
max (bean). This suggests that KIAA0179/RRP1B is an ancient
protein, from which the mammalian NNP-1/RRP1 likely de-
rived, and that the rRNA processing function accredited to the
NOP52 domain is an early eukaryotic event.

DISCUSSION

Ribosome subunit biogenesis is the major cellular function
carried out by the nucleolus, with the very structure of this
organelle intrinsically related to ongoing RNA Pol I tran-
scription and pre-rRNA processing. Reports have also
linked the nucleolus to control of a wide range of cellular
pathways including cell division and DNA damage re-
sponse (Pederson, 1998; Boisvert et al., 2007). It is now be-
lieved to be a major stress sensor, responding to stresses
such as hypoxia and DNA damage by coordinating inhibi-
tion of ribosome biogenesis, cell cycle arrest, and, in certain

cases, triggering of apoptosis (Mayer and Grummt, 2005).
However, many of the regulatory events underlying these
key functions remain undefined. Here we identified, via
quantitative proteomics, fluorescence imaging and biochem-
ical approaches, a nucleolar pool of PP1-RRP1B that is a
component of pre-ribosomal subunit processing complexes.
These results confirm our previous observations that a pool
of PP1 activity accumulates within nucleoli and accounts for
a large fraction of the associated Ser/Thr dephosphorylation
events (Trinkle-Mulcahy et al., 2003).

With previous studies linking PP1 activity to the regula-
tion of diverse nuclear functions ranging from gene tran-
scription and splicing to cell growth and proliferation (Moo-
rhead et al., 2007; MacKeigan et al., 2005), we hypothesized
that this ubiquitous phosphatase would be targeted to more
than one site within the nucleolus and to more than one level
of the ribosome biogenesis pathway. Using an efficient nu-

Figure 8. RRP1B and PP1� copurify an overlapping subset of pre-60S ribosomal subunit processing proteins. (A) An overlay of mammalian
orthologues on their yeast counterparts in a yeast-derived map of pre-60S ribosomal subunit processing proteins demonstrates a specific
enrichment of midlate processing complexes. Of the 72 proteins predicted in the yeast map, 66 have known mammalian orthologues. Of these,
49 (74%) were found in both the RRP1B and PP1� interactomes (yellow), with an additional eight proteins only detected with the phosphatase
(green). This may represent different subcomplexes or a difference in sensitivity of the experiment. Of the nine proteins that were not enriched
(gray), most are peripheral to the core complex and function later in the processing/export pathway. In addition to these nonribosomal
processing proteins, 36/40 (90%) of 60S subunit RPL proteins were specifically enriched with RRP1B and PP1�. (B) 60S processing proteins
identified in a recent nonquantitative screen of TAP-tagged yeast Rrp1p are indicated in this table, which includes both the yeast and
mammalian gene names for each protein and uses the same color coding as in A to indicate whether a protein was found in our RRP1B
and/or PP1� IP or neither.
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cleolar protein extraction method developed specifically for
interactome analyses, we demonstrated the selective enrich-

ment of a range of multiprotein complexes with nucleolar
PP1 (Chamousset et al., 2010). Identifying RRP1B as an in-

Figure 9. Phylogenetic tree of NOP52 domain-containing sequences. A rectangular cladogram was generated by comparison of conserved
regions in NOP52-domain containing sequences. Multiple phylogenetic tree inferences were performed (see Materials and Methods). Tree
topology shown is NJ (1000 replicates) which is largely representative for all three methods. Most notable discrepancy was M. brevicolis, which
aligns with the euglenozoa (MP) or animalia (ML) in other methods. Bootstrap values are indicated at the nodes. K, presence of a conserved
(RRP1B/KIAA0179) PP1 interaction motif; F, presence of a FF doublet at C-terminal end.
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teraction partner for nucleolar-targeted PP1� and PP1� was
not surprising as it has long been suggested as a candidate,
although the interaction had not been confirmed (Moorhead
et al., 2008; Hendrickx et al., 2009). Our biochemical studies
and the dominant negative effect of RRP1BKATA overexpres-
sion conclusively validate RRP1B as a PP1 interactor.

Our initial hypothesis, namely that PP1 forms more than
one complex in the nucleolus, is corroborated by several
observations. The first is the enrichment of additional
known/putative targeting subunits and a wide range of
multiprotein complexes in the nucleolar PP1 interactome
studies (Chamousset et al., 2010). Another is the presence of
PP1 in both pre-40S and pre-60S peaks, with PP1-RRP1B
limited to pre-60S peaks. Lastly, the limited dominant-neg-
ative effect of RRP1BKATA mutant overexpression suggests
that other functional nucleolar PP1 complexes are not af-
fected by its specific displacement from pre-60S ribosomal
subunits. This work thus opens novel routes to elucidate the
impact of PP1 on ribosome biogenesis via a direct approach
on individual complexes.

