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| ntroduction

We would like to update the grant program with a progress report for the third year of the PI's
training grant in breast cancer research. Over the course of the past year, the Pl in conjunction
with his mentor, has made significant progress in investigating the role of a novel nucleolar
protein in cancer, resulting in a publication in the Journal of Biological Chemistry [1]. The PI

has also successfully defended his dissertation and completed the requirements for the PhD.

We would like to summarize our previous research results in brief: through protein-protein
interaction screening assays, we determined that a novel nucleolar protein, which we
provisionally named EONR (E2F One Nucleolar Repressor) as an interacting protein with the
important cell cycle and apoptosis transcription factor E2F1. Subsequent studies have named this
protein “RRP1B” and shown the involvement of RRP1B in metastasis and association with

breast cancer survival [2-5]. RRP1B and E2F1 interaction was confirmed by though in vitro and

in vivo immunoprecipitation (IP) assays in which E2F1 and RRP1B are overexpressed and in
which E2F1 and RRP1B are expressed endogenously. We also determined by IP that RRP1B and
E2F1, but not E2F2-4 could interact with E2F1. This is important since E2F1 specifically

amongst the E2F family members has a role in the induction of apoptosis. We hypothesized that
RRP1B regulates E2F1 to control apoptosis, which was tested in apoptosis assays where RRP1B
was knocked down by lentiviruses expressing RRP1B specific SIRNA. RRP1B knockdown was
associated with decreased apoptosis as induced by DNA damaging agents, suggesting RRP1B
positively regulates E2F1 apoptosis. This was further supported by measurement of E2F1-
induced transcripts in RTPCR assays: RRP1B knockdown was associated with knockdown of
specific E2F1 targets important for apoptosis and cell cycle regulation. We also determined that
RRP1B was bound together with E2F1 specifically on the promoters of E2F1 targets affected by
RRP1B.

Body

We would like to first discuss progress in the training program. The Pl has completed all
requirements for the awarding of a PhD and has defended his thesis. At this time, all training
requirements, including coursework, seminars, journal clubs, and attendance at the Era of Hope
meeting have been completdthéks 2-3). As per previous reports, we abandoned animal

studies with Dr. Buchsbaum due to time constraifigs 1b). Furthermore, we abandoned

training in chromatin biology with Dr. Wang also due to time constrairdsk(1c). Chromatin

biology studies were not asked for by reviewers of our publication, so we limited our studies to
the copresence of RRP1B and E2F1 on specific E2F1 tasgetse{ow),

We would now like to discuss progress in the research program.

Task 1. Characterizetherole and regulation of EONR on E2F1-mediated cell cycle
progr ession, apoptosis, and sensitization to DNA damagein breast cancers. (M onths 1-36)

a. Raisean antibody against EONR and test the interactions between endogenous EONR
and E2F1 and itsresponsiveness to DNA damage through
coimmunopr ecipitation.(Months 1-6)



Thiswas discussed in the 2007& 2008 Annual Reports. Also see JBC figure 6B [1] .

b. Establish a stable MCF-7 cell linethat inducibly expresses small interfering RNAs
(sSRNASs) that knockdown expression of EONR asa model cell lineto study EONR
function. Also establish a cell line expressing scrambled sIRNAs as a negative control.
(Months 1-3)

Thiswas discussed in the 2007 Annual Report. Also see JBC Figures 3, 4, and 5 for validation of
knockdown in many experiments.

c. Assay theeffect of knockdown of EONR in MCF-7 cells on a panel of E2F1
transcriptional targets astested by semiquantitativereversetranscriptase PCR. Test
the effect of rescue of EONR knockdown through expression of a SSRNA-resistant
EONR construct. (Months 3-6)

Thiswas discussed in the 2007 & 2008 Annual Reports. Using the same RNA extraction
methodol ogy as before, we also add here that we performed quantitative RTPCR assays to
further support the previously shown analysisin JBC Figure 4A. Additional promoter reporter
assays to determine the responsiveness of RRP1B knockdown on E2F1 driven luciferase activity
were shown in JBC Figure 5.

d. Assay theeffect of knockdown of EONR in MCF-7 cells on cell cycle progression to
elucidate the physiological role of EONR in regulation of the cell cycle, as seen by BrdU
incor poration and measurement of DNA content by propidium iodide staining. (Months
6-9)

Thiswas discussed in the 2008 Annual Report. However, the preliminary data we showed in the
previous report was proven to be due to changes in cell growth due to over confluence. Repeated
assays by the same methodol ogy using low passage cells have shown no differencein
proliferation between the control siRNA cell lines and knockdown RRP1B cell lines (JBC Figure
3D). Furthermore, we do not see major differencesin cellular growth evenin low serum
environments (JBC Figure 3D).

e. Assay theeffect of knockdown of EONR on apoptosisin MCF-7 cellsto elucidate the
physiological role of EONR in regulation of apoptosis, as seen by surface annexin V and
7-AAD staining. Investigate the dependency of apoptosisinduced by EONR knockdown
on E2F1 by expression of sRNAs against E2F1. Also express siRNAs against E2F2 and
E2F3 as a negative control. (Months 6-9)

Preliminary results were discussed in the 2007 and 2008 Annual Reports. additional data was
provided for surface Annexin V staining and for PI-stained subG0/G1 population cells following
DNA damagein our publication (JBC Figure 3A-3C).

f. In collaboration with Donald Buchsbaum (UAB), assay the effect of knockdown of
EONR on growth of M CF-7 xenograftsin a nude mouse model. Assay the effectiveness



of a chemotherapeutic DNA damaging agent after knockdown of EONR. (Months 18-
36)

This was abandoned as per discussion in the 2008 Annual Report.

Task 2. Characterize the mechanism by which EONR requlates E2F1. (M onths 1-36)

a. Performin vitrointeraction studies between full length and C-terminal deletion
constructs of EONR and full length and N-terminal deletion constructs of E2F1 to
identify direct interaction and the minimum interacting domains. Deter minein vitro
whether E2F1 S31D bindsto EONR. (M onths 1-6)

Thiswas discussed in the 2007 and 2008 Annual Reports, and shown in JBC Figures 6B, 6C,
and 6D. Combinatorial domain analysis was not successful at the time of publication, nor
required by the reviewers.

b. Determinewhether induction of DNA damage isableto repressin vitro interaction
between purified EONR and E2F1 from cellstreated with a DNA damaging agent.
(Months 6-9)

Thiswas discussed and abandoned in the 2007 and 2008 Annual Reports.

c. Perform chromatin immunopr ecipitation (ChlP) assay to investigate the presence of
EONR on E2F1 responsive promoters. Examinethe effect of treatment with a DNA
damaging agent on binding to the promoter. (M onths 12-18)

Thiswas discussed in the 2007 and 2008 Annual Reports. The primary addition for this annual
report is studies looking at more E2F1 responsive target promoters. Once again, correlationis
seen with RRP1B binding on E2F1 targets affected by RRP1B knockdown, but not on targets
which were not affected by RRP1B knockdown (JBC Figure 3D).

d. Determinerecruitment of chromatin modifying proteinsin collaboration with Hengbin
Wang (UAB). (Months 18-36)

We have abandoned this subaim. Determination of chromatin modifier recruitment would be an
important step towar ds delineating a mechanism by which RRP1B affects E2F1 activity, but was
not essential for publication and defense of dissertation.

e. Assay theintracellular location of interaction between E2F1 and EONR by using
bimolecular fluorescence complementation and live cell microscopy. Deter mine whether
DNA damageis able to decrease colocalization by treatment with a DNA damaging
agent and timelapse microscopy. (Months 12-18)

Thiswas discussed in the 2007 Annual Report. In addition to the data we showed in the grant
proposal, we also added data in the publication showing expression of FLAG-tagged RRP1B in



several other cell lines (JBC Figure 7A). We also showed the endogenous | ocalization of RRP1B
as collocated with the nucleolus in HEK293T cells using the antibody raised in Aim 1A.
Neutralization of this antibody with preincubation with the antigenic peptide led to loss of the
specific RRP1B signal. (JBC Figure 7B). Finally, we showed in bifluorescence compl ementation
assays the specific interaction between RRP1B and E2F1, and not another E2F family member,
E2F2, consistent with Figure 4A from the grant proposal.

K ey Resear ch Accomplishments:

* RRP1B knockdown was confirmed to affect specific E2F1 target transcriptional levels by
guantitative RTPCR assays.

* RRP1B knockdown was confirmed to affect specific E2F1 target promoter activity by
luciferase assays.

» Contrary to the previous annual report, RRP1B knockdown was shown not to affect
proliferative ability vis-a-vis control siRNA.

* The effect of RRP1B knockdown on DNA damage induced apoptosis was further
supported by further apoptotic markers as shown by flow cytometric analysis.

* The number of E2F1 targets assayed by ChIP assays was expanded, showing further
correlation between RRP1B affected targets and RRP1B binding to target gene
promoters.

* The nucleolar localization of endogenous RRP1B was determined.

» Binding specificity between RRP1B and E2F1 and not the other E2Fs was confirmed in
bifluorescence complementation assays.

Reportable Outcomes:

* A manuscript was published in the Journal of Biological Chemistry
» A dissertation was defended and a PhD awarded as a result of this grant.

