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A separable domain of the p150 subunit 
of human chromatin assembly factor-1 
promotes protein and chromosome associations 
with nucleoli
Corey L. Smitha, Timothy D. Mathesona, Daniel J. Tromblya, Xiaoming Suna, Eric Campeaua,*, 
Xuemei Hanb, John R. Yates, IIIb, and Paul D. Kaufmana

aProgram in Gene Function and Expression, Program in Molecular Medicine, University of Massachusetts Medical 
School, Worcester, MA 01605; bDepartment of Chemical Physiology, Scripps Research Institute, La Jolla, CA 92037

ABSTRACT Chromatin assembly factor-1 (CAF-1) is a three-subunit protein complex con-
served throughout eukaryotes that deposits histones during DNA synthesis. Here we present 
a novel role for the human p150 subunit in regulating nucleolar macromolecular interactions. 
Acute depletion of p150 causes redistribution of multiple nucleolar proteins and reduces 
nucleolar association with several repetitive element–containing loci. Of note, a point muta-
tion in a SUMO-interacting motif (SIM) within p150 abolishes nucleolar associations, whereas 
PCNA or HP1 interaction sites within p150 are not required for these interactions. In addition, 
acute depletion of SUMO-2 or the SUMO E2 ligase Ubc9 reduces α-satellite DNA association 
with nucleoli. The nucleolar functions of p150 are separable from its interactions with the 
other subunits of the CAF-1 complex because an N-terminal fragment of p150 (p150N) that 
cannot interact with other CAF-1 subunits is sufficient for maintaining nucleolar chromosome 
and protein associations. Therefore these data define novel functions for a separable domain 
of the p150 protein, regulating protein and DNA interactions at the nucleolus.

INTRODUCTION
In eukaryotes, histones are deposited onto DNA by nucleosome as-
sembly proteins, including chromatin assembly factor-1 (CAF-1; re-
viewed in Ransom et al., 2010). CAF-1 is a three-subunit protein 
complex conserved throughout eukaryotes. In humans, the three 
CAF-1 subunits are named based on their gel migration (Smith and 
Stillman, 1989). The largest subunit, p150, is the platform that binds 
the other two subunits, the WD-40 repeat proteins p60 and p48; all 
three subunits are required for in vitro nucleosome assembly activity 

(Kaufman et al., 1995; Verreault et al., 1996). CAF-1 deposits 
histones during DNA synthesis and interacts with DNA replication 
protein proliferating cell nuclear antigen (PCNA) and the replication-
linked histone isoform H3.1 (Shibahara and Stillman, 1999; Tagami 
et al., 2004). Throughout the eukaryotes, CAF-1 is required for nor-
mal S-phase progression, heterochromatin formation (Houlard et al., 
2006; Takami et al., 2007; Quivy et al., 2008; Klapholz et al., 2009), 
and chromatin restoration after DNA repair (Gaillard et al., 1996; 
Green and Almouzni, 2003; Polo et al., 2006). Consistent with its 
role in chromosome duplication, CAF-1 protein levels correlate with 
cell proliferation and cancer prognosis (Polo et al., 2004; Staibano 
et al., 2009; Mascolo et al., 2010).

In all eukaryotes, a dedicated polymerase, RNA polymerase I 
(Pol I), transcribes the large rRNAs (18S and 28S in humans) as long 
precursor species (47S in humans) from repeated ribosomal DNA 
(rDNA) templates. The 47S rRNA–encoding repeats cluster to form 
the nucleolus, a specialized, non–membrane-bound subnuclear 
compartment (McStay and Grummt, 2008). Pol I transcription con-
stitutes the majority of RNA synthesis in cells and is regulated by 
cell growth and energy supply, differentiation, cell cycle progres-
sion, tumor suppressors (p53 and Rb), and oncoproteins (c-myc; 
McStay and Grummt, 2008; Murayama et al., 2008). In addition, 
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2014). Of note, nucleolar alterations can be 
important for cancer diagnoses (Maggi and 
Weber, 2005). However, our understanding 
of the structure and function of nucleolar 
macromolecular networks remains incom-
plete. Here mass spectrometric analysis of 
the human CAF-1 p150 subunit led us to 
discover previously unrecognized roles in 
regulating macromolecular interactions at 
the nucleolus.

RESULTS
p150 interacts with nucleolar proteins
To find novel protein interaction partners, 
we generated a human HeLa S3 cell line ex-
pressing an N-terminal tandem affinity–
tagged CAF-1 p150 subunit (NTAP-p150). 
NTAP-p150 localizes normally to PCNA-
labeled DNA replication foci during S phase 
(Campeau et al., 2009), indicating function-
ality in vivo. Nuclear extracts from asynchro-
nous HeLa S3 cells either containing or lack-
ing the NTAP-tagged p150 gene were 
subjected to affinity purification under mild 
(200 mM NaCl) buffer conditions that in-
cluded 50 μg/ml ethidium bromide to avoid 
coprecipitation of proteins via bridged nu-
cleic acid interactions (Lai and Herr, 1992). 
Gel analysis of the purified proteins demon-
strated that NTAP-p150 complexed with the 
other two CAF-1 subunits, p60 and p48 
(Figure 1B), and that this tagged complex 
was recovered in a tag-dependent manner. 
Proteins from two independent prepara-
tions were identified by mass spectrometry 
(Figure 1A and Supplemental Table S1). In 
the tagged but not the untagged samples, 
we detected all three CAF-1 subunits, as 
well as known CAF-1–binding proteins such 
as core histones, histone deposition factor 
Asf1 (Sharp et al., 2001; Tyler et al., 2001; 
Tang et al., 2006), and heterochromatin pro-
tein 1 (HP1; Murzina et al., 1999; Quivy 
et al., 2004). In addition, the tagged sam-
ples contained multiple nucleolar proteins 
that were not previously known to associate 
with p150. These included Ki67, a large, 
proteolytically sensitive protein that is com-
monly used to mark proliferative cells in pa-
thology studies (Yerushalmi et al., 2010). Of 
note, Ki67 prominently localizes to nucleoli 
(Figure 1C; MacCallum and Hall, 2000; 
Takagi et al., 2001; Espada et al., 2007). This 
interaction is functionally important because 
inactivation of Ki67 inhibits rRNA synthesis 
(Rahmanzadeh et al., 2007). The p150-asso-
ciated proteins also included nucleophos-
min (NPM; also known as B23) and nucleolin 
(NCL), which are both nucleolar histone 

chaperones that assist Pol I transcription (Angelov et al., 2006; 
Rickards et al., 2007; Murano et al., 2008). Our affinity-purified 
NTAP-p150 preparations additionally included nucleolar protein 58 

the nucleolus is a dynamic hub where many nuclear proteins 
(Emmott and Hiscox, 2009) and genomic loci (Nemeth et al., 2010; 
van Koningsbruggen et al., 2010) are tethered (Padeken and Heun, 

FIGURE 1: Nucleolar associations of human p150. (A) Novel nucleolus-related p150-interacting 
proteins identified by mass spectrometry. Proteins listed were not previously known to interact 
with p150 and had multiple peptides detected in two different experiments (E1 and E2). Full 
lists are in Supplemental Table S1. Number of peptides (#Pep) and spectral counts (SpC) are 
indicated. (B) Purified p150-associated proteins prepared for mass spectrometry. Affinity-
purified samples from untagged HeLa S3-Trex (lane 1) and HeLa S3-Trex-NTAP-p150 (lane 2) 
cells were analyzed on a silver-stained 5–20% SDS–PAGE gel. CAF-1 subunits p150, p60, and 
p48 are indicated. (C) Confocal microscopy analysis of p150 (red) and Ki67 (green) in HeLa S3 
cells detects partial colocalization at nucleoli in the merged image (yellow). Fields of cells were 
photographed with a 63× objective. Cells had either been blocked in G1 phase by double-
thymidine treatment or released into S phase for 2 h. Scale bars, 10 μm. (D) Location of ChIP 
primer pairs on the human 47S rRNA–encoding rDNA locus. (E) p150 occupancy at rDNA genes 
in asynchronous HeLa S3-Trex-shRNA cells. Also assayed were the Pol II gene RPS20 and a gene 
desert from chromosome 16. Cells expressing either a control shRNA (sh-Luc) or the shRNA 
targeting p150 (sh-p150) were compared. Chromatin was precipitated with either nonimmune 
rabbit serum (IgG) or anti-p150 serum (α-p150) as indicated. The mean percentages of input 
chromatin precipitated from three biological replicates are presented, with error bars 
representing SDs. Asterisks indicate loci at which sh-p150 caused a statistically significant 
decrease in p150 occupancy (p < 0.05). Dotted line shows p150 signal at the gene desert. 
(F) p150 occupancy in asynchronous HeLa cells compared with cells blocked with double-
thymidine treatment. Asterisks indicate loci at which thymidine arrest caused a statistically 
significant increase in p150 occupancy (p < 0.05).
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contrast, using anti-p150 polyclonal sera, we detected enrich-
ments at the rDNA enhancer, at multiple sites within the Pol I tran-
scription unit, and within the rDNA intergenic spacer (IGS; Figure 
1E). In addition, we examined a gene desert region, which dis-
played a low level of p150 enrichment. Unlike the other loci tested, 
the levels of p150 at the gene desert were not significantly 
reduced upon p150 depletion, suggesting that this represents 
experimental background. Further, because p150 contributes to 
genome-wide nucleosome deposition during DNA synthesis, we 
did not expect rDNA to be the only site of enrichment. Indeed, an 
RNA polymerase II–transcribed gene, RPS20, also displayed p150 
enrichment, as did other Pol II genes (unpublished observations). 
We conclude that the 47S rRNA–encoding repeats are among the 
many sites of p150 localization, consistent with the confocal 
microscopy data (Figure 1C) showing a subset of p150 localized to 
nucleoli.

