subunit is exported separately into
the cytoplasm to undergo the final maturation steps before transla-
tion is initiated and fully competent ribosomes are formed (Panse
and Johnson, 2010).

Ribosome biogenesis relies on a balance among transcription,
processing, and export of the ribosomal particles; it is tightly coupled
to cell cycle progression. Defects in any of these steps ultimately leads
to nucleolar stress, followed by a G1 cell cycle arrest dependent on
the stabilization of the tumor suppressor p53 (Deisenroth and Zhang,
2010). Interestingly, proteins involved in tumorigenesis also control
ribosome biogenesis at various stages. The protooncogene c-Myc, as
well as mTOR, both positively regulate ribosome biogenesis via in-
creased transcription of all three RNA polymerases (Schlosser et al.,
2003; Mayer et al., 2004; Poortinga et al., 2004, Arabi et al., 2005;
Grandori et al., 2005; Gomez-Roman et al., 2006; Mayer and Grummt,
2006; van Riggelen et al., 2010). Alternatively, several tumor suppres-
sor proteins have been shown to have a repressive effect on Pol |
(Cavanaugh et al., 1995; Budde and Grummt, 1999; Zhai and Comai,
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2000; Zhang et al., 2005). Nucleophosmin (NPM1), a nucleolar
protein required for rRNA processing, is also often found overex-
pressed, mutated, or deleted in various types of cancer (Tanaka et al.,
1992; Nozawa et al., 1996; Shields et al., 1997; Skaar et al., 1998;
Subong et al., 1999, Mendes-da-Silva et al., 2000; Tsui et al., 2004;
Falini et al., 2005; Grisendi et al., 2006). Together these observations
suggest that ribosome biogenesis represents an important pathway
that could be targeted to stop the growth of cancer cells.

Recently a panoply of large-scale studies in Saccharomyces cer-
evisiae have led to the purification of various preribosomal particles
and the identification of a considerable number of proteins involved
in the maturation and export of both the 60S and 40S ribosomal
subunits (Harnpicharnchai et al., 2001; Nissan et al., 2002; Peng
et al., 2003; Schafer et al., 2003; Krogan et al., 2004; Kressler et al.,
2008; Li et al., 2009). Many of the factors identified have putative
mammalian homologues, yet most of these proteins remain to be
characterized in higher eukaryotes. Although the processing of rRNA
requires several proteins, there are few complexes that have been
identified in this process in mammals. The mammalian Pes1-Bop1-
WDR12 complex was shown to be critical for the processing of the
32S pre-rRNA into the mature 28S rRNA (Strezoska et al., 2000,
2002; Lapik et al., 2004; Holzel et al., 2005, 2010; Grimm et al., 2006;
Rohrmoser et al., 2007). Recently the nucleolar small ubiquitin-like
modifier (SUMO)-specific proteases SENP3 and SENP5 were shown
to be required for efficient rRNA processing via their interaction with
the nucleolar chaperone NPM1, indicating a possible role for SU-
MOylation in the regulation of ribosome synthesis (Yun et al., 2008).

We recently identified LASTL as a nucleolar protein required for
the synthesis of the 60S ribosomal subunit and maturation of the
28S rRNA (Castle et al., 2010). Depletion of LASTL results in accu-
mulation of the 32S pre-rRNA intermediate, indicating a pre-rRNA
processing defect of the internal transcribed spacer-2 (ITS-2), a re-
gion between the 5.8S and 28S rRNAs in the pre-RNA transcript
(Castle et al., 2010). Interestingly, reduction of LAS1L levels also re-
sulted in nucleolar disruption and increased levels of the tumor sup-
pressor p53 and its transcriptional target p21, resulting in a cell cycle
arrest in G1 phase (Castle et al., 2010). The stabilization of p53 sug-
gests that LASTL plays an important role in controlling ribosome
biogenesis and nucleolar integrity.

To further define the function of LAS1L, we sought to identify
interacting proteins using a proteomic approach. In this study, we
show that LASTL forms a protein complex with PELP1, TEX10,
NOL9, SENP3, and WDR18. Our data demonstrate that all the
components of the LASTL complex cosediment with the pre-60S
ribosomal particle and are required for proper processing of the
32S rRNA intermediate. Moreover, depletion of LAS1L-associated
complex proteins resulted in a G1 arrest through stabilization of
p53, suggesting their importance in regulating nucleolar function.
Finally, we found that LAS1L and PELP1 are SUMOylated in an
SENP3-dependent manner and that depletion of the SUMO-spe-
cific protease SENP3 induces relocalization of LAS1L and PELP1
from the nucleolus to the nucleoplasm, suggesting a role for
SUMOylation in regulating the functions of LAS1L and PELP1.
These findings demonstrate that the LAS1L complex is critical for
ribosome biogenesis and cell proliferation and provide additional
evidence that multiple protein complexes have distinct functions
in the synthesis of eukaryotic ribosomes.

RESULTS

Identifying LAS1L-interacting proteins

Las1p was originally described as an essential protein required for cell
proliferation in S. cerevisiae (Doseff and Arndt, 1995). Our previous
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FIGURE 1: Isolation of LAS1L-associated proteins. (A) LAS1L was
affinity-purified from HEK 293T cell lysate using an anti-LAS1L
antibody coupled to protein G Sepharose beads. Normal rabbit IgG
was used as negative control. LAS1L-associated complexes were
separated on SDS-PAGE and silver-stained and bands present only in
the LAS1L IP lane were cut out, digested with trypsin, and analyzed by
mass spectrometry. Identified proteins are marked with arrows. (B) The
proteins identified in (A) and their corresponding S. cerevisiae putative
homologues (Rout et al., 1997; Jakel and Gorlich, 1998; Bassler et al.,
2001; Vadlamudi et al., 2001, 2004; Peng et al., 2003; Galani et al.,
2004; Krogan et al., 2004; Gong and Yeh, 2006; Panse et al., 2006; Nair
et al., 2007; Haind| et al., 2008; Yun et al., 2008; Braglia et al., 2010;
Chou et al., 2010; Heindl and Martinez, 2010; Finkbeiner et al., 2011).

studies have described the human homologue of Las1p, LASTL, as a
nucleolar protein required for processing of the rRNA ITS-2 region
and synthesis of the 60S ribosomal particle (Castle et al., 2010).

