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A NUCLEOLAR SPECIFICITY FACTOR FOR E2F1-INDUCED CEIDEATH
JASON CHANG PAIK
DEPARTMENT OF CELL BIOLOGY
ABSTRACT

The E2F family of transcription factors are immit regulators of cell
proliferation, and are often dysregulated in casc®ne member of the E2F family,
E2F1, also has the ability to induce apoptosiggetioee, uncovering how E2F1-induced
apoptosis is controlled is of interest in underdtag tumorigenesis. To this end, we
identified RRP1B as a novel target specificallyuoeld by E2F1. RRP1B expression is
specifically upregulated by E2F1 overexpression notg other E2F family members.
RRP1B expression is correlated with E2F1 expressioimg the cell cycle, and is
significantly induced after DNA damage. The minirR&P1B promoter region
responsive to E2F1 was identified. Finally, E2R1L, fot other E2F family members, was
shown to bind endogenous RRP1B promoters througin@dtin immunoprecipitation
assays.

To determine the function of RRP1B in regulatiorE@F1-induced apoptosis, we
then constructed cell lines stably transfected wiRNAs against RRP1B. Knockdown of
RRP1B inhibited apoptosis induced by genotoxic glinknockdown of RRP1B was
able to inhibit the expression of selective E2Kkfjets, including caspase-3 and -7 which
are involved in apoptosis. We also determined @P1B and E2F1 interact both in
vitro and in vivo, and also showed that RRP1B dmatly bound to the promoters of
E2F1 targets that were selectively affected by RIRIdiockdown. Together, this data

suggests that E2F1-induced apoptosis is mediatpdrirby induction of RRP1B,



interaction between E2F1 and RRP1B, and bindirtbeégromoters of selective

proapoptotic E2F1 targets.
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INTRODUCTION

Cancer is fundamentally a disease of improper lellyrowth (Hanahan and
Weinberg, 2000). One of the critical regulatorgeiular growth is the E2F family of

proteins.

Rb, E2F, and control of proliferation

The E2F protein family is a group of transcriptfantors which upregulate genes
important for synthesis of DNA and other regulaianportant for proper cellular
division. Control of E2F activity revolves aroundell cycle checkpoint between the G1
and S phases of the cell cycle. A major contraifehis checkpoint is the
Retinoblastoma susceptibility protein or pRb (Bakrand Sage, 2008; Nevins, 2001).
During quiescence, pRb is hypophosphorylated aa8llssto bind to the E2Fs to repress
their activity to induce S phase genes. When sggimabegin cellular division arise,
cyclin dependent kinases phosphorylate pRb, relgabe E2Fs to dimerize to their
cofactors DP1/2 to activate S phase genes. Thertame of pRb in human disease can
be shown in cancers, where inactivation of pRb lbyation, germline deletion as in the
disease retinoblastoma, or by mutations in upstnegulators of pRb such as p16ink4a
can contribute to cancer susceptibility and arerarnon occurrence. Indeed, most, if not

all, human cancers have abnormally high E2F exjmess



The portrait of the E2Fs presented above is comtgicby the diverse functions
of E2F family members, which now number eight (Belaand Ginsberg, 2009; van den
Heuvel and Dyson, 2008). The E2Fs can be roughigell into two parts — activators,
which include E2F1-3a, and repressors which inclE3E3b-E2F8. E2F1-3a “activate”
E2F target genes and are bound and inactivate®Rby(lflemington et al., 1993; Helin et
al., 1992; Lees et al., 1993; Shan et al., 199B)lene2F4/5 can be bound by p107 and
p130 pocket proteins to repress E2F activity (Bshergen et al., 1994; Buck et al.,
1995; Ginsberg et al., 1994; Hijmans et al., 1982f6 does not bind pocket proteins
but does require dimerization with DP1/2 (Cartwtighal., 1998; Gaubatz et al., 1998;
Morkel et al., 1997; Trimarchi et al., 1998), arattipates in repression via Polycomb
silencing (Trimarchi et al., 2001). E2F7-E2F8 h#ass defined roles (Christensen et al.,
2005; de Bruin et al., 2003; Di Stefano et al.,200bgan et al., 2004; Logan et al.,
2005; Maiti et al., 2005) but have recently beeovahto together bind and repress the
E2F1 promoter (Li et al., 2008). Since E2F consers&guence sites can theoretically be
bound by all E2Fs, activators and repressors carfpethe same sites. The composition
of E2F responsive sites can be determined by thmpaaative levels of individual E2F
family members and their repressor binding partn&trshe G1/S checkpoint, expression
of the activator E2Fs is at the highest as is tb@inposition on responsive promoters, but
during quiescence, E2F4/5 are the dominant E2E2Rtsites (Gaubatz et al., 2000;
Moberg et al., 1996; Takahashi et al., 2000). Indacof genes important for cell
division therefore can be attributed to E2F1, E2¥#®] E2F3a, which each can induce
genes important for cellular proliferation (Mulletral., 2001). There is also further

complexity, as each of the E2Fs has distinct betlapping sets of target genes that can



be dictated by DNA sequence, specific binding gagnand surrounding regulatory

elements (DeGregori and Johnson, 2006).