Conclusion:

Over the course of this training grant, we have made significant progress in determining the role
of RRP1B on E2F1 regulation. Data has solidified the role of RRP1B in DNA-damage induced
and E2F1-induced apoptosis. Furthermore we have discovered a specific role for RRP1B to
interact with E2F1 on specific promoters for regulation of transcriptional activity. Taken
together, these studies have suggested a basis for which high expression of RRP1B may be
associated with higher survival in breast cancers. Also, these studies have led to a publication
and successful defense of a PhD.
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REGULATION OF E2F1-INDUCED APOPTOSIS BY THE NUCLEOLAR PROTEIN RRP1B
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Regulation of the E2F family of transcription
factors is important in control of cellular
proliferation; dysregulation of the E2Fs is a
hallmark of many cancers. One member of the
E2F family, E2F1, also has the paradoxical
ability to induce apoptosis; however, the
mechanisms underlying this selectivity are not
fully understood. We now identify a nucleolar
protein RRP1B as an  E2F1-specific
transcriptional target. We characterize the
RRP1B promoter and demonstrate its selective
response to E2F1. Consistent with the
activation of E2F1 activity upon DNA damage,
RRP1B is induced by several DNA damaging
agents. Importantly, RRP1B is required for the
expression of certain E2F1 pro-apoptotic target
genes and the induction of apoptosis by DNA
damaging agents. This activity is mediated in
part by complex formation between RRP1B
and E2F1 on selective E2F1 target gene
promoters. Interaction between RRP1B and
E2F1 can be found inside the nucleolus and
diffuse nucleoplasmic punctates. Thus, E2F1
makes use of its transcriptional target RRP1B
to activate other genes directly involved in
apoptosis. Our data also suggest an under-
appreciated role for nucleolar proteins in
transcriptional regulation.

E2F1 is a critical regulator of DNA damage
response and apoptosis. As part of E2F family of
transcription factors, E2F1 is also involved in
regulation of a wide array of genes important for
cell cycle progression and other functions (1).
Paradoxically, E2F1 has the unique ability to
induce apoptosis (2). Overexpression of E2F1 ex
vivo leads to apoptosis of breast cancer and other
cells (3-5). Deletion of E2F1 in vivo shows a
defect in thymocyte apoptosis and increased tumor
incidence (6,7). An endogenous role for E2F1
apoptosis is illustrated by its activation and

stabilization by genotoxic stimuli. Overexpression
of E2F1 sensitizes cells to radiation and
chemotherapy (8,9). DNA damage activates E2F1
expression and induces E2F1 stabilization through
phosphorylation by DNA-damage responsive
kinases ATM (10) and Chk2 (11) and through
acetylation (12,13). E2F1  transactivates
proapopotic genes such as p73 (14,15), Apaf-1
(16), and caspases (16) independently of p53, and
cooperates with p53 through transactivation of
p19ARF (17). Investigation of how E2F1
specifically regulates apoptosis through selective
transcriptional regulation vis-a-vis other E2F
family members may reveal targets for future
study that might improve the sensitivity of cancer
to radiotherapy and chemotherapy.

We therefore attempted to identify genes
specifically regulated by E2F1 that potentially
regulate E2F1-induced apoptosis. Previously, the
Helin group published a microarray data set in
which expression profiles were compared between
cells that overexpressed E2F1, E2F2, and E2F3
(18). We screened their data set to include only
those genes which were significantly induced by
E2F1, but whose expression did not change more
than one fold either positively or negatively upon
E2F2 or E2F3 overexpression. The list of genes
screened from this study is shown in Table 1.
Among them was the gene RRP1B (Ribosomal
RNA Processing 1 homolog B), also known as
KIAAO0179 or NNP-1B (Novel Nucleolar Protein
1). RRP1B is related to RRP1 (Ribosomal RNA
Processing 1), a protein involved in ribosomal
biogenesis localized to the nucleolus (19-22).
Recent data have shown RRP1B is involved in
suppression of metastasis and whose gene
expression profile after overexpression predicted
survival in breast cancers (23). However, the
mechanism of how RRP1B reduces tumor burden
remains unclear.

We now provide evidence that RRP1B is
specifically regulated by E2F1, and not other E2F

Copyright 2009 by The American Society for Biochemistry and Molecular Biology, Inc.
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family members. RRP1B is important for
regulation of apoptosis induced by both DNA
damage and E2F1 overexpression. Consistent with
its pro-apoptotic function, RRP1B selectively
regulates the expression of several pro-apoptotic
E2F1 target genes through chromatin binding. We
also demonstrate a direct interaction between
RRP1B and E2F1 in vitro and in vivo in nucleoli
and in punctate nucleoplasmic foci. Together,
these data suggest that RRP1B is a novel E2F1
target and coactivator at the same time and may
prime the cells for E2F1-dependent apoptosis.

EXPERIMENTAL PROCEDURES

Cell culture and transfection - HEK293,
HEK293T, T98G, NIH3T3, H1299, HFF (human
foreskin fibroblasts) and Ref52 cells were
maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), penicillin (50 1U/ml) and
streptomycin (50 pg/ml). HCT116 and U20S cells
were grown in  McCoy’s 5A medium
supplemented with 10% FBS, penicillin, and
streptomycin. All cells were grown in a humidified
incubator at 37°C with 5% CO, and 95% air. A
standard calcium phosphate method was used for
transfection of HEK293, HEK?293T, and H1299
cells. NIH3T3 and Ref52 cells were transfected
with Lipofectamine 2000 (Invitrogen) according to
manufacturer instruction. After transfection, cells
were incubated for 48hr before analysis.

Plasmid construction — The RRP1B promoter was
cloned using PCR of genomic DNA, constituting
genomic DNA from -2354 to +259 surrounding
the cDNA start site. PCR primers contain a Xhol
site 5’ to the forward cloning primer and a HindllI
site 5’ to the reverse cloning primer. The primers

used were: forward promoter: 5’-
CGCCTCGAGCAGGGTTGGAGGCTGCA-3’;
reverse promoter, 5’-

CGCAAGCTTACTGAGAATGTCAGTGATGG
GGGA-3’. PCR product was digested with Xhol
and Hindlll, then ligated together with pGL3-
Basic digested with Xhol and Hindlll.

A mutation at the putative E2F binding site at
+150 was generated in pGL3-RRP1B promoter by
changing two nucleotides (5’-GCGGTCAGCC
GCTACACATGGCGGGC-3’) using Quikchange
Site-Directed Mutagenesis Kit (Stratagene). To
construct pGL3-RRP1B with a mutation at -505

and -400, four nucleotides were changed in two
consecutive cycles of a standard megaprimer
mutagenesis protocol (24). For pGL3-RRP1B -
505, the mutagenic primers used were: 5’-AGT
GGGGCGTGATGATGCGCGCCTGTAGTC-3’
and GACTACAGGCGCGCATCATCACGCCCC
ACT-3’, then 5-GGGGCGTGATGATGCAT
GCCTGTAGTCTCAGC-3" and 5’-GCTGAGA
CTACAGGCATGCATCATCACGCCCC-3’. For
pGL3-RRP1B -400, the mutagenic primers used
were: 5’-AGCCAGGATCACCGCCAAGATATC
GCCACTGCAT-3* and 5-ATGCAGTGGCG
ATATCTTGGCGGTGATCCTGGCT-3’, then 5’-
TCACCGCCAAGATATCGATACTGCATTCCA
GCCTGG-3’, and 5’-CCAGGCTGGAATGCAG
TATCGATATCTTGGCGGTGA-3".

To construct a tagged mammalian expression
vector for RRP1B, RRP1B cDNA was obtained
from ATCC in pBluescript 1l SK(+) (pBsll SK+).
A FLAG-tag was inserted 5’ to the transcriptional
start site using a PCR primer; a Kpnl site, Kozak
sequence, and methionine are 5’ to the FLAG tag,
and a Bglll site was inserted in between the FLAG
tag and RRP1B cDNA. The following primers
were used: forward: 5’-GCGGGTACCGCCACC
ATGGATTACAAGGATGACGACGATAAGAG
ATCTATGGCCCCCGCCATGCAGCCGG-3’,
reverse, 5’-AGCTTCGAAGACACCCCGAGCT
AT-3’. Amplified PCR product was digested with
Kpnl and BstBl and cloned into pBsll SK+-
RRP1B digested with Kpnl and BstBI. pBsll SK+-
FLAG-RRP1B was then digested with Kpnl and
Notl and the cDNA insert was ligated with
pcDNA3 digested with Kpnl and Notl.

pcDNA3-FLAG-RRP1B (1-473), FLAG-
RRP1B (474-589), or FLAG-RRP1B (590-758)
was cloned from full length RRP1B with the
addition of a Bglll site at the 5’ end of the forward
primer, and a Notl site at the 5’ end of the reverse
primer flanking the 3’ end of the coding sequence.
PCR products were then digested with Bglll and
Notl and ligated with the vector sequence from
modified pcDNA3-FLAG-RRP1B digested with
Bglll and Notl. The Bglll site in the backbone of
pcDNA3 vector was first destroyed by Klenow
enzyme. The following primer sets were used:
FLAG-RRP1B (a.a. 1-473), forward sequence
same as full length forward sequence, reverse, 5’-
CGCGCGGCCGCTCATTTCCTTTTATTGTGC
ATGGG-3’; FLAG-RRP1B (a.a. 474-589),
forward, 5’-
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GCGAGATCTCGGCCACGGAAGAAGAGCCC
G-3’, reverse, 5’-
CGCGCGGCCGCTCATGTTTTCTGGCTGGGC
AGGCC-3’; FLAG-RRP1B (a.a. 590-758),
forward, 5’-
GCGGGTACCGCCACCATGGATTACAAGGA
TGACGACGATAAGAGATCTGCAAGTTTGA
AAAAGAGGAAG-3’, reverse, 5’-
CGCGCGGCCGCTCAGAAGAAATCCATAGC-
3.