The name RRP1B derives from the protein’s homology to
the yeast Rrp1p protein (a.k.a. NOP52), which is involved in
generation of 27S rRNA (Horsey et al., 2004). Nevertheless,
the first published functional study on RRP1B identified it as
a new candidate susceptibility gene for breast cancer pro-
gression and metastasis (Crawford et al., 2007). These data
suggested that the protein plays a key role in regulating cell
growth and proliferation, which could be a consequence of
its predicted role in ribosome subunit biogenesis. More re-
cently, RRP1B has also been linked to regulation of E2F-
mediated apoptosis, and is believed to function directly in
transcriptional control (Paik et al., 2010). The cellular role(s)
of RRP1B thus remains open for debate, particularly in light
of the existence of a second mammalian orthologue of
NOP52, RRP1/NNP-1/Nop52 (Savino et al., 1999).

We provide here the first evidence for a role for RRP1B in
60S ribosome processing and also demonstrate that this
protein has a functional PP1 interaction motif lacking in
RRP1/NNP-1/Nop52. It is likely that RRP1B is the more
complex cellular effector, as it can recruit a phosphoregula-
tory mechanism to a specific subset of processing complexes
in the ribosome biogenesis pathway. It is also noteworthy
that predicted RNA binding motifs display a different pat-
tern between RRP1 and RRP1B, which may reflect differing
rRNA affinities. These differences will likely have significant
impact on their respective cellular interaction profiles and
functions. Our phylogenetic analysis indicates that RRP1/
NNP-1/Nop52 and KIAA0179/RRP1B are both homologues
of yeast Rrp1p, yet KIAA0179/RRP1B is the true functional
orthologue. This is consistent with the significant overlap
between our endogenous nuclear RRP1B interactome and
recently identified TAP-tagged yeast Rrp1p interaction part-
ners (Horsey et al., 2004). This does not exclude RRP1/NNP-
1/Nop52 from a role in pre-60S subunit processing, and
indeed it is also found in the RRP1B and PP1 interac-
tomes, however it does raise the question of how much, if
any, functional overlap exists between these two mamma-
lian proteins with regard to pre-60S ribosomal subunit
processing.

We have shown here that the subnucleolar targeting of
RRP1B throughout the cell cycle coincides with that of sev-
eral GC-localized pre-60S processing proteins, consistent
with a role for RRP1B in nucleolar rRNA processing. This
targeting requires rRNA transcripts but not the presence of
rDNA. In contrast, fibrillarin, which is a DFC protein in-
volved in earlier processing steps, is partially lost with
RNAse treatment and fully lost with DNAse treatment, re-

flecting its association with both rDNA and rRNA (Ochs et
al., 1985). This again suggests that RRP1B is mainly involved
in rRNA processing, likely interacting with these molecules
after they are released from sites of transcription.

We also exploited the well-characterized segregation of
nucleolar components in response to actinomycin D and
DRB treatment (Scheer et al., 1984; Louvet et al., 2006) to
compare RRP1B behavior to that of both rRNA transcripts
and other known rRNA processing proteins. The retention
of a pool of RRP1B in the remnant central body of the
nucleolus was unique compared with the loss of nucleolar
B23 and the “capping” of fibrillarin at the nucleolar periph-
ery. Interestingly, the pool of RRP1B that is lost to the
nucleoplasm was found to accumulate in small foci. Further
work will be necessary to define these foci and determine
whether they represent a link to the suggested transcrip-
tional role of RRP1B (Paik et al., 2010). With regard to the
pool of nucleolar-retained RRPB, it remains associated with
both Pyronin Y-stained nucleolar RNA and GFP-RPL27
(Supplemental Figures 1C and 2C), again suggesting a struc-
ture/function relationship between RRP1B and nucleolar
pre-60S processing complexes. Nucleolar-retained GFP-
RRP1B in actinomycin D–treated cells is significantly less
mobile than GFP-RRP1B in untreated cells, and as this pool
of protein is also lost upon RNAse treatment, it may be
sequestered or “trapped” in inactive RNA processing com-
plexes when ribosome biogenesis shuts down (Supplemen-
tal Figure 1C).