To gain insight into the role of LAS1L in ribosome biogenesis, we
performed a proteomic analysis of immunoprecipitated endogenous
LAS1L complexes purified from HEK 293T cells (Figure 1A). Six pro-
teins associated with LAS1L were identified by liquid chromatogra-
phy-tandem mass spectrometry (Figure 1, A and B). We confirmed
that all these interactions are positive in HEK 293T, HCT116 (unpub-
lished data), and MCF7 (unpublished data) cells by coimmunopre-
cipitation of endogenous LAS1L with PELP1, RanBP5, TEX10, NOL9,
SENP3, and WDR18, using commercially available antibodies or an-
tibodies that we generated (WDR18; Figure 2A). Specificity of each
antibody was verified by RNA interference (RNAi) depletion, which
was followed by Western blot analysis (Supplemental Figure S1, A
and B). Figure 1B compiles the known function of the human pro-
teins found, as well as their putative S. cerevisiae homologues.
TEX10 and WDR18 are uncharacterized proteins that share sequence
homology with budding yeast Ipi1 and Ipi3, respectively (Finkbeiner
etal., 2011). In budding yeast, Ipi1p and Ipi3p with Rix1p are essen-
tial components of the Rix1 complex required for rRNA ITS-2 pro-
cessing and export of the 60S ribosomal subunit (Bassler et al., 2001;
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FIGURE 2: LAS1L associates with PELP1, TEX10, WDR18, RanBP5,
NOL9, and SENP3. (A) LAS1L was immunoprecipitated (IP) with an
anti-LAS1L-specific antibody from HEK 293T cell lysates. Associated
proteins were separated on SDS-PAGE and analyzed by Western
blotting with specific antibodies (indicated on the left). Normal rabbit
IgG was used as negative control. WCL, whole-cell lysate; *, presence
of an unspecific band. (B) PELP1 was immunoprecipitated (IP) with an
anti-PELP1 antibody from HEK 293T cell lysates. Associated proteins
were separated on SDS-PAGE and analyzed by Western blotting with
specific antibodies (indicated on the left). Normal rabbit IgG was used
as negative control. WCL, whole-cell lysate. (C) HEK 293T cells were
transfected with nontargeting control (represented by the letter “C")
or LAS1L siRNA for 48 h. Cells were lysed and immunoprecipitated
with an anti-PELP1 antibody. Proteins associating with PELP1 in the
absence of LAS1L were separated on SDS-PAGE and analyzed by
Western blotting with specific antibodies (indicated on the left).
Normal rabbit IgG was used as negative control. WCL, whole-cell
lysate; *, presence of an unspecific band; #, an IgG band.

Galani et al., 2004; Krogan et al., 2004). PELP1 was first characterized
as a nuclear receptor coactivator and a regulator of transcription
often overexpressed in cancer (Vadlamudi et al, 2001, 2004,
Nair et al., 2010). Interestingly, PELP1 shares some sequence homol-
ogy with Rix1p and, therefore, with TEX10 and WDR18, represents
the mammalian counterpart of the budding yeast Rix1 complex
(Finkbeiner et al., 2011). RanBP5 is a karyopherin-B protein that has
been shown to mediate nuclear import of ribosomal proteins (Jakel
and Gorlich, 1998; Chou et al., 2010). NOL9 was recently described
as a 5-polynucleotide kinase required for processing of the ITS-2
region of rRNA (Heindl and Martinez, 2010), while SENP3 is a nucleo-
lar SUMO-specific protease shown to be required for both ITS-2 pre-
rRNA processing and SUMO deconjugation of ribosomal proteins
and NPM1 (Gong and Yeh, 2006, Haindl et al., 2008; Yun et al.,
2008). These results indicate that LAS1L interacts with proteins
known to be implicated in transcriptional regulation (PELP1) and
control of ribosome biogenesis (NOL9, RanBP5, and SENP3).
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FIGURE 3: Depletion of LAS1L-interacting proteins induces a
p53-dependent G1 cell cycle arrest. (A) Cell cycle profiles of HCT116
cells transfected with control, LAS1L, PELP1, TEX10, NOL9, SENP3,
and WDR18 siRNA. Seventy-two hours after transfection the cells
were pulse-labeled with BrdU for 30 min, stained with propidium
iodide, and analyzed by flow cytometry to determine the percentage
of cells in G1 and S phase. Error bars indicate SD from triplicate
experiments. (B) Western blot analysis of the siRNA-transfected cells
from (A) with specific antibodies against p53, p21, and B-actin.
(C) Total RNA was extracted from the siRNA-transfected cells from
panel (A), and knockdowns were confirmed by qRT-PCR with
gene-specific primers. Relative mRNA levels for each gene-specific

primer were normalized to B-actin. Error bars indicate SD from
triplicate experiments.

Relative mRNA levels
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To evaluate whether LASTL is part of two different complexes,
one involved in regulating transcription and another involved in
ribosome synthesis, we tested whether PELP1 could interact with
the other LAS1L-interacting proteins. Coimmunoprecipitation ex-
periments using an anti-PELP1 antibody revealed that endogenous
PELP1 also interacts with RanBP5, TEX10, WDR18, NOL9, SENP3,
and LAS1L, as well as the large ribosomal protein RPL26 (Figure 2B).
Mass spectrometry analysis of PELP1-purified complexes confirmed
the interaction of PELP1 with the LAS1L-associated proteins, as well
as with NPM1 (Figure 2B; unpublished data). Small interfering RNA
(siRNA) down-regulation of LAS1L indicated that PELP1 interaction
with both NOL9 and TEX10 was dependent on the presence of
LAS1L (Figure 2C), suggesting that LASTL and PELP1 could be part
of the same complex. Based on these observations, we propose
that all of these proteins could constitute a large complex involved
in pre-rRNA processing and the synthesis of mature ribosomes.

Depletion of LAS1L-interacting proteins induces

a p53-dependent nucleolar stress

We previously demonstrated that depletion of LAS1L resulted in a
nucleolar stress characterized by a G1-phase arrest and stabilization
of the tumor suppressor p53 (Castle et al., 2010). To evaluate whether
LAS1L-associated proteins are also required for nucleolar integrity,
we depleted HCT116 colon carcinoma cells of complex proteins by
RNAI, as determined by quantitative reverse transcriptase PCR (qRT-
PCR) analysis (Figure 3C). Cells were then labeled with bromode-
oxyuridine (BrdU), stained with propidium iodide (PI), and subjected
to fluorescence-activated cell sorter (FACS) analysis. Depletion of all
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LAS1L-associated proteins localize to the nucleolus.
Immunofluorescence analysis of U20S cells with complex protein-
specific antibodies. Cells were preextracted with 0.1% Triton, fixed,
and immunostained with anti-LAS1L, PELP1, TEX10, NOL9, and
WDR18 antibodies (green). Colocalization with SENP3 was confirmed
using an anti-SENP3 antibody (red). DNA was visualized by staining
with Hoechst 33342 (blue). Scale is representative of all three panels.

the identified LAS1L-interacting proteins resulted in a 15-24% in-
crease in the number of cells in G1 phase and a decrease in the
S-phase population, suggesting an arrest in G1 phase (Figure 3A).
To further resolve the nature of this G1 arrest, we subjected lysates
of cells from the same experiment to Western blot analysis. In ac-
cordance with the FACS analysis, reduction of all proteins in the
complex resulted in stabilization of the tumor suppressor p53 and
increased levels of its transcriptional target p21 (Figure 3B), suggest-
ing the cell cycle arrest is due to increased levels of these proteins.
These results demonstrate that LAS1L-associated proteins are re-
quired for cell division, and the stabilization of p53 suggests that
their depletion results in a nucleolar stress.

LAS1L-interacting proteins localize to the nucleolus

In our previous studies, we observed the subcellular localization of
LAS1L to be predominantly nucleolar (Castle et al., 2010). To further
characterize the other proteins in complex with LAS1L, we per-
formed immunofluorescence analysis in U20S osteosarcoma cells
with specific antibodies. LAS1L, PELP1, TEX10, NOL9, and WDR18
showed nucleolar localization at endogenous levels, as determined
by colocalization with the known nucleolar protein SENP3 (Figure 4).
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LAS1L-interacting proteins cosediment with pre-60S
ribosomal particles. Nuclear extracts from HCT116 cells were
fractionated by centrifugation on a 10-30% sucrose gradient.
Fractions were collected, and the optical density was measured at
260 nm (Ag0). The positions of the pre-40S and pre-60S native
subunits are indicated. Presence of the LAS1L complex proteins in
each fraction were confirmed by Western blotting using specific
antibodies (indicated on the left). Total RNA from each fraction was
extracted and separated on a 1.2% formaldehyde gel and analyzed by
Northern blotting with ITS-2, 28S, and 18S probes, as indicated.
Arrows indicate the positions of the 325, 28S, 18S, and 12S rRNAs.