E2F1 domain mutants were constructed into
the pGEX-6P1 system (GE). To construct pGEX-
6P1-E2F1 (aa 1-109), pAS2-1-E2F1 (1-109) (25)
was digested with EcoRI and Sall, and the insert
was ligated with pGEX-6P1 vector which was
digested with EcoRI and Sall. pGEX-6P1-E2F1
(110-284), pGEX-6P1-E2F1 (285-358), and
PGEX-6P1-E2F1 (359-437) were cloned by PCR,
using full length E2F1 cDNA as a template, with
addition of a 5° BamHI site and a 3" EcoRI site
flanking primer sequences. PCR products were
then digested with BamHI and EcoRI and ligated
with pGEX-6P1 digested with BamHI and EcoRI.
pPGEX-6P1-E2F1 (110-282) was cloned using 5’-
GCGGGATCCGGCAGAGGCCGCCATCCA-3’
and 5’-AGCGAATTCTCAAAAGTTCTCCAAG
AGTC-3’; pGEX-6P1-E2F1 (283-358) was cloned
using 5’-GCGGGATCCCAGATCTCCCTTAAG
AGC-3’ and 5’-AGCGAATTCTCACAACAGCG
GTTCTGCTC-3’; pGEX-6P1-E2F1 (359-437)
was cloned using 5’-GCGGGATCCTCCCGGAT
GGGCAGCCTG-3” and 5’-AGCGAATTCTCAG
AAATCCAGGGGGGT-3".

For bimolecular complementation assays,
RRP1B was first shuttled from pcDNA3-FLAG-
RRP1B by digestion with Bglll and BamHI and
ligated with pEGFP-C1 digested with BamHlI;
orientation was checked by digestion with Bglll
and BamHI. RRP1B was then excised from
pPEGFP-C1-RRP1B by BspEl and Nhel and
inserted into pcDNA3.1 yellow fluorescent protein
1-zipper (YFP1, containing eYFP aa 1-158) (26)
digested by BspEl and Nhel. YFP2-E2F2 was
constructed by digestion of pEGFP-E2F2 with
BamHI, followed by Klenow digestion,
purification, then sequencial digest with Nhel and
BspEl. The insert was ligated with pCDNA3.1
YFP2-zipper digested with Xbal followed by
Klenow digestion, purification, then digestion with
BspEl.

Immunoprecipitation and Western blot analysis -
Cells prepared for endogenous
immunoprecipitation were washed and scraped in
phosphate buffered saline (PBS); nuclei were then
extracted twice by incubation on ice for 10 min
with nuclear extraction buffer (10 mM Tris, 85mM
KCI, 5 mM EGTA, 0.5% NP-40) supplemented
with protease inhibitors (1 mM dithiothreitol,
1mM NaF, 1 mM sodium orthovanadate, 20 nM
microcystin, 10 pg/ml leupeptin, 10 pg/ml
pepstatin, 1 mM phenylmethylsulfonyl fluoride, 2
pg/ml antipain, and 1 pg/ml chymostatin). Nuclei
were then lysed in TNN buffer (50 mM Tris, 0.25
M NaCl, 5 mM EDTA, 0.5% NP-40) with
protease inhibitors, sonicated, precleared by
nutation at 4°C for lhr with protein G agarose
beads (Pierce), then nutated at 4°C overnight with
2 ug of E2F1 antibody (KH95, Santa Cruz) or
nonspecific mouse 1gG (Pierce). Protein G beads
were then added and the sample nutated at 4°C for
2 hr, then washed 5 times with ice cold TNN
buffer. Beads were eluted with SDS sample buffer,
subjected to  sodium  docecyl  sulfate-
polyacylamide gel electrophoresis (SDS-PAGE),
and electrotransferred to Immobilon-P membrane
(Millipore).

Cells prepared for immunoprecipitation of
overexpressed proteins were washed and directly
lysed in TNN with protease inhibitors and nutated
at 4°C overnight with anti-FLAG agarose beads
(M2, Sigma). An aliguot of lysate was saved for
protein input control. Beads were washed 5 times
with ice cold TNN buffer, eluted, electrophoresed,
and blotted as above.

Cells prepared for direct protein analysis were
lysed in SDS lysis buffer (1% SDS, 60 mM Tris).
Equal protein amounts were electrophoresed and
blotted as above. Equal loading was confirmed by
Ponceau S staining. DNA damage was induced by
addition of 1 puM doxorubicin (doxo), 20 uM
cisplatin (CDDP), or 0.05 pg/ml, 0.3 pg/ml or 1.0
pg/ml  neocarzinostatin  (NCS). Densitometric
analysis was performed using Imagel (NIH);
measurement of RRP1B protein level was
normalized against corresponding GAPDH protein
level. For all experiments, specific proteins were
detected with the appropriate antibodies. An
RRP1B antibody was raised in rabbits against a
peptide  (ATHPPGPAVQLNKTPSSSKK) by
Open Biosystems. Crude rabbit sera were affinity
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purified using peptide-conjugated NHS-activated
Sepharose (GE). Antibodies against E2F1 (KH95
and C20), E2F2 (C20), E2F3 (C18), E2F4
(WUF11), E2F5 (MH5), HA (Y11), and
glyceraldehyde-3-phosphate dehydrogenase
(0411) were purchased from Santa Cruz. FLAG
antibody (F7425) was purchased from Sigma.
Lentivirus production and transduction -
Knockdown of RRP1B was achieved by infection
of cells with lentiviruses expressing RRP1B small
interfering  RNA (siRNA). pLKO.1 plasmids
expressing SiRNA sequences (27) were obtained
from the RNAIi Consortium (Open Biosystems)
and screened for knockdown of RRP1B by
transient transfection of HEK293T cells, followed
by Western blotting. A control nonspecific
siScramble pLKO.1 plasmid (28) and pMDG and
pCMV AR8.2 packaging vectors were obtained
from Addgene. Two plasmids containing the
following siRNA sequences achieved high
knockdown; A, 5’-GATGACCAAATCCTCAGT
CAA-3’; B, 5-GCACATTTGTTCTGCAGAC
TA-3’. Plasmids achieving high knockdown were
used for lentivirus production by cotransfection of
pLKO.1 containing siRNA sequences, pMDG, and
pCMV AR8.2 in HEK293T cells; supernatants
containing virus were collected every 24 hr,
filtered using a .30 um filter, added to target cells,
incubated for 48 hr, then selected for stable
transduction by addition of puromycin for 96 hr.
Knockdown was confirmed by Western blotting.
Luciferase assays — The expression constructs (5
ng for pcDNA3-E2F1, pcDNA3-E2F2, or
pcDNA3-E2F3 or empty vector), the promoter
plasmids (1 pg for pGL3-RRP1B and point
mutants, pGL3-rRNA promoter and proximal
mutant (29), caspase-7 promoter (30), E2F1
promoter (31) and thymidine kinase (TK)
promoter (32)) and 1 png of pCMV-B-galactosidase
plasmids were cotransfected in HEK293T or
stably transduced siScramble or siRRP1B H1299
cells. Cells were harvested 48 hr later in PBS; an
aliquot was lysed in SDS lysis buffer for Western
blotting, while the rest of the sample was lysed in
reporter lysis buffer (Promega). Luciferase activity
and pB-galactosidase activity were measured
according to manufacturer instruction. Luciferase
activity was normalized against p-galactosidase
activity. All transient expression assays were
performed in triplicate.

Apoptosis assays - DNA damage induced
apoptosis was assayed in stably transduced
siScramble or siRRP1B U20S cells which were
untreated or treated with 20 uM cisplatin for 30 hr
before harvest. Cells were then stained with
annexin V-APC or annexin V-PE (BD
Biosciences) and 7-amino-actinomycin  (BD
Biosciences). At least 10000 cells were profiled
for surface annexin-V/7-AAD positivity by flow
cytometry. Annexin V'/7-AAD  and Annexin
V*/7-AAD" cells were scored as apoptotic. Cell
death was also assayed in the same cells treated
untreated or treated with 20uM cisplatin for 28 hr
before harvest followed by staining with
propidium iodide (Roche) and profiling for DNA
content by flow cytometry. The sub-Go/G;
population were scored as dead cells.
Alternatively, stably transduced siScramble or
SiRRP1B U20S cells were untreated or treated
with 1 uM doxorubicin for 8 hr, harvested, then
assayed for caspase-3/7 cleavage according to
manufacturer  instruction (Caspase-Glo  3/7,
Promega).

E2F1 induced apoptosis was assayed in stably
transduced siScramble or siRRP1B U20S cells
infected by adenoviruses expressing E2F1.
Adenoviruses were produced in the AdEasy
system as previously described (33). Cells were
starved in 0.25% fetal bovine serum for 48 hr,
followed by adenovirus infection (MOI 100) for
28 hr. Cells were then harvested and analyzed for
surface annexin-V/7-AAD positivity by flow
cytometry as above. All apoptosis assays were
performed in triplicate.