E2F1 and apoptosis

The picture is further complicated by the paradalxability of E2F1 to induce
apoptosis (laquinta and Lees, 2007; Polager andl®ng, 2009; Stanelle and Putzer,
2006). Ectopic E2F#&x vivo can cause S-phase entry, but at the same timeandu
apoptosis (Kowalik et al., 1995; Qin et al., 198%an and Lee, 1994). Induction of
apoptosis can occur independent of the statusfthbugh some specific mechanisms
by which E2F1 induces apoptosis depend on p53 fHdial., 1997; Kowalik et al.,
1995). Overexpressian vivo in squamous epithelium induced apoptosis and seppde
ras-dependent papilloma formation (Pierce et 808). A physiological role for E2F1 in
apoptosis can be shown in gene disruption mouseismiadhere E2F1 is knocked out;
thymocytes fail to undergo apoptosis during negas@lection, leading to a
hyperproliferative thymus. Furthermore, a wide &griof tumors form in E2F1 -/- mice,
indicating E2F1 has tumor suppressive activitiasl@Fet al., 1996; Yamasaki et al.,
1996; Zhu et al., 1999). Apoptosis in the lens aexvous system of Rb -/- mice also
requires E2F1 (Tsai et al., 1998). While some sttiave shown that E2F2 and E2F3
can also induce apoptosis when overexpressed ([geGed al., 1997; Moroni et al.,
2001), it appears that these must act through E2&dh activating E2F is itself an E2F
target; therefore E2F2 and E2F3 may induce apaptbedugh activation of E2F1

(Lazzerini Denchi and Helin, 2005).



Furthermore, E2F1, and not the other activator E@pgears to be induced by DNA
damage, providing a physiological context for E2kduced apoptosis. (Blattner et al.,
1999; Huang et al., 1997; Meng et al., 1999). Iniducfollowing DNA damage involves
phosphorylation and subsequent stabilization oflH2f~the ATM and Chk kinases (Lin
et al., 2001; Stevens et al., 2003). AcetylatioE®F1 by p300 or PCAF is also induced
following DNA damage, leading to stabilization an@insactivation (Galbiati et al., 2005;
lanari et al., 2004; Martinez-Balbas et al., 20@8¢liconi et al., 2003).

The induction of apoptosis by E2F1 occurs primahipugh increased
expression of a large number of proapoptotic tar@gure 1). Initial studies focused on
the link between E2F1 and p14ARF, which seque8i®®2 and thereby activates p53
(Bates et al., 1998), and p73, a p53 family menthercan also induce apoptosis (Irwin
et al., 2000; Lissy et al., 2000; Stiewe and Pyt2@d0). Unbiased microarray studies
followed, using cells in which ectopically expresse stably overexpressed E2F1 were
used as a template. These studies identified & eddargets which were known to
regulate apoptosis (Galbiati et al., 2005; lanaalg 2004; Martinez-Balbas et al., 2000;
Pediconi et al., 2003). Validated E2F1 targets kméovparticipate in apoptosis or DNA
damage response are listed'iable 1, in which induction was biochemically
recapitulated, promoter sites identified, and E@Fdmoter binding was shown. E2F1 can
induce the expression of p73, Apaf-1 (Moroni et2001), the caspases (Nahle et al.,
2002), and BH3-only proteins which inactivate thé-apoptotic Bcl-2 family (Hershko
and Ginsberg, 2004).

Interestingly, many of the studies listed negledtedistinguish induction of

target genes by E2F1 versus other E2Fs — of the thia¢ did, many were still induced by



E2F2 and E2F3. It is not surprising that only alsmamber of validated genes are
induced only by E2F1 expression, and not the ahgvator E2FsTable 2). This is not
an unexpected result considering that the consdmedmg site for E2F1 is the same for
E2F2 and E2F3 (Slansky and Farnham, 1996). Only PiAB2, and SirT1, a negative
regulator of E2F1, have been identified as spealficipregulated by E2F1 expression
and not the other activator E2Bscatenin was also shown to be specifically repesse
by E2F1 expression, and not the other activatorsERiF control of apoptosis (Morris et
al., 2008). A number of additional E2F1 specifigtts were identified but not
biochemically validated in two microarray studiesfprmed by the Nevins group. These
studies attempted to identify genes that diffeetatE2F1 and E2F3 expression (Black et
al., 2005; Kong et al., 2007). We endeavor in gingposal to expand on this small
number of genes to identify additional novel E2p&dfic targets, validate them

biochemically, and characterize their function poptosis.

Alternative hypotheses

E2F1 apoptosis may be by default “turned on”, aptession of apoptosis may
require some external factor that may or may natlire E2F target regulation. Earlier
evidence showed that apoptosis could be inducsthtes of serum starvation
(DeGregori et al., 1997). Hallstrom et al. thenwéd that activation of the PI3K
pathway was required for repression of E2F1-indwagemptosis (Hallstrom and Nevins,
2003). Interestingly, our lab showed that TopBR1LEAF target which binds and
specifically represses E2F1 activity, was activdtgdhe PI3K pathway through Akt

phosphorylation for repression (Liu et al., 2008)rthermore, in a more recent



microarray study, Hallstrom et al. showed a sub&&2F1 targets which are repressed
by PI3K activation. These E2F responsive genesiprably act to induce apoptosis
when not supported by active PI3K (Hallstrom et2008). These results provide a basis
by which E2F1 apoptosis can be negatively regulaieBI3K, but they do not exclude a
role for other E2F1 target genes that induce E2i8i¢ed apoptosis. In addition to the
above mechanisms, E2F7 and E2F8 have been shdwmdtand repress E2F1 promoter;
loss of E2F7/8 lead to massive apoptosis whictebeued by concurrent loss of E2F1 or
p53 (Li et al., 2008); these newly discovered E&Fy also play an important role in
specification of E2F1 apoptosis function.