Because ribosome biogenesis takes place in the nucleolus (Boisvert
et al., 2007), these results further support a role for LASIL and its
interacting proteins in that process.

LAS1L and its associated proteins cofractionate
with pre-60S particles
LAS1L is required for formation of the 60S preribosomal subunit, and
depletion of LAS1L results in a distinct loss of the 60S, but not the
40S, preribosomal subunit (Castle et al., 2010). To further assess the
likelihood that LAS1L and its interacting proteins are factors that as-
sociate with the maturing 60S ribosomal particle, we subjected
HCT116 nuclear extracts to sucrose gradient fractionation experi-
ments. LAS1L, PELP1, TEX10, NOL9, SENP3, and WDR18 all cofrac-
tionated with the pre-60S particle, as demonstrated by cofraction-
ation with the large ribosomal protein RPL11 and Northern blot
analysis with the 28S and 18S probes (Figure 5). Moreover, all pro-
teins in the complex were found to be enriched in fractions 13 and
14, the same fractions containing the 32S and 12S rRNA intermedi-
ates, as shown by Northern blot analysis with an ITS-2 probe (Figure
5). This evidence suggests that the LAS1L-interacting proteins could
possibly play a role in the processing of the rRNA ITS-2 region, which
is found in the 32S pre-rRNA,; this processing role is similar to the one
we previously demonstrated for LAS1L (Castle et al., 2010).
Although all of the LAS1L-interacting proteins cofractionate with
pre-60S particles, it is clear that a major population of some proteins
in the complex is present in the fractions at the top of the gradient
(Figure 5). It is therefore possible that the LAS1L-associated proteins
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FIGURE 6: LAS1L and NOL9 interact with the mammalian Rix1 complex on pre-60S ribosomal
particles. Nuclear extracts from HCT116 cells were fractionated by centrifugation on a 10-30%
sucrose gradient. Fractions were collected, and the optical density was measured at 260 nm
(Age0). Based on the Ay profile, fractions corresponding to free nuclear proteins (1, 2, and 3),
pre-40S ribosomal particles (8, 9, and 10), and pre-60S ribosomal particles (12, 13, and 14) were
then combined and immunoprecipitated (IP) with rabbit IgG (A) as a negative control or with
PELP1 (B) or LAS1L (C) antibodies. Associated proteins were separated on SDS-PAGE and
analyzed by Western blotting with specific antibodies (indicated on the left). WCL, whole-cell

lysate; *, presence of an unspecific band; #, an IgG band.

could exist in separate complexes when not associated with the
pre-60S particle. To further investigate this possibility, we per-
formed sucrose gradient fractionation, and fractions corresponding
to free nuclear proteins and smaller protein complexes (fractions 1,
2, and 3), pre-40S (fractions 8, 9, and 10), and pre-60S (fractions 12,
13, and 14) ribosomal particles were pooled separately. These
pooled fractions were then subjected to coimmunoprecipitation
experiments with antibodies specific for LASTL or PELP1. Consistent
with the sucrose gradient cofractionation experiments, all of the
LAS1L-accociated proteins coprecipitated with LASTL and PELP1 in
the fractions corresponding to pre-60S ribosomal particles (Figure 6,
B and C). However, only NOL9 was found associated with LAS1L in
the fractions corresponding to free proteins and smaller complexes
(Figure 6C). Furthermore, only WDR18 was found to interact with
PELP1 in the free protein fractions (Figure 6B). Collectively, these
data indicate that all of the proteins form a complex when they are
on the pre-60S particle but are part of separate complexes when not
associated with preribosomal particles.

LAS1L-interacting proteins are required

for pre-rRNA processing

The 475 pre-rRNA contains four regions that must be modified, pro-
cessed and removed from pre-rRNA to form the mature 18S, 5.8S,
and 28S rRNAs (Hadjiolova et al., 1993). The two interior regions are
known as the internal transcribed spacers (ITSs), with ITS-1 located
between the 18S and 5.8S rRNAs and ITS-2 situated between the
5.8S and 28S rRNAs (Figure 7A). The 47S precursor is also bounded

720 | C.D.Castle etal.

cells with control or gene-specific siRNA,
and knockdowns were assessed by gPCR
analysis (Figure 7C). Total rRNA was har-
vested and subjected to Northern blot anal-
ysis using probes specific for the ITS-1 and
ITS-2 regions. Abrogation of LAS1L-inter-
acting proteins resulted in a notable increase
in the level of the 32S rRNA intermediate,
with approximately two to fourfold increases
in the 325/28S ratio occurring in cells de-
pleted of LASTL, PELP1, TEX10, NOL9, and
SENP3 (Figure 7, B, C, and D). A slight de-
crease in the levels of the 30S pre-rRNA was
also observed (Figure 7, B, C, and D). Inter-
estingly, although the 32S precursor is di-
rectly upstream of the 12S precursor (Figure
7A), only depletion of LAS1L, NOL9, and to
a lesser extent WDR18 resulted in a loss of
the 12S intermediate (Figure 7, B and C).
Taken together, these data demonstrate
that depletion of LAS1L and its associated
factors results in processing defects of pre-
rRNA intermediates, especially of those
found in the 60S preribosomal subunit, further supporting a role for
these proteins in pre-rRNA processing.

Nucleolar localization of LAS1L interactors requires active
Pol | transcription
The rate-limiting step in ribosome biogenesis is thought to be the
transcription of tandem rDNA genes by Pol |, and inhibition of rRNA
transcription has been shown to cause relocalization out of the nu-
cleolus of proteins involved in ribosome biogenesis (Huang et al.,
2005; Zhang et al., 2009). To analyze whether nucleolar localization
of LAS1L-associated proteins requires Pol | transcription, we treated
U20S cells with a low concentration of actinomycin D to inhibit Pol |,
but not Pol II, transcription. The subcellular localization of endoge-
nous PELP1 was then determined by immunofluorescence micros-
copy, and upstream binding factor 1 (UBF1), a transcription factor
required for Pol | transcription, was used as a nucleolar marker. PELP1
showed a predominantly nucleolar localization when treated with di-
methyl sulfoxide (DMSO) as a control (Figure 8A). However, when
U20S cells were treated with actinomycin D, the localization of
PELP1 was determined to be mainly nuclear (Figure 8A). Coimmuno-
precipitation experiments using an antibody specific for endogenous
PELP1 indicated that the complex containing LAS1L remains associ-
ated with PELP1 in the absence of Pol | transcription (Figure 8B).
We showed that PELP1 also coprecipitates with NPM1 (Figure
2C), a nucleolar chaperone that associates with SENP3 and is
required for pre-rRNA processing (Itahana et al., 2003; Haind| et al.,
2008; Yun et al., 2008). NPM1 has been shown to modulate the
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LAS1L-associated proteins are required for proper processing of ITS-2. (A) Schematic
representation of the primary 475 rRNA transcript and the two major processing pathways with
rRNA intermediates, as indicated (adapted from Hadjiolova et al., 1993). (B) Northern blot
analysis of total RNA from HCT116 cells transfected with control, LAS1L, PELP1, TEX10, NOL9,
SENP3, RanBP5, and WDR18 siRNA. Seventy-two hours after transfection, equal amounts of
total RNA were hybridized with specific probes for ITS-1, ITS-2, 28S, and 185 rRNA
intermediates (indicated on the right). The right panel shows longer exposure times for each
probe. The positions of the specific probes used for Northern blot analysis are indicated on the
schematic in (A). (C) The 325/28S, 125/28S, and 305/28S ratios were determined by
quantification of the relative band intensities of the 325, 30S, and 28S rRNA intermediates in the
lower exposures and the 12S rRNA intermediate in the longer exposure from (B). Intensities
were normalized to the control siRNA-treated sample. (D) Knockdowns were confirmed by
gRT-PCR with gene-specific primers. Relative mRNA levels for each gene-specific primer were
normalized to B-actin. Error bars indicate SD from triplicate experiments.