Cellular proliferation assay - 1x10° stably
transduced siScramble and siRRP1B U20S cells
were each plated in six replicates in 3.5cm
diameter 6 well plates, grown for 72 hr prior to
confluence, trypsinized and collected. Two
aliquots from each plate were counted using a
hemacytometer. One quarter of the remaining cells
were replated. Assay was repeated on day 6 and
day 9. Cells were harvested at day 9 in SDS
sample buffer for Western blotting. A similar
assay was performed identically except that cells
were grown in media containing 2% fetal bovine
serum.

Real time and semiquantitative PCR - For analysis
of RRP1B dependency on E2F family member
expression, T98G cells were starved in DMEM
containing 0.25% FBS for 48 hr, then infected
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with adenoviruses expressing E2F1, E2F2, E2F3,
E2F4, E2F5, or empty vector for 24 hr. RNA was
then extracted using TRIzol (Invitrogen); 1ug of
RNA was used to produce cDNA using MMLV
reverse transcriptase (Promega), then expression
of specific targets was assayed by PCR. For
analysis of RRP1B expression after E2F family
knockdown, U20S cells were stably transfected
with pSuperior.puro containing siGFP, siE2F1, or
siE2F3, and puromycin selected. Parallel aliquots
of cells were prepared for RTPCR and SDS-PAGE
as above. Construction and seqguences were
previously described (34).

For analysis of cell cycle dependent RRP1B
RNA levels, HFF cells were starved in DMEM
containing 0.25% FBS for 48 hr, then stimulated
with 20% FBS at various timepoints. Harvesting
of RNA and semiquantitative PCR was then
performed as above. A parallel set of cells was
treated identically, harvested, and analyzed for
DNA content by propodium iodine flow cytometry
as previously described (33).

For analysis of RRP1B knockdown and E2F1
target expression, stably transduced siScramble
and siRRP1B U20S cells were harvested in
TRIzol and RNA extracted and semiquantitatively
analyzed as above. Quantitative PCR was
performed in triplicate on an MX3005p thermal
cycler (Stratagene) using SYBR Green dye to
measure amplification and ROX as a reference dye
(Brilliant 11 SYBR Green QPCR Master Mix,
Stratagene). Transcript levels were normalized
with Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) levels, which were assayed in parallel
with test genes. Results were analyzed with MxPro
4.1 QPCR software (Stratagene).

For all experiments, PCR was performed using
the following primer sets: RRP1B, 5’-
CCCGTCCCTGGAACAGAAC-3’, 5’-CTCGGG
CCACTCTGAGACA-3’, size 249%bp; p73, 5’-
CATGGTCTCGGGGTCCCACT-3° and 5’-
CGTGAACTCCTCCTTGATGG-3’, size 471bp;
Apaf-1. 5 -AATGGACACCTTCTTGGACG-3’,
5’-GCACTTCATCCTCATGAGCC-3’, size
331bp; Caspase-3, 5-TCGGTCTGG
TACAGATGTCG-3’, 5’-CATACAAGAAGTCG
GCCTCC-3’, size 398bp; Caspase-7, 5’'-CAAAG
CCACTGACTGAGATG-3’, 5’-CAACCCAATG
AATAAATGAT-3’, size 259bp; p107, 5’-TGGTG
TCGCAAATGATGCTGG-3’, 5’-AGGAGCTGA
TCCAAATGCCTG-3’, size 362bp; Cyclin E 5’-

CTCCAGGAAGAGGAAGGCAA-3’, 5’-GTAAA
AGGTCTCCCTGTGAAG-3’, size 421bp; TK, 5’-
ATGAGCTGCATTAACCTGCCCACT-3’, 5’-AT
GTGTGCAGAAGCTGCTGC-3’, size 204bp;
GAPDH, 5-TGAAGGTCGGAGTCAACGGATT
TGGT-3’, 5’-AAATGAGCCCCAGCCTTCTCCA
TG-3’, size 325bp. We ensured linear
amplification in all cases.

Chromatin immunopreciptation (ChlP) assay -
U20S cells were grown in 15cm diameter dishes,
crosslinked with 1% formaldehyde, washed and
scraped with PBS, and nuclei extracted on ice
twice with nuclear extraction buffer with protease
inhibitors. Cells were then resuspended in
chromatin extraction buffer (1% SDS, 10 mM
EDTA, 20 mM Tris) with protease inhibitors and
sonicated to an average fragment size of 1000bp;
0.5% of supernatants were used for control input
PCR. All other chromatin was diluted in dilution
buffer (0.01% SDS, 1% Triton X100, 2 mM
EDTA, 20 mM Tris, 150 mM NaCl) and
precleared with salmon sperm DNA/bovine serum
albumin blocked protein G plus protein A agarose
beads (Pierce) for 3hr, then immunoprecipitated
with 4ug of each antibody (E2F1, C20, Santa
Cruz; E2F2 (C18), E2F3 (C20), E2F4 (C20);
RRP1B, rabbit IgG, Pierce) by nutation at 4°C
overnight. Blocked protein G+A agarose beads
were added for 2hr, then beads were washed and
nutated for 5min at 4°C consecutively with ice
cold low salt buffer (0.1% SDS, 1% Triton X100,
2 mM EDTA, 20 mM Tris, 150 mM NacCl), high
salt buffer (0.1% SDS, 1% Triton X100, 2 mM
EDTA, 20 mM Tris, 500 mM NaCl), LiCl buffer
(0.25 M LiCl, 1% NP-40, 1% deoxycholic acid, 1
mM EDTA, 10 mM Tris), and twice with TE (10
mM Tris, 1 mM EDTA). Chromatin was eluted in
fresh elution buffer (0.1 M NaHCO;, 1% SDS);
crosslinks were then reversed by incubating
samples in high salt conditions for > 4hr at 65°C,
followed by digestion of RNA by RNase A and
protein by proteinase K. DNA was then purified
by dilution in buffer PB (Qiagen) then purification
using a silica column (Qiaquick gel extraction kit,
Qiagen).

For reChlP assays, cells and chromatin were
treated as before; chromatin was
immunoprecipitated using 4 pg of antibodies
(E2F1, KH95, Santa Cruz, mouse IgG, Pierce);
prior to chromatin elution, antibody/chromatin
complexes were eluted in 10 mM DTT and
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incubated at 37°C for 30 min. Supernatants were
then diluted 20:1 in reChIP buffer (1% Triton
X100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris)
and nutated at 4°C overnight with 4 pg of
antibodies (RRP1B, rabbit 1gG, Pierce). Blocked
protein G+A agarose beads were added for 2 hr,
then beads were washed, eluted, and DNA purified
as above.

For all experiments, PCR was performed using
the primer sets which flank putative E2F-binding
sites within the promoters of the following genes:
E2F1, 5’-AGGAACCGCCGCCGTTGTTC
CCGT-3’, 5’-CTGCCTGCAAAGTCCCGGCCA
CTT-3, size 124bp; p73, 5’-CTCTGCCGAAGAT
CGCGGTCGG-3’, 5’-GGCCGCGTCCAAGTCG
GGGTCC-3’, size 170bp; p-actin, 5’-ACGCCAA
AACTCTCCCTCCTCCTC-3’, 5’-CATAAAAGG
CAACTTTCGGAACGGC-3’, size 166bp;
caspase-7, 5’-TTTGGGCACTTGGAGCGCG-3’,
5’-AAGAGCCCAAAGCGACCCGT-3’, size
220bp; GAPDH, 5’-AAAAGCGGGGAGAAAG
TAGG-3’, 5’-CTAGCCTCCCGGGTTTCTCT-3’,
size 270bp; p107, 5’-TCTTTCAGAATCTGAGG
TAC-3’,5’-CCGACTTCTTTCTCCCTCC-3’, size
198bp; rRNA, 5-GTTTTTGGGGACAGGTGT-
3’, 5’-CCAGAGGACAGCGTGTCAGCA-3’, size
146bp; TK, 5’-TCCCGGATTCCTCCCACGAG-
3, 5-TGCGCCTCCGGGAAGTTCAC-3’, size
200bp; RRP1B, 5’-CGGTGAAGAGCTGCGCC
AGT-3’, 5-CGCAAGCTTACTGAGAATGTCA
GTGATGGGGGA-3’, size 180bp. We ensured
linear amplification in all cases. For caspase-3,
putative E2F sites in the mouse caspase-3
promoter (30) were compared against the human
caspase-3 promoter, and a conserved site was
found in within the first intron. Primers used to
assay this E2F site are: 5’-
TACTCGCCCTGGGGGCTGAT-3’, 5°-TGAGCT
GCGAGCACTCACGA.

