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There is accumulating evidence for a role of germ line varia-
tion in breast cancer metastasis. We have recently identified a
novel metastasis susceptibility gene, Rrp1b (ribosomal RNA
processing 1 homolog B). Overexpression of Rrp1b in a mouse
mammary tumor cell line induces a gene expression signature
that predicts survival in breast cancer. Here we extend the anal-
ysis of RRP1B function by demonstrating that the Rrp1b activa-
tion gene expression signature accurately predicted the out-
come in three of four publicly available breast carcinoma gene
expression data sets. In addition, we provide insights into the
mechanism of RRP1B. Tandem affinity purification demon-
strated that RRP1B physically interacts with many nucleosome
binding factors, including histoneH1X, poly(ADP-ribose) poly-
merase 1, TRIM28 (tripartite motif-containing 28), and CSDA
(cold shock domain protein A). Co-immunofluorescence and
co-immunoprecipitation confirmed these interactions and also
interactions with heterochromatin protein-1� and acetyl-his-
tone H4 lysine 5. Finally, we investigated the effects of ectopic
expression of an RRP1B allelic variant previously associated
with improved survival in breast cancer. Gene expression anal-
yses demonstrate that, compared with ectopic expression of
wild type RRP1B in HeLa cells, the variant RRP1B differentially
modulates various transcription factors controlled by TRIM28
andCSDA. These data suggest thatRRP1B, a tumor progression
and metastasis susceptibility candidate gene, is potentially a
dynamic modulator of transcription and chromatin structure.

The concept of germ line polymorphism as a significant vari-
able in susceptibility to metastasis in breast cancer is gaining
wider acceptance in the scientific community (1). Given that
breast carcinoma is themost common formof cancer inwomen
in the United States (2) and that the majority of breast cancer-
related deaths are attributable to metastasis, the importance of
exposing factors influencing this process is clear. Our initial
studies have focused upon utilization of the highly metastatic
polyoma middle T model of mouse mammary tumorigenesis
(3) to define germ line elements modulating metastasis suscep-

tibility (4). Combined experimental approaches, spearheaded
by quantitative trait locus mapping, facilitated the identifica-
tion of the first known metastasis susceptibility gene, Sipa1
(signal-induced proliferation antigen 1) (5, 6). Sipa1 encodes a
protein with Rap1 GTPase-activating protein activity and con-
tains a polymorphism in a PDZ protein-protein interaction
domain that renders different strains of laboratory mice differ-
entially susceptible to metastasis (5).
Subsequent studies were based on two observations: that 1)

knockdown of Sipa1 dysregulates the expression of extracellu-
lar matrix (ECM)3 genes,4 and 2) ECM genes are frequent com-
ponents of prognostic microarray gene expression profiles
observed in both human breast cancer (e.g. Refs. 7–9) and
mousemodels ofmammary tumorigenesis (10–12). Expression
QTL mapping in the AKXD panel of recombinant inbred mice
(13) was performed to determine whether the loci driving
metastasis susceptibility and differential ECM gene expression
in tumors more prone to metastasizing were one and the same
(14). Seven genes were found to have a significant role in the
modulation of metastasis predictive ECM gene expression in
AKXDmice (15). However, two genes appeared to have partic-
ularly profound effects upon global transcription patterns: the
bromodomain factor Brd4 and a gene of unknown function,
Rrp1b. Significantly, both of these factors physically interact
with SIPA1, with BRD4 binding increasing (16) and RRP1B
binding decreasing (14) the Rap1 GTPase-activating protein
activity of SIPA1.
Subsequently, ectopic expression of eitherRrp1b orBrd4was

found to significantly suppress the metastatic capacity of the
highly aggressiveMvt-1mousemammary tumor cell line and to
induce gene expression signatures that can predict survival in
breast cancer (14, 17). Examination ofMvt-1/Rrp1bmicroarray
data reveals that ectopic expression of Rrp1b significantly
impacts over 1,300 genes (14). Furthermore, quantitative real
time PCR analysis of these and similar cell lines reveals that
Rrp1b dysregulation alters the expression of numerous metas-
tasis-related factors, most notably ECMgenes (14). Given these
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profound changes in gene expression, we hypothesize that
Rrp1b is a modulator of global gene expression.
In the current study, we demonstrate that the previously

described Mvt-1/Rrp1b prognostic signature can be used to
predict breast cancer-specific survival inmultiple breast cancer
expression data sets. A number of potential mechanisms by
which Rrp1b modulates global gene expression are revealed
through protein-protein interaction analyses, with tandem
affinity purification being used to investigate the function of
this very poorly characterized protein. We demonstrate that
RRP1Bphysically interacts with a number of nucleosome-bind-
ing proteins and transcription factors, all of which have been
demonstrated to be potent regulators of gene expression in
their own right. Further interaction analyses reveal that RRP1B
is associated with markers of heterochromatin and euchroma-
tin, implying that this factor plays a dynamic role in the regula-
tion of gene expression. Finally, we begin to define the func-
tional significance of the rs9306160 non-synonymous RRP1B
coding polymorphism, which has previously been associated
with survival in multiple breast cancer population-based
cohorts (14). Specifically, gene expression analyses demon-
strate that RRP1B allelic variants differentially regulate the
expression of a number of transcription factors that are modu-
lated by the RRP1B interactors TRIM28 and DBPA.

EXPERIMENTAL PROCEDURES

Survival Analysis Using the Mvt-1/Rrp1b Microarray Gene
Expression Signature—Generation of the Mvt-1/Rrp1b gene
expression signature has been described elsewhere (14). Briefly,
Mvt-1 cells were stably transfected with a mammalian expres-
sion vector encoding either full-length mouse Rrp1b or lacZ as
a control. Individual clonal isolates were derived through lim-
iting dilution, and gene expression was quantified using
Affymetrix GeneChip Mouse Genome 430 2.0 arrays. To gen-
erate a high confidence human transcriptional signature of
Rrp1b expression, 563 probe sets whose differential expression
demonstrated p � 10�4 were selected. A gene list representing
the probes was developed and used to map to the probe sets of
the human U133 Affymetrix GeneChip using the Batch Search
function of NetAffx (available on the World Wide Web).
Analysis of tumor gene expression from breast cancer data

sets was performed using BRBArrayTools. Expression data sets
were downloaded from the NCBI Gene Expression Omnibus
(GEO; available on the World Wide Web; supplemental Table
S1). Expression data were loaded into BRB ArrayTools using
the Affymetrix GeneChip Probe Level Data option or the Data
ImportWizard. Data were filtered to exclude any probe set that
was not a component of the Rrp1b signature and to eliminate
any probe setwhose expression variation across the data setwas
p � 0.01. Unsupervised clustering of each data set was per-
formedusing the SamplesOnly clustering option of BRBArray-
Tools. Clustering was performed using average linkage, the
centered correlation metric, and the Center the Genes analyti-
cal option. Samples were assigned into two groups based on the
first bifurcation of the cluster dendogram, and Kaplan-Meier
survival analysis was performed using the Survival module of
the software package Statistica. Significance of survival analyses
was performed using the log rank test.