The foregoing experiments were performed with populations 
of asynchronous cells, so that the observed signals could include 
contributions from CAF-1 complexes associated with loci tran-
siently during genome duplication in S phase of the cell cycle. Our 
confocal microscopy images suggested that p150’s association 
with nucleoli would not be limited to S phase (Figure 1C). To ex-
plore this via ChIP, we arrested cells at the G1/S phase border via 
double-thymidine treatment. In the arrested cells, p150 was still 
associated with 47S rRNA–encoding repeats (Figure 1F), but punc-
tate PCNA foci characteristic of mid and late S phase were absent 
(Supplemental Figure S1G). Indeed, at each of the locations within 
the rDNA analyzed, but not at the RPS20 gene, p150 occupancy 
was significantly increased in the thymidine-arrested cells (Figure 
1F). We conclude that p150 is associated with 47S rRNA–encoding 
repeats and that these associations are not dependent on ongoing 
DNA replication.

p150 regulates nucleolar protein localization
One of the nucleolar proteins identified in our mass spectrometry 
data is NPM (also known as B23, encoded by the NPM1 gene; 
Figure 1A), which is a nucleocytoplasmic shuttling protein impor-
tant for the localization of multiple proteins to the nucleolus 
(Korgaonkar et al., 2005; Li and Hann, 2013). We therefore tested 
whether p150 depletion also affected the localization of nucleolar 
proteins. We began this analysis with HeLa-derived cells and ob-
served that p150 depletion indeed altered the steady-state local-
ization of multiple nucleolar interaction partners we identified by 
mass spectrometry (Figure 2, A and B: NPM/B23, Ki67, and nucle-
olar phosphoprotein Nopp140 (also known as Nopp130; encoded 
by the NOLC1 gene; Isaac et al., 1998). In addition, the Pol I tran-
scription factor UBF1 (Bell et al., 1988), the Pol I transcription ter-
mination/activation protein TTF1 (Langst et al., 1997; Németh 
et al., 2008), and NCL (also known as C23), which binds rDNA and 
stimulates Pol I transcription (Rickards et al., 2007), were also redis-
tributed upon p150 depletion. In contrast, the localization of fibril-
larin, an rRNA 2′-O-methyltransferase, and histone H2A glutamine 
methyltransferase, involved in RNA polymerase I transcription and 
pre-rRNA processing (Reichow et al., 2007; Tessarz et al., 2014), 
remained unchanged by p150 depletion, indicating that nucleolar 
structure was not completely disrupted (Figure 2C). Consistent 
with the unaltered distribution of fibrillarin, the overall appearance 
of the 47S rRNA–encoding repeats is not altered upon p150 de-
pletion (see later discussion of Figures 6 and 7). In each of the 
cases we tested (e.g., UBF1, NCL/C23, NPM/B23, Ki67), none of 
the relocalized proteins displayed reduced total protein levels 
(Supplemental Figure S1). Protein relocalizations were not limited 

(Nop5/Nop58), a small nucleolar RNA (snoRNA)–binding protein 
whose nucleolar localization is regulated by SUMOylation (Westman 
et al., 2010); DDX17, a DEAD-box protein that contributes to rRNA 
processing and nucleolar protein localization (Jalal et al., 2007); and 
RRP1B, a nucleolar targeting protein implicated in metastasis 
susceptibility (Crawford et al., 2007; Chamousset et al., 2010). In 
addition, we detected DNAJC9, a DnaJ homologue that was previ-
ously isolated as a binding partner of RRP1B, as were the nucleolar 
proteins NCL, NPM, and Ki67 (Crawford et al., 2009) that we identi-
fied here (Supplemental Table S1). Finally, we note that p150 was 
identified in an independent proteomic analysis of purified nucleoli 
(Ahmad et al., 2009), supporting our findings.

p150 interacts with nucleolar DNA
On the basis of the abundance of nucleolar proteins detected, we 
assessed whether p150 resides in the nucleolus by performing 
immunolocalization studies. Because CAF-1 localization is regulated 
by cell cycle progression and is prominently redistributed to DNA 
replication foci during S phase of the cell cycle (Krude, 1995), we 
examined synchronized populations, comparing cells blocked at the 
G1/S-phase border via a double-thymidine block (Whitfield et al., 
2002) and those released into S phase. We used Ki67 as a marker for 
nucleoli, as described previously (Figure 1C; MacCallum and Hall, 
2000). In these confocal microscopy images, p150 was detected 
throughout the nucleoplasm, and in the G1/S-arrested cells a subset 
of p150 was colocalized with Ki67 at the surface of the nucleoli 
(Figure 1C). More p150 was observed inside nucleoli in the cells re-
leased into mid S phase. We conclude that a subset of cellular p150 
colocalized with the nucleolar protein Ki67, even when DNA replica-
tion is inhibited.

To assess functional roles of p150, we generated human HeLa S3 
cells with a doxycycline-inducible short hairpin RNA (shRNA) target-
ing p150 (p150shRNA-1). A time course after shRNA induction was 
analyzed by immunoblotting, confirming p150 depletion (Supple-
mental Figure S1). On p150 depletion, we observed partial code-
pletion of CAF-1 p60, as expected from other studies (Hoek and 
Stillman, 2003; Ye et al., 2003). In contrast, nucleolar protein levels 
appeared unaltered during this time course, with the exception of a 
mild increase in UBF1 levels at late time points (Supplemental Figure 
S1A). Over the first 72 h, there was a mild increase in the doubling 
time of the p150-depleted cells (from 26 to 33 h) but no dramatic 
alteration of the cell cycle profile until 96 h, when S/G2-phase cells 
accumulated (Supplemental Figure S1, B and C). Our acute deple-
tion experiments were therefore limited to the first 72 h after shRNA 
inductions to minimize the mild growth differences. We also de-
tected no DNA damage checkpoint–mediated phosphorylations 
(Ciccia and Elledge, 2010) or apoptosis-related PARP cleavage 
(Duriez and Shah, 1997) during acute depletion of p150 (Supple-
mental Figure S1D). These data are consistent with previous studies 
in which depletion of p150 via RNA interference (RNAi) did not 
activate DNA damage checkpoints (Hoek and Stillman, 2003; 
Quivy et al., 2008). Similarly, no PARP cleavage was observed in ex-
periments using an alternative depletion reagent, in vitro diced 
“endoribonuclease-prepared short interfering RNA (esiRNA)” 
molecules targeting the 3′ untranslated region of the p150 mRNA 
(Supplemental Figure S1E).

We then tested whether p150 is closely associated with 47S 
rRNA–encoding chromatin via chromatin immunoprecipitation 
(ChIP) assays (Figure 1, D–F), comparing cells expressing a control 
shRNA targeting luciferase with those expressing p150shRNA-1. In 
control experiments with preimmune sera (immunoglobulin G 
[IgG]), no specific enrichments were observed in either cell line. In 
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between the promoter and terminator re-
gions (Németh et al., 2008), and this three-
dimensional interaction is believed to be of 
central importance to rDNA gene activation 
(Denissov et al., 2011). We therefore hy-
pothesized that p150 might contribute to 
localization of TTF-1 to rDNA. Indeed, ChIP 
analyses demonstrated that p150 depletion 
reduced the level of TTF-1 at the rDNA ter-
minator (Figure 2D). We conclude that p150 
regulates the nucleolar localization of multi-
ple proteins.

An N-terminal p150 domain 
incapable of CAF-1 complex 
formation is sufficient for normal 
nucleolar protein localization
To determine whether the entire p150 pro-
tein is important for nucleolar protein local-
izations, we generated cloned, stable cell 
lines that each expresses a different V5 
epitope–tagged, shRNA-resistant, p150-
derived transgene (Figure 3A). These cell 
lines were then subjected to acute RNA-
mediated protein depletion experiments. 
These complementation experiments al-
lowed us to define functional domains and 
determine whether p150 depletion pheno-
types could be directly attributed to p150 
loss rather than indirect effects. Immunoblot 
analyses of these cells confirmed expression 
of the expected protein species and dem-
onstrated that we could achieve efficient 
depletion of endogenous p150 in these 
cells (Figure 3B). Many of these cell lines up-
regulated transgene-encoded protein levels 
in response to depletion of endogenous 
p150, perhaps suggesting a compensatory 
mechanism.

We tested the ability of the transgene-
encoded proteins to interact with the CAF-1 
p60 subunit via immunoprecipitation. Con-
sistent with published data (Kaufman et al., 
1995; Takami et al., 2007), amino acids (aa) 
245–938 contained the p60-binding domain 
(Figure 3C, compare lanes 4 and 10), and 
deletion of the C-terminal one-third of p150 
(aa 642–938) eliminated coprecipitation of 
p60 (Figure 3C, compare lanes 4 and 6). We 
also tested transgenes for their ability to 
maintain cell proliferation over a 7-d period 
(Figure 3D). Consistent with data from 
chicken cells (Takami et al., 2007), the C-ter-
minal region (aa 245–938) containing the 

p60-binding site was required for maintaining cell growth upon loss 
of endogenous p150. We conclude that these cell lines are useful 
tools for studying human p150 functional domains.