Alternatively, levels of proteins not regulated B®F1 may also play a role in
establishing a cellular context in which E2F1 mayable to induce apoptosis. For
example, Api5 was recently described in a genetiee in Drosophila as being a
repressor of E2F1 apoptosis, despite not affe@@igl transcriptional activity (Morris et
al., 2006).

Finally, another level of regulation of E2F1 maytheough binding of regulatory
proteins specifically to E2F1. As of yet, only afproteins are known to bind to E2F1
specifically for control of apoptosig @ble 3); most of the proteins listed act to repress
E2F1 activity. The first specificity factor desaibwas Jabl, which appears to play a
role in assisting E2F1-induced apoptosis, and ¢&vemthe mechanism of activation of
apoptosis remains largely undescribed. MCPH1/Br&g also been described as a protein
which specifically regulates E2F-driven transcopal activity of p73 and Chk1, two
important targets in DNA damage response; howe@RPH1 could also interact weakly

with E2F2 (Yang et al., 2008). Taken together,data presented above reveal the likely



multilayer regulation of E2F1-induced apoptosiswbich activation is likely context
dependent, such as priming of a cell with proapiptwoteins, fraction of E2F1 bound
to pro- or anti-apoptotic cofactors, and inputsrfrgrowth factor signaling such as PI3K.
Identification of gene which is specifically indutby E2F1, activates apoptosand

binds E2F1, would be a significant advance in elatthg the mechanism of differential
regulation of the activator E2Fs.

We therefore determined to identify genes eithecHjgally regulated by E2F1
that potentially regulate E2F1-induced apoptosigroteins which bind to E2F1 to
regulate E2F1-induced apoptosis; preferably boththis end, we performed a reanalysis
of the microarray data presented by the Helin giaughich expression profiles were
compared between cells that overexpressed E2FD,B2E E2F3 (Muller et al., 2001),
and sought to identify those genes that were upaegionly by E2F1 and not the other
E2Fs. Through this screen RRP1B was identifiedvatidated in biochemical assays as
a specific target of E2F1 transcription, and chiaramed for function in E2F1-induced
apoptosis. Identification of a novel specificitgfar for E2F1-induced apoptosis could
further explain differential regulation amongst #etivator E2Fs in the balance between
proliferation and apoptosis, and would presennéeresting target for improving the

effectiveness of chemotherapeutics and radiatigharireatment of cancer.



Figure 1: E2F molecular networks regulating proliferation ampwbptosis
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Table 1: Validated genes upregulated by E2F1 that partieipaapoptosis or DNA

damage response

Regulated specifically
Gene by E2F1? Reference
2 . . (Irwin et al., 2000;
p73 +/- (E2F2 slightly induces) Pediconi et al., 2003)
Apaf-1 No (Moroni et al., 2001)
Caspase-3/7/8/9 Unknown (Nahle et al., 2002
(Hershko and Ginsberg],
PUMA, NOXA Unknown 2004)
. (Hershko and Ginsberg|,
Bim Unknown 2004)
(Hershko and Ginsberg|,
HRK/DP5 Unknown 2004)
i (Fogal et al., 2005;
ASPP-1/2 No Hershko et al., 2005)
DIP Unknown (Stanelle et al., 2005)
Siva No (Fortin et al., 2004)
14ARF No (regulated only by E2F3| (Aslanian et al., 2004,
P in unstressed cells) Bates et al., 1998)
PERP No (Attardi et al., 2000)
Chk2 Yes (only checked E2F1-2) (Rogoff et al., 2004
(Yoshida and Inoue,
TopBP1 No 2004)
Autophagy Genes Unknown (Polager et al., 2008)
DAPK2 Unknown (Britschgi et al., 2008)
BIN1 No (Cassimere et al., 2009)
N-Ras Isoprenylation Variable (only checked
Proteins E2F-1 and -3) (Shamma et al., 2009)
EZH2 Unknown (Wu et al., 2009)
HIC1 Unknown (Jenal et al., 2009)
Bnip3 Unknown (Yurkova et al., 2008)
(Merdzhanova et al.,
SC35 Unknown 2008)
GRP78/BIP Unknown (Racek et al., 2008)
E1AF +/- (E2F2/3 slightly induces) (Wei et al., 3)0
Bripl/Bachl No (Eelen et al., 2008)
PAC1 Unknown (Wu et al., 2007)
RhoBTB2/DBC2 Unknown (Freeman et al., 2008)
B-catenin Yes (Morris et al., 2008)




Table 2: Studies of genes controlled specifically by E2Fid aot other E2Fs

Microarray study

overexpressing cells to identify
differentially expressed genes.

Study Comments Reference
Induction of p73 physiologically
p73 occurs after DNA damage, requiring(Pediconi et al., 2003
E2F1 acetylation by PCAF.
SirT1 Negative fe_edback to repress (Wang et al., 2006)
specifically E2F1. "
B-catenin Ezi%)rr\ettr);ﬁ%v\;ﬁnjgggﬁr?g for (Morris et al., 2008)
A study comparing expression
Black et al. profiles of E2F1 and E2F3

(Black et al., 2005)

Kong et al.
Microarray study

A study comparing expression
profiles of E2F1/2/3 knockdown
cells to identify differentially
expressed genes.

(Kong et al., 2007)

Hallstrom et al.
Microarray Study

PI3K repressed E2F1-target gene
were identified that induce

S
(Hallstrom et al., 2008

apoptosis.