GST pulldown assay - Escherichia coli strain
BL21 transformed with pGEX or pGEX-E2F1
were cultured in LB medium containing ampicillin
at 37°C to an A600 value of 0.5. GST fusion
proteins were induced by 0.02 mM IPTG
(isopropyl-p-D-thiogalactopyranoside) at 25°C for
3 hr; cells were then lysed by sonication in PBS
containing protease inhibitors, and then purified
using Glutathione Sepharose 4B (GE) (10). **S-
tagged RRP1B was produced from rabbit
reticulocyte lysates according to manufacturer
instruction (TnT Quick Coupled

Transcription/Translation System, Promega). 1 ug
of GST or GST-E2F1 on sepharose beads was
combined with *S-tagged RRP1B in NETN-A
buffer (50 mM NaCl, 1 mM EDTA, 20 mM Tris-
HCI, 0.5% NP-40) with protease inhibitors and
nutated overnight at 4°C. Sepharose beads were
washed 4 times with NETN-B buffer (100 mM
NaCl, 1 mM EDTA), eluted in SDS sample buffer,
then subjected to SDS-PAGE, fixed, enhanced for
autoradiography (Enlightening, Dupont), dried,
and exposed to film for 1 hr at -80°C. Equal
loading of GST proteins was assessed in parallel
by SDS-PAGE followed by Coomassie staining.
Alternatively, GST-fusion proteins were
induced, lysed, and purified by the above method.
2 ug of GST-NHERF-PDZ2 (35) (as a control
irrelevant protein), E2F1, or E2F1 mutants on
sepharose beads were nutated overnight at 4°C
with cellular lysates prepared from HEK293T cells
which had been transfected with pcDNA3 or
pcDNA3-FLAG-RRP1B, FLAG-RRP1B (1-473),
FLAG-RRP1B (474-589), or FLAG-RRP1B (590-
758), incubated for 48 hr, and lysed with NETN-A
buffer with protease inhibitors. Sepharose beads
were washed 5 times with NETN-B buffer, eluted
in SDS sample buffer, and subjected to SDS-
PAGE and immunoblotting. Equal loading of GST
proteins was assessed in parallel by SDS-PAGE
followed by Coomassie staining.
Immunofluorescence studies - HEK293, NIH3T3,
U20S, or Ref52 cells were plated on collagen-
coated coverslips in six-well plates, and then
transfected with pcDNA3-FLAG-RRP1B using
the appropriate transfection protocol and incubated
for 48 hr. Cells were then fixed in 3%
paraformaldehyde for 20 min, followed by
permeabilization in 0.5% Triton-X-100 in PBS for
10 min. Cells were then blocked in 50% horse
serum/50% PBS at room temperature for 30 min,
then incubated with primary antibody in blocking
solution for 60 min, washed, blocked again, then
incubated with fluorescein-conjugated goat anti-
rabbit immunoglobulin G (IgG) or Texas-Red-X
goat anti-mouse IgG (Molecular Probes, 1:400
dilution) for 1 hr. Cells were then washed, nuclei
were stained using Hoescht 33258, then mounted.
For immunostaining, RRP1B antibody (1:50
dilution, 0.4 pg/ul), FLAG antibody (F7425,
Sigma, 1:250 dilution), and nucleolin antibody
(MS-3, Santa Cruz, 1:100 dilution) were used.
Neutralization of RRP1B antibody was performed
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by preincubation of RRP1B antibody with a 4
pg/ul peptide antigen solution in PBS overnight at
4°C. Images were captured on a Zeiss fluorescent
microscope (Axioplan 2 imaging system).

For bimolecular fluorescence
complementation assays (36), YFP1-RRP1B,
YFP2-E2F1 (37), YFP-E2F2, or nonspecific
YFP1-zipper and YFP2-zipper (26) were
transfected in HEK293 or NIH3T3 cells by
appropriate transfection protocol, incubated for 48
hr, fixed, nuclei-stained, and mounted as above.

RESULTS

Expression of RRP1B is specifically controlled
by E2F1. We first investigated the potential role
and specificity of E2F1 on RRP1B expression. We
overexpressed E2F1 through E2F5 using
adenoviruses encoding E2F1-5 cDNAs or no
cDNA (pCMV) in serum-starved T98G cells, and
then checked for expression of RRP1B by
semiquantitative RT-PCR and immunoblotting.
RRP1B expression in transcript and protein was
induced upon overexpression of E2F1, but not the
other E2F family members E2F2-5 (Fig. 1A). We
also tested the expression of RRP1B upon
knockdown of E2F1, E2F3, or a nonspecific GFP
using U20S cells in which siRNAs against each
target were stably transfected. RRP1B transcripts
were decreased after knockdown of E2F1 by
quantitative RT-PCR, but not upon knockdown of
E2F3 or nonspecific GFP (Fig. 1B).

To further support a role for E2F1 in the
control of expression of RRP1B, we investigated
the expression of RRP1B during cellular states
where E2F1 expression is endogenously induced.
E2F1 transcriptional activity is induced following
DNA damage (13); if RRP1B is an E2F1 target,
RRP1B expression will be increased following
DNA damage. Using U20S cells in which DNA
damage was induced by neocarzinostatin (NCS) or
cisplatin (CDDP) for varying times and dosages,
we observed that RRP1B expression was induced
by genotoxic agents as soon as 15 minutes
following administration, peaking 60 minutes after
administration (Fig. 1C), with decrease afterwards.
We also observed similar induction in HCT116
cells after doxorubicin treatment (Fig. 1C). To
determine whether RRP1B transcripts were
induced following DNA damage, we performed
quantitative RT-PCR on U20S cells that were

treated with doxorubicin on a time course. RRP1B
transcripts were significantly induced after 15
minutes of doxorubicin treatment (Fig. 1D).

E2F1 expression is controlled during the cell
cycle, where expression peaks at the G1/S
transition. We therefore investigated whether
RRP1B expression also peaks at the G1/S
transition, consistent with E2F1 expression, using
semiquantative RT-PCR and protein blotting for
RRP1B expression in primary foreskin fibroblasts
that had been serum-starved to quiescence for cell
cycle phase synchronization, then stimulated with
serum to reinduce cycling. RRP1B transcripts
were observed to be induced, peaking at 18 hours
after cell cycle induction (Fig. 1E), with levels
falling afterward, suggesting that RRP1B
expression peaks at the G1/S transition (Fig. 1F).
This is further supported by observation of RRP1B
protein levels which peaked at 20 hours after cell
cycle induction, with levels falling afterward (Fig.
1E).

To further test the role of E2F1 in control of
RRP1B expression, we cloned the endogenous
RRP1B promoter into a reporter luciferase
plasmid, and assayed the ability of E2F1 to induce
RRP1B promoter-driven luciferase activity. A
schema of the endogenous RRP1B promoter with
putative E2F sites as determined by computer
screening (38) is shown in Fig. 2A. We also tested
the ability of E2F1 to induce RRP1B promoter
reporter activity where putative E2F sites were
inactivated by point mutation. E2F1 induced
luciferase activity of the wild type promoter, but
mutation of the putative E2F site at position +150
from the RRP1B ATG completely abolished
induction by E2F1 (Fig. 2B). Two other E2F sites
at position -505 and -400 were also mutated, but
the ability of E2F1 to induce luciferase activity
was unaffected when compared to the wild type,
indicating these two sites are not relevant to E2F1
induction of RRP1B (Fig 2C). We finally tested
the specific ability of E2F1 to induce RRP1B
promoter driven luciferase activity. Consistent
with Fig. 1A, overexpression of E2F1, but not
E2F2 or E2F3, was able to significantly induce
luciferase activity (Fig. 2D)

Finally, we determined whether E2F1 protein
binds to the RRP1B promoter in an endogenous
chromatin immunoprecipitation (ChIP) assay.
Using a primer set which encompasses the RRP1B
promoter from position +79 to +259, containing
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the E2F site at +150, we observed binding of E2F1
to the RRP1B promoter (Fig. 2E). Specificity of
E2F binding was  further shown by
immunoprecipitation with E2F2-4; while binding
of all E2Fs was seen when the p107 promoter was
assayed, little binding was seen between E2F2-4
on the RRP1B promoter, indicating that E2F1
specifically binds to the RRP1B promoter.

Knockdown of RRP1B decreases apoptosis
induced by genotoxic agents and E2F1. Since the
data above suggest proapoptotic E2F1, and not the
other E2Fs, specifically regulates the expression of
RRP1B, we investigated what effect RRP1B
would have on apoptosis induced by both DNA
damaging genotoxic agents and by overexpression
of E2F1 during serum starvation. The effect of
RRP1B was tested in U20S cells which were
stably transduced with siRNAs against RRP1B by
means of a lentiviral system. Two independent
siRNAs against RRP1B were used. We first
determined the effect of RRP1B knockdown on
apoptosis as induced by cisplatin (CDDP).
Compared to control cells expressing a nonspecific
SiRNA (siScr), RRP1B knockdown significantly
decreased the ability of cisplatin to induce
apoptosis as measured by two independent assays:
propidium iodide staining/flow cytometry (for
detection of the population with sub 2N DNA
contents) and surface annexin V staining/flow
cytometry (Fig. 3A). Knockdown of RRP1B
protein levels reached nearly 100% in this assay
(Fig. 3A, inset). We further tested the role of
RRP1B in apoptosis in a caspase cleavage assay in
stably transduced U20S cells expressing siRNA
against RRP1B. After treatment with the
genotoxic agent doxorubicin (doxo), which
induces E2F1-dependent apoptosis in HEK293
cells (39), RRP1B knockdown cells had
significantly reduced activated caspase activity as
compared to control siScr cells (Fig. 3B). Finally,
we tested the ability of E2F1 to induce apoptosis
in serum-starved U20S cells expressing siRNAs
against RRP1B. Knockdown of RRP1B
significantly reduced the ability of E2F1 to induce
surface annexin V positivity as compared to
control siScr cells (Fig. 3C).

RRP1B does not affect cellular proliferation.
Since E2F1 also regulates genes important for
cellular proliferation, and RRP1B belongs to the
Nop52 family, which is known to regulate
ribosomal RNA production, a limiting factor for

cellular growth, we assayed the role of RRP1B in
cellular  proliferation. U20S cells stably
transduced with siRNAs against RRP1B or control
nonspecific siScr siRNAs were plated equally,
grown, trypsinized and harvested, and counted
using a hemacytometer. Knockdown of RRP1B
did not appear to change the rate of proliferation
of U20S cells (Fig. 3D, upper panel). Differences
in proliferative capacity were not detected between
control and RRP1B knockdown cells when cells
were grown in low serum conditions (Fig. 3D,
middle panel). This result suggests that RRP1B is
not required for cellular proliferation. However, it
is possible that Nop52, a homolog of RRP1B,
compensate for loss of RRP1B in rRNA
production.