We then tested the transgene-expressing cells in immunolocal-
ization assays, comparing cells infected with shRNA-encoding lenti-
viruses to deplete endogenous p150 or luciferase as a control. 
Immunolocalization of the V5 epitope–tagged proteins confirmed 
that the majority of cells in these lines expressed detectable 

to HeLa S3 cells; similar results were observed in HT1080 cells 
(Supplemental Figure S2).

We further explored our finding that TTF-1 is among several nu-
cleolar proteins dispersed upon p150 depletion. TTF-1 is a DNA-
binding protein that interacts with the enhancer, promoter, and ter-
minator regions in the rDNA repeats and stimulates both rDNA 
transcription and Pol I transcriptional termination (McStay and 
Grummt, 2008). Furthermore, TTF-1 promotes loop formation 

FIGURE 2: p150 depletion disrupts localization of multiple nucleolar proteins. (A) HeLa 
S3-Trex-p150-shRNA1 (sh-p150) or luciferase-shRNA cells (sh-Luc) were treated with doxycycline 
for 72 h to induce shRNA expression and then prepared for indirect immunofluorescence, 
staining up to two nucleolar proteins simultaneously in each experiment as indicated. Fields of 
cells photographed with a 63× objective. Scale bar, 20 μm. (B) Representative individual cells 
from A were enlarged. Scale bar, 10 μm. (C) As in A and B, showing the localization of fibrillarin, 
which remains unchanged upon p150 depletion. (D) ChIP analysis of TTF-1 in HeLa S3 cells 
expressing the indicated shRNAs. Chromatin was precipitated with either nonimmune rabbit 
serum (IgG) or anti–TTF-1 antibodies as indicated and occupancy at the rDNA terminator R1 and 
the glyceraldehyde-3-phosphate dehydrogenase gene was measured. The mean amounts of 
precipitated chromatin from three biological replicates are presented as percentages of input. 
Error bars represent SDs. *p < 0.01 comparing TTF-1 occupancy at R1 in the sh-Luc and sh-p150 
samples; p ≥ 0.25 for all other pairs shown.
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transgene products (Figures 4 and 5). We 
first confirmed that negative control cells 
expressing a V5-luciferase transgene and an 
shRNA targeting luciferase displayed nor-
mal nucleolar localization of Ki67 and 
Nopp140 and that depletion of p150 in the 
same cells delocalized these proteins 
(Figures 4A and 5A; see also Supplemental 
Figures S3–S8). Conversely, in positive con-
trol cells expressing an shRNA-resistant 
cDNA encoding full-length p150 (aa 1–938), 
nucleolar localization of Ki67 and Nopp140 
was unaltered upon depletion of endoge-
nous p150, indicating functional comple-
mentation. We conclude that p150 deple-
tion and not untargeted alterations caused 
mislocalization of Ki67 and Nopp140.

We also observed that C-terminally 
deleted p150 transgenes (e.g., 1–641 and 
1–310) maintained Ki67 and Nopp140 lo-
calization upon depletion of endogenous 
p150 (Figures 4 and 5 and Supplemental 
Figures S3–S8). Thus aa 1–310 of p150 
sufficed for Ki67 and Nopp140 localiza-
tion, even though this domain is incapa-
ble of p60 binding (Figure 3C, compare 
lanes 4 and 8), These data indicate that 
the N-terminal 310 aa of p150 constitute 
a domain that is functionally separable 
from the CAF-1 complex, which we will 
term p150N.

To test for functionally important regions 
within p150N, we mutated previously de-
scribed interaction motifs. These included a 
noncanonical PCNA-interaction peptide 
(PIP; Moggs et al., 2000; Ben-Shahar et al., 
2009), a heterochromatin protein 1 (HP1)–
binding site (Murzina et al., 1999), and a 
SUMO interaction motif (SIM) that binds SU-
MOylated proteins (Uwada et al., 2010; Sun 
and Hunter, 2012). Deletion of the PCNA- or 
HP1-binding site resulted in transgenes that 
supported less robust growth than the wild-
type full-length transgene, whereas a point 
mutation within the SIM did not appear to 
reduce growth (Figure 3D).

In protein localization experiments anal-
ogous to those described, cells expressing 
p150 transgenes with mutations in either 
the PCNA- or HP1-binding motif displayed 
no defects in localizing Ki67, Nopp140, or 
TTF-1 (Figures 4 and 5 and Supplemental 
Figures S3–S8). In contrast, a single I99A 
amino acid substitution within the SIM re-
duced the ability of the p150 transgene to 
maintain Ki67, Nopp140, and TTF-1 local-
ization upon depletion of endogenous 
p150 (Figures 4 and 5 and Supplemental 
Figures S3–S8). We conclude that the SIM 
domain within p150N is a key factor for the 
normal localization of several nucleolar 
proteins.

FIGURE 3: Domain analysis of human p150. (A) Diagram of transgenes introduced into HeLa 
cells. Colored boxes indicate the V5 epitope tags (yellow), PEST region (red), low-complexity 
regions KER (blue) and ED (green), dimerization region (D, orange), the N-terminal PCNA 
interaction peptide (PIP, cyan), and the HP1-binding site (pink). The I99A point mutation that 
inactivates the SUMO-interaction motif (SIM, red asterisk) and silent mutations rendering the 
transgenes resistant to RNAi (shR, black asterisks) are indicated. Regions previously shown to be 
sufficient for in vitro chromatin assembly and p60 interaction are drawn below the top diagram. 
(B) Immunoblot analysis of V5-tagged transgene-expressing cell lines in two independent 
experiments (lanes 1–10 and 11–28). Cells were infected for 72 h with lentiviruses expressing 
either sh-luciferase (L, odd-numbered lanes) or sh-p150 (P, even-numbered lanes) and whole-cell 
extracts were separated on 10% SDS–PAGE gels. After transfer, blots were probed with 
anti-p150 to detect endogenous p150, anti-V5 to detect transgene products, and anti-tubulin 
(TUBA) or anti-fibrillarin (FBL) antibodies as loading controls. Arrowheads indicate full-length 
p150 protein. (C) Interaction between p150 transgene products and p60. Extracts from the 
indicated V5-tagged transgene-expressing cell lines were immunoprecipitated with anti-V5 
antibodies. Input extracts (In, odd-numbered lanes) and immunoprecipitates (IP, even-numbered 
lanes) were resolved on 10% SDS–PAGE gels, transferred to membranes, and probed with 
anti-p150, V5, and p60 antibodies. Arrowhead indicates full-length p150 protein; asterisks 
indicate anti-V5 IgG bands in IP samples detected by the anti-mouse secondary antibody. Note 
that the 1-310 transgene comigrates with the IgG heavy chain. (D) V5-tagged, RNAi-resistant 
p150 transgenes were tested for the ability to maintain cell proliferation in the presence of 
either sh-luciferase (sh-Luc) or p150-shRNA1 (sh-p150) in HeLa cells. Cells (4500) were plated in 
six-well dishes and infected with the indicated lentivirus, and selection for infected cells began 
48 h post infection. At 7d postinfection, cell proliferation was assessed by crystal violet staining.
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large C-terminal fragment of p150 (aa 245–
938) upon depletion of endogenous p150 
(Supplemental Figures S3 and S4). There-
fore p150N was necessary and sufficient for 
Ki67 localization. In contrast, nucleolar local-
ization of Nopp140 was maintained not only 
by p150N, but by the C-terminus as well 
(Supplemental Figures S5 and S6). Never-
theless, the Nopp140-localizing function 
within p150N depended on the SIM motif 
(Figure 5), and mutation of the SIM motif re-
duced nucleolar localization of Nopp140 
even within the context of the full-length 
p150 transgene (Supplemental Figure S5). 
These data indicate that the SIM is an im-
portant but not unique domain for localizing 
Nopp140. In addition, a localization pattern 
similar to Nopp140 was observed for TTF-1 
(Supplemental Figures S7 and S8).

The p150 N-terminus promotes 
interchromosomal interactions 
of the 47S rRNA–encoding repeats
Deep sequencing experiments have de-
tected genomic regions preferentially as-
sociated with nucleoli (Nemeth et al., 2010; 
van Koningsbruggen et al., 2010). Among 
the “nucleolar-associated domains (NADs)” 
discovered were several types of repetitive 
DNA, including centromeric satellite DNA, 
D4Z4 repetitive DNA elements from the te-
lomeric regions of chromosomes 4q and 
10q, and the array of 5S rDNA genes from 
chromosome 1q. Therefore, using two-
color DNA fluorescent in situ hybridization 
(FISH) experiments, we tested whether 
these long-range interchromosomal asso-
ciations with 47S rRNA–encoding repeats 
were affected by p150 depletion. FISH ex-
periments were initially performed in MCF-
10A cells because these have a flattened 
morphology that we found more conducive 
to rDNA hybridization. In MCF10A cells ex-
pressing a control sh-luciferase hairpin 
RNA, we observed that ∼30–40% of 10q 
telo mere, 5S rDNA array, and α-satellite al-
leles associated with 47S rRNA–encoding 
repeats (Figure 6, A–C). In contrast, a nega-
tive control BAC probe lacking NAD se-
quences displayed the expected back-
ground of ∼10% association (Nemeth et al., 
2010). In cells expressing sh-p150, we ob-
served a statistically significant decrease in 
nucleolar associations for all three NAD-
containing loci tested but no change for 
the negative control. To extend this finding 
beyond immortalized cell lines, we then 
tested whether p150-dependent nucleolar 
associations could be detected in primary 
human cells. Using foreskin fibroblasts, we 

observed that the association of α-satellite DNA with nucleoli was 
indeed significantly reduced upon depletion of p150 (Figure 6, 
D–G). In these cells, detection of nucleoli was more robust using 