Cell Culture—HEK293 cells were obtained as a gift from Dr.
Moon-Kyoo Jang (NIAID, National Institutes of Health,
Bethesda, MD). HeLa cells were obtained as a gift from Dr.
Chi-Ping Dey (NCI, National Institutes of Health, Bethesda,
MD). All cell lines were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 2
mM glutamine, and 100 units of penicillin and streptomycin.
Expression Vectors—Human hemagglutinin (HA)-tagged

RRP1B (NCBI accession number BC028386) in themammalian
expression vector pDest-530 was received as a gift from Dr.
Doug Lowy (NCI, National Institutes of Health). This vector
encodes the wild type 1421C rs9306160 allele. The RRP1B ami-
no-terminal deletion mutant (�9–220) and RRP1B central
deletion mutant (�221–435) were generated by overlap PCR
to remove the deletion segment. The carboxyl-terminal
deletion (�452–749) was generated by partially digesting the
wild type HA-RRP1B pDest-530 vector with PmlI (New Eng-
land BioLabs), followed by sequential digestion with MscI
(New England BioLabs). Following restriction endonuclease
digestion, the remaining fragment was ligated overnight at
room temperature using T4 DNA ligase (New England Bio-
Labs). A vector encoding the rs9306160 variant allele (1421T)
was generated using the QuikChange XL site-directed
mutagenesis system (Stratagene) with theRRP1B 1241CpDest-
530 vector as a template. The following primers were used for
site-directed mutagenesis: 5�-CTTCAGGGCTTTCAGCCCA-
GAGGCCTC-3� and 5�-GAGGCCTCTGGGCTGAAAGC-
CCTGAAG-3�. All vectors were sequence-verified prior to use.
lacZ pcDNA3.1-V5/His6 (Invitrogen) was used as a control in
co-immunoprecipitation experiments.
For tandem affinity purification, the original C-TAP vector,

developed for Schizosaccharomyces pombe, was a gift from Dr.
K. Gould (Vanderbilt University). To generatemammalian tan-
dem affinity purification (TAP) tag vectors for the production
of COOH-terminal (C-TAP) fusion proteins, the TAP
sequences were modified to include a His6 tag in place of cal-
modulin. The TAP domain (His6-two TEV protease sites-two
IgG binding domains) was amplified by PCR. The PCR product
was cloned into pDest-472. Concurrently, an RRP1B entry
clone was prepared by cloning the gene using the Gateway BP
reaction as recommended by the manufacturer (Invitrogen) in
pEntr223 entry vector. The clone was sequence-verified. To
prepare the RRP1B expression clone in the TAP vector, 150 ng
of C-TAP pDest-472 vector (destination vector) was mixed
with 100 ng of RRP1B pEntr223 in 1� Clonase 2 (Invitrogen)
buffer containing essential enzymes. Total volume of the reac-
tion was 10 �l. The reaction mix was incubated at 30 °C for 90
min. Tenmicrograms of Proteinase Kwas added and continued
to incubate at 37 °C for 15min. The vector eGFPC-TAP pDest-
472 was used as a control in C-TAP experiments.
Transfection of Cells and Preparation of Extracts for C-TAP

Analysis—The protocol for C-TAP analysis to define RRP1B
protein-protein interactions has been adapted from Gingras et
al. (18). HEK293 cells were transfected with either RRP1B or
eGFPC-TAP pDest-472 vectors using Fugene6 (RocheApplied
Science). Forty-eight hours post-transfection, culture medium
fromplates was removed, and cells were lysedwith ice cold lysis
III solution (50mMTris-Cl, pH 7.5, 150mmNaCl, 1mMEDTA,
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1% Nonidet P-40, 15% glycerol). Lysates were then frozen on
dry ice and defrosted at room temperature. This procedure was
repeated an additional two times. Fifteenmilliliters of crude cell
lysate was poured onto a glass homogenizer receiver placed on
wet ice. A Teflon insert was used to further disaggregate cell
debris by pressing up and down �20 times. Cell lysate was
transferred to a 15-ml Falcon tube and spun at 3,000 rpmat 4 °C
for 5 min.
TAP Tag Purification—Prepared lysates were first subjected

to IgG column purification using a disposable 10-ml spin col-
umn containing 500 �l of IgG-Sepharose 6-Fast flow resin
(AmershamBiosciences). The columnwas equilibrated accord-
ing to themanufacturer’s protocol. Following equilibration, cell
lysates were applied to the column and agitated slowly for thor-
ough mixing at 4 °C for 3–4 h. Following incubation, flow-
through was discarded, and beads were washed three times
with 10ml of TST buffer (50mMTris-Cl, pH 7.5, 150mMNaCl,
0.005%Tween 20) for 5min at 4 °C. After a final wash with TST
buffer, columns were equilibrated with 5 ml of TEV protease
buffer (10mMHEPES-KOH, pH 8, 150mMNaCl, 0.1%Nonidet
P-40, 1 mM dithiothreitol), and columns were drained to
remove excess buffer, followed by the addition of 1 ml of strep-
tomycin-tagged TEV protease (50 �g). Columns were then
incubated at 4 °C with agitation overnight. Columns were then
placed inside a 50-ml tube and spun for 30 s at 500 rpm to
recover tapped protein after TEV digestion.
Eluted proteins were then subjected to a second round of

purification using nickel-Sepharose high performance resin
(GE Healthcare), which was conditioned for binding of His-
tagged proteins according to the manufacturer’s protocol. One
milliliter of conditioned nickel-resin was added to 750 �l of
sample in a total volume 2 ml, with the excess volume being
made up of TCBbuffer. The contents were incubated at 4 °C for
30 min, the flow-through was discarded, and the column was
washed with 10 ml of TCB buffer on a rotary shaker for 15 min
at 4 °C. The washing step was repeated twice. First elution was
done by adding 400 �l of TCB containing 500 mM imidazole.
Samples were incubated for 10 min, and eluant was collected.
This elution step was repeated twice using TCB containing 1 M

immidazole. The three elution volumes were combined and
analyzed using PAGE.
Trypsin Digest and Preparation of C-TAP Samples for Mass

Spectrometry—One microgram of sequencing grade modified
trypsin (Promega) was added directly to the eluate, and diges-
tion was performed overnight at 37 °C. Following digestion, the
sample was lyophilized and resuspended in reversed-phase
HPLC buffer A (20 �l; 0.4% AcOH, 0.005% heptafluorobutyric
anhydride in H2O). Prior to loading onto the reversed phase
column, the sample was centrifuged at 13,000 rpm for 10 min,
and the supernatant was transferred to a fresh tube.
Liquid Chromatography-MS/MS—Microcapillary reversed-

phase columns (75-�m inner diameter, 363-�m outer diame-
ter; Polymicro Technology) were cut to a final length of 15–20
cm, and spray tipswere pulled in-house by hand. Columnswere
packed in-house (12 cm) with Magic C18 100-Å, 5-�m silica
particles (Michrom) using a pressure bomb. Prior to loading the
sample, columns were equilibrated in HPLC buffer A. Half of
the sample was applied to the column using a pressure bomb