Pol | transcription, yet localizes to the nucle-
olus only when transcription of the rDNA
gene is active.

Nucleolar localization of the LAS1L
complex requires association with
SENP3 and NPM1

It is well established that posttranslational
SUMO modifications can affect subcellular
localization of proteins (Geiss-Friedlander
and Melchior, 2007). Since the SUMO-spe-
cific protease SENP3 interacts with LAS1L
and PELP1 (Figure 2, A and C), we sought to
determine whether SENP3 is required for
localization of LAS1L and PELP1 to the nu-
cleolar compartment. HCT116 cells were
treated with control or SENP3 siRNA, and
cells were analyzed by immunofluorescence
microscopy with antibodies specific for
LAS1L, PELP1, and SENP3. In control siRNA-
treated cells, LAS1L and PELP1 exhibited a
strong nucleolar staining (Figure 9, A and B).
In contrast, when SENP3 protein level was
depleted by RNAI treatment, LAS1L and
PELP1 redistributed to the nucleoplasm
(Figure 9, A and B), indicating that SENP3 is
important for this subcellular localization.
We next evaluated whether SENP3 was re-
quired for the interaction of LASTL and its
associated factors. Immunoprecipitation ex-
periments revealed that the proteins of the
complex could still interact with PELP1 in
the absence of SENP3 (Figure 9C), suggest-
ing that nucleolar localization is not neces-
sary for complex formation.

We observed that depletion of SENP3
resulted in abrogation of the interaction be-
tween PELP1 and NPM1 (Figure 9C), sug-
gesting that this protein could be required
for the nucleolar localization of the LAS1L
interactors as well. To test this hypothesis,
we treated HCT116 cells with control or
NPM1 siRNA, and the levels of NPM1 were
determined by Western blot analysis
(Figure 10C). The subcellular localization of
endogenous LAS1L and PELP1 was then
determined using immunofluorescence mi-
croscopy. Cells treated with control siRNA
revealed strong nucleolar localization for
both LAS1L and PELP1 (Figure 10, A and B).
In contrast, cells treated with NPM1 siRNA
resulted in a relocalization of LASIL and
PELP1 from the nucleolus to the nucleus
(Figure 10, A and B). Similar to what we ob-
served upon depletion of SENP3, treatment
with NPM1 siRNA did not affect formation

stability and nucleolar localization of several of its binding partners,  of the complex (Figure 10D). Interestingly, the depletion of NPM1
including SENP3 (Valdez et al., 1994; Li et al., 1996; Yun et al., 2008).  also resulted in decreased total levels of SENP3 and SENP3 bound
Interestingly, NPM1 remained associated with PELP1 irrespective of ~ to PELP1 (Figure 10C), which is consistent with previous studies
Pol I transcription status (Figure 8B), indicating that the nuclear relo- ~ showing that NPM1 regulates SENP3 protein stability (Yun et al.,
calization is not due to loss of interaction with NPM1. These obser- 2008). Another report has demonstrated that SENP3 is involved in
vations demonstrate that the complex assembles independent of ~ deconjugating SUMO-2 from NPM1, a process critical for efficient
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PELP1 requires active Pol | transcription for nucleolar
localization. (A) U20S cells were treated with either DMSO or 20 nM
actinomycin D for 2 h. Cells were fixed and immunostained with an
anti-PELP1 antibody (green) and an anti-UBF1 antibody (red). DNA
was visualized by staining with Hoechst 33342 (blue). Scale is
representative of both panels. (B) Cells were treated with DMSO (-)
or actinomycin D (+) as in (A), and lysates were immunoprecipitated
(IP) with an anti-PELP1 antibody. Associated proteins were separated
on SDS-PAGE and analyzed by Western blotting with specific
antibodies (indicated on the left). Normal rabbit IgG was used as
negative control. WCL, whole-cell lysate.

28S rRNA maturation (Haindl et al., 2008). It is therefore possible
that SUMOylated NPM1 is unable to bind and stabilize the complex
in the nucleolus. Taken together, these data indicate that the nucle-
olar localization of LAS1L and PELP1 relies on the presence of both
SENP3 and NPM1, and suggests a role for regulation of ribosome
biogenesis by SUMOylation.

LAS1L and PELP1 are modified by SUMO

in an SENP3-dependent manner

Because the SUMOylation status of a protein can affect its subcel-
lular localization (Geiss-Friedlander and Melchior, 2007) and treat-
ment with SENP3 siRNA results in relocalization of both LAS1L and
PELP1 (Figure 9, A and B), we sought to determine whether these
proteins are directly modified by SUMO. HEK 293T cells were
transfected with FLAG-LAS1L and His-tagged SUMO-1 or SUMO-
3, and pulldowns were performed on cellular extracts using Ni-ni-
trolotriacetic acid (Ni-NTA) beads. FLAG-LASTL was precipitated
with His-SUMO-3 and only slightly with His-SUMO-1, suggesting
that LAS1L is modified more specifically by SUMO-3 (Figure 11A).
To test whether the SUMOylation status of LAS1L is modulated by
SENP3, we transfected HEK 293T cells with SENP3 siRNA followed
by His-SUMO-3, and pulldowns were performed on cellular lysates
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SENP3 is necessary for LAS1L and PELP1 nucleolar
localization. (A) HCT116 cells were transfected with control or SENP3
siRNA for 72 h. Cells were fixed and immunostained with anti-LAS1L
(green) and anti-SENP3 (red) antibodies. DNA was visualized by
staining with Hoechst 33342 (blue). Scale is representative of all
panels. (B) HCT116 cells were transfected with control or SENP3
siRNA for 72 h. Cells were fixed and immunostained with anti-PELP1
(green) and anti-SENP3 (red) antibodies. DNA was visualized by
staining with Hoechst 33342 (blue). Scale is representative of all
panels. (C) Cells were transfected with a Control (=) or SENP3 (+)
siRNA for 72 h. Lysates were then immunoprecipitated with rabbit
IgG (as negative control) or PELP1 antibody. Coprecipitating proteins
were separated on SDS-PAGE and analyzed by Western blotting
using specific antibodies (indicated on the left). WCL, whole-cell
lysate; *, presence of an unspecific band; #, an IgG band.

with Ni-NTA beads. Endogenous LAS1L was found to be modified
by SUMO-3, and this SUMOylation increased upon depletion of
SENP3 (Figure 11B). Furthermore, we were also able to identify
endogenous PELP1 as being modified by SUMO-3 upon depletion
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Krogan et al., 2004; Kressler et al., 2008; Li
et al., 2009). Although most of these factors
are conserved throughout evolution, little is
known about their roles in mammalian sys-
tems. In this study, we present evidence
that LASTL is part of a novel ribosome bio-
genesis complex consisting of PELP1,
TEX10, WDR18, NOL9, and SENP3 (Figure
2, A and B). We demonstrate that all these
proteins localize to the nucleolus (Figure 4)
and cosediment with the pre-60S ribosomal
particle (Figure 5) and that they are required
for efficient processing of the 28S rRNA
(Figure 7, B and D).