Analysis of additional transgenes showed that Ki67 and Nopp140 
display some difference in the regulation of their localization. Nucle-
olar localization of Ki67 was largely diminished in cells expressing a 

FIGURE 4: The p150 SUMO-interaction motif (SIM) is required to maintain nucleolar Ki67 
localization. HeLa cell lines expressing the indicated V5-tagged transgenes (A, luciferase; B, 
1-938; C, 1-310; D, 1-310-ΔHP1; E, 1-310-I99A; F, 1-310-ΔPIP1; see Figure 3A) were infected with 
lentiviruses encoding the indicated shRNAs (sh-luciferase or sh-p150) and prepared for indirect 
immunofluorescence 72 h later. Scale bar, 20 μm.
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encoding repeats, which were reduced 
upon p150 depletion (Figure 7, A and B). A 
similar loss of α-satellite–rDNA associations 
was observed in cells expressing a large C-
terminal p150 fragment (aa 245–938; Figure 
7, A and C). In contrast, cells expressing 
p150N (aa 1–310) maintained these associa-
tions upon depletion of endogenous p150, 
measured either as the total number of al-
lele associations (Figure 7A) or number of 
alleles associated per cell (Figure 7D). Taken 
together, our data indicate that the p150N 
domain of p150 is sufficient for promoting 
efficient nucleolar protein localizations and 
interchromosomal associations.

We next tested how point mutations 
within p150N affected α-satellite interactions 
with the nucleolus. As observed in the pro-
tein localization experiments (Figures 4 and 
5), the I99A but not the PCNA- or HP1-bind-
ing site mutations reduced the nucleolar as-
sociations (Figure 8, A–D). To test whether 
SUMO conjugation itself is important for nu-
cleolar chromosome interactions, we used 
siRNAs to transiently deplete p150, Ubc9, 
the E2 enzyme required for all SUMO conju-
gation events in human cells (Jentsch and 
Psakhye, 2013), or SUMO2 itself. Reverse-
transcriptase-PCR analysis confirmed reduc-
tion of UBC9 and SUMO2 mRNA levels 
(Figure 8G). The p150 depletion confirmed 
that siRNA-mediated targeting of the p150 
mRNA via a different sequence than recog-
nized in shRNA-mediated depletions still 
significantly reduced α-satellite–nucleolar in-
teractions. In addition, we observed signifi-
cantly reduced interactions upon either 
UBC9 or SUMO2 depletion. We conclude 
that both a SUMO interaction motif within 
the p150N domain and the SUMO conjuga-
tion machinery contribute to efficient nucle-
olar protein localizations and interchromo-
somal interactions.

DISCUSSION
A separable functional domain within 
the CAF-1 p150 N-terminus
We show here that the N-terminal domain 
of p150 (aa 1–310) is sufficient to maintain 
nucleolar protein and interchromosomal as-
sociations and thereby constitutes a distinct 
and separable functional domain. Because 
p150 residues 1–310 cannot bind the CAF-1 
p60 subunit and lacks the previously de-

scribed dimerization motif within p150 (Quivy et al., 2001; Figure 3), 
these data suggest that the canonical three-subunit CAF-1 complex 
is not required for these novel functions. We note that previous pro-
teomic analysis of nucleoli detected p150 but not p60 (Ahmad et al., 
2009), consistent with the idea of nucleolar functions for p150 sepa-
rate from CAF-1. We also note that a previous proteomic analysis of 
p150 detected interacting proteins largely nonoverlapping with 
those reported here (Hoek et al., 2011), raising the possibility that 

an anti-fibrillarin antibody rather than a 47S rRNA–encoding 
repeat probe. We conclude that p150 is important for nucleolar 
association of several repetitive DNAs in both primary and trans-
formed human cells.

We then tested whether the p150N protein fragment would 
suffice for maintaining these chromosomal interactions. In HeLa 
cells expressing the control V5-luciferase transgene, we again ob-
served frequent associations of α-satellite DNA with the 47S rRNA–

FIGURE 5: The p150 SIM is required to maintain nucleolar Nopp140 localization. As in Figure 4, 
HeLa cell lines expressing the indicated V5-tagged transgenes were infected with lentiviruses 
encoding the indicated shRNAs (sh-luciferase or sh-p150) and prepared for indirect 
immunofluorescence 72 h later. Scale bar, 20 μm.



Volume 25 September 15, 2014 Nucleolar interchromosomal interactions | 2873 

individual subunits. For example, p60 was 
recently shown to act as a protamine depo-
sition factor independent of CAF-1 during 
fruit fly spermatogenesis (Doyen et al., 
2013). p48 is a histone H4–binding (Murzina 
et al., 2008; Song et al., 2008) subunit of 
many complexes involved in chromosome 
biology (Martinez-Balbas et al., 1998; Zhang 
et al., 1999; Kuzmichev et al., 2002). Two 
functions for p150 independent of CAF-1 
have been described. First, p150, but not 
p60, is required for efficient replication of 
HP1-rich pericentric heterochromatin in 
mouse cells, and this activity requires the 
canonical HP1-binding site on p150 (Quivy 
et al., 2008). Second, p150 but not p60 
stimulates transcription from the major im-
mediate early promoter (MIEP) of human 
cytomegalovirus (CMV; Lee et al., 2009). In 
the latter studies, the p150 N-terminal 310 
aa (p150N) were shown to be an activation 
domain for MIEP transcription (Lee et al., 
2009). Although subregions within p150N 
were not tested in that system, those find-
ings are consistent with our conclusion that 
p150N can act as a separable domain with 
distinct functions. Here we show that human 
p150N has important structural roles out-
side of the context of viral infection, main-
taining normal nucleolar protein localization 
and interchromosomal interactions. There-
fore the C-terminal two-thirds of human 
p150 essential for formation of the nu-
cleosome assembly complex CAF-1 are ap-
pended to a separable domain that regu-
lates the structure of the nucleolus and the 
interconnectivity of the human genome.

The SIM domain links human p150N 
to nucleolar structures
Our studies show the p150 SIM domain is 
required for nucleolar macromolecular asso-
ciations. This p150 SIM domain was previ-
ously shown to bind the highly homologous 
SUMO-2 and SUMO-3 proteins but not 
SUMO-1 (Uwada et al., 2010). Furthermore, 
mutational analysis of the p150 SIM was 
shown to alter association of SUMO-2 and 
SUMO-3 with DNA replication foci. How-
ever, the converse was not true, because 
acute depletion of SUMO2/3 did not affect 
p150 association with replication foci. These 
data suggested that p150 recruits SUMO2/3 
to DNA replication foci via the SIM domain. 
We do not yet know whether those observa-

tions are related to those reported here. Our data suggest that the 
interaction of p150 with the rDNA is not limited to S phase of the 
cell cycle (Figures 1 and 2), and the p150 SIM domain appears dis-
pensable for p150’s contribution to cell proliferation (Figure 3D). In 
addition, we observe that strong inhibition of rDNA transcription 
with actinomycin D does not impair the α-satellite–nucleolar interac-
tion (Supplemental Figure S9), although in other studies different 

differences in the epitope tags used or other experimental details 
can favor retention of distinct subsets of the protein interactions of 
p150.

In all eukaryotic species, CAF-1 is a complex of three conserved 
subunits, all of which are required for in vitro nucleosome assembly 
activity (Kaufman et al., 1995; Verreault et al., 1996). In addition, 
roles outside of the CAF-1 complex have been described for 

FIGURE 6: Higher-order interactions of rDNA chromatin are altered upon p150 depletion. (A) 
DNA FISH analysis of MCF10A-Tet-KRAB cells expressing the indicated shRNAs. Three 
biological replicate experiments were performed, with mean percentage nucleolar association 
and SDs graphed. Probes analyzed were a chromosome 10q BAC (10q, total alleles assayed [n] = 
332 for sh-Luc, 262 for sh-p150), a 5S rDNA–containing BAC (5S, n = 312 for sh-Luc, 352 for 
sh-p150), α-satellite DNA from chromosome 17 (αSat 17, n = 288 for sh-Luc, 306 for sh-p150), 
and negative control BAC (− Control, n = 314 for sh-Luc, 306 for sh-p150) that was previously 
reported to be unassociated with nucleoli (Nemeth et al., 2010). The p values comparing the 
sh-Luc and sh-p150 samples for each probe are indicated, with p < 0.05 indicated in red, 
demonstrating statistical significance. (B) Fluorescence microscopy images of representative 
cells from an experiment from A. rDNA is colored red, the 10q BAC is green, and DAPI is blue. 
Scale bar, 5 μm. (C) Immunoblot of representative whole-cell extracts from an experiment in A, 
with tubulin as loading control. (D) Immuno-FISH analysis of primary human foreskin fibroblasts 
treated either with luciferase control or p150-targeted sh-RNAs. Cells were treated with 
anti-fibrillarin antibodies, followed by hybridization with a αSat 17 probe. total alleles assayed = 
324 for sh-Luc, 308 for sh-p150. (E) Data from D, plotting the percentage of cells displaying the 
indicated numbers of αSat 17 alleles associated with fibrillarin. The total cells assayed = 162 for 
sh-Luc, 154 for sh-p150. (F) Fluorescence microscopy images of representative cells from an 
experiment from D. Fibrillarin is in green, and the αSat 17 probe is red. Scale bar, 5 μm. (G) 
Immunoblot of representative whole-cell extracts from an experiment in D, with fibrillarin as 
loading control.
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N-terminal SIMs are also of the canonical 
type B in other animals, including mammals 
and the sea urchin Strongylocentrotus 
purpuratus (Supplemental Figure S10). In 
contrast, this SIM is altered from the type B 
consensus in frogs, zebrafish and chickens, 
and insects. The budding yeast SIM se-
quence lacks the characteristic aspartate at 
position 3 that is critical for high-affinity 
binding, and no apparent type B SIM se-
quences could be identified in fission yeast, 
worms, or the plants Arabidopsis thaliana 
and Triticum urartu. Future studies will be 
required to clarify whether and how nucleo-
lar associations are mediated by p150 ho-
mologues in other organisms.