and then washed off line in buffer A and 5% acetonitrile for
30–60 min. The liquid chromatography column was then
placed in front of a Finnigan LCQ mass spectrometer, pro-
grammed for data-dependent MS/MS acquisition (one survey
scan, three MS/MS of the most abundant ions). After sequenc-
ing the same species three times, themass� 3Dawas placed on
an exclusion list for 3 min. Peptides were eluted from the
reversed-phase column using a multiphasic elution gradient
(5–14% acetonitrile over 5 min, 14–40% over 60 min, and
40–80% over 10 min). The remaining half of the sample was
then processed in the samemanner. To prevent cross-contam-
ination, each sample was processed on a freshly prepared
reversed-phase column. Liquid chromatography/MS-MS data
were analyzed by generating raw files using Xcalibur (Finni-
gan), which were subsequently converted to the mzXML for-
mat. Combined runs (from the same sample) were searched
using SEQUESTagainst the human International Protein Index
data base.
Transfections and Lysate Preparation for Co-Immunoprecipita-

tion—For co-immunoprecipitation (co-IP), HEK293 cells were
transfected with one of the following vectors: HA-RRP1B
pDest-530, HA-RRP1B pDest-530 �9–220, HA-RRP1B pDest-
530 �452–749, or pcDNA3.1 lacZ V5-His6. Supercoiled plas-
mids were transfected using Superfect Transfection Reagent
(Qiagen, Valencia, CA) as per the manufacturer’s instructions.
Briefly, transfections were performed in 100-mm diameter cul-
ture dishes, with 2 � 106 HEK293 cells being seeded 24 h prior
to transfection. Cells in each culture vessel were transfected
with a total of 10 �g of vector DNA using Superfect at a 6:1
lipid/DNA ratio. Two days after transfection, cells were lysed
with 200 �l of ice-cold chromatin extraction buffer (CEB; 300
mMNaCl, 100 nMEGTA, 20mMTris-HCl, pH 7.4, 2mMMgCl2,
1% Triton X-100, 1� Complete Mini EDTA-free protease
inhibitor (Roche Applied Science)), and lysates were stored at
�80 °C until use.
Transfections and Total RNA Preparation for Quantitative

Real Time PCR—For quantitative real time PCR (qPCR), HeLa
cells were transfected with one of the following vectors:
HA-RRP1B1421CpDest-530,HA-RRP1B1421TpDest-530, or
pcDNA3.1 lacZ V5-His6. Transfections were performed in
triplicate in 6-well plates, with 4 � 105 HeLa cells being seeded
24 h prior to transfection. Cells in each culture vessel were
transfectedwith a total of 2�g of vectorDNAusing Superfect at
a 6:1 lipid to DNA ratio. Total RNA was isolated from cell cul-
ture samples using an RNeasy Mini Kit (Qiagen) with on-plate
lysis using buffer RLT. Sample homogenization was performed
by vigorous pipetting. All sampleswere subjected to on-column
DNase digestion.
Co-immunoprecipitation—Interactions with RRP1B detected

on TAP analysis were confirmed by co-IP using GammaBind
Sepharose-G beads (Roche Applied Science). Prior to co-IP,
beads were prepared by washing 200 �l of 50% bead slurry with
1ml of CEB, followed by aspiration of excess CEB and the addi-
tion of 100 �l of CEB to reform a 50% bead slurry. Lysate from
one 100-mmplatewas then precleared by rotation at 4 °C for 15
min using 40 �l of 50% bead slurry. Following incubation, the
beads were pelleted by centrifugation at 10,000 rpm at 4 °C, and
the supernatant was transferred to a fresh tube. RRP1B-anti-
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body complexes were formed by rotating precleared lysates for
1 h at 4 °C with 10 �g of high affinity anti-HA antibody (catalog
number 11 867 423 001; Roche Applied Science). Following
this, 50 �l of 50% bead slurry was added to each sample, and
samples were rotated overnight at 4 °C. Subsequently, beads
were pelleted by centrifugation at 10,000 rpmat 4 °C, the super-
natant was discarded, and beads were washedwith 1ml of CEB.
The wash step was repeated a total of three times. Twenty-five
microliters of 2�Laemmli samplewas then added, and samples
were boiled for 10 min and centrifuged at full speed for 5 min.
To define interactions between endogenous RRP1B and its

potential binding partners, immunoprecipitations were per-
formed as above, using lysate harvested from untransfected
HEK293 cells. Immunoprecipitation of RRP1B was performed
using 2 �g/ml anti-NNP-1B (K-19) (catalog number sc-83327;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA). As a control,
a mock immunoprecipitation was also performed using 2
�g/ml rabbit IgG (Upstate).
Western Blot Analysis of Co-immunoprecipitated RRP1B

Interactors—SDS-PAGE was performed for 60–90 min at 120
V using the XCell SureLockTMminicell (Invitrogen). Immuno-
precipitated samples and input controls were analyzed using
NuPAGE Novex gels (Invitrogen). The gel and buffer used
depended upon the molecular weight of the interactor and
included 10% bis-tris, 4–12% bis-tris, and 3–8% Tris acetate
gels with 1� MOPS, 1� MES, or 1� Tris acetate running buff-
ers (Invitrogen). Proteins were transferred to Immobilon-P
membranes (Millipore) and immunoblotted against endoge-
nous RRP1B interactors. One of the following primary antibod-
ies was used for this purpose as per the manufacturer’s proto-
col: anti-CSDA (catalog number ab56374; Abcam), anti-acetyl
histone H4 Lys5 (catalog number ab51997; Abcam), anti-his-
tone HIFX (catalog number ab17729; Abcam), anti-HP1� (cat-
alog number 07-346; Millipore), anti-NCL (catalog number
ab16940; Abcam), anti-NPM1 (catalog number GTX90863;
GenTex), anti-PARP1 (catalog number H00000142-M01;
Abnova), and anti-TRIM28 (catalog number ab22553; Abcam).
Blots were subsequently stripped with Restore Western blot
stripping buffer and reprobedwith anti-HA tag (RocheApplied
Science).
Co-Immunofluorescence—For co-immunofluorescence, HeLa

cells were transfected with one of the following vectors: HA-
RRP1B pDest-530, HA-RRP1B pDest-530 �9-220, HA-RRP1B
pDest-530 (�221–435), or HA-RRP1B pDest-530 �452-749.
Supercoiled plasmids were transfected using Superfect trans-
fection reagent (Qiagen, Valencia, CA) as per the manufactur-
er’s instructions. Briefly, transfections were performed in
2-well glass chamber slides (Nunc), with 1 � 105 HeLa cells
being seeded 24 h prior to transfection. Cells in each culture
vessel were transfected with a total of 1�g of vector DNAusing
Superfect at a 6:1 lipid/DNA ratio. Twenty-four hours after
transfection, cells werewashedwith 1� PBS, fixed for 15min at
room temperature with Histochoice MB Fixative� (Electron
Microscopy Services), and permeabilized with 0.2% Triton
X-100 in 1� PBS for 15 min at room temperature. Samples
were then blocked with 5% bovine serum albumin and incu-
batedwith the primary antibody at room temperature for 1 h. In
addition to those antibodies listed above for immunoblot anal-