10




Table 3: Studies of proteins bound to E2F1 to control apsis

Protein Comments Reference
Interacts predomllnantly with only E2R1 (Hallstrom and
Jabl for apoptosis, no effects on Nevi
. ) . evins, 2006)
proliferation. Unknown mechanism.
Akt induces TopBP1 binding to (Liu et al., 2003; Liu
TopBP1 E2F1 to repress apoptosis by et al., 2004; Liu et
recruitment of Brg/Brm. al., 2006)
p53 binds E2F1 via E2F’s cyclin A
p53 domain for induction of apoptosis, but (Hsieh et al., 2002)
this domain exists in E2F1-3.
Specific domain within pRb binds only (D'Ck_ and Dyson,
PRb E2F1 to inhibit apoptosis 2003, Markham et
' al., 2006)
. Binds to E2F1 at promoters to block
SIrT1 E2F1-induced apoptosis. (Wang et al., 2006)
ETS-related transcription factor
GABPy1 that block apoptosis by (Hauck et al., 2002
inhibiting only caspase-3/7.
MCPH1/Britl Binds E2F1 on proapoptotic gene | -y, ot a1, 2008)
promoters to activate apoptosis.
Represses E2F1 induction of
Kapl proapoptotic genes on promoters | (Wang et al., 2007)
through HDAC recruitment.

11
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ABSTRACT

Regulation of the E2F family of transcription fata@s important in control of
cellular proliferation; dysregulation of the E2Bsai hallmark of many cancers. One
member of the E2F family, E2F1, also has the patadbability to induce apoptosis;
however, the mechanisms underlying this selectagynot fully understood. We now
identify a nucleolar protein RRP1B as an E2F1-dperanscriptional target. We
characterize the RRP1B promoter and demonstraseligstive response to E2F1.
Consistent with the activation of E2F1 activity ngddNA damage, RRP1B is induced by
several DNA damaging agents. Importantly, RRP1dgired for the expression of
certain E2F1 pro-apoptotic target genes and thectnah of apoptosis by DNA damaging
agents. This activity is mediated in part by comgtegmation between RRP1B and E2F1
on selective E2F1 target gene promoters. Intenattetween RRP1B and E2F1 can be
found inside the nucleolus and diffuse nucleoplasminctates. Thus, E2F1 makes use of
its transcriptional target RRP1B to activate otipemes directly involved in apoptosis.
Our data also suggest an under-appreciated roleufdeolar proteins in transcriptional

regulation.

INTRODUCTION

E2F1 is a critical regulator of DNA damage respaanse apoptosis. As part of

E2F family of transcription factors, E2F1 is als@olved in regulation of a wide array of

genes important for cell cycle progression anddilngctions (Dimova and Dyson,

23



2005). Paradoxically, E2F1 has the unique abititinduce apoptosis (laquinta and Lees,
2007). Overexpression of E2Eg vivo leads to apoptosis of breast cancer and othex cell
(Hsieh et al., 1997; Hunt et al., 1997; Phillipskt 1997). Deletion of E2Fh vivo
shows a defect in thymocyte apoptosis and incresedr incidence (Field et al., 1996;
Yamasaki et al., 1996). An endogenous role for E&bdptosis is illustrated by its
activation and stabilization by genotoxic stim@verexpression of E2F1 sensitizes cells
to radiation and chemotherapy (Meng et al., 199@s¢hy et al., 1999). DNA damage
activates E2F1 expression and induces E2F1 statbaizthrough phosphorylation by
DNA-damage responsive kinases ATM (Lin et al., 20€id Chk2 (Stevens et al., 2003)
and through acetylation (lanari et al., 2004; Pediiet al., 2003). E2F1 transactivates
proapopotic genes such as p73 (Irwin et al., 208@y et al., 2000), Apaf-1 (Moroni et
al., 2001), and caspases (Moroni et al., 2001)peddently of p53, and cooperates with
p53 in transactivation of p19ARF (Bates et al.,89Mvestigation of how E2F1
specifically regulates apoptosis through seledti@ascriptional regulation vis-a-vis other
E2F family members may reveal targets for futuuelgtthat might improve the
sensitivity of cancer to radiotherapy and chemathgr

We therefore attempted to identify genes speclficgalgulated by E2F1 that
potentially mediate E2F1-induced apoptosis. Preshguhe Helin group published a
microarray data set in which expression profilesexmmpared between cells that
overexpressed E2F1, E2F2, and E2F3 (Muller e2@01). We screened their data set to
include only those genes which were significamiguced by E2F1, but whose
expression did not change more than one fold efibsttively or negativelypon E2F2 or

E2F3 overexpressiod he list of genes screened from this study isvshim Table 1
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Among them was the gene RRP1BH&somal RA Processing homolog B, also

known as KIAA0179 or NNP-1B (blel Nucleolar FPotein 1). RRP1B is related to RRP1
(Ribosomal_RA Processing }, a protein involved in ribosomal biogenesis |looad to

the nucleolus (Fabian and Hopper, 1987; Horsey,2@04; Savino et al., 1999; Savino
et al., 2001). Recent data have shown RRP1B idvaddn suppression of metastasis
and gene expression profile after overexpressiedigied survival in breast cancers
(Crawford et al., 2007). However, the mechanisthaf RRP1B reduces tumor burden
remains unclear.

We now provide evidence that RRP1B is specificalyulated by E2F1, and not
other E2F family members. RRP1B is important fgutation of apoptosis induced by
both DNA damage and E2F1 overexpression. Consistiémits pro-apoptotic function,
RRP1B selectively regulates the expression of séyeo-apoptotic E2F1 target genes
through chromatin binding. We also demonstrataectinteraction between RRP1B and
E2F1invitro andin vivo in nucleoli and in punctate nucleoplasmic focig&ther, these
data suggest that RRP1B is a novel E2F1 targeteactivator at the same time and may

prime the cells for E2F1-dependent apoptosis.