In that regard, it is of particular interest 
that recent work showed a progressive loss 
of 45S rDNA copies in A. thaliana mutants in 
lacking the CAF-1 p150 or p60 subunit 
(Mozgova et al., 2010). Further, these mu-
tants display a loss of partitioning of silent 
45S rDNA copies into the nucleoplasm 
(Pontvianne et al., 2013), whereas 5S rDNA 
remains stable in its copy number and local-
ization. We do not observe altered DNA-
FISH signals with a 47S-encoding rDNA 
probe in human cells (Figures 6 and 7 and 
unpublished data), and so we do not have 
evidence for a similar mechanism in humans. 
Further, as mentioned earlier, there is no dis-
cernible SIM in A. thaliana p150. However, 
we cannot rule out less dramatic reorganiza-
tion of 47S rDNA that would have escaped 
detection in our FISH experiments, and the 
full range of contributions of p150 to the 
structure and function of nucleolar chroma-
tin in human cells remains an open an inter-
esting avenue for exploration.

Higher-order interactions of nucleolar 
chromatin
Several connections between heterochro-
matin, centromeric DNA, and the nucleolus 
have been described. For example, in 
Drosophila, the nucleolar protein Modulo, 
an NCL homologue, affects formation of 
centromeric chromatin (Chen et al., 2012). 

Conversely, depletion of Drosophila HP1 causes dispersal of the 
rDNA and nucleolar proteins, including fibrillarin (Peng and 
Karpen, 2007). We note that vertebrate p150 homologues include 
an HP1-binding domain (Murzina et al., 1999) that is within the 
p150N domain, although we do not observe fragmentation of 
rDNA upon depletion of p150 in human cells (Figure 7). Other links 
between the nucleolus and centromeric DNA in Drosophila include 
recent studies showing that NLP, a nucleophosmin-related protein, 
is required is required for centromere clustering and anchoring of 
centromeric DNA to nucleoli (Padeken et al., 2013). Further, both 
Drosophila NLP (Padeken et al., 2013) and human NPM (Foltz 
et al., 2006) interact with the centromere-specific histone CENP-A. 
Biochemical interactions between CENP-C and UBF1 (Pluta and 
Earnshaw, 1996) and colocalization of centromeric proteins with 

NAD–nucleolar interactions were variably reduced upon similar 
treatments (Nemeth et al., 2010). Therefore we are investigating 
how these chromosome interactions are dynamic with regard to 
transcription and growth control and whether they are cell cycle 
regulated. We also note that a large number of SUMOylated pro-
teins reside in the nucleolus (Westman et al., 2010; Finkbeiner et al., 
2011), and we are exploring whether particular protein interactions 
depend on the p150 SIM domain.

A previously published protein alignment suggested that Cac1, 
the budding yeast homologue of human p150, also contains a pu-
tative SIM (Uwada et al., 2010). Subsequent analysis in the Hunter 
laboratory showed that the SIM in the N-terminus of human p150 
is a “type B” or “VIDLT” class of SIM that is often found as a domi-
nant SIM in multi-SIM proteins (Sun and Hunter, 2012). The p150 

FIGURE 7: The p150 N-terminus is necessary and sufficient for nucleolar interchromosomal 
associations. (A) DNA FISH analysis of the association between αSat 17 and rDNA in HeLa cells 
expressing the indicated V5-tagged transgenes (luciferase, p150N [aa 1–310], or p150C [aa 
245–938]). The percentage of αSat 17 alleles colocalized with the rDNA is indicated, with mean 
and SDs from three experiments. For V5-luciferase cells, total alleles assayed = 471 for sh-Luc and 
480 for sh-p150; for V5-p150N cells, 525 for sh-Luc and 489 for sh-p150; and or V5-p150C cells, 
450 for sh-Luc and 468 for sh-p150. p values comparing the sh-Luc and sh-p150 samples are 
indicated, demonstrating statistically significant rescue by the p150N but not the p150C 
transgene. (B–D) Data from the experiment in A replotted to display the number of αSat 17 
alleles per cell associated with the rDNA. Note that these HeLa-derived lines have three copies of 
chromosome 17. For V5-luciferase cells, total cells examined = 157 for sh-Luc and 160 for sh-p150; 
for V5-p150N cells, 175 for sh-Luc and 163 for sh-p150; and for V5-p150C cells, 150 for sh-Luc 
and 156 for sh-p150. Comparisons for which p ≤ 0.05 are indicated by asterisks, and a number 
sign indicates p ≤ 0.01. (E) Fluorescence microscopy images of representative cells from an 
experiment from A. rDNA is colored red, the αSat 17 is green, and DAPI is blue. Scale bar, 5 μm.
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FIGURE 8: The p150 SIM and sumoylation proteins are required for nucleolar interchromosomal 
associations. (A) Immuno-FISH analysis of the association between αSat 17 and fibrillarin in HeLa 
cells expressing the indicated V5-tagged transgene derivatives of full-length p150. The 
percentage of αSat 17 alleles colocalized with fibrillarin is indicated, with mean and SDs from 
three experiments. For ΔPIP cells, total alleles assayed = 510 for sh-Luc and 477 for sh-p150; for 
ΔHP1 cells, 522 for sh-Luc and 513 for sh-p150; and for I99A cells, 486 for sh-Luc and 480 for 
sh-p150. p values comparing the sh-Luc and sh-p150 samples are indicated, demonstrating 
statistically significant rescue by the ΔPIP and ΔHP1 but not the I99A transgenes. (B–D) Data 
from the experiment in A replotted to display the number of αSat 17 alleles per cell associated 
with the rDNA. Note that these HeLa-derived lines have three copies of chromosome 17. For 
ΔPIP cells, total cells examined = 170 for sh-Luc and 159 for sh-p150; for ΔHP1 cells, 174 for 
sh-Luc and 171 for sh-p150; and for I99A cells, 162 for sh-Luc and 160 for sh-p150. Comparisons 
for which p ≤ 0.05 are indicated by asterisks. (E) Immuno-FISH analysis of MCF10A cells treated 
with the indicated siRNAs. The percentage of αSat 17 alleles colocalized with fibrillarin is 
indicated, with mean and SDs from three experiments. The total alleles assayed = 328 for 
si-luciferase–treated cells, 346 for si-p150–treated cells, 324 for si-UBC9–treated cells, and 342 
for si-SUMO2-treated cells. p values comparing the sh-Luc and other samples are indicated, 
demonstrating statistically significant reductions in association by each of the three test 
depletions. (F) Data from the experiment in E replotted to display the number of αSat 17 alleles 
per cell associated with fibrillarin. Note that these MCF10A-derived lines have two copies of 
chromosome 17. (G) Quantitative PCR analyses of esiRNA treatments demonstrating reduced 
steady-state mRNA levels in the targeted cells. (H) Immunoblot of representative whole-cell 
extracts from an experiment in E, with fibrillarin as loading control. (I) Fluorescence microscopy 
images of representative cells from an experiment from E and F. Fibrillarin is colored green, the 
αSat 17 is red, and DAPI is blue. Scale bar, 5 μm.

the nucleolus (Ochs and Press, 1992; Wong 
et al., 2007) have also been described. To-
gether these data, and other data reviewed 
recently (Padeken and Heun, 2014), sug-
gest conserved links among nucleoli, het-
erochromatin, and centromeres. However, 
we do not observe changes in the distribu-
tion of CENP-A upon p150 depletion in hu-
man cells (Supplemental Figure S10B). 
Therefore the extent of p150N’s contribu-
tions to heterochromatin and centromere 
function remains to be determined. Experi-
ments are underway to determine which 
partner proteins are involved in the ability 
of p150N to stimulate the higher-order 
chromatin interactions of nucleoli and de-
termine whether these interactions are 
specific to repetitive sequences.