Recently Finkbeiner et al. (2011) deter-
mined that PELP1, TEX10, and WDR18 inter-
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LAS1L|~ — ” :— a4 served N-terminal Ipi1 domain and is ~20%
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NPM1 is required for LAS1L and PELP1 nucleolar localization. (A) HCT116 cells
were transfected with control or NPM1 siRNA for 48 h. Subcellular localization of LAS1L was
determined by immunofluorescence analysis using a LAS1L antibody (green). DNA was
visualized by staining with Hoechst 33342 (blue). Scale is representative of all panels. (B) HCT116
cells were transfected with control or NPM1 siRNA for 48 h. Subcellular localization of PELP1
was determined by immunofluorescence analysis using a PELP1 antibody (green). DNA was
visualized by staining with Hoechst 33342 (blue). Scale is representative of all panels.

(C) Knockdowns of NPM1 for (A) and (B) were confirmed by Western blotting using specific
antibodies (indicated on the left). An anti-CDK2 antibody was used as loading control. (D) Cells
were transfected with a control (“C”) or NPM1 siRNA for 72 h. Lysates were then
immunoprecipitated with rabbit IgG (as negative control) or PELP1 antibody. Coprecipitating
proteins were separated on SDS-PAGE and analyzed by Western blotting using specific

antibodies (indicated on the left). WCL, whole-cell lysate.

of SENP3 (Figure 11B). In support of these findings, Finkbeiner
and coworkers also identified PELP1 and LAS1L as being modified
by SUMO (Finkbeiner et al., 2011). Because we also observed a
relocalization of LAS1L and PELP1 from the nucleolus to the nucle-
oplasm upon depletion of NPM1, we sought to determine whether
or not these proteins showed increased SUMOylation with abroga-
tion of NPM1. Indeed, similar to what we observed upon SENP3
depletion, knockdown of NPM1 by RNAI also resulted in increased
levels of SUMOylated endogenous LAS1L and PELP1 (Figure 11C).
Taken together, these observations suggest that both SENP3 and
NPM1 are required for nucleolar localization of LAS1L and PELP1.
These data support the previously described links between NPM1
and SENP3 and further suggest that modification of LAS1L and
PELP1 by SUMO regulates their subcellular localization (Haindl
et al., 2008; Kuo et al., 2008; Yun et al., 2008).

DISCUSSION

Synthesis of ribosomal subunits is a multistep process requiring the
coordinated activity of more than 170 factors recently identified
by large-scale studies in budding yeast (Harnpicharnchai et al.,
2001; Nissan et al., 2002; Peng et al., 2003; Schafer et al., 2003;
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minal region rich in acidic residues (Finkbeiner
et al., 2011). In mammals, PELP1 has been
characterized as a transcriptional regulator
capable of modulating the functions of di-
verse nuclear receptors, such as the estrogen
(ERovand ER), progesterone, and glucocorti-
coid receptors (Vadlamudi et al., 2001, 2004;
Nair et al., 2004; Kayahara et al., 2008). Our
study demonstrates that PELP1 localizes to
the nucleus and nucleolus and is important
for efficient synthesis of the 28S rRNA (Figures
4 and 7). Interestingly, PELP1 was found to
bind RNA and interact with components of
the mRNA splicing machinery (Nair et al., 2006), and a recent study has
shown that PELP1 can associate with the rDNA promoter (Gonugunta
etal., 2011). It is possible that, depending on its subcellular compart-
mentalization, PELP1 regulates either Pol |- or Pol Il-specific RNA-
processing events.

The Rix1 complex in S. cerevisiae associates with a late pre-60S
particle and has been indicated by multiple groups as being re-
quired for pre-rRNA processing (Galani et al., 2004; Krogan et al.,
2004; Nissan et al., 2004). This complex is thought to be involved in
the later steps of pre-rRNA processing that occur after cleavage of
the ITS-2 region, and it has been shown to preferentially bind the
7S rRNA (Krogan et al., 2004). We demonstrate that the human ho-
mologues of the Rix1 complex (PELP1, TEX10, and WDR18) cofrac-
tionate with a particle that contains the 32S pre-rRNA (Figure 5),
suggesting it could associate with the 60S subunit before cleavage
of the ITS-2 occurs. Furthermore, depletion of PELP1, TEX10, and
WDR18 showed an increase in the 32S intermediate (Figure 7, B and
D), suggesting they are also required for the processing of this ear-
lier step. Another possibility is that the Rix1 complex is required in
mammals for other ITS-2-processing factors, such as LAS1L and
NOL9, to be recruited to the particle. Indeed, we observed that
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FIGURE 11: LAS1L and PELP1 are modified by SUMO in an SENP3-dependent manner. (A) HEK
293T cells were transfected with FLAG-LASL (+) plus either empty vector (=) or plasmids
expressing 6xHis-tagged SUMO-1 or SUMO-3 (+). Forty-eight hours after transfection,
SUMOylated proteins were pulled down from cell lysates using Ni-NTA agarose beads. Eluates
were analyzed on SDS-PAGE and by Western blotting with the indicated antibodies. (B) HEK
293T cells were transfected with either control (=) or SENP3 (+) siRNA. The next day, cells were
transfected with empty vector (=) or a éxHis-tagged SUMO-3 (+) expressing plasmid. Forty-
eight hours after transfection, pulldowns and protein analyses were performed as in (A). (C) HEK
293T cells were transfected with either control (=) or NPM1 (+) siRNA. The next day, cells were
transfected with empty vector (=) or a plasmid expressing 6xHis-tagged SUMO-3 (+). Forty-
eight hours after transfection, pulldowns and protein analyses were performed as in (A).

depletion of PELP1, TEX10, or WDR18 leads to a dramatic decrease
in LASTL protein stability (Figure S1A). Whether the Rix1 complex
participates directly in the modification of pre-rRNAs or is simply
required for the stabilization of other rRNA-processing factors re-
mains to be determined. The possibility also remains that the Rix1
complex functions in a different manner in mammals than in yeast.