EXPERIMENTAL PROCEDURES

Cdll culture and transfection

HEK293, HEK293T, T98G, NIH3T3, H1299, HFF (humanmefskin fibroblasts)

and Ref52 cells were maintained in Dulbecco’s meditEagle’s medium (DMEM)
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supplemented with 10% fetal bovine serum (FBS)jgaén (50 IU/ml) and

streptomycin (5Qug/ml). HCT116 and U20S cells were grown in McCadyA medium
supplemented with 10% FBS, penicillin, and streptoim All cells were grown in a
humidified incubator at 37°C with 5% G@nd 95% air. A standard calcium phosphate
method was used for transfection of HEK293, HEK29%87d H1299 cells. NIH3T3 and
Ref52 cells were transfected with Lipofectamine@Q@vitrogen) according to
manufacturer instruction. After transfection, celisre incubated for 48hr before

analysis.

Plasmid construction

TheRRP1B promoter was cloned using PCR of genomic DédAstituting
genomic DNA from -2354 to +259 surrounding the cDBblArt site. PCR primers contain
a Xhol site 5’ to the forward cloning primer anéiendlll site 5’ to the reverse cloning
primer. The primers used were: forward promoteiIC&ECCTCGAGCAGGGTTGGAG
GCTGCA-3’; reverse promoter, 5-CGCAAGCTTACTGAGAATRAGTGATGGGG
GA-3'. PCR product was digested with Xhol and Hihdhen ligated together with
pGL3-Basic digested with Xhol and HindllI.

A mutation at the putative E2F binding site at + %% generated in pGL3-
RRP1B promoter by changing two nucleotides (5-GA@ABGCCGCTACACATGGC
GGGC-3) using Quikchange Site-Directed MutagenistigStratagene). To construct
pGL3-RRP1B with a mutation at -505 and -400, fouclaotides were changed in two
consecutive cycles of a standard megaprimer muésggprotocol (Burke and Barik,

2003). For pGL3-RRP1B -505, the mutagenic primeeduvere: 5-AGTGGGGCGTG
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ATGATGCGCGCCTGTAGTC-3' and GACTACAGGCGCGCAATCACGCCCCAC
T-3', then 5-GGGGCGTGATGATGCAGCCTGTAGTCTCAGC-3' and 5-GCTGAG
ACTACAGGCATGCATCATCACGCCCC-3'. For pGL3-RRP1B -400, the mutaige
primers used were: IRGCCAGGATCACCGCCAAGATATCGCCACTGCAT-3'and
5-ATGCAGTGGCGATATCTTGGCGGTGATCCTGGCT-3’, then 5'-
TCACCGCCAAGATATCGATACTGCATTCCAGCCTGG-3', and 5'-
CCAGGCTGGAATGCAGTATCGATATCTTGGCGGTGA-3'.

To construct a tagged mammalian expression vecstdRRP1B, RRP1B cDNA
was obtained from ATCC in pBluescript Il SK(+) (dBSK+). A FLAG-tag was
inserted 5’ to the transcriptional start site ussnigCR primer; a Kpnl site, Kozak
sequence, and methionine are 5’ to the FLAG tag,aaBglll site was inserted in
between the FLAG tag and RRP1B cDNA. The followmgngmers were used: forward:
5-GCGGGTACCGCCACCATGGATTACAAGGATGACGACGATAAGAGATCAT
GGCCCCCGCCATGCAGCCGG-3, reverse, 5'-AGCTTCGAAGACBCCGAGCTA
T-3'. Amplified PCR product was digested with Kmard BstBI and cloned into pBsil|
SK+-RRP1B digested with Kpnl and BstBI. pBsll SKA&G-RRP1B was then digested
with Kpnl and Notl and the cDNA insert was ligateih pcDNA3 digested with Kpnl
and Notl.

pcDNA3-FLAG-RRP1B (1-473), FLAG-RRP1B (474-589),FirAG-RRP1B
(590-758) was cloned from full length RRP1B witle tiddition of a Bglll site at the 5’
end of the forward primer, and a Notl site at therlsl of the reverse primer flanking the
3’ end of the coding sequence. PCR products were digested with Bglll and Notl and

ligated with the vector sequence from modified pé&BN-LAG-RRP1B digested with
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Bglll and Notl. The Bglll site in the backbone af[pNA3 vector was first destroyed by
Klenow enzyme. The following primer sets were usddAG-RRP1B (a.a. 1-473),
forward sequence same as full length forward sexpjeeverse, 5'-
CGCGCGGCCGCTCATTTCCTTTTATTGTGCATGGG-3'; FLAG-RRPXB.a. 474-
589), forward, 5-GCGAGATCTCGGCCACGGAAGAAGAGCCCG;Jeverse, 5'-
CGCGCGGCCGCTCATGTTTTCTGGCTGGGCAGGCC-3’; FLAG-RRP(@EBa. 590-
758), forward, 5-GCGGGTACCGCCACCATGGATTACAAGGATGABACGATAA
GAGATCTGCAAGTTTGAAAAAGAGGAAG-3', reverse, 5-CGCGCGCCGCTCA
GAAGAAATCCATAGC-3..