MATERIALS AND METHODS
Preparation of nuclear extracts 
and affinity chromatography for 
mass spectroscopy samples
HeLa S3 Trex (untagged) and HeLa S3 
Trex-NTAP-p150 cells were maintained as 
monolayers and then expanded to suspen-
sion cultures for large-scale preparations. 
Suspension cultures were started at a cell 
density of 3 × 105/ml and maintained be-
tween 1.5 × 105 and 6 × 105/ml. NTAP-p150 
synthesis was induced by addition of doxy-
cycline (1 μg/ml) for 16–18 h. Untagged 
samples were also treated with doxycycline 
in the same manner. Routinely, 6–8 l of sus-
pension cells were grown for each harvest. 
Suspension cultures were harvested by 
centrifugation at 1000 × g at 4°C. Pellets 
were used to generate nuclear extracts by 
Dounce homogenization. Briefly, suspen-
sion cells were collected by centrifugation 
at 1000 × g for 5 min. Cells were washed 
with ice-cold phosphate-buffered saline 
(PBS) and then homogenization buffer 
(20 mM 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid [HEPES]-KOH, pH 8.0, 
5 mM KCl, 1.5 mM MgCl2) and then resus-
pended in 1 ml of homogenization buffer/
ml of packed cell volume. Cells were 
disrupted by 28 strokes of a B pestle (loose) 
by Dounce homogenization (Wheaton, 
Millville, NJ), and nuclei were pelleted by 
centrifugation (5 min at 1000 × g) and 
washed with nuclei wash buffer (10 mM 
NaCO3, 150 mM NaCl). Nuclear extracts 
were made by incubating nuclei with ex-
traction buffer (15 mM Tris-HCl, pH 7.8, 
1 mM EDTA, 400 mM NaCl, 10% sucrose, 
0.1 mM phenylmethylsulfonyl fluoride, 
1 mM dithiothreitol [DTT]) for 30 min, rotat-
ing at 4°C. Extracts were then clarified 
by ultracentrifugation at 100,000 × g for 
60 min and then frozen in aliquots and 
stored at −80°C. For samples analyzed by 
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depletion of p150 (p150shRNA-1) had the targeting sequence 
AGGGGAAAGCCGATGACAT. Destination vectors for expressing 
p150shRNA-1 were created by recombining pENTR1A/pTER 
p150shRNA-1 (435-1) into pLenti RNAi X2 neo (w18-1) to create 
pLenti RNAi X2 Neo/pTER p150shRNA-1 (w23-2) and pLenti RNAi 
X2 Puro (w16-1) to create pLenti RNAi X2 Puro/pTer p150shRNA-1 
(pPK655). The luciferase shRNA-expressing construct pLenti X2 
Neo/pTER shLUC (w181-1) was previously described (Campeau 
et al., 2009).

p150 derivatives and other transgenes
The p150 amino acid numbers used here are based on the literature 
(Kaufman et al., 1995; Lee et al., 2009). Various p150 constructs 
were altered by site-directed mutagenesis to make them resistant to 
p150shRNA-1. First, we used oligonucleotides ECA552 and ECA553 
(Supplemental Table S2) to alter the p150 cDNA in plasmid pPK8 
(Kaufman et al., 1995), generating plasmid pPK649, which carries 
the “shR” version of the p150 cDNA. RNAi-resistant, V5-tagged 
p150 C-terminal or internal deletion Gateway entry constructs were 
generated by cloning fragments of pPK649 into pENTR-V5 (w71-3). 
Lentiviral expression vectors were made by LR recombination of the 
pENTR-based entry constructs into pLenti CMV Hygro (w117-1). 
The negative control transgene, V5-tagged luciferase was gener-
ated by LR recombination of 468-1 (pENTR vector + V5-luciferase) 
into w117-1 to generate pPK678 (pLenti CMV V5-luciferase).

esiRNA methods
siRNAs were generated using the Deqor method (Surendranath 
et al., 2013), with primers designed using the Deqor database 
(http://deqor.mpi-cbg.de/deqor_new/input.html) to generate T7-
tailed dsDNA templates from human cDNA in two rounds of PCR. In 
the case of the luciferase esiRNA, RNA from a HeLa cell line express-
ing V5-luciferase was used to generate cDNA; all other esiRNAs de-
rived from cDNA from normal HeLa cells. In the first round of PCR, 
primers specific to the gene of interest (p150, luciferase, UBC9, or 
SUMO2) were used in the following program: 95°C for 3 min, 16 cy-
cles of (95°C for 1 min, 65°C − 1°C/cycle for 1 min, and 72°C for 
1 min), followed by an additional 15 cycles of (95°C for 1 min, 60°C 
for 1 min, and 72°C for 1 min) and one final cycle at 72°C for 5 min. 
In the second round of PCR, a T7 promoter-tailed primer was used to 
amplify the product of the first round with the following program: 
95°C for 2 min, four cycles of (95°C for 30 s, 42°C for 45 s, and 72°C 
for 1 min), followed by an additional 29 cycles of (95°C for 30 s, 60°C 
for 45 s, and 72°C for 1 min) and one final cycle at 72°C for 5 min. 
The product of the second round of PCR is used to transcribe dou-
ble-stranded esiRNA using T7 RNAP in presence of 25 mM nucleo-
side triphosphates and 40 mM Tris, pH 7.9, 6 mM MgCl2, 2 mM 
spermidine, and 10 mM NaCl using the following thermocycler pro-
gram: 37°C for 5 h, 30 min; 90°C for 3 min; ramp 0.1°C/s to 70°C; 
70°C for 3 min; ramp 0.1°C/s to 50°C; 50°C for 3 min; ramp 0.1°C/s 
to 25°C; 25°C for 3 min. After transcription and annealing, products 
were digested with 2 U of RQ1 DNase I for 15 min at 37°C. Then 
esiRNAs were generated by digesting doubled-stranded RNAs 
with RNase III (Fazzio et al., 2008) and purified as described using 
Invitrogen RNA Mini Kits.

Cell culture methods
For inducible expression of transgenes, a HeLa S3-Trex cell line ex-
pressing the tetracycline repressor was established by infecting 
HeLa S3 cells with lentiviruses containing pLenti CMV TetR Blast 
(716-1) and selecting for blasticidin-resistant cells. HeLa S3-Trex 
cells were maintained either on plates or in suspension in RPMI 

mass spectroscopy, 12.5 mg (experiment 1) or 25 mg (experiment 
2) of nuclear extract was used for affinity purification.

Affinity purifications were performed with streptavidin–Sepharose 
(GE Healthcare). All steps were performed at 4°C. We used 300 μl of 
resin/25 mg of nuclear extract. Extracts were diluted twofold with 
25 mM Tris-HCl, pH 7.5, 1 mM EDTA, 10% glycerol, and 0.01% NP40 
to reduce the NaCl concentration from 400 to 200 mM and rotated 
with the resin for 3 h. Beads were washed twice for 20 min with 
MS200 (100 mM Tris, pH 8.5, 200 mM NaCl) plus 50 μg/ml ethidium 
bromide (EtBr). Beads were then washed twice more with MS200 
without EtBr and twice with MS50 (100 mM Tris, pH 8.5, 50 mM 
NaCl). Proteins were then eluted from the beads with ME buffer 
(100 mM Tris, pH 8.5, 8 M urea). Samples were precipitated with 20% 
trichloracetic acid on ice for 30 min and centrifuged for 10 min at 
16,000 × g at 4°C. The supernatants were removed, and the pellets 
were washed twice with −20°C acetone and air-dried.

Mass spectroscopy
The NTAP-p150 and untagged samples were first denatured in 
8 M urea and then reduced and alkylated with 10 mM Tris(2-
carboxyethyl)phosphine hydrochloride (Roche Applied Science; 
Indiana polis, IN) and 55 mM iodoacetamide (Sigma-Aldrich, St. 
Louis, MO), respectively. The sample was then digested overnight 
with trypsin (Promega, Madison, WI) according to the manufacturer’s 
specifications.

The protein digest was pressure loaded onto a fused silica capil-
lary (Polymicro Technologies) column of 250-μm inner diameter with 
a Kasil frit packed with 3 cm of 3-μm C18 resin (Phenomenex, 
Torrance, CA). After desalting, this column was connected to a fused 
silica capillary (Polymicro Technologies) analytical column of 100-μm 
inner diameter with a 5-μm pulled tip, packed with 10 cm of 3-μm 
C18 resin (Phenomenex).

The column was placed inline with a 1200 quaternary high-perfor-
mance liquid chromatography (HPLC) pump (Agilent Technologies, 
Lexington, MA), and the eluted peptides were electrosprayed directly 
into an LTQ mass spectrometer (Thermo Scientific). The buffer solu-
tions used were 5% acetonitrile/0.1% formic acid (buffer A) and 80% 
acetonitrile/0.1% formic acid (buffer B). The 180-min elution gradient 
had the following profile: 10% buffer B beginning at 15 min to 40% 
buffer B at 105 min, to 70% buffer B at 150 min, to 100% buffer B from 
155 to 165 min. A cycle consisted of one full scan mass spectrum 
(400–1600 m/z), followed by five data-dependent collision-induced 
dissociation tandem mass spectrometry (MS/MS) spectra. Applica-
tion of mass spectrometer scan functions and HPLC solvent gradients 
was controlled by the Xcalibur data system (Thermo Scientific).