ysis, the following antibodies were utilized for co-immunoflu-
orescence: anti-histone H3 trimethyl-Lys9 (catalog number
07-442; Millipore), anti-histone H3 dimethyl-Lys27 (catalog
number ab24684; Abcam), and anti-LMNB1 (catalog number
ab16048; Abcam). All antibodies were used as per themanufac-
turer’s protocol. Following primary antibody incubation, slides
were washed three times with 1� PBS, and secondary antibody
incubation was performed as per the manufacturer’s protocol.
Secondary antibodies were purchased from Invitrogen (Alexa
Fluor� 594 goat anti-rat (catalog number A11007), Alexa
Fluor� 594 goat anti-rabbit highly cross-adsorbed (catalog
number A11037), Alexa Fluor� 594 goat anti-mouse highly
cross-adsorbed (catalog number A11032), Alexa Fluor� 488
goat anti-mouse highly cross-adsorbed (catalog number
A11029)) and BD Biosciences (fluorescein isothiocyanate goat
anti-rabbit (catalog number 554020)). Slides werewashed three
times with 1� PBS and mounted with Vectashield with DAPI
(Vector Laboratories), and confocalmicroscopywas performed
using a �63 objective. Measurements of maximum nuclear
diameters were performed using LSM 5 Image Browser (Zeiss).
NuclearMatrix Preparation—Sequential nuclear extractions

were performed as described (19). Briefly, HeLa cells were
seeded in 2-well chamber slides and transfected with the
HA-RRP1B pDest-530 vector as described above. One day after
transfection, cells were washed with PBS at 4 °C and incubated
for 10min in ice-cold cytoskeleton buffer (10mMNaCl, 300mM

sucrose, 10mMPIPES, pH 6.8, 3mMMgCl2, 0.5%Triton X-100,
1� Halt protease inhibitor mixture (Pierce), 20 units/ml
recombinant RNasin (Promega) ribonuclease inhibitor). Cells
were then incubated in extraction buffer (250 mM ammonium
sulfate, 300 mM sucrose, 10 mM PIPES, pH 6.8, 3 mM MgCl2,
0.5%TritonX-100, 1�Halt protease inhibitormixture (Pierce),
20 units/ml recombinant RNasin (Promega)) on ice for 5 min.
Finally, cells incubated with digestion buffer (50 mM NaCl, 300
mM sucrose, 10 mM PIPES, pH 6.8, 3 mM MgCl2, 0.5% Triton
X-100, 1�Halt protease inhibitormixture (Pierce), 20 units/ml
recombinant RNasin (Promega) ribonuclease inhibitor, 500
units/ml RQ1 RNase-free DNase (Promega)) at 37 °C for 4 h.
After each step, one chamber slide was removed, and cells were
fixed with Histochoice as described above.
Quantitative Real Time PCR Gene Expression Analysis—

cDNAwas synthesized fromRNA isolated from transfected cell
lines using the iScript reverse transcription-PCR System (Bio-
Rad) by following the manufacturer’s protocol. Single reverse
transcription-PCRswere performed for each replicate transfec-
tion. qPCR was performed to detect the cDNA levels of RRP1B
and a number of transcripts previously shown to be regulated
by either TRIM28 or CSDA using an ABI 7900HT sequence
detection system. RRP1B ectopic expression was confirmed
using an RRP1B-specific TaqMan probe (Applied Biosystems
Assay on Demand Hs00380154_m1), with expression being
normalized to GUSB (�-glucuronidase) (Applied Biosystems).
Reactions were carried out in duplicate using Universal PCR
Mastermix (Applied Biosystems) as per the manufacturer’s
protocol. All other reactions were performed in duplicate using
QuantiTect SYBR Green master mix (Qiagen) as per the man-
ufacturer’s protocol. The cDNA level of each gene was normal-
ized to GUSB cDNA levels using custom-designed primers for
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SYBR green-amplified target genes (supplemental Table S2).
Target transcripts were quantified using the relative standard
curve method. Differences in target expression were deter-
mined by comparing the relative transcript quantity in individ-
ual RRP1B variant allele transfections with the average relative
transcript quantities in lacZ transfections. Significance levels
for comparisons were performed using the Mann-Whitney U
test, with relative quantities of RRP1B-transfected and lacZ-
transfected HeLa cells used for analyses.

RESULTS

The Rrp1b Activation Signature Predicts Survival inMultiple
Breast Cancer Data Sets—Our earlier study involved stably
expressing full-length mouse Rrp1b in the highly metastatic
Mvt-1 mouse mammary tumor cell line, followed by analysis of
cellular gene expression patterns using Affymetrix microarrays
(14). A high confidence human Rrp1b gene expression signa-
ture was generated by mapping the most significantly differ-

entially regulated genes (p � 10�4) frommouse array data to
human Affymetrix probe set annotations. For each of the
four data sets, the resulting gene signature consequently var-
ied from 202 to 302 probe sets (supplemental Table S1).
Human Rrp1b profiles were then used for unsupervised clus-
tering of publicly available data sets into two groups repre-
senting high and low levels of Rrp1b activation in patient
samples. Kaplan-Meier survival analysis was then performed
to investigate whether there was a survival difference
between the two groups. Rrp1b signature gene expression
accurately predicted outcome in three of the four breast can-
cer data sets (those from Pawitan et al. (20), Miller et al. (21),
and Ivshina et al. (22); Fig. 1). The end point for these studies
was disease-free survival, as opposed to in Wang et al. (23),
where the end point was distant metastasis-free survival.
Characterization of Rrp1b signature genes associated with
survival in each of the breast cancer data sets revealed over-
lapping but not identical gene expression signatures (supple-

FIGURE 1. The Rrp1b activation signature predicts the risk of survival but not relapse in multiple breast cancer data sets. A, a significant difference in the
overall likelihood of survival was observed in the Pawitan et al. (20) data set, with 8-year survival being 92% versus 69% for the good and poor prognosis Rrp1b
signatures, respectively. B, 12-year disease-free survival was 71% versus 56% in the Ivshina et al. (22) data set for the good and poor prognosis Rrp1b signatures,
respectively. C, a similar effect was observed in the Miller et al. (21) data set with 12-year survival being 90% versus 65% for the good and poor prognosis Rrp1b
signatures, respectively. D, the Wang et al. (23) data set differs in that the study end point is local or distant disease recurrence rather than patient death. No
survival effect was observed with Rrp1b signature gene survival in this data set.
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mental Table S3). The directionality of hazard ratios was
consistent when a probe set was predictive of survival in
more than one cohort in all instances. Finally, the Rrp1b
signature was the only consistent predictor of outcome on
multivariate Cox proportional analysis in all of the cohorts
(supplemental Table S4). Given all of these observations, we
therefore argue that the net effect of the Rrp1b signature is
both consistent and robust.
Analysis of RRP1B Protein-Protein Interactions—To gain a

better understanding of the functional activity of RRP1B, inter-

acting proteins were defined using TAP analysis. The identities
of proteins putatively interacting with the mouse and human
homologs of RRP1B are shown in Table 1. It can be seen from
these data that RRP1B potentially interacts with a wide variety
of proteins including an abundance of RNA-binding proteins,
implying that RRP1B plays a prominent role in RNA metabo-
lism. Gene ontological analysis was performed using GeneInfo-
Viz (24) to determine whether any commonality in biological
function existed between the large number of RRP1B interac-
tors identified. Results from gene ontological analysis are