In this study, we also identified NOL9 as a novel LAS1L-interact-
ing protein (Figures 1A and 2A). NOL9 was recently discovered to
be a 5-polynucleotide kinase that can phosphorylate both single-
and double-stranded RNA (Heindl and Martinez, 2010). The pre-
rRNA-processing defects seen upon depletion of NOLY and LAS1L
are identical. Endonucleolytic cleavage within the ITS-2 in the 32S
pre-rRNA generates the 12S and 28S pre-rRNAs, and the lower lev-
els of 12S pre-rRNA and accrual of the 32S intermediate upon de-
pletion implies that both NOL9 and LAS1L are required for efficient
ITS-2 scission (Figure 7, B and C). Depletion of NOL9 results in a 5’
extended 5.85 rRNA intermediate following ITS-1 cleavage (Heindl
and Martinez, 2010), suggesting that 5" phosphorylation of the
extended 5.8S is required for subsequent exonucleolytic process-
ing. Indeed, the exonuclease Rat1p (XRN2 in human) is necessary
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Las1p might act with Rat1p and Railp in
rRNA processing. The endonuclease per-
forming the ITS-2 cleavage to generate the
12S and extended 28S rRNAs has yet to be
identified both in budding yeast and mam-
mals. LAS1L, with the Rix1 complex (PELP1-
WDR18-TEX10), could be responsible for
recruiting this endonuclease with NOL9 and
XRN2 to the 32S rRNA for efficient cleav-
age, 5" phosphorylation, and subsequent
exonucleolytic processing.

Although Finkbeiner et al. (2011) previ-
ously described the mammalian Rix1 com-
plex and LASIL as interacting, the exact
nature of the association between LASTL
and the proteins in the mammalian Rix1
complex has not been fully explored. Our
further analysis of these interactions using
sucrose gradient fractionation on nuclear ex-
tracts and subsequent coimmunoprecipita-
tion experiments has revealed that LASTL
and the Rix1 complex proteins do indeed
interact in the pre-60S fractions (Figure 6, B
and C). However, in the fractions correspond-
ing to free nuclear proteins and smaller pro-
tein complexes, LAS1L only associates with
NOL9 (Figure 6C). Furthermore, PELP1 inter-
acts only with WDR18 in the fractions corre-
sponding to free proteins (Figure 6B). Based on these coimmunopre-
cipitation experiments, it is therefore likely that LASTL and NOL9
form a separate complex that does not include PELP1 and WDR18
when LAS1L and NOL9 are not associated with the pre-60S particle.
It is also interesting to note that, in our experiments, TEX10 only as-
sociates with PELP1 in fractions that correspond to pre-60S ribo-
somal particles (Figure 6B). One could then conclude from our ex-
periments that the mammalian Rix1 complex could form only on the
pre-60S particle. However, further analysis of the maturation of mam-
malian pre-60S ribosomal particles will be necessary to investigate
the temporal association of these proteins with pre-60S particles in
mammalian ribosome biogenesis.

Another protein found to interact with LASTL in this study is
RanBP5 (Figure 2A), a karyopherin B that associates with the nuclear
pore complex to facilitate the import of both small and large ribo-
somal proteins (Jakel and Gorlich, 1998; Chou et al., 2010). RanBP5
is homologous with the karyopherin-B proteins Pselp/Kap121p
and Yrb4p/Kap123p in S. cerevisiae. Both Kap121p and Kap123p
are responsible not only for the nuclear import of ribosomal pro-
teins (Rout et al., 1997), but also for the export of preribosomal
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particles (Moy and Silver, 1999; Sydorskyy et al., 2003). Further-
more, Kap121p is required for nuclear import of factors involved in
preribosomal particle formation (Leslie et al., 2004; Lebreton et al.,
2006). RanBP5 may be involved in importing LAS1L and its inter-
acting proteins to the nucleus, and this could explain the aberrant
accumulation of the 32S intermediate observed upon RanBP5 de-
pletion (Figure 7, B and D). Furthermore, it is possible that the
defects in rRNA processing seen upon depletion of RanBP5 are a
downstream effect resulting from failed nuclear import of ribo-
somal proteins, which leads to nuclear accumulation of immature
preribosomal particles (Figure 7, B and D). Impending investiga-
tions will be aimed toward defining a precise role for RanBP5 in the
maturation of the 60S preribosomal particles.

Recent studies in budding yeast have suggested that SUMOyla-
tion could play an important role in ribosome biogenesis. Analysis
of the 40S and 60S preribosomal particles at different maturation
stages has shown that early particles are decorated with SUMO
(Panse et al., 2006). Moreover, investigation of the SUMO proteome
revealed that ribosomal proteins and several processing factors in-
volved in the 40S and 60S synthesis are also modified by SUMOyla-
tion (Panse et al., 2006). The nucleolar SUMO-deconjugating en-
zyme SENP3 was recently shown to catalyze the removal of SUMO
conjugates on NPM1, a process required for efficient rRNA process-
ing and synthesis of the 60S ribosomal subunit (Haindl et al., 2008).
NPM1 was also shown to be required for stable accumulation of
SENP3 in the nucleolus (Kuo et al., 2008; Yun et al., 2008). In this
study, we found that SENP3 associates with LAS1L, and both SENP3
and NPM1 interact with PELP1 (Figure 2, A and B). We further de-
scribe LAS1L and PELP1 as SUMOylated substrates of SENP3,
wherein loss of SENP3 or NPM1 results in accrual of SUMOylated
forms of these proteins (Figure 11), and this is supported by previ-
ously published work (Finkbeiner et al., 2011). Moreover, we dem-
onstrate that depletion of SENP3 or NPM1 results in a relocalization
of LAS1L and PELP1 from the nucleolus with no observed disassem-
bly of the LAS1L complex (Figures 9 and 10), suggesting that nucle-
olar localization is not required for the complex to assemble. We
further observed that induction of a nucleolar stress through treat-
ment with actinomycin D also results in relocalization of the complex
from the nucleolus to the nucleoplasm (Figure 8). Previous work has
demonstrated that depletion of NPM1 and SENP3 impairs ribosome
biogenesis, which could in turn lead to a nucleolar stress (Haindl
et al., 2008; Yun et al., 2008). We therefore cannot eliminate the
possibility that nucleolar stress in general causes relocalization of
LASTL and PELP1 out of the nucleolus. However, as depletion of
SENP3 or NPM1 results in accumulation of SUMOylated LAS1L and
PELP1 concomitant with their relocalization from the nucleolus to
the nucleoplasm, it is likely that the nucleolar relocalization is due to
the accumulation of SUMOylated forms of these proteins. It is also
conceivable that SUMOylation of LASTL and PELP1 is a downstream
effect of general nucleolar stress, and it will be interesting to further
investigate this possibility. Taken together, our data suggest that
SUMOylation partially regulates ribosome biogenesis by modulat-
ing the subcellular localization of LAS1L and PELP1. Indeed, studies
from Finkbeiner and colleagues demonstrated that expression of a
PELP1-SUMO fusion protein results in relocalization of PELP1 from
the nucleolus to the nucleoplasm (Finkbeiner et al., 2011). Interest-
ingly, we observed that SENP3 mainly interacts with LAS1L and the
Rix1 complex in the fractions corresponding to the 60S particle
(Figure 6). SENP3 could participate in a quality control checkpoint
serving to limit access of SUMOylated ribosome biogenesis factors
to the 60S particle. Whether or not the other proteins in the
complex can be SUMOylated remains to be determined, and
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future experiments will be focused on investigating a role for SUMO
in regulating the function of the LAS1L complex.

Increased ribosome biogenesis has been correlated with the
rapid growth of cancer cells (Ruggero and Pandolfi, 2003). PELP1
is considered an oncogene and is found overexpressed and mislo-
calized in a variety of hormonal-responsive tumors (Vadlamudi
et al., 2004; Nair et al., 2007; Habashy et al., 2010). We further
determined that PELP1 plays a role in ribosome biogenesis in ad-
dition to its role as a nuclear receptor coactivator. Interestingly,
early studies in the rat pituitary have correlated estrogen treatment
with enhanced Pol | transcription and increased amounts of total
rRNA (Ying et al., 1996), though no molecular mechanism for this
association has been described to date. More recently analysis of
the estrogen-signaling transcriptome revealed that estrogen regu-
lates the activity of RNA Pol | (Hah et al., 2011). It will be interest-
ing to determine whether PELP1 provides a link among estrogen
signaling, Pol | transcription, and pre-rRNA processing.