MS/MS spectra were extracted using RawXtract (version 1.9.9; 
McDonald et al., 2004). MS/MS spectra were searched with the 
Sequest algorithm (Eng et al., 1994) against an European Bioinfor-
matics Institute International Protein Index protein database, ver-
sion 3.30 (June 2007), concatenated to a decoy database in which 
the sequence for each entry in the original database was reversed 
(Peng et al., 2003). The Sequest search was performed using full 
enzyme specificity, including static modification of cysteine due to 
carboxyamidomethylation (57.02146). Up to two missed cleav-
ages were considered. Sequest search results were assembled 
and filtered using the DTASelect (version 2.0) algorithm (Tabb 
et al., 2002). The peptide identification false-positive rate was 
kept to <1%.

shRNAs
shRNA expression constructs were made using the system we 
described previously (Campeau et al., 2009). The shRNA for 
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polyclonal antibodies, a codon-optimized version of the first 200 aa 
of the p150 cDNA was cloned into pGEX6 (GE Healthcare) to gener-
ate pPK621. The codon numbering for this construct is based on the 
full-length p150 open reading frame, which contains an additional 
18 aa at the N-terminus not present in the original cDNAs (accession 
number NM_005483). Synthesis of the glutathione S-transferase 
(GST)–p150(1-200) fusion protein was induced in BL21(DE3)pLysS 
Escherichia coli cells grown in Luria broth with 35 μg/ml chloram-
phenicol and 100 μg/ml ampicillin at 37°C by addition of 0.5 mM 
isopropyl-β-d-thiogalactoside at an OD600 of 0.4 for 2 h. Pellets were 
collected, washed in ice-cold PBS, frozen in liquid nitrogen, and 
stored at −80°C. Glutathione affinity chromatography on Glutathi-
one Sepharose 4 Fast Flow and separation of GST from p150(1-200) 
by PreScission Protease digestion were performed in PBS at 4°C per 
manufacturer’s instructions (GE Healthcare). Additional purification 
of p150(1-200) was performed by ion exchange chromatography on 
a 1-ml Poros 20 HQ column (Life Technologies). Soluble protein col-
lected from the PreScission digestion was loaded onto a HQ column 
preequilibrated in HQ buffer (25 mM Tris, pH 7.5, 1 mM EDTA, 
1 mM DTT) with 100 mM NaCl and eluted using a gradient from 
100 mM to 1 M NaCl. p150(1-200) eluted near the beginning of the 
gradient. This purified antigen was used to immunize rabbits for 
antisera production (at Pocono Rabbit Farm and Laboratory, under 
the approval of University of Massachusetts Medical School IACUC 
Off-Site Animal Protocol A-1692-12). Antibodies to CBP (RCBP-45A; 
ICL), Ki67 (NB500-170; Novus), CAF1-p60 (ss96; Smith and Stillman, 
1991), CENPA (ab13939; Abcam), phospho(S1981)-ATM (200-301-
400; Rockland), phospho(S317)-Chk1 (A300-163A; Bethyl), 
phospho(S139)-γH2AX (05-636; Upstate), HP1α (05-689; Millipore), 
NPM/B23 (sc-32256; Santa Cruz Biotechnology), NCL/C23 (sc-9893; 
Santa Cruz Biotechnology), Nopp140 (RS8; a generous gift of U. 
Thomas Meier, Albert Einstein College of Medicine, New York, NY; 
Kittur et al., 2007), fibrillarin (FBL, ab5821; Abcam), UBF1 (sc-13125; 
Santa Cruz Biotechnology), PARP (556362; BD PharMingen), TTF1 
(sc-136371; Santa Cruz Biotechnology), tubulin (DM1a; T9026; 
Sigma-Aldrich), and V5 (R96025; Life Technologies) were used for 
immunofluorescence and immunoblots. Anti-bromodeoxyuridine 
(B2850-01G; USBiologicals) was used to detect BrUTP-labeled 
RNAs. Secondary antibodies were obtained from either Jackson 
Laboratory (fluorescein isothiocyanate [FITC], Cy5) or Life Technolo-
gies (Alexa Fluor 488, 594, and 647).

Immunofluorescence
Cells grown on LabTek cc2 eight-chamber slides were fixed in either 
methanol (10 min) or 4% paraformaldehyde (5 min) as indicated and 
then permeabilized with 0.5% Triton X-100 (5 min) at room tempera-
ture. Samples were blocked in 0.5% BSA/0.2% fish-skin gelatin for 
1 h. Samples were then incubated with primary antibodies (1:500–
1:1000) in blocking buffer (1 h), followed by three PBS washes and 
then secondary antibody incubation (1:800 FITC and Cy5, 1:2000 
Alexa Fluor 488 and Alexa Fluor 647). Immunofluorescence images 
were taken on a Zeiss Axioplan2 microscope using AxioVision, ver-
sion 4.6, with a 63× objective connected to a Hamamatsu 1394 
ORCA-ER HD camera. Confocal images were taken on a Leica SP2 
microscope with a 100× objective using Leica imaging software, us-
ing 405-, 488-, and 561-nm laser lines. Colocalization images were 
generated using Imaris x64, version 6.1.3. Densitometry of individ-
ual immunostained cells were performed using TIFF files in ImageJ 
1.48r (National Institutes of Health) by constructing histograms 
across nucleoli of shRNA-treated cell lines. Pixel values were normal-
ized to the total pixel density of the histogram and plotted in Prism 
(GraphPad).

medium with 5% tetracycline-free fetal bovine serum (FBS). HeLa-
S3-Trex cells were infected with lentiviruses carrying CMV/TO 
promoters driving expression of NTAP-tagged p150 (pPK560) or 
p150-directed shRNAs. Individual drug-resistant clones were picked 
for each of these cell lines. The NTAP-p150–expressing clone was 
chosen because it expressed tagged protein levels similar to en-
dogenous p150 levels and was described previously (Campeau 
et al., 2009). p150 shRNA clones were selected based on the extent 
of p150 depletion. Inducible expression of transgenes was achieved 
by supplementing media with 1 μg/ml (NTAPp150) or 2 μg/ml 
(shRNAs) doxycycline.

RNAi-resistant, V5-tagged transgene expression constructs were 
introduced into the HeLa S3 Trex-p150shRNA-1 cell line via lentiviral 
infection, followed by hygromycin selection. Cloned MCF10A-
Tet-KRAB cell lines (Cohet et al., 2010) harboring p150shRNA-1 or 
sh-luciferase were generated and grown in DMEM/F12 (Lonza) sup-
plemented with 5% horse serum, 20 ng/ml epidermal growth factor, 
10 μg/ml insulin, 0.5 μg/ml hydrocortisone, 100 ng/ml cholera toxin, 
and antibiotic/antimycotic solution (Life Technologies, Grand Island, 
NY). HT1080 cells (ATCC) were maintained in DMEM with 5% tetra-
cycline-free FBS, and Trex- and sh-RNA expressing cells lines were 
made as described.

For double-thymidine-block experiments, HeLa S3 cells were 
blocked in RPMI plus 5% FBS medium supplemented with 2 mM 
thymidine for 18 h, released into thymidine-free media for 9 h, and 
blocked again with medium containing 2 mM thymidine for 17 h 
(Whitfield et al., 2002). For serum starvation studies, MCF10A-Tet-
KRAB cells were cultured in complete DMEM/F12 as described or in 
DMEM/F12 containing only 1 mg/ml bovine serum albumin (BSA) 
and antibiotic/antimycotic with no additional growth factors for 
96 h. The shRNAs were induced by adding 2 μg/ml doxycycline to 
the medium during the last 48 h.

Human foreskin fibroblasts (HFFs; a kind gift of Jennifer Benanti, 
University of Massachusetts Medical School; Benanti and Galloway, 
2004) were grown in DMEM supplemented with 10% FBS and anti-
biotic/antimycotic solution (Life Technologies). HFF cells were main-
tained at >25% confluence at all times and were split 1:4 every 2 d. 
HFF cells used for the immuno-FISH and DNA-FISH experiments 
were grown on polylysine-coated coverslips between PD22-30. 
MCF-10A and HeLa cells were cultured as described on nontreated 
coverslips for immuno-FISH and DNA-FISH experiments.

Growth analyses
To measure growth rates during p150 depletion, HeLa S3 Trex-
p150shRNA-1 and HeLa S3 Trex-shRNA-luciferase cells were plated 
at 1500 cells/well in 48-well plates. Triplicate wells for each time 
point (0–120 h) were assayed with CellTiter 96 AQueous One 
(Promega) per manufacturer’s instructions. For growth analysis 
of cells expressing V5-tagged p150 or luciferase transgenes, 
9000 cells/well in six-well dishes were infected with lentiviruses ex-
pressing either shRNA-luciferase or p150shRNA-1 at a multiplicity of 
infection (MOI) of 2. After 48 h, drug selection for infected cells was 
begun (1 mg/ml G418 or 0.5 μg/ml puromycin, respectively). After 
7 d postinfection, cells were stained with crystal violet (Campeau 
et al., 2009) and photographed.

Antibodies
For p150, mouse monoclonals ss1 and ss48 (Smith and Stillman, 
1991) were used for immunoblots and immunofluorescence. In ad-
dition, rabbit polyclonal anti-p150 antibodies (sc-10772, Santa Cruz 
Biotechnology, Santa Cruz, CA; and sera specifically generated for 
this study) were used for immunoblotting and ChIP. To generate 
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1× PBS. Cells were then fixed with 3.7% formaldehyde/1× PBS for 
15 min at room temperature. After another 1× PBS wash, the cells 
were permeabilized in 0.5% Triton X-100/1× PBS for 15 min at 
room temperature. Cells were then washed again in 1× PBS before 
incubation with the click chemistry cocktail (50 mM carboxyrhod-
amine 110-Azide [Click Chemistry Tools], 100 mM ascorbic acid 
[Sigma-Aldrich], and 1 mM CuSO4 [Sigma-Aldrich] in 100 mM Tris-
Cl, pH 8.5) for 30 min at room temperature in the dark. The cells 
were then washed three times in 0.5% Triton X-100/1× PBS for 
5 min in the dark and then incubated in 130 ng/ml 4′,6-diamidino-
2-phenylindole (DAPI) in 1× PBS for 1 min. The chamber was then 
manually removed, and a few drops of Vectashield (Vector Labs) 
were added before a coverslip was placed on top and sealed with 
nail polish. Images were taken on a Zeiss Axioplan2 microscope 
with a 63× objective.