TABLE 1
Proteins interacting with RRP1B on tandem affinity purification analysis

Gene symbol Description Accession number
Number of interactions detected

with
Control Human Mouse

C1QBP Complement component 1 Q subcomponent-binding
protein, mitochondrial precursor

Q07021 4

C21orf30 Putative uncharacterized protein Q9UFM2 2
CDCA8 Cell division cycle-associated protein 8 (Borealin) Q53HL2 3
CROP Cisplatin resistance-associated overexpressed protein

(Luc7A)
O95232 1 3

CSDA Cold shock domain-containing protein A P16989 1 10
CUBN Cubilin precursor O60494 2 3
DDX21 DEAD box protein 2 (nucleolar RNA helicase II) Q9NR30 2 3
DDX47 Probable ATP-dependent RNA helicase DDX47 (DEAD

box protein 47)
Q9H0S4 3

DKFZp686E23209 Hypothetical protein DKFZp686E23209 Q68CN4 1 5
DNAJC9 DnaJ homolog subfamily C member 9 Q8WXX5 2
ERH Enhancer of rudimentary homolog P84090 2
GARNL1 GTPase-activating Rap/Ran-GAP domain-like 1 Q6GYQ0 2
H1FX Histone H1x Q92522 3 3
HNRNPA1 Heterogeneous nuclear ribonucleoprotein A1 P09651 1 6 12
HNRPUL1 Heterogeneous nuclear ribonucleoprotein U-like protein 1 Q9BUJ2 3
IGKC Immunoglobulin � constant Q569I9 3 1
IGKV2–40 Ig � chain V-II region P01614 3 3
ILF3 Interleukin enhancer-binding factor 3 (nuclear factor of

activated T-cells 90 kDa)
Q12906 2 5

ITGAD Integrin �-D precursor (CD11d antigen) Q13349 2
LARP1 La ribonucleoprotein domain family member 1 Q6PKG0 3
LRRC59 Leucine-rich repeat-containing protein 59 Q96AG4 4
LUC7L2 Putative RNA-binding protein Luc7-like 2 Q9Y383 1 5
LYAR Ly1 antibody-reactive homolog Q9NX58 2
MAP3K7IP1 Mitogen-activated protein kinase kinase kinase

7-interacting protein 1 (TGF-�-activated kinase
1-binding protein)

Q15750 2

MKI67 Antigen KI-67 P46013 2
NCL Nucleolin P19338 1 23 22
NEDD1 Neural precursor cell-expressed, developmentally down-

regulated 1
Q8NHV4 2

NPM1 Nucleophosmin (B23) P06748 2 12 18
PARP1 Poly(ADP-ribose) polymerase 1 P09874 2 6
PPP1CA Serine/threonine-protein phosphatase PP1-� catalytic

subunit
P62136 2 4

PRKAR1A cAMP-dependent protein kinase type I-� regulatory
subunit

P10644 2

PRPF4B Serine/threonine-protein kinase PRP4 homolog Q13523 1 3
RCN1 Reticulocalbin-1 precursor Q15293 4
RPL10A 60 S ribosomal protein L10a P62906 3 3
RPL4 60 S ribosomal protein L4 P36578 4 4
RPL5 60 S ribosomal protein L5 P46777 8 5
RPLP0 60 S acidic ribosomal protein P0 P05388 4 2
RRP1B Ribosomal RNA processing 1 homolog B Q14684 15 16
RSL1D1 Ribosomal L1 domain-containing protein 1 O76021 2 3
SDF2L1 Dihydropyrimidinase-like 2 Q86U75 2
SFRS1 Splicing factor, arginine/serine-rich 1 (pre-mRNA-splicing

factor SF2, P33 subunit)
Q07955 2 4

SFRS6 Splicing factor, arginine/serine-rich 6 (pre-mRNA-splicing
factor SRP55)

Q13247 2 4

SLC22A11 Solute carrier family 22 member 11 (organic anion
transporter 4)

Q9NSA0 3

SRP14 Signal recognition particle 14-kDa protein P37108 2
STAU1 Staufen homolog 1 O95793 3
THOC4 THO complex subunit 4 Q86V81 1 3
TOP1 DNA topoisomerase I P11387 2
TRIM28 Tripartite motif-containing protein 28 (transcription

intermediary factor 1-�)
Q13263 3

YY2 YY2 transcription factor O15391 2

RRP1B Is a Chromatin-associated Factor

OCTOBER 16, 2009 • VOLUME 284 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 28665

http://www.jbc.org/cgi/content/full/M109.023457/DC1
http://www.jbc.org/cgi/content/full/M109.023457/DC1


shown in supplemental Fig. S1 and demonstrate that RRP1B
interacts with factors proven to be involved in a wide variety of
biological processes, including, but not limited to, regulation of
cellular proliferation and the cell cycle, regulation of transcrip-
tion, ribosome biogenesis, and mRNA splicing.
Characteristics of Ectopically Expressed RRP1B in Interphase

Cells—Previous studies (25) and the finding that RRP1B binds
various nucleolar proteins inTAP analysis (e.g.NCL (nucleolin)
and NPM1 (nucleophosmin)) suggest that RRP1B might local-
ize to the nucleolus. To confirm this, co-immunofluorescence
(co-IF) was performed in HeLa cells for ectopically expressed
HA-tagged RRP1B and the endogenous nucleolar marker,
fibrillarin. Ectopically expressed RRP1B was utilized since we
do not have an endogenous RRP1B antibody that can be used
for IF. Co-IF demonstrated that RRP1B is a perinucleolar pro-
tein that co-localizes with fibrillarin in the perinucleolar region
(Fig. 2A, upper panels). These initial experiments also demon-
strated that RRP1B localizes to the nuclear periphery, which
was confirmed by co-staining cells for ectopic RRP1B and the
endogenous nuclear envelopematrix protein lamin B1 (Fig. 2A,
lower panels). Furthermore, measurements of nuclear diame-
ters reveal that ectopic expression of RRP1B increases nuclear
diameter (supplemental Fig. S2). Specifically, the average max-
imum nuclear diameter of RRP1B-transfected HEK293 cells
was 17.97 � 2.49 �m compared with 15.05 � 2.37 �m for
untransfected HEK293 cells (p 	 0.001) and 18.16 � 2.76 �m
for HeLa cells transfected with RRP1B compared with 15.91 �
2.55 �m for untransfected HeLa cells (p 	 0.018).
Analysis of RRP1B Nuclear Localization Signals—RRP1B