MATERIALS AND METHODS

Cell culture and RNA interference

Cells (HEK 293T, HCT116, and U20S) were cultured at 37°C with 5%
CO, in DMEM high-glucose (Hyclone; ThermoFisher, Lafayette, CO)
supplemented with 5% fetal bovine serum (FBS; Hyclone) and pen-
icillin—streptomycin. Synthetic siRNA oligonucleotides (Sigma-
Aldrich, St. Louis, MO) were delivered into cells with Lipofectamine
2000 (Invitrogen, Carlsbad, CA) for the HEK 293T cells and
Lipofectamine RNAi Max (Invitrogen) for the HCT116 cells. siRNA
oligonucleotide (20 nM) was transfected using the reverse-transfec-
tion protocol according to the manufacturer’s instructions. The
following siRNA sequences were used: nontargeting scramble:
5-GAUCAUACGUGCGAUCAGAdTAT-3’; human LAS1L: 5-CUGA-
UACGCUGUAAGCUCUdTAT-3"; human PELP1: 5-GGAAUGA-
AGGCUUGUAUGAdTAT-3"; human TEX10: 5-CUGAUUUGCUUU-
CUCGGUUATAT-3%; human WDR18: 5-GUCUCCUGCCUUCAG-
UUCAJATAT-3’; human SENP3: 5-CACCAGGGCUGGAAAGGUU-
dTdT-3’; human NOL9: 5-CCACUUUCUCCUUUACAUACTAT-3’;
human RanBP5: 5-CUCUACAGCUAAGUCUAAAdTAT-3" human
NPM1: 5- GGACAAGAATCCTTCAAGAITAT-3".

Cell cycle analysis
Analysis of cell cycle profiles was performed by measuring DNA
content using Pl and BrdU labeling, as we described previously
(Castle et al., 2010).

Coimmunoprecipitation, immunoblotting, and antibodies

For coimmunoprecipitation experiments, cells were lysed in ELB
buffer (50 mM HEPES, pH 7.2, 250 mM NaCl, 2 mM EDTA, 0.5%
NP-40) plus protease inhibitors (aprotinin, leupeptin, 4-(2-amino-
ethyl) benzenesulfonyl fluoride hydrochloride) on ice for 15 min.
Lysates were cleared by centrifugation at 22,000 x g for 10 min at
4°C and the supernatant was incubated with 1 pg of antibody for
1 h with rotation at 4°C. Protein G Sepharose beads (Invitrogen)
were added for another 1 h with rotation at 4°C. The antibodies
used for immunoprecipitations were: normal rabbit immunoglob-
ulin G (IgG; Calbiochem, San Diego, CA), LAS1L (AV34629; Sigma-
Aldrich), PELP1 (Bethyl Laboratories, Montgomery, TX). For immu-
noblotting, cells were lysed in RIPA buffer (25 mM Tris-HCI, pH 7.6,
150 mM NaCl, 1% NP-40, 1% Triton X-100, 1% sodium deoxy-
cholate, and 0.1% SDS) plus protease inhibitors (aprotinin, leu-
peptin, AEBSF) and phosphatase inhibitor cocktail (ThermoFisher,
Lafayette, CO) for 15 min on ice. Lysates were cleared by centrifu-
gation at 22,000 x g for 10 min at 4°C. Protein concentrations
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were evaluated with the BCA kit (Pierce, Rockford, IL). Proteins
were separated by SDS-PAGE and transferred to a nitrocellulose
membrane (Bio-Rad, Hercules, CA). The following antibodies were
used: LAS1L (Sigma-Aldrich), PELP1 (Bethyl Laboratories, Mont-
gomery, TX), NOL9 (ProteinTech), RanPB5 (Sigma-Aldrich), NPM1
(Santa Cruz Biotechnology, Santa Cruz, CA), TEX10 (ProteinTech),
SENP3 (Santa Cruz Biotechnology), NOL? (Abgent, San Diego,
CA), p53 (Santa Cruz Biotechnology), B-actin (Santa Cruz Biotech-
nology), CDK2 (Santa Cruz Biotechnology), RPL11 (Sigma-Aldrich),
RPL26 (Sigma-Aldrich), and p21 (PharMingen, BD Biosciences,
San Diego, CA). An anti-WDR18 antibody was raised by immuniz-
ing rabbits with the CRKINRDLFDFSTRFITRPAK peptide coupled
to keyhole limpet hemocyanin (Open Biosystems, Huntsville, AL).

Mass spectrometry analysis

Cells were lysed in ELB buffer (50 mM HEPES, pH 7.2, 250 mM
NaCl, 2 mM EDTA, 0.5% NP-40) plus protease inhibitors (aproti-
nin, leupeptin, AEBSF) on ice for 15 min, and lysates were cleared
by centrifugation at 22,000 x g for 10 min at 4°C. The superna-
tants were incubated with 2 pg of normal rabbit IgG or anti-LAS1L
antibody for 1 h with rotation at 4°C. Protein G Sepharose beads
were added for another 1 h with rotation at 4°C. Precipitated com-
plexes were eluted in SDS-PAGE sample buffer and separated on
a 10% SDS-PAGE. The gel was silver-stained (silver stain kit;
Pierce) and proteins present only in the anti-LAS1L lane were cut
out, digested with trypsin, and analyzed by mass spectrometry.

Sucrose gradient fractionation and gradient
coimmunoprecipitation

Sucrose gradient fractionation was performed according to Pestov
et al. (2008). Briefly, cells were harvested and incubated in low salt
buffer (10 mM HEPES-NaOH, pH 7.5, 10 mM NaCl, 2 mM MgClj,
1 mM ethylene glycol tetraacetic acid) for 10 min and lysed by the
addition of Igepal CA-630 and sodium deoxycholate to final con-
centrations of 0.3% and 0.2%, respectively. Nuclei were sedi-
mented by centrifugation at 1000 x g for 5 min and resuspended
in sonication buffer (25 mM Tris-HCI, pH 7.5, 100 mM KCI, T mM
NaF, 2 mM EDTA, 0.05% Igepal CA-630, 1T mM dithiothreitol
[DTT]). Protease inhibitors (aprotinin, leupeptin, AEBSF) and
RNase inhibitor (100 U/ml; ThermoFisher, Lafayette, CO) were
added, and nuclei were disrupted by sonication. The lysate was
cleared by centrifugation at 15,000 x g for 15 min and was then
separated on a 10-30% (wt/vol) sucrose gradient made in 25 mM
Tris-HCl (pH 7.5), 100 mM KCI, 2 mM EDTA, and 1 mM DTT for 3 h
at 160,000 x g using a Beckman SW 41 Ti rotor. Equal fractions
were collected, and proteins were extracted by trichloroacetic
acid precipitation, resuspended in urea sample buffer (62.5 mM
Tris-HCI, pH 6.8, 3 M urea, 2% SDS, 0.01% bromophenol blue,
0.1 M DTT), and subjected to SDS-PAGE analysis. RNA was puri-
fied from sucrose gradient fractions for subsequent Northern blot
analysis, as we previously described (Castle et al., 2010). For
coimmunoprecipitation from the sucrose gradient fractions, the
gradient fractionation was performed as above. Ay of each frac-
tion was measured, and fractions corresponding to free nuclear
proteins, pre-40S, and pre-60S ribosomal particles were pooled.
The pooled fractions were brought to a final concentration of
250 mM KCl and 0.5% NP-40 and then incubated in 2 pg antibody
for 1 h with rotation at 4°C. Protein G Sepharose beads (Invitro-
gen) were added for another hour with rotation at 4°C. The anti-
bodies used for immunoprecipitations were: normal rabbit 1gG
(Calbiochem), LASTL (AV34629; Sigma-Aldrich), and PELP1
(Bethyl Laboratories). ReliaBLOT (Bethyl Laboratories) was used
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for immunoblotting with the custom WDR18 antibody to mini-
mize the IgG band.