RRP1B selectively regulates transcription of
E2F1 target genes. Based on results above
showing decrease of the ability of E2F1 to induce
apoptosis after knockdown of RRP1B, we
investigated whether knockdown of RRP1B could
affect the transcription of E2F1 target genes by
examining expression in stably tranduced U20S
cells expressing siRNAs against RRP1B. E2F1
target genes related to apoptosis, such as p73,
Apaf-1, caspase-3, and caspase-7, as well as target
genes related to the cell cycle, such as cyclin E
and thymidine Kkinase (TK) were examined.
Transcripts of specific genes were analyzed by
quantitative (Fig. 4A) and semiquantitative (Fig.
4B) RT-PCR assays. The effectiveness of RRP1B
siRNAs was confirmed, where a 75-80%
knockdown of transcripts was observed in both
SiRNAs tested. Knockdown of RRP1B expression
appeared to reduce the expression of caspase-3
and caspase-7 (Fig. 4A), consistent with the
caspase cleavage assay above (Fig. 3B), and also
reduced the expression of proapoptotic Apaf-1.
Furtherore, knockdown of RRP1B correlated with
a decrease of procaspase-3 protein level,
consistent with the reduction in procaspase-3
transcripts (Fig. 4C). Interestingly, p73, an E2F1
target gene known to be important for apoptosis,
and other target genes involved in proliferation
such as TK and Cyclin E were not significantly
affected by RRP1B knockdown (Fig. 4A). These
results suggest a selective role for RRP1B in
regulation of E2F1 target genes.

Recently, several nucleolar proteins have been
shown to regulate transcription through binding to
chromatin (40,41). We therefore examined a role
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for RRP1B in E2F1 regulation by assaying the
presence of RRP1B on E2F1 target gene
promoters through ChIP assays. E2F1 was seen on
the promoters of all E2F1 target genes assayed.
E2F1 was also seen on the rRNA promoter (29)
and the RRP1B promoter (Fig. 2E). Interestingly,
RRP1B antibodies precipitated chromatin from the
caspase-3 promoter, the caspase-7 promoter, the
rRNA promoter, and the RRP1B promoter, but not
from promoters of other E2F1 target genes
assayed, including p73, TK, and E2F1 (Fig. 4D).
These data suggest that RRP1B binds only to the
promoters of E2F1 target genes which were
affected by RRP1B knockdown, but not to the
promoters of E2F1 target genes not affected by
RRP1B knockdown. This suggests that RRP1B
binding to specific promoters is important for
regulation of E2F1 target genes. We then
investigated whether RRP1B and E2F1 were
bound together on E2F1 target gene promoters in a
ChlIP-reChIP assay, where two consecutive
immunopreciptitations using E2F1 and RRP1B
antibodies were performed. RRP1B and E2F1
were shown to interact together on the caspase-7,
rRNA, and RRP1B promoters, but not on the p73
promoter, suggesting that RRP1B regulation of
E2F1 target genes occurs through interaction with
E2F1 (Fig. 4E).

We further tested the ability of RRP1B to
regulate E2F1 target genes in promoter reporter
luciferase assays. We used H1299 cells that were
stably transduced with lentiviruses encoding
siRNAs against RRP1B. First, we tested the ability
of E2F1 to induce the caspase-7, TK, and E2F1
promoters. Consistent with Fig. 4A, RRP1B
knockdown inhibited the ability of E2F1 to induce
luciferase activity of the caspase-7 promoter
reporter (Fig. 5A), but not the E2F1 (Fig. 5B) and
TK (Fig. 5C) promoter reporters, further
supporting specificity in RRP1B regulation of
E2F1 target genes.

Since E2F1 has been reported to bind rRNA
promoter and up-regulate its promoter activity
(29), we assayed the ability of E2F1 to induce the
rRNA promoter in H1299 cells or stably
transduced siRRP1B cells. RRP1B knockdown
significantly reduced both endogenous and E2F1-
induced reporter luciferase activity (Fig. 5D).
Similar results were seen in stably transduced
U20S cells expressing RRP1B siRNAs (data not
shown). Since the previous assay does not rule out

a nonspecific RRP1B effect on transcription, we
tested the effect of RRP1B knockdown on reporter
luciferase activity of an TrRNA promoter
containing a mutation through which induction by
E2F1 is lost. Consistent with figure 5D, RRP1B
knockdown significantly reduced the endogenous
reporter activity of the wild type promoter (Fig.
5E). However, RRP1B knockdown was not
observed to decrease endogenous promoter
reporter activity in cells transfected with the
mutant rRNA promoter, suggesting that an intact
E2F site is required for knockdown of RRP1B to
regulate transcriptional activity (Fig. 5B).

E2F1 interacts directly with RRP1B. Based on
the results above showing coimmunoprecipitation
of E2F1 and RRP1B on the chromatin of E2F
target gene promoters (Fig. 4E), we tested whether
there was a physical interaction between E2F1 and
RRP1B in biochemical assays. We examined in
vitro binding between purified GST-E2F1 and
RRP1B produced in an in vitro
transcription/translation system. When **S-labelled
RRP1B was incubated with either GST or GST-
E2F1 and pulled down by glutathione sepharose,
GST-E2F1, but not GST, pulled down RRP1B,
demonstrating a direct interaction between E2F1
and RRP1B (Fig. 6A).

Next, we examined whether RRP1B could
interact with E2F1 in vivo. We detected an
endogenous interaction between E2F1 and RRP1B
in nuclear extracts from both U20S and HCT116
cells (Fig. 6B). DNA damage increased the
interaction between RRP1B and E2F1, but this
was due to induction of both E2F1 and RRP1B
(data not shown).

We further investigated the ability of RRP1B
to interact with E2F1 by dissecting the domains of
interaction between RRP1B and E2F1. E2F1 was
coexpressed with FLAG-tagged RRP1B or
RRP1B N-terminal domain (aa 1-473), Middle
Domain (aa 474-589), or C-terminus domain (aa
590-758); when cells were lysed and
immunoprecipitated with FLAG, E2F1 was pulled
down with full length RRP1B and RRP1B (1-473)
and RRP1B (590-758), indicating two separate
domains of interaction (Fig. 6C). We also
dissected the domains of interaction between
RRP1B and E2F1. Purified GST-tagged full length
E2F1, or GST-tagged E2F1 domain mutants
corresponding to the N-terminus (aa 1-109), DNA
binding domain (aa 110-284), marked box domain
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(aa 285-358), or Rb/Dimerization domain (aa 359-
437) were incubated with lysates from HEK293T
cells in which FLAG-tagged RRP1B was
overexpressed. Only GST-E2F1 and GST-E2F1
(110-284) were able to pull down FLAG-tagged
RRP1B (Fig. 6D). Unlike TopBP1 (25) and 14-3-
3t (39), interaction between RRP1B and E2F1 was
not perturbed by mutation of E2F1 serine 31 (data
not shown), as expected because RRP1B does not
interact with the N-terminus of E2F1.

RRP1B and E2F1 interact in the nucleolus
and punctate nucleoplasmic foci. To further
investigate the role of RRP1B in E2F1 regulation,
we assayed the localization of RRP1B and E2F1.
We overexpressed FLAG-tagged RRP1B in
HEK293 cells and probed for intracellular
localization using antibodies against FLAG.
RRP1B was localized to areas within the nucleus
corresponding to nucleolin staining, a marker for
the nucleolus. In addition, punctate nucleoplasmic
foci were also observed, which did not correspond
to nucleolin staining (Fig. 7A). We observed
similar patterning in other cell lines (Fig. 7A). We
then assayed the endogenous localization of
RRP1B; while our antibody could not detect
endogenous RRP1B in several cell lines, in
HEK?293T cells, RRP1B was localized to the
nucleolus, consistent with Fig. 7A. (Fig. 7B).

We next investigated the localization of
interaction between RRP1B and E2F1. We
assayed the localization of interaction using a
bifluorescence complementation assay (36). No
fluorescence was seen when either RRP1B or
E2F1 was coexpressed with a nonspecific leucine
zipper control, but when both YFP-tagged RRP1B
and E2F1 were coexpressed, fluorescence was
seen within intracellular locations similar to those
seen in Figure 7A (Fig. 7C). Furthermore, no
fluorescence was seen with coexpression of YFP-
tagged RRP1B and E2F2. These results suggest
that the RRP1B and E2F1 interaction is located
within nucleoli and punctate nucleoplasmic foci.

DISCUSSION

With a role for E2F1 in apoptosis during either
DNA  damage response or  thymocyte
development, the molecular details that dictate the
pro-apoptotic activity of E2F1 have drawn much
attention. For example, association of Jabl (42)
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and MCPH1/BRIT1 (37) has been identified to
contribute to this activity (42), although how these
interactions specifically leads to activation of
E2F1-dependent apoptosis remains unclear. In this
report, we identify the nucleolar protein RRP1B as
an E2F1-specific target (Fig. 1&2), which in turn
selectively up-regulates certain E2F1 target genes
such as caspase 3 and 7 and Apaf-1 (Fig. 4&5),
and is required for E2F1-induced apoptosis (Fig.
3C). These data unravel a novel function for
RRP1B and identify it as one of the factors that
activate the pro-apoptotic activity of E2F1.