contains only one known protein domain, an NH2-terminal
RNA-binding Nop52 domain (pfam05997). This amino termi-
nus motif bears significant structural homology to the Saccha-
romyces cerevisiae ribosomal RNA processing factor RRP1,
which is involved in the biogenesis of 60 S ribosomal subunits
(26). In silico analysis of RRP1B structure using PredictNLS
(27), however, reveals that the relatively disordered carboxyl
half of this protein contains three nuclear localization signals
(NLS in Fig. 2B; see supplementalmaterial). Therefore, to inves-
tigate the role that these domains, aswell as the amino terminus
Nop52 domain, plays in cellular localization, various RRP1B
deletion mutants were constructed (Fig. 2B), and the subcellu-
lar localization was determined by immunofluorescence (Fig.
2C). Deletion of the Nop52 ribosomal RNA processing domain
had the least effect, with the RRP1B mutant protein still local-
izing to the perinuclear and perinucleolar regions of the
nucleus (Fig. 2C, left). However, ectopic expression of the
�Nop52 deletionmutant did induce the presence ofmisshapen
nucleoli and also a degree of cytoplasmic signal, especially sur-
rounding the nuclear envelope. Deletion of the central portion
of RRP1B, which contains NLS1, appears to ablate localization
of RRP1B to the nuclear periphery (Fig. 2C, middle). Ectopic
expression of the carboxyl terminus deletion mutant that lacks
NLS2 and -3 resulted in diffuse RRP1B staining throughout the
cytoplasmandnucleus, with a strong signal only observed at the
nuclear periphery (Fig. 2C, left).
Confirmation of Putative Protein-Protein Interactions—Given

the previously described profound effects of Rrp1b dysregulation
upon global patterns of gene expression (14), we chose to focus

upon confirming the interactions between RRP1B and transcrip-
tional regulators (e.g.TRIM28 (tripartitemotif-containing 28) and
CSDA (cold shock domain protein A)) and factors that have
been shown to modulate chromatin structure (e.g. PARP1
(poly(ADP-ribose) polymerase 1), H1X (H1 histone family
member X), NCL, and NPM1). Interactions were confirmed by
ectopically expressing RRP1B in either the HEK293 or HeLa
cells and performing co-IP and co-IF to detect RRP1B binding
with the endogenous interactor. Co-IP confirmed that ectopi-
cally expressed RRP1B does indeed physically interact with the
endogenous forms of all of these modulators of transcription
and chromatin structure (Fig. 3A). Furthermore, these interac-
tions with the endogenous proteins appear to occur with the
carboxyl terminus of RRP1B in all cases apart from PARP1,
which interacts with the amino terminus Nop52 domain of
RRP1B.Wedo, however, acknowledge that the interactionwith
PARP1 is relatively weak. However, it is highly unlikely that the
RRP1B-PARP1 interaction is an experimental artifact, since
there is loss of binding with the �C-term sample. Co-IF analy-
ses supported these interactions by demonstrating co-localiza-
tion between ectopic RRP1B and its endogenous interactor
(Fig. 3B). RRP1B and its interactors appear to co-localize at the
perinuclear or perinucleolar regions, within the nucleoplasm,
or at a combination of any of the three.
Further experiments were performed to confirm that these

interactions were not an artifact of ectopically expressing
RRP1B. Specifically, we defined interactions between endoge-
nous RRP1B and several of the potential interactors
described above in untransfected HEK293 cells. We were
able to confirm all of the interactions tested in this manner
(supplemental Fig. S3).
RRP1B Is Associated with Chromatin during Mitosis—Unex-

pectedly, during the co-IF experiments, confocalmicroscopy of
HeLa cells demonstrated an association of RRP1B with con-
densed mitotic chromatin (Fig. 4). The NH2 terminus �Nop52
and �COOH terminus deletion mutants also were observed in
association with condensed mitotic chromatin. In contrast, the
�Mid RRP1B deletion mutant shows no co-localization with
metaphase chromatin, again implying the importance of this
region in the functional activity of RRP1B. This is an intriguing
observation, since there is significant interspecies sequence
divergence in the central portion of RRP1B. For example, there
is less than 40% homology between the central thirds of human
and mouse RRP1B proteins (see supplemental material).
RRP1B Is Associated with both Heterochromatin and

Euchromatin—Given the apparent association of RRP1B with
mitotic chromosomes by confocalmicroscopy (Fig. 4) as well as
its apparent interaction with several regulators of transcription
and chromatin structure, we proceeded to investigate whether
RRP1B interacts withmarkers of heterochromatin and euchro-
matin. Indirect immunofluorescence microscopy was used to
monitor the effect of sequential treatment of RRP1B trans-
fected with Triton X-100, ammonium sulfate, and DNase on
the localization of RRP1B (Fig. 5A). These experiments reveal
that RRP1B is resistant to extraction, confirming the DNA
binding properties of this protein. DNase digestion was con-
firmed by DAPI staining and revealed that nuclear RRP1B is
also partially associated with the nuclear matrix (Fig. 5A, bot-
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FIGURE 2. Characteristics of cells ectopically expressing RRP1B. A, co-IF followed by confocal microscopy was performed to define the cellular
localization of RRP1B. Hemagglutinin-tagged, full-length RRP1B was ectopically expressed in HeLa cells to define its cellular localization. Cells were
co-stained for ectopic RRP1B (red), either the nucleolar marker fibrillarin (FBL; top) or the nuclear envelope marker lamin B1 (LMNB1; bottom) (green), and
double-stranded DNA (DAPI; blue). B, comparison of the structures of the full-length RRP1B (WT) with that of the amino terminus (�Nop52), central
(�Mid), and carboxyl terminus (�C-term) deletion mutants. C, cellular localizations of the three deletion mutants in relation to that of the nuclear
envelope protein, LMNB1. Bar, 10 �m.
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tom). To further investigate the association of RRP1B with
chromatin, co-IPs were performed with a number of chroma-
tin-associated factors. These revealed that RRP1B physically
interacts with HP1� (heterochromatin protein 1�) (Fig. 5B),
the potent inducer of heterochromatinization and gene silenc-
ing. Co-localization of RRP1B and HP1� is evident upon co-IF
analysis, primarily at punctate loci throughout the nucleus (Fig.
5C, upper panels). Interestingly, when compared with untrans-
fected cells in the same experiment, ectopic expression of
RRP1B appears to redistribute HP1� throughout the nucleus,
with RRP1B transfectants displaying stronger HP1� staining at
the perinuclear and perinucleolar regions (Fig. 5C, upper pan-
els, green channel; untransfected cells are seen below the
RRP1B-expressing cells). In addition to a physical interaction
withHP1�, we also demonstrate that RRP1B co-localizes with a
several histone markers of heterochromatin, including histone

H3 trimethyl-lysine 9 (H3K9me3) and histone H3 dimethyl-
lysine 27 (H3K27me2). However, co-IP analysis did not reveal a
physical interaction between RRP1B and these heterochroma-
tin markers (data not shown).
As mentioned above, dysregulation of either RRP1B or

BRD4 appears to have similar effects upon tumor progres-
sion and metastasis as well as upon global patterns of gene
expression (14, 17). Additionally, both physically interact
with the previously described metastasis efficiency modifier
SIPA1 (14, 16). It has previously been demonstrated that
BRD4 binds to acetylated histones (acetyl histone H3 lysine
14 (AcH3K14), acetyl histone H4 lysine 5 (AcH4K5), acetyl
histone H4 lysine 12 (AcH4K12)) (28). This binding of BRD4
to acetylated histones induces positive transcription elonga-
tion factor b (P-TEFb) complex recruitment to target pro-
moters, phosphorylation of RNA polymerase II, and subse-