Immuno-FISH and DNA-FISH
The bacterial artificial chromosomes RP5-915N17 (1q42.13; “5S 
rDNA”), RP11-413F20 (10q26.3; “D4Z4 array”), and RP11-123G19 
(10q24.1; “Negative Control,” which was previously shown to lack 
nucleolar localization; Nemeth et al., 2010) were obtained from the 
BACPAC Resource Center of Children’s Hospital Oakland Research 
Institute (Oakland, CA). The plasmid pB (Wilson, 1982) containing a 
5.6-kb EcoRI fragment of human 47S rRNA–encoding repeat was a 
gift from Sui Huang (Northwestern University School of Medicine, 
Chicago, IL). The chromosome 17 α-satellite probe was prepared as 
previously described (Warburton et al., 1991). BAC probes were la-
beled using the Bioprime Labeling Kit (Invitrogen), and the rDNA 
and α-satellite probes were labeled using the Nick Translation Mix 
Kit (Roche).

Expression of either sh-luciferase or sh-p150 in MCF10A-Tet-
KRAB cells was induced with 2 μg/ml doxycycline for 72 h, followed 
by fixation and storage in 1× PBS at 4°C for up to 1 wk. For all trans-
gene experiments involving lentivirus-encoded shRNAs, cells were 
infected at MOI = 7.5 with 6 μg/ml Polybrene. At 72 h postinfection, 
cells were fixed and stored for up to 1 wk in 1× PBS at 4°C. For other 
depletions, siRNAs were constructed as previously described (Fazzio 
et al., 2008), and 500 ng of siRNAs were transfected in 1 ml Opti-
MEM (Life Technologies) with 6 μl of Oligofectamine (Life Technolo-
gies). Transfections were performed in six-well dishes containing 
coverslips, and after 6.5 h, 2.5 ml of appropriate medium was added 
on top of the transfection cocktail. At 72 h after transfection, cells 
were fixed and stored for up to 1 wk in 1× PBS at 4°C.

Immuno-FISH and DNA FISH experiments in MCF-10A, HFF, and 
HeLa cells were performed using previously published methods 
(Byron et al., 2013) with some modification. Briefly, cells were grown 
on coverslips, permeabilized in 0.5% Triton X-100 in cytoskeletal 
(CSK) buffer on ice for 5 min, and fixed in 4% paraformaldehyde in 
1× PBS at room temperature for 10 min. For immuno-FISH experi-
ments, cells were then processed using the immunofluorescence 
protocol described here using an anti-fibrillarin antibody (Abcam). 
The cells were then fixed again in 4% paraformaldehyde in 1× PBS 
at room temperature for 10 min before proceeding to DNA denatur-
ation. For DNA-FISH experiments, after initial fixation, RNA was re-
moved by incubating the cells in 0.2 N NaOH in 70% ethanol for 
5 min at room temperature before proceeding to genome denatur-
ation. The genome was denatured by placing the coverslips in 70% 
formamide (Sigma-Aldrich)/2× saline-sodium citrate (SSC) heated to 
80°C for 2–3 min. Denaturation was quenched in ice-cold 70% etha-
nol for 5 min, followed by washing with ice-cold 100% ethanol and 
air drying. A 50-μg amount of labeled probe was mixed with 1 μg of 
Cot-1 (Roche), 1 μg of E. coli tRNA (Sigma-Aldrich), and 1 μg of 

Chromatin immunoprecipitation
HeLa S3-Trex-p150shRNA-1 or sh-luciferase cells were treated with 
2 μg/ml doxycycline for 72 h. For each sample, ∼3 × 107 cells were 
fixed with 1% formaldehyde for 10 min at room temperature and 
subsequently quenched with 0.125 M glycine. After two washes in 
PBS, cells were collected by scraping, centrifuged, and then flash 
frozen in liquid nitrogen. Thawed pellets were resuspended in ChIP 
lysis buffer (50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 0.5% SDS, 0.1% sodium deoxycholate, 1% Triton X-100) and 
sonicated using a Branson Sonifier 450. After six 20-s pulses (power 
3, 30% duty cycle), fractionated chromatin was ultracentrifuged at 
100,000 × g for 45 min, and the supernatant was recovered. Brad-
ford assays (Bio-Rad) were used to determine protein content in the 
soluble chromatin preparations. All samples were precleared with 
100 μl of Recombinant Protein G–Sepharose 4B beads (Life Tech-
nologies) prelocked with 0.5 mg/ml BSA and 0.2 mg/ml sheared 
salmon sperm DNA in ChIP lysis buffer overnight at 4°C. For p150 
and TTF-I analyses, 500 μg of chromatin was incubated overnight 
with 5 μg of our own anti-p150 antisera or 2.5 μg of anti–TTF-I 
(SC-136371; Santa Cruz Biotechnology) antibody. Rabbit preim-
mune serum or mouse IgG (SC-2025; Santa Cruz Biotechnology) 
served as negative immunoprecipitation control. After overnight 
incubation with 100 μl of Protein G beads, beads were washed 
twice with ChIP lysis buffer, once with high-salt buffer (50 mM 
HEPES-KOH. pH 7.5, 1 M NaCl, 1 mM EDTA, 0.5% SDS, 0.1% so-
dium deoxycholate, 1% Triton X-100), three times with RIPA buffer 
(50 mM Tris-HCl, pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% NP40, 
0.5% sodium deoxycholate), and once with 10 mM Tris-Cl, pH 8.0, 
1 mM EDTA (TE) buffer containing 50 mM NaCl. Protein–DNA 
complexes were extracted from beads at 65°C in elution buffer 
(0.1 M NaHCO3, 1% SDS) for 15 min, followed by centrifugation 
at 16,000 × g for 1 min and collection of supernatants. To reverse 
cross-linking, eluted chromatin and corresponding input samples 
were rotated overnight at 65ºC. Samples were then subjected 
to RNase A (80 μg for 2 h at 37°C) and proteinase K (80 μg 
for 2 h at 55°C) digestions. Samples were extracted with 
phenol:chloroform:isoamyl alcohol (25:24:1) and precipitated with 
2.5 volumes of ethanol in 0.2 M NaCl plus 30 μg of glycogen. Pre-
cipitated DNA was resuspended in 10 mM Tris-HCl, pH 8.0. The 
Fast SYBR Green reagent (Life Technologies) was used in ChIP-PCR 
studies to quantify p150 and TTF-1 occupancies. Primer sequences 
are in Supplemental Table S2. The PCRs were performed using a 
StepOnePlus machine (Life Technologies) with the following pro-
gram: hold 95°C for 20 min, followed by 40 cycles of 95°C for 3 s 
and 60°C for 30 s. To calculate the percentage of bound DNA, 
unimmunoprecipated input chromatin from each sample was 
analyzed simultaneously. ΔΔCt was calculated from the following 
formula (Life Technologies): Adjusted input = Ct input − 6.644. 
Percentage input = 100 × 2Adjusted input − Ct(IP). Three biological repli-
cates for each experiment were performed, and comparisons 
between samples were analyzed by two-tailed, unpaired Student’s 
t tests with equal variance (homoscedastic).

Visualization of 5-ethynyl-uridine–labeled nascent RNA
MCF-10A cells were grown in four-well chamber slides (Fisher) 
overnight and then in some cases incubated with the RNA poly-
merase II inhibitor α-amanitin (Sigma-Aldrich), the RNA polymerase 
I inhibitor actinomycin D (Sigma-Aldrich), or both. α-Amanitin was 
added at 20 μg/ml for 4 h, and actinomycin D was added at 
50 ng/ml for 15 min. Prewarmed MCF-10A medium containing the 
indicated drug(s) and 500 μM of the UTP analogue 5-ethynyl-uri-
dine (Invitrogen) was added for 15 min, followed by washing with 
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single-stranded salmon sperm DNA (Sigma-Aldrich) in 50% forma-
mide (Sigma-Aldrich) and 50% hybridization buffer. Hybridization 
buffer comprises 20% dextran sulfate (Sigma-Aldrich) and 1% BSA in 
4× SSC. The probe was denatured at 80°C for 10 min and then incu-
bated underneath the coverslips in a 37°C humid chamber over-
night. Cells were washed for 20 min in 50% formamide in 2× SSC at 
37°C and then for 20 min in 2× SSC at 37°C and 20 min in 1× SSC at 
room temperature. The probe was detected using either FITC con-
jugated to an anti-digoxigenin antibody (Roche) or an Alexa Fluor 
conjugated to streptavidin (Invitrogen) in 1% BSA/4× SSC for 60 min 
in a 37oC humid chamber. Cells were washed again in 4× SSC three 
times for 10 min at room temperature in the dark. Coverslips were 
mounted with Vecta Shield (Vector Labs), and Z-stack images were 
taken on a Zeiss Axioplan2 microscope with a 63× objective. Z-steps 
of 200 nm were taken and the maximum intensity projections gener-
ated using AxioVision, version 4.6. Association percentages for each 
of the three biological replicates were transformed into arcsine units, 
and the unpaired Student’s t test was used (with Welch’s correction) 
to generate p values. p < 0.05 was considered statistically 
significant.
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