In contrast, DRB treatment, which induces segregation of
FC, DFC, and GC constituents into a characteristic “beads on
a string” conformation while preserving RNA Pol I activity,
leads to a small but significant increase in the mobility of
nucleolar GFP-RRP1B. The mechanism of action of DRB is
still debated, as it is a CK2 inhibitor that also indirectly
inhibits RNA Pol II. Furthermore, different DRB derivatives
(DMAT, TBB) give contradictory results with regard to GFP-
RRP1B dynamics (Supplemental Figure 3B). Finally, CK2
targets several key nucleolar proteins, including B23 and
nucleolin, and the kinase has been postulated to play a
crucial role in compartmentation of nucleolar protein com-
plexes (Louvet et al., 2006). Thus, apart from experimental
differences including cell type, concentration, and treatment
time, and the off-target effects of kinase inhibitors that can
complicate interpretation of results (Bain et al., 2007), ribo-
some biogenesis has such a plethora of potential CK2-de-
pendent effectors that direct and indirect effects are difficult
to tease apart.

Our localization data strongly supported a role for RRP1B
in later stages of ribosome subunit biogenesis. To validate
this hypothesis, we quantitatively defined the nuclear inter-
actome of RRP1B. We indeed found an enrichment of large
ribosomal proteins (RPLs) and proteins linked to processing
of the pre-60S subunit. In addition, comparison with the
nucleolar interactome of PP1� showed a significant overlap
in the subset of proteins found in pre-60S processing com-
plexes. Previously, we noted that the RRP1BKATA interac-
tome is very similar to the wild-type RRP1B interactome.
This suggests that RRP1B presence at rRNA processing com-
plexes occurs independently of PP1, making RRP1B a bona
fide PP1 targeting subunit.

Strikingly, proteins involved in very late stages of ribo-
some maturation and nuclear export are distinctly lacking in
the RRP1B and PP1� interactomes. Using stably expressed
GFP-RPL27 as a marker for 60S subunits, we confirmed that
association of RRP1B and PP1� with these complexes occurs
in both the nucleolus and nucleoplasm. Mature cytoplasmic
60S subunits, however, do not coprecipitate either RRP1B or
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PP1, placing the site of action of this holoenzyme complex
firmly within the nucleus.

Rrp1/Nop52 is an essential gene in yeast, with knockout
compromising cell growth (Horsey et al., 2004). When we
reduced cellular levels of RRP1B in U2OS or HeLa cells by
�90% using an siRNA approach (Supplemental Figure 4, B
and D), little or no effect on cell growth or proliferation was
evident. Although no significant changes were observed in
the distribution of either nuclear pre-ribosomal subunits or
mature cytoplasmic ribosomal subunits (data not shown), an
increase in larger RNA species detected by Northern blot
analysis may suggest an analogous role to its yeast counter-
part in 28S processing (Supplemental Figure 4C). A similar
lack of effect on cell growth or proliferation in response to
reduction of RRP1B levels in human cells was observed
recently by another group (Paik et al., 2010). This may reflect
either a degree of genetic redundancy, or that levels of
RRP1B are kept deliberately high to ensure it is never lim-
iting for the essential process of ribosome subunit produc-
tion and cell growth. Alternately, subtle effects may be
masked by the high level of ribosome biogenesis in immor-
talized cell lines and/or the presence of RRP1/NNP-1/
Nop52. Alternate approaches, such as analysis in primary
cell lines or concurrent knockdown of RRP1B and RRP1/
NNP-1, will be required to better understand the functional
role of RRP1B-PP1 in regulation of pre-60S processing and,
potentially, coordination of this pathway with regulation of
transcription and/or proliferation.

Importantly, future work must focus on identification of
RRP1B-PP1 targets within the pre-60s processing complex.
Known phosphoproteins such as B23 and EIF6 are likely
targets, with the latter being particularly attractive given
that dephosphorylated pre-60S subunit-bound EIF6 is be-
lieved to prevent premature association of 40S and 60S
subunits in the nucleus (Ceci et al., 2003). It is also important
to further characterize proteins identified in the RRP1B nu-
clear interactome that are not directly related to pre-60S
processing, as they may represent links to pathways that are
controlled concurrently with ribosome biogenesis.

As discussed here, the ubiquitous nature of PP1 in cellular
regulation emphasizes the importance of identifying and
characterizing the specific holoenzyme complex(es) in-
volved in each pathway. As part of our systematic dissection
of the molecular mechanisms controlling targeting of PP1
activity to nucleolar substrates in ribosome biogenesis, cel-
lular proliferation, and stress response pathways, we have
identified and characterized a major nucleolar pool of PP1
targeted to pre-60S ribosomal subunit processing complexes
by RRP1B. It is anticipated that this information will lead to
a more direct therapeutic intervention by facilitating the
targeted disruption of PP1 activity in disease states related
to nucleolar dysfunction, including cancer, accelerated aging
and viral infection.
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