FIGURE 3. RRP1B interacts with various nucleosome-associated proteins. A, following TAP analysis to screen for RRP1B binding partners, co-IP was
performed to confirm interactions between RRP1B and nucleosome-associated proteins. HEK293 cells were transiently transfected with either the full-length
RRP1B transcript (WT) or the amino terminus (�Nop52) or carboxyl terminus (�C-term) deletion mutants. Following immunoprecipitation, interactions were
defined by blotting for the endogenous binding partner. B, indirect immunofluorescence was performed to confirm the interaction of RRP1B with these
nucleosome binding proteins. HeLa cells were co-stained for ectopically expressed full-length RRP1B (red) and the endogenous interactor (green), and
localization was confirmed using confocal microscopy. Bar, 10 �m.
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quent transcriptional elongation (29). Given the apparent
functional relationship between RRP1B and BRD4, we there-
fore investigated whether RRP1B interacts with various
forms of the acetylated histone bound by BRD4. Co-IP
revealed that the carboxyl terminus of RRP1B interacts with
AcH4K5 (Fig. 5B) but not with AcH3K14, AcH4K12, com-
ponents of the P-TEFb complex, or BRD4 itself (data not
shown). Co-IF demonstrates that RRP1B appears to co-lo-
calize with AcH4K5 throughout the nucleus but primarily at
the perinuclear and perinucleolar regions of RRP1B-trans-
fected cells (Fig. 5C). Finally, co-IF demonstrates that RRP1B
and BRD4 do not co-localize with one another, implying that
a physical interaction between these two proteins is unlikely
(Fig. 5C).

Expression Analysis of TRIM28-
and CSDA-regulated Transcripts—
Recent studies have defined tran-
scripts regulated by a number of
transcription factors that physi-
cally interact with RRP1B. We
therefore tested the effect of tran-
sient RRP1B ectopic expression
upon the expression levels
of TRIM28-regulated transcripts
(ZNF333, ZNF426, ZNF433, and
ZNF554 (30)) and CSDA-regulated
transcripts (ASCL1, CTSL, CA3,
DNAJC12,HPX, andORM2 (31)) in
HeLa cells. Our earlier work dem-
onstrated that the variant allele,
the rs9306160 (1421C3T) single
nucleotide polymorphism, which
encodes a proline to leucine substi-
tution within RRP1B, is associated
with improved survival in multiple
breast cancer cohorts (14). We
therefore chose to quantify whether
ectopic expression of either allelic
variant had differential effects upon
TRIM28- and CSDA-regulated tar-
gets. Following reverse transcrip-
tion-PCR, qPCR demonstrated that
the ratio of RRP1B expression in
cells transfected with the wild type
1421C allele compared with lacZ-
transfected cells was 5.83 � 0.63
(p � 0.05; supplemental Table S5).
The ratio of RRP1B expression in
cells transfected with the variant
1421T allele compared with lacZ-
transfected cells was 5.90 � 0.23
(p � 0.05; supplemental Table S5).
With regard to the TRIM28-regu-
lated transcripts, all but ZNF433
were expressed in HeLa cells. All
of the expressed Krüppel-associ-
ated box (KRAB)-zinc finger
(ZNF) transcription factors were

significantly down-regulated by ectopic expression of the
wild type 1421C RRP1B allele (Fig. 6A). However, only
ZNF554 was significantly down-regulated by the 1421T var-
iant RRP1B allele, suggesting that the wild type and variant
RRP1B alleles differentially regulate ZNF333 and ZNF426.
The CSDA-regulated transcripts CA3 and ORM2 are not
expressed in HeLa cells. Of the four remaining transcripts,
ASCL1 and DNAJC12 were down-regulated, and HPX was
up-regulated by ectopic expression of the wild type 1421C
RRP1B allele (Fig. 6B). A similar effect upon the expression
levels of DNAJC12 and HPX was observed with ectopic
expression of the variant 1421T RRP1B allele. However, the
expression levels of ASCL1 were not significantly down-reg-
ulated by the 1421T variant allele, which again suggests that

FIGURE 4. Localization of full-length RRP1B and RRP1B deletion mutants during mitosis. HeLa cells were
transiently transfected with either the full-length RRP1B transcript (WT) or the amino terminus (�Nop52),
central (�Mid) and carboxyl terminus (�C-term) deletion mutants. Immunofluorescence followed by confocal
microscopy was performed by staining for the ectopically expressed protein (red) and double-stranded DNA
(DAPI; blue). Bar, 10 �m.
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this transcript is differentially regulated by the two allelic
variants.

DISCUSSION

The data presented here confirm the role of RRP1B dysregu-
lation in tumor progression and metastasis and also offer some
insight into the mechanism of action of this metastasis-associ-
ated factor. Initially, we focused upon refining our earlier obser-
vations of the effects of ectopic expression of Rrp1b upon the
highly metastatic Mvt-1 cell line (14). We had previously dem-
onstrated that Rrp1b activation suppressed the metastatic
potential of theMvt-1 line. Furthermore, we demonstrated that
not only does Rrp1b activation have profound effects upon glo-
bal gene expression, with over 1,300 genes being dysregulated
on microarray analysis, but also that these transcriptional
changes can be used to develop an “Rrp1b activation signature.”
This microarray-derived activation signature was proven to

predict survival in a verywell characterizedDutch breast cancer
microarray expression data set (14). In the current study, the
Rrp1b activation signature accurately predicted outcome in
three publicly available breast cancer expression data sets,
proving the prognostic power of this expression profile. The
fourth data set (23), however, was somewhat different from its
counterparts in that the end point for this study was recurrence
of neoplastic disease, either locally or in a distant organ. It is
therefore plausible that the differences in study end points in
different data sets could influence the prognostic value of the
Rrp1b signature. Specifically, tumor recurrence does not
exactly equate to likelihood of overall survival (i.e. the length of
survival is rather variable following the detection of clinically
overt recurrence).
The cellular localization of RRP1B is particularly interesting,

given the profound and clinically relevant effects that Rrp1b
dysregulation has upon global gene expression. Specifically,

FIGURE 5. RRP1B interacts and co-localizes with a number of heterochromatin- and euchromatin-associated proteins. A, sequential nuclear extraction
confirms that nucleolar RRP1B associates with DNA and the nuclear matrix. B, co-IP was used to define interactions with either HP1� or AcH4K5. HeLa cells
(HP1� co-IP) or HEK293 (AcH4K5 co-IP) were transiently transfected with full-length RRP1B. Following immunoprecipitation performed with chromatin
preparations, interactions were defined by blotting for the endogenous binding partner. HeLa cells were used for the HP1� co-IP due to the higher endoge-
nous levels of this protein. C, indirect immunofluorescence was performed to confirm the interaction of RRP1B with these chromatin-associated proteins. HeLa
cells were co-stained for ectopically expressed full-length RRP1B (red) and the endogenous interactor (green), and localization was confirmed using confocal
microscopy. Bar, 10 �m.
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localization of RRP1B to the nuclear periphery on co-IF gives
some insight into how this factor may regulate transcription,
since repositioning of genes to the nuclear lamina has been
shown to induce transcriptional repression (32). Also, the
human HP1 protein, which is a potent inducer of heterochro-
matinization and anRRP1B interactor, physically interactswith
the receptor for the inner nuclear membrane component,
LMNB1 (33). Co-IF analysis reveals that ectopic expression of
full-lengthRRP1B induces repositioning ofHP1� to the nuclear
lamina compared with untransfected cells (Fig. 5B, top center;
compare transfected and untransfected cells in the same
image). This gives the impression that RRP1B may well induce
chromatin reorganization, which may well be another mecha-