The nucleolar localization of RRP1B is also
worth noting (Fig. 7A&B). While the role of the
nucleolus in ribosome production is well known, a
role for the nucleolus in cancer, including in
regulation of cellular proliferation and apoptosis,
has only recently been established (43,44). We
now show RRP1B as an example of a
multifunctional nucleolar protein that regulates
apoptosis through E2F1-medicated transcription.
A role for nucleolar and ribosomal proteins in
transcriptional regulation has also only been
recently recognized (45-47). Two nucleolar
proteins have been extensively investigated in
transcriptional regulation. Nucleophosmin was the
first histone chaperone identified (48), and has
been shown to bind to histone acetyltransferases
(49,50) and regulate transcriptional activity
through GCN5 (51), AP2a. (52), c-myc (40), and
the androgen receptor (53). Nucleolin is a histone
chaperone with FACT-like activity (54), and
regulates transcriptional activity of pRb (55),
KLF2 (56), AP-1 (57), c-myc (41), and IRF-2
(58). Other nucleolar and ribosomal proteins
involved in transcriptional regulation through
binding of chromatin include RPS3 in NFxB
dependent transcription (59), L11 in c-myc
depdendent transcription (60), Noppl140 (61),
ApLLP (62), and Drosophila ribosomal proteins
(63). To these examples, we now add RRP1B as a
specific regulator of transcription by a nucleolar
protein in a manner similar to that seen in
nucleolin or nucleophosmin regulated
transcription.

Another nucleolar protein which is induced by
E2F1 but also regulates E2F1 is ARF. ARF binds
to MDM2 to activate the growth suppressive
functions of p53, but can also exert its tumor
suppressor activity independently of p53: for
example, ARF has been shown to inhibit the
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transcriptional activity of E2F1 through regulation
on both E2F and DP1 (64,65). More recently, ARF
has been shown to inhibit ribosomal RNA
processing, and to specifically interact with the
rRNA promoter (66) and inhibit rRNA
transcription by blocking Upstream Binding
Factor phosphorylation (67). These inhibitory
functions toward E2F1 by ARF are in contrast to
the promoting function by RRP1B, at least in the
aspect of certain E2F1 target gene expression and
the rRNA promoter activity.

RRP1B binds together with E2F1 on the
chromatin of specific E2F1 target genes (Fig.
4D&E): however the mechanism by which E2F1
transcriptional activity is controlled by RRP1B
remains unclear. RRP1B does not contain any
known DNA binding or transcriptional regulatory
motifs; therefore its role may be in binding to
chromatin or in recruitment of chromatin
modifiers. Nucleophosmin and nucleolin have
been shown to direct bind to histones and act as
histone chaperones to regulate transcription
(48,54). Consistent with these examples, a recent
study has shown RRP1B to bind generally to
chromatin, including to general chromatin
components such as histone H1X (68). However,
because our data suggest selective and promoter-
specific regulation of E2F1 target genes, it may be
more likely that general binding of RRP1B to
ubiquitous histones is uninvolved in regulation of
E2F1 target genes. Alternatively, RRP1B may
recruit histone modifiers, such as histone
acetyltransferases, to upregulate E2F1 target
genes. This is similar to the mode of action seen
for both nucleophosmin and nucleolin, which
recruit GCN5 and P/CAF respectively, to specific
promoters for transcriptional regulation (51,58).
Consistent with this hypothesis, RRP1B has been
shown to bind acetylated lysine 5 of histone 4 and
other nonubiquitous chromatin binding proteins
(68). Further investigation of the ability of RRP1B
to recruit chromatin modifiers is warranted. On the
other hand, binding of RRP1B to the DNA binding
domain of E2F1 leaves other alternative
mechanisms possible as well. For example, the
ETS-related transcription factor GABPy1 has been
shown to bind to the E2F1 DNA binding domain,
and negatively regulate the ability of E2F1 to
transduce caspase-3 and caspase-7 (69). pRb also
appears to have an independent binding E2F1
ability; while pRb does bind other E2Fs, a separate
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domain within pRb is capable of binding E2F1 at a
site outside of the C-terminal Rb/dimerization
domain. This site includes the E2F1 DNA binding
domain (70) to which RRP1B also binds.
Therefore, the possibility exists for RRP1B to
participate in regulation of E2F1 apoptosis by
displacing negative cofactors. Investigation into a
potential role of RRP1B, GABPyl, or pRb
competitive interactions might be of interest.

We also show that RRP1B is localized to the
nucleolus and punctate nucleoplasmic foci in
multiple cell lines (Fig. 7A&B). These data are
consistent with other studies showing localization
of the RRP1, a RRP1B homolog, to the nucleolus
(21,22), and also with proteomic studies
suggesting  nucleolar  localization  (71-73).
However, our results are inconsistent with a recent
study, suggesting localization of RRP1B to the
nucleoplasm and nuclear lamina, to the exclusion
of the nucleolus (68); this disparity might be
because of differences in cell lines used.

One possible reason for the selective ability of
RRP1B to regulate particular E2F1 target genes is
the localization of gene promoters during
interphase in proximity to the nucleolus. The
rRNA promoter, an E2F1 and RRP1B regulated
promoter (Fig. 4D), is situated within nucleolar
organizing regions inside the nucleolus (74).
Whether the promoters of caspase-3, caspase-7, or
RRP1B are located within or near the nucleolus
remains to be determined. RRP1B was also
observed to be localized with E2F1 in punctate
nucleoplasmic foci. While the type and nature of
these foci are unknown, regulation of E2F1 target
genes unrelated to ribosome biogenesis, such as
caspase-3 or caspase-7, may be localized to these
foci. Finally, because the nucleolus is not
membrane bound, proteins may freely enter and
exit the nucleolus into the nucleoplasm; regulation
of E2F1 target gene promoters may be situated
within the nucleoplasm as a consequence.

Identification of RRP1B as a promoter of
apoptosis may also suggest an explanation for the
observation of higher survival in breast cancers
with an expression profile driven by high RRP1B
expression (23,68). RRP1B may be an important
factor in apoptotic response to genotoxic agents
and aberrant proliferation (Fig. 3A-C); therefore it
is possible that increased survival seen in breast
cancers with high RRP1B expression may be due
to increased responsiveness to genotoxic therapy.
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It would be interesting to see whether expression
profiles seen in RRP1B overexpression also show
increases in E2F1-dependent target genes involved
in apoptosis.

In summary, we have identified RRP1B as a
novel specific target of E2F1 involved in the
regulation of apoptosis. Loss of RRP1B
expression inhibits the cellular apoptotic response
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to genotoxic agents as well as E2F1
overexpression. RRP1B selectively regulates E2F1
target gene expression through binding with E2F1
on target gene promoters. These data suggests
RRP1B is a new specificity factor for E2F1-
mediated apoptosis (Fig. 8). Furthermore, we have
identified a novel nucleolar protein in regulation

of apoptosis through binding of chromatin.
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FIGURE LEGENDS

Fig. 1. Regulation of RRP1B expression by E2F1. A. Serum-starved T98G cells were infected
with adenoviruses containing either E2F1, E2F2, E2F3, E2F4, E2F5, or the CMV promoter alone. RNA
was extracted and subjected to semiquantitative RT-PCR for RRP1B and GAPDH. Cell lysates were also
collected for each infection and probed with the indicated antibodies. B. RNA was extracted from U20S
cells that were stably transfected with pSuperior encoding siRNAs against GFP, E2F1, or E2F3 and
subjected to quantitative PCR for RRP1B, levels of which were normalized against GAPDH. Cell lysates
for independent experiments were collected for siGFP, siE2F1, and siE2F3 cell lines and probed with the
indicated antibodies. * P < 0.05 compared to both siGFP and siE2F3. C. U20S or HCT116 cells were
treated with 10 uM doxorubicin, neocarzinostatin (NCS), or 20 uM cisplatin for the indicated times and
dosages, lysed, electrophoresed, and immunoblotted with the indicated antibodies. Numbers below each
lane indicate densitometry of RRP1B levels normalized to GAPDH levels. D. RNA was extracted from
U20S cells treated with 1 uM doxorubicin for the indicated time points and subjected to quantitative PCR
for RRP1B, levels of which were normalized against GAPDH. * P < 0.01 for all treated time points
compared to untreated. E. Human foreskin fibroblasts were brought to quiescence by serum starvation
(0.25% FBS) for 48hr, and then reinduced with 20% serum at the indicated timepoints. Cells were lysed,
RNA and protein extracted, subjected to semiquantitative RT-PCR or blotting with the indicated primer
sets or antibodies. Numbers below each lane indicate percentage of cells in GO/G1, S, and G2 phases of
the cell cycle as assayed by propidium iodide DNA histogram analysis. F. Representative DNA histogram
analysis by propidium iodide flow cytometry.
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Fig. 2. E2F1 specifically drives RRP1B expression and binds to the RRP1B promoter. A. Schema
of the wild type RRP1B promoter. B. HEK293T cells were transfected with either empty vector, wild type
RRP1B promoter reporter luciferase vector, or with RRP1B promoter vector in which a single E2F site is
mutated at +150, with either E2F1 or empty vector and -galactosidase. 48 hr later, cells were lysed for
determination of luciferase activity. p-gal activity was used as a control for transfection efficiency. A
protein aliquot from each experimental arm was blotted and probed with the indicated antibodies. * P <
0.02 between E2F1 transfected arms. C. HEK293T cells were transfected as before but with empty vector,
wild type RRP1B promoter, or with RRP1B promoter in which a single E2F site is mutated at -505 or -
400, and either E2F1 or empty vector. Luciferase analysis and protein blotting was done was before. D.
HEK293T cells were transfected with a RRP1B promoter reporter and either E2F1, E2F2, or E2F3 or
empty vector. Luciferase analysis and protein blotting was done was before. * P < 0.01 between E2F1
arm and all other arms. E. U20S cells were crosslinked, nuclei extracted, sonicated, and incubated with
the indicated antibodies, followed by washes and decrosslinking. Chromatin was then used for PCR
amplification using the indicated primer sets.