E2F1 domain mutants were constructed into the pGBXsystem (GE). To
construct pGEX-6P1-E2F1 (aa 1-109), pAS2-1-E2F1QQ3) (Liu et al., 2003) was
digested with EcoRI and Sall, and the insert wgetéd with pGEX-6P1 vector which
was digested with EcoRI and Sall. pGEX-6P1-E2FD{284), pGEX-6P1-E2F1 (285-
358), and pGEX-6P1-E2F1 (359-437) were cloned bR RESing full length E2F1
cDNA as a template, with addition of a 5 BamHEksaind a 3’ EcoRl site flanking primer
sequences. PCR products were then digested witiHBand EcoRI and ligated with
pGEX-6P1 digested with BamHI and EcoRI. pGEX-6PEFERL10-282) was cloned
using 5- GCGGGATCCGGCAGAGGCCGCCATCCA-3 and 5'-
AGCGAATTCTCAAAAGTTCTCCAAG AGTC-3’; pGEX-6P1-E2F1 @3-358) was
cloned using 5’-GCGGGATCCCAGATCTCCCTTAAG AGC-3’ ahd
AGCGAATTCTCACAACAGCGGTTCTGCTC-3'; pGEX-6P1-E2F1 (9%437) was
cloned using 5-GCGGGATCCTCCCGGAT GGGCAGCCTG-3' did

AGCGAATTCTCAG AAATCCAGGGGGGT-3'.
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For bimolecular complementation assays, RRP1B wstsshuttled from
pcDNA3-FLAG-RRP1B by digestion with Bglll and Bamihd ligated with pEGFP-C1
digested with BamHI; orientation was checked byedtgpn with Bglll and BamHI.
RRP1B was then excised from pEGFP-C1-RRP1B by Bap&INhel and inserted into
pcDNA3.1 yellow fluorescent protein 1 (YFP1, contag eYFP aa 1-158) (Remy et al.,

2004) digested by BspEl and Nhel.

I mmunoprecipitation and Western blot analysis

Cells prepared for endogenous immunoprecipitatiere washed and scraped in
phosphate buffered saline (PBS); nuclei were thxéraeted twice by incubation on ice
for 10 min with nuclear extraction buffer (10 mMig;r85mM KCI, 5 mM EGTA, 0.5%
NP-40) supplemented with protease inhibitors (1 citliothreitol, 1mM NaF, 1 mM
sodium orthovanadate, 20 nM microcystin,ifiml leupeptin, 1Qug/ml pepstatin, 1
mM phenylmethylsulfonyl fluoride, Rg/ml antipain, and jug/ml chymostatin). Nuclei
were then lysed in TNN buffer (50 mM Tris, 0.25 M@®I, 5 mM EDTA, 0.5% NP-40)
with protease inhibitors, sonicated, preclearedination at 4°C for 1hr with protein G
agarose beads (Pierce), then nutated at 4°C oWenvith 2 ug of E2F1 antibody (KH95,
Santa Cruz) or nonspecific mouse IgG (Pierce).ditdd beads were then added and the
sample nutated at 4°C for 2 hr, then washed 5 timtisice cold TNN buffer. Beads
were eluted with SDS sample buffer, subjected thuso docecyl sulfate-polyacylamide
gel electrophoresis (SDS-PAGE), and electrotraredfieto Immobilon-P membrane

(Millipore).
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Cells prepared for immunoprecipitation of overessesl proteins were washed
and directly lysed in TNN with protease inhibit@rsd nutated at 4°C overnight with
anti-FLAG agarose beads (M2, Sigma). An aliqudiséte was saved for protein input
control. Beads were washed 5 times with ice coldNTduffer, eluted, electrophoresed,
and blotted as above.

Cells prepared for direct protein analysis wgeetl in SDS lysis buffer (1% SDS,
60 mM Tris). Equal protein amounts were electropied and blotted as above. Equal
loading was confirmed by Ponceau S staining. DNAalge was induced by addition of
1 uM doxorubicin (doxo), 2QuM cisplatin (CDDP), or 0.0pg/ml, 0.3pg/ml or 1.0
pg/ml neocarzinostatin (NCS). Densitometric analygs performed using ImageJ
(NIH); measurement of RRP1B protein level was ndized against corresponding
GAPDH protein level. For all experiments, specgroteins were detected with the
appropriate antibodies. An RRP1B antibody was daiseabbits against a peptide
(ATHPPGPAVQLNKTPSSSKK) by Open Biosystems. Crudabiisera were affinity
purified using peptide-conjugated NHS-activatedaepse (GE). Antibodies against
E2F1 (KH95 and C20), E2F2 (C20), E2F3 (C18), EANWF11), E2F5 (MH5), HA
(Y11), and glyceraldehyde-3-phosphate dehydrogefeldel) were purchased from

Santa Cruz. FLAG antibody (F7425) was purchaseu fsfagma.

Lentivirus production and transduction
Knockdown of RRP1B was achieved by infection ofscelith lentiviruses
expressing RRP1B small interfering RNA (siRNA). pRKL plasmids expressing siRNA

sequences (Moffat et al., 2006) were obtained filterRNAI Consortium (Open

30



Biosystems) and screened for knockdown of RRP1Bdnsient transfection of
HEK?293T cells, followed by Western blotting. A caovitnonspecific siScramble pLKO.1
plasmid (Sarbassov et al., 2005) and pMDG and p@¥®8.2 packaging vectors were
obtained from Addgene. Two plasmids containingftlewing siRNA sequences
achieved high knockdown; A, 5-GATGACCAAATCCTCAGT@A3’; B, 5'-
GCACATTTGTTCTGCAGACTA-3'. Plasmids achieving higimé&ckdown were used

for lentivirus production by cotransfection of pLKIOcontaining siRNA sequences,
pMDG, and pCMVARS.2 in HEK293T cells; supernatants containing ¥iere

collected every 24 hr, filtered using a |3 filter, added to target cells, incubated for 48
hr, then selected for stable transduction by aolitif puromycin for 96 hr. Knockdown

was confirmed by Western blotting.