nism by which RRP1B impacts glo-
bal gene expression. Future experi-
mentation will determine whether
this is the case.
By defining protein-protein inter-

actions, we have also been able to
derive further insight into the func-
tion of this metastasis-related fac-
tor. We screened for RRP1B inter-
actors using the TAP assay and
found that a diverse range of pro-
teins interact with this factor (Table
1). Interestingly, a number of these
have been shown to display abnor-
mal expression in advanced tumors
(e.g. NPM1 (34), PARP1 (35), and
NCL (36)). Furthermore, the tran-
scriptional repressor and chromatin
remodeler TRIM28 has been shown
to be a novel metastasis-associated
protein (37), with TRIM28 being
overexpressed in both high meta-
static potential metastatic cell lines
and tissue sections derived from
poor outcome breast carcinomas.
Significantly, again in terms of the
effects that RRP1B has upon global
gene expression, all of these factors
are nucleosome-binding proteins
that have some form of chromatin
remodeling capabilities. For exam-
ple, bothNCL andNPM1 have been
shown to have histone chaperone
activity (reviewed by De Koning et
al. (38)). The interaction between
RRP1B and these histone chaper-
ones opens many potential avenues
for the future investigation.
We also demonstrated that

RRP1B interacts with markers of
heterochromatin (e.g. TRIM28 and
HP1�) and actively transcribed
euchromatin (e.g. AcH4K5), imply-
ing that this factor plays a dynamic
role in the modulation of gene

expression. The interaction between RRP1B and H4K5ac is
particularly interesting, since the previously described metas-
tasis efficiencymodifier BRD4 also binds this formof acetylated
histone H4. Both RRP1B (14) and BRD4 (16) physically interact
with andmodulate the enzymatic activity of themetastasis effi-
ciencymodifier SIPA1. Also, Rrp1b and Brd4 share a transcrip-
tional relationship, at least in the Mvt-1 cell line, with ectopic
expression of Rrp1b activating the expression of Brd4 and
ectopic expression of Brd4 suppressing the expression of Rrp1b
(15). It is interesting to note that a number of RRP1B interactors
have functional effects upon BRD4-related transcriptional
pathways. For example, P-TEFb-mediated RNA polymerase II
transcription is stimulated by the binding of BRD4 to acetylated

FIGURE 6. The effect of ectopic expression of either the wild type (1421C) or variant (1421T) RRP1B alleles
on the expression of transcripts regulated by RRP1B interactors in HeLa cells. qPCR analysis was per-
formed to determine the effect of RRP1B variant allele expression upon the transcriptional targets of TRIM28 (A)
or CSDA (B). Transcript expression levels were compared between HeLa cells ectopically expressing either
RRP1B allelic variant or lacZ control cultures. Significance levels were calculated by comparing relative tran-
script quantities of RRP1B-transfected and lacZ-transfected HeLa cells using the Mann-Whitney U test. Signifi-
cant comparisons at the p � 0.05 level are marked with an asterisk.
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histone H3 and H4 (29). The RRP1B interactor NPM1 stimu-
lates transcription through its actions as a negative regulator
of the inhibitor of P-TEFb, HEXIM1 (39). Future experi-
ments will focus upon expanding the nature of the relation-
ship between RRP1B and BRD4, with particular emphasis
placed upon how RRP1B impacts P-TEFb-mediated RNA
polymerase II transcription.
Finally, we explored the functional relevance of the RRP1B

1421C (Pro436) wild type and 1421T (Leu436) variant alleles and
their differing relationships with various RRP1B interactors.
We have previously demonstrated that the variant allele of this
polymorphism is associated with a better outcome in multiple
breast cancer cohorts (14). Here, we transiently expressed each
allelic variant in HeLa cells and quantified the expression of
transcripts regulated by transcription factors and RRP1B inter-
actors, TRIM28 and CSDA. O’Geen et al. (30) demonstrated
that TRIM28 (KAP1), a factor that is known to act as a tran-
scriptional co-repressor with KRAB-ZNF transcription factors,
facilitates an autoregulatory loop that suppresses KRAB-ZNF
expression. We have subsequently demonstrated that the wild
type RRP1B allele but not the variant allele can suppress the
expression of the TRIM28-regulated KRAB-ZNF factors
ZNF333 orZNF426. This occurrencemaywell, in part, underlie
the protective effect of the variantRRP1B allele in breast cancer
metastasis. It should be noted that members of the KRAB-ZNF
family of transcriptional repressors have particularly broad
effects upon gene expression, which is a consequence of the
frequencies of their core DNA binding sequences (e.g. ZNF333
binds to the sequence ATAAT) (40). Therefore, global forms of
analysis, including investigation of local chromatin structure at
KRAB-ZNF-regulated promoters in response to dysregulation
of RRP1B, will be required to fully comprehend the significance
of this result.
It is obvious, however, from studying the list of RRP1B inter-

actors onTAP analysis (Table 1) that RRP1B probably has func-
tions beyond the regulation of transcription and chromatin
structure. It certainly appears apparent that RRP1B is involved
in the process of ribosome biogenesis, since it interacts with a
number of components of the large ribosomal subunit (e.g.
RPL4, RPL5, RPL10A, and RPLP0). Additionally, it is probable
that RRP1B is involved in the rRNA generation and processing,
since various RRP1B interactors (e.g.NPM1 (41) andNCL (42))
regulate pre-rRNA processing. Additionally, RRP1B interacts
with a number of proteins involved in alternative mRNA splic-
ing, including SFRS1 (SF2/ASF) and hnRNPA1, both of which
have been shown to interact and regulate alternative splicing in
a tissue-specific manner (43). Given that dysregulation of both
ribosome biogenesis (reviewed in Ref. 44) and alternative
mRNA splicing (reviewed in Ref. 45) are features of advanced
neoplasia, it will be particularly interesting to determine the
extent to which RRP1B impacts these processes.
In conclusion, we have confirmed that a microarray gene

expression signature induced by ectopically expressing Rrp1b
in the highlymetastaticMvt-1 cell line can be used to accurately
predict survival in multiple breast cancer data sets. Functional
analysis has given us some insight into how RRP1B dysregula-
tion impacts the expression of metastasis-related transcripts.
Specifically, we demonstrate that RRP1B physically interacts

with a variety of nucleosome binding proteins, all of which
have been demonstrated to be regulators of chromatin struc-
ture and transcription. In fact, it appears that RRP1B itself is
a chromatin-associated protein by virtue of its interactions
with histone variants and various heterochromatin-associ-
ated proteins. It is interesting that RRP1B seems to interact
with both heterochromatin and euchromatin-associated fac-
tors. The significance of this is uncertain at present,
although it does suggest that RRP1B probably plays a
dynamic role in the regulation of gene expression.
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