Fig. 3. Knockdown of RRP1B reduces DNA-damage and E2F1-induced apoptosis but does not
affect cellular proliferation. A. Stably transduced U20S cells expressing either nonspecific siScramble
(siScr) sequence or two SiRNA against RRP1B (siRRP1B A and siRRP1B B) were seeded equally and
induced for apoptosis with 20 uM cisplatin for 30 hr, then stained by propidium iodide and analyzed by
FACS for sub-Go/G; population, or stained for surface Annexin V and analyzed by FACS. Experiments
were done in triplicate. An aliquot of protein from each experimental arm was blotted and probed with the
indicated antibodies. ** P < 0.001 between treated siScr and siRRP1B arms. * P < 0.02 between treated
siScr and siRRP1B arms. B. Stably transduced siScr or sSiRRP1B A or B U20S cells were seeded equally
and induced for caspase cleavage with 1 uM doxorubicin for 8 hr. * P < 0.01 between treated siScr and
siRRP1B arms. C. Stably transduced siScr or siRRP1B A or B U20S cells were seeded equally, starved
for 48 hr, then infected with 200 MOI of either CMV adenovirus (empty) or E2F1 adenovirus for 36 hr,
then analyzed by FACS for surface Annexin V staining. Experiments were done in triplicate. An aliquot
of protein from each experimental arm was electrophoresed, blotted, and probed with the indicated
antibodies. * P < 0.01 between E2F1 induced siScr and siRRP1B arms. D. Stably transduced siScr or
SiRRP1B A or B U20S cells were seeded equally on six-well plated and counted by a hemacytometer at 3
d prior to confluence. Cells were either grown in 10% serum (upper panel) or in 2% serum (middle
panel). Cells were diluted 1:4 and replated, and counted at 6 d and 9 d. Cells were lysed at the end of the
experiment, electrophoresed, blotted, and probed with the indicated antibodies (lower panel).

Fig. 4. Knockdown of RRP1B selectively affects E2F1 target levels by binding with E2F1 on
E2F-responsive promoters. A. RNA extracted from U20S cells stably transduced with siScr or siRRP1B
A or B were subjected to quantitative PCR for the indicated targets. Expression level was normalized to
GAPDH. * P < 0.02 between siScr and siRRP1B arms. B. In an independent experiment, semiquantative
RTPCR was performed on RNA extracted from U20S siScr or siRRP1B cells for the indicated targets.
H20 indicates no template control. C. In an independent experiment, U20S siScr or siRRP1B B cells
were lysed, electrophoresed, and blotted, and probed with the indicated antibodies. D. U20S cells were
crosslinked, nuclear extracted, sonicated, precleared, and immunoprecipitated with 4 ug of the indicated
antibodies overnight followed by incubation with protein A+G beads for 3 hr and stringent washes.
Chromatin was eluted from beads, decrosslinked, incubated with RNase A and proteinase K, purified, and
subjected to PCR for the indicated E2F responsive promoters. H20 indicates no template control. E.
U20S cells were crosslinked, nuclear extracted, sonicated, precleared, and immunoprecipitated with 4 ug
of the indicated antibodies overnight followed by incubation with protein A+G beads for 3hr and stringent
washes. Chromatin-protein complexes were eluted with 1 mM DTT followed by a second
immunoprecipitation with the indicated antibodies. Binding to beads, washes, elution, purification, and
PCR were done as in Fig. 4D. Arrowheads indicate expected size of PCR products.
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Fig. 5. Knockdown of RRP1B selectively affects E2F induced promoter reporter luciferase
activity. A. H1299 siScr or siRRP1B A or B cells were transfected with caspase-7 promoter reporter,
E2F1 or empty vector, and p-galactosidase, incubated for 48 hr and subjected to luciferase assay. p-gal
activity was used as a control for transfection efficiency. A protein aliquot from each experimental arm
was blotted with the indicated antibodies. * P < 0.005 between E2F1 transfected siScr cells and both
E2F1 transfected siRRP1B cells. B: H1299 siScr or siRRP1B B cells were transfected with E2F1
promoter reporter, E2F1 or empty vector, and p-galactosidase. Luciferase analysis and protein blotting
was done was before. C. H1299 siScr or siRRP1B cells were transfected with TK promoter reporter,
E2F1 or empty vector, and B-galactosidase. Luciferase analysis and protein blotting was done was before.
D. H1299 cells transduced with siRRP1B A or B or no virus were seeded equally and transfected with
rRNA promoter reporter, E2F1 or empty vector, and B-galactosidase. Luciferase analysis and protein
blotting was done was before. * P < 0.01 between pcDNAS3 transfected arms and between E2F1
transfected arms. E. H1299 cells stably transduced with siScr or siRRP1B B were seeded equally and
transfected with an intact rRNA promoter reporter or rRNA promoter in which the E2F binding site for
activation has been mutated, and p-galactosidase. Luciferase analysis and protein blotting was done was
before. * P < 0.05.

Fig. 6. Physical interaction between RRP1B and E2F1. A. FLAG-tagged RRP1B was produced
by in vitro transcription/translation in the presence of **S-methionine and added to buffer containing
either GST-E2F1 bound to glutathione agarose or GST alone, nutated, washed, separated by SDS-PAGE,
fixed, enhanced, and exposed to film. Equal loading of GST proteins indicated by a parallel Coomassie
stain. B. Nuclei from U20S and HCT116 cells were extracted, sonicated, lysed, and immunoprecipitated
with E2F1 antibodies. Beads were washed, blotted, and probed with the indicated antibodies. C. FLAG-
tagged RRP1B or RRP1B domain mutants were coexpressed with E2F1 in HEK293T cells. Cells were
lysed, immunoprecipitated with anti-FLAG agarose, washed, blotted, and probed with the indicated
antibodies. D. FLAG-tagged RRP1B was expressed in HEK293T cells, lysed, and incubated with a
control irrelevant protein GST-PDZ2, GST-E2F1, or GST-E2F1 mutants bound to glutathione agarose
overnight, washed, blotted, and probed with the indicated antibodies. Equal loading of GST proteins
indicated by a parallel Coomassie stain.

Fig. 7. RRP1B localizes and interacts with E2F1 in nucleoli and punctate nucleoplasmic foci. A.
Indicated cells were transfected with FLAG-RRP1B, fixed, probed with the indicated antibodies, nuclei
stained with Hoescht 33258, and mounted for microscopy. B. HEK293T cells were fixed and probed with
the indicated antibodies or antibodies with neutralizing peptide, stained and mounted as above. C. RRP1B
and E2F1 were each cloned into vectors expressing one part each of YFP in a single continuous cDNA
and transfected into the indicated cells. YFP subunits expressing a nonspecific leucine zipper or E2F2
were used as a negative control. Green fluorescence indicates colocalization of YFP subunits, and the
subcellular location of interaction. Cells were fixed in paraformaldehyde, nuclei stained with Hoescht
33258, and mounted for immunofluorescence.

Fig. 8. Proposed model of regulation of E2F1 and RRP1B. RRP1B is specifically stimulated by
E2F1 expression. RRP1B then binds E2F1 at specific E2F1 promoters, acting as a cofactor for expression
of those specific E2F1 targets to upregulate E2F1-mediated apoptosis.
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Table 1: Post-hoc analysis of Muller et al. (18) for genes specifically upregulated by E2F1, but not other
E2Fs. Number values indicate fold induction or repression.

Gene E2F1 E2F2 E2F3 Description
EPAS1 4.1 -0.6  -0.8 endothelial PAS domain protein 1
3.8 -0.7 -0.7  Homo sapiens mRNA; cDNA DKFZp434E1515
3.4 05 -0.5 Homo sapiens mMRNA; cDNA DKFZp564E1363
ARHH 2.1 0.8 0.2 ras homolog gene family, member H
CHML 4.8 0.2 0.3  choroideremia-like (Rab escort protein 2)
NFRKB 2.4 0.5 0.4  nuclear factor related to kappa B binding protein
KIAA0179 25 0.7 0.5 KIAA0179 protein (RRP1B)
ABCB2 8.5 -0.3 0.6  ATP-binding cassette, sub-family B (MDR/TAP)
CAMKK2 3.1 0.6 0.6  calcium/calmodulin-dependent protein kinase kinase
NCOA1 2.9 -0.7 0.6  nuclear receptor coactivator 1
C3 25 -0.3 0.6 complement component 3
MAOA 2.7 05 0.7  monoamine oxidase A
OSTF1 35 -0.6 0.8  osteoclast stimulating factor 1
FBLN5 3.2 -0.5 0.8 fibulin5
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