Luciferase assays

The expression constructs (5 pug for pcDNA3-E2FDNA3-E2F2, or pcDNA3-
E2F3 or empty vector), the promoter plasmids (¥qugpGL3-RRP1B and point mutants,
pGL3-rRNA promoter and proximal mutant (Ayraultaét 2006b), caspase-7 promoter
(Nahle et al., 2002), E2F1 promoter (Johnson gii8P4) and thymidine kinase (TK)
promoter (Li et al., 1994)) and 1 ug of pCMdvgalactosidase plasmids were
cotransfected in HEK293T or stably transduced si®tie or siRRP1B H1299 cells.
Cells were harvested 48 hr later in PBS; an aligquad lysed in SDS lysis buffer for
Western blotting, while the rest of the sample Waed in reporter lysis buffer

(Promega). Luciferase activity apegalactosidase activity were measured according to
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manufacturer instruction. Luciferase activity wasmalized againgt-galactosidase

activity. All transient expression assays were grenid in triplicate.

Apoptosis assays

DNA damage induced apoptosis was assayed in dralnlyduced siScramble or
siRRP1B U20S cells which were untreated or trewiigial 20 uM cisplatin for 30 hr
before harvest. Cells were then stained with amexAPC or annexin V-PE (BD
Biosciences) and 7-amino-actinomycin (BD Biosciex)cét least 10000 cells were
profiled for surface annexin-V/7-AAD positivity fow cytometry. Annexin V/7-AAD"
and Annexin V/7-AAD" cells were scored as apoptotic. Alternatively, Istatansduced
siScramble or siRRP1B U20S cells were untreatdceated with JuM doxorubicin for
8 hr, harvested, then assayed for caspase-3/7agjeaccording to manufacturer
instruction (Caspase-Glo 3/7, Promega).

E2F1 induced apoptosis was assayed in stably wwarddsiScramble or siRRP1B
U20S cells infected by adenoviruses expressing ER&&noviruses were produced in
the AdEasy system as previously described (DeGregat., 1997). Cells were starved
in 0.25% fetal bovine serum for 48 hr, followeddmenovirus infection (MOI 100) for
28 hr. Cells were then harvested and analyzeduidace annexin-V/7-AAD positivity by

flow cytometry as above. All apoptosis assays vperéormed in triplicate.

Cdllular proliferation assay

1x1@ stably transduced siScramble and siRRP1B U20S welte each plated in

six replicates in 3.5cm diameter 6 well platesygrdor 72 hr prior to confluence,
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trypsinized and collected. Two aliquots from ealdtgowere counted using a
hemacytometer. One quarter of the remaining cetleweplated. Assay was repeated on
day 6 and day 9. Cells were harvested at day Dt Sample buffer for Western

blotting.

Real time and semiquantitative PCR

For analysis of RRP1B dependency on E2F familynbes expression, T98G
cells were starved in DMEM containing 0.25% FBS48rhr, then infected with
adenoviruses expressing E2F1, E2F2, E2F3, E2F 4 ERFempty vector for 24 hr.

RNA was then extracted using TRIzol (Invitrogen)glof RNA was used to produce
cDNA using MMLYV reverse transcriptase (Promega@ntlexpression of specific targets
was assayed by PCR. For analysis of RRP1B expreaftier E2F family knockdown,
U20S cells were stably transfected with pSupenonontaining siGFP, siE2F1, or
siE2F3, and puromycin selected. Parallel aliqubtsetlis were prepared for RTPCR and
SDS-PAGE as above. Construction and sequencespnereusly described (Liu et al.,
2004).

For analysis of cell cycle dependent RRP1B RNAIgVEFF cells were starved
in DMEM containing 0.25% FBS for 48 hr, then stigmald with 20% FBS at various
timepoints. Harvesting of RNA and semiquantitaf®#€R was then performed as above.
A parallel set of cells was treated identicallynvested, and analyzed for DNA content
by propodium iodine flow cytometry as previouslhsdebed (DeGregori et al., 1997).

For analysis of RRP1B knockdown and E2F1 targetesgion, stably transduced

siScramble and siRRP1B U20S cells were harvesté®RIinol and RNA extracted and
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semiquantitatively analyzed as above. Quantitd®€C& was performed in triplicate on an
MX3005p thermal cycler (Stratagene) using SYBR @Grége to measure amplification
and ROX as a reference dye (Brilliant Il SYBR Gré#ACR Master Mix, Stratagene).
Transcript levels were normalized with Glyceraldé¢n3-phosphate dehydrogenase
(GAPDH) levels, which were assayed in parallel vitbt genes. Results were analyzed
with MxPro 4.1 QPCR software (Stratagene).