RNA extractions, Northern blot, and gRT-PCR analysis

Total RNA was extracted with Trizol reagent (Invitrogen). Northern
blots were performed as we previously described (Castle et al., 2010).
For gRT-PCR analysis, cDNA was synthesized using 1 pg of total RNA
with the QuantiTect reverse transcription kit (Qiagen, Valencia, CA).
Real-time PCR analysis was performed on a Light Cycler 480 real-time
PCR instrument (Mnaimneh et al., 2004). Values were normalized to
B-actin mRNA. The primers used for the quantitative PCR are the fol-
lowing: B-actin (5-GGACTTCGAGCAAGAGATGG-3’, 5-AGCACT-
GTGTTGGCGTACAG-3"); LASIL (5-CGAAGAGGAGCAGTTTA-
CGG-3", 5-GGAAGCCATCATCCAGAAAA-3"); PELP1 (5"-AGCAG-
CACTGTGTGTCTTGG-3’, 5-TTCCAATGCTGACTGCTCAC-3");
RanBP5 (5"-TGCCTCTTCTCCTGGAGTGT-3’, 5-TGCACTTTGC-
AAAAGAATGC-3’); TEX10 (5-TTGCAACTTGCTCATCTTGG-3’,
5-AGAGTCTGCAGGGAGAACCA-3"); NOL9 (5-CTCCGGAT-
TACCCACTCTGA-3, 5-GCCTCTACAGATGCCAAAGC-3");
SENP3 (5-TTTTGATGCCTCAGCAAGTG-3’, 5-AATGTCAGCG-
AGGTGCTTTT-3’); and WDR18 (5-ACCAGACGGTGAAGCTA-
TGG-3", 5-GTGGAAGCTCCTCTCCCTCT-3).

Immunofluorescence microscopy

Cells grown on coverslips were preextracted with 0.1% Triton in phos-
phate-buffered saline (PBS) for 1 min at room temperature before
fixation with 4% paraformaldehyde at room temperature for 15 min.
Cells were then permeabilized with 0.1% Triton for 10 min at room
temperature. All samples were blocked with 1% bovine serum albu-
min for 30 min, washed with PBS, and incubated with the appropriate
primary antibody for 1 h. Cells were washed with PBS containing
0.05% Tween-20 and incubated with secondary antibody for 1 h
(Alexa Fluor 488 goat anti-rabbit antibody and Alexa Fluor 594 goat
anti-mouse antibody; Invitrogen). Cells were washed again with PBS
containing 0.05% Tween-20, stained with 4’,6-diamidino-2-phenylin-
dole (Molecular Probes, Invitrogen), and mounted on slides with
Vectashield (Vector Laboratories, Burlingame, CA). Fluorescence mi-
croscopy was performed on a Zeiss Axioskop 40 fluorescence micro-
scope with a Plan-Apochromat 63x/1.4 numerical aperture, oil-im-
mersion, differential interference contrast objective (Jena, Germany).
Images were acquired with an Axiocam MRm camera using the Axio-
vision Release 4.6 software. All microscopy was performed at room
temperature, and all images were prepared in Adobe Photoshop and
Adobe lllustrator (San Jose, CA).

SUMOylation assays

Analyses of SUMOylated proteins were performed as described in
Tatham et al. (2009). For exogenously expressed LAS1L, HEK 293T
cells were transfected with FLAG-LAS1L plus either empty vector or
plasmids expressing éxHis-tagged SUMO-1 (aa 1-97) or SUMO-3 (aa
1-93). For SUMOylation analysis of endogenous LAS1L and PELP1,
HEK 293T cells were transfected with either control, SENP3, or NMP1
siRNA using Lipofectamine 2000 (Invitrogen). The next day, cells
were transfected with empty vector or a plasmid expressing SUMO-3
(aa 1-93), using Lipofectamine 2000 (Invitrogen). Forty-eight hours
after transfection, the cells were harvested and lysed in lysis buffer
(6 M guanidine-HCI, 0.1 M sodium phosphate buffer, pH 8, 0.01 M
Tris-HCI, pH. 8, 10 mM B-mercaptoethanol, and 5 mM imidazole)
with sonication. Ni-NTA agarose beads were added to the cleared
lysates and incubated for 2 h at 4°C with rotation. The beads were
washed one time with lysis buffer, which was followed by one wash in
buffer A (8 M urea, 0.1 M sodium phosphate buffer, pH 8, 0.01 M
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Tris-HCI, pH. 8, 5 mM B-mercaptoethanol, and 0.1% Triton X-100)
and three washes in buffer B (8 M urea, 0.1 M sodium phosphate
buffer, pH 6.3, 0.01 M Tris-HCI, pH. 6.3, 5 mM B-mercaptoethanol,
and 0.1% Triton X-100). The pulled-down SUMOylated proteins were
eluted off the beads with 200 mM imidazole, 5% SDS, 0.15 M Tris-
HCl (pH 6.8), 30% glycerol, and 0.72 M B-mercaptoethanol. The elu-
ates were analyzed on SDS-PAGE and Western blotting with anti-
FLAG M2 (Sigma-Aldrich), LASTL (Sigma-Aldrich), PELP1 (Bethyl
Laboratories), or 6xHis (Bethyl Laboratories) antibodies.

Nucleolar isolation

Nucleolar isolation was performed according to Muramatsu et al.
(1963), with the following changes: briefly, HEK 293T cells were
washed in PBS and incubated in buffer A (10 mM HEPES, pH 7.9,
10 mM KCl, 1.5 mM MgClI2, 0.5 mM DTT) for 5 min. Cells were then
homogenized in a Dounce tissue homogenizer until more than 90%
of the cells burst and then centrifuged at 300 x g for 5 min. Nuclei
were resuspended in S1 solution (0.25 M sucrose, 10 mM MgCly),
layered over S2 solution (0.35 M sucrose, 0.5 mM MgCly), and cen-
trifuged at 1400 x g for 5 min. Nuclei were resuspended in S2 solu-
tion and sonicated until there were no intact cells, and nucleoli were
readily observed by phase-contrast microscopy. Sonicated extracts
were layered over S3 solution (0.88 M sucrose, 0.5 MgCly) and cen-
trifuged at 3000 x g for 10 min. The nucleolar pellet was resuspended
in S2 solution and centrifuged at 1400 x g for 5 min. Immunoblotting
was then performed on the nucleolar pellet as described in the
Coimmunoprecipitation, immunoblotting, and antibodlies section.
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