For all experiments, PCR was performed using tHeviing primer sets: RRP1B,
5-CCCGTCCCTGGAACAGAAC-3’, 5-CTCGGGCCACTCTGAGACA-3size
249bp; p73, 5-CATGGTCTCGGGGTCCCACT-3  and 5'-
CGTGAACTCCTCCTTGATGG-3, size 471bp; Apaf-1. 5'-
AATGGACACCTTCTTGGACG-3', 5-GCACTTCATCCTCATGAGCC-3'size
331bp; Caspase-3, 5-TCGGTCTGGTACAGATGTCG-3', 5-TACAAGAAGTCG
GCCTCC-3', size 398bp; Caspase-7, 5-CAAAGCCACTGARAGATG-3', 5'-
CAACCCAATGAATAAATGAT-3', size 259bp; p107, 5'-
TGGTGTCGCAAATGATGCTGG-3', 5-AGGAGCTGATCCAAATGCCTR, size
362bp; Cyclin E 5-CTCCAGGAAGAGGAAGGCAA-3', 5'-
GTAAAAGGTCTCCCTGTGAAG-3', size 421bp; TK, 5'-
ATGAGCTGCATTAACCTGCCCACT-3', 5-ATGTGTGCAGAAGCTGCTG-3', size
204bp; GAPDH, 5-TGAAGGTCGGAGTCAACGGATTTGGT-3, 5'-
AAATGAGCCCCAGCCTTCTCCA TG-3', size 325bp. We endtditenear amplification

in all cases.
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Chromatin immunopreciptation (ChlP) assay

U20S cells were grown in 15cm diameter dishes,stirdsed with 1%
formaldehyde, washed and scraped with PBS, aneinextracted on ice twice with
nuclear extraction buffer with protease inhibitd@glls were then resuspended in
chromatin extraction buffer (1% SDS, 10 mM EDTA, M Tris) with protease
inhibitors and sonicated to an average fragmert@&iA000bp; 0.5% of supernatants
were used for control input PCR. All other chromatias diluted in dilution buffer
(0.01% SDS, 1% Triton X100, 2 mM EDTA, 20 mM Tri0 mM NaCl) and precleared
with salmon sperm DNA/bovine serum albumin blockeatein G plus protein A agarose
beads (Pierce) for 3hr, then immunoprecipitateth witg of each antibody (E2F1, C20,
Santa Cruz; E2F2 (C18), E2F3 (C20), E2F4 (C20); ERPPabbit IgG, Pierce) by
nutation at 4°C overnight. Blocked protein G+A auga@ beads were added for 2hr, then
beads were washed and nutated for 5min at 4°C cotigely with ice cold low salt
buffer (0.1% SDS, 1% Triton X100, 2 mM EDTA, 20 miMs, 150 mM NacCl), high salt
buffer (0.1% SDS, 1% Triton X100, 2 mM EDTA, 20 mivis, 500 mM NacCl), LiCl
buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholic acidmM EDTA, 10 mM Tris), and
twice with TE (10 mM Tris, 1 mM EDTA). Chromatin waluted in fresh elution buffer
(0.1 M NaHCQ, 1% SDS); crosslinks were then reversed by inaagaamples in high
salt conditions for > 4hr at 65°C, followed by dsgen of RNA by RNase A and protein
by proteinase K. DNA was then purified by dilutionbuffer PB (Qiagen) then
purification using a silica column (Qiaquick gekmaction kit, Qiagen).

For reChIP assays, cells and chromatin were tresgdxbfore; chromatin was

immunoprecipitated using4g of antibodies (E2F1, KH95, Santa Cruz, mouse IgG,
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Pierce); prior to chromatin elution, antibody/chiatm complexes were eluted in 10mM
DTT and incubated at 37°C for 30 min. Supernateugt® then diluted 20:1 in reChIP
buffer (1% Triton X100, 2 mM EDTA, 150 mM NacCl, 20M Tris) and nutated at 4°C
overnight with 4ug of antibodies (RRP1B, rabbit IgG, Pierce). Blatkeotein G+A
agarose beads were added for 2 hr, then beadswashed, eluted, and DNA purified as
above.

For all experiments, PCR was performed using timagarsets which flank
putative E2F-binding sites within the promoterst@ following genes: E2F1, 5'-
AGGAACCGCCGCCGTTGTTCCCGT-3, 5'-CTGCCTGCAAAGTCCCGE@&ACTT-
3’, size 124bp; p73, 5-CTCTGCCGAAGATCGCGGTCGG-3%
GGCCGCGTCCAAGTCGGGGTCC-3, size 170KpAactin, 5'-
ACGCCAAAACTCTCCCTCCTCCTC-3, 5
CATAAAAGGCAACTTTCGGAACGGC-3, size 166bp; caspasebr-
TTTGGGCACTTGGAGCGCG-3', 5-AAGAGCCCAAAGCGACCCGT-35ize 220bp;
GAPDH, 5-AAAAGCGGGGAGAAAGTAGG-3’, 5-CTAGCCTCCCGGGTTCTCT-
3’, size 270bp; p107, 5-TCTTTCAGAATCTGAGGTAC-3';5
CCGACTTCTTTCTCCCTCC-3', size 198bp; rRNA, 5-GTTTGGGGACAGGTGT-
3’, 5-CCAGAGGACAGCGTGTCAGCA-3', size 146bp; TK, &’
TCCCGGATTCCTCCCACGAG-3, 5-TGCGCCTCCGGGAAGTTCAC-3lize 200bp;
RRP1B, 5-CGGTGAAGAGCTGCGCCAGT-3', 5'-
CGCAAGCTTACTGAGAATGTCA GTGATGGGGGA-3', size 180bjVve ensured

linear amplification in all cases.
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GST pulldown assay

Escherichia coli strain BL21 transformed with pGEX or pGEX-E2F1 wer
cultured in LB medium containing ampicillin at 37¢€an A600 value of 0.5. GST
fusion proteins were induced by 0.02 mM IPTG (ismyt-3-D-thiogalactopyranoside)
at 25°C for 3 hr; cells were then lysed by sonaainh PBS containing protease
inhibitors, and then purified using Glutathione Bamse 4B (GE) (Lin et al., 200F}S-
tagged RRP1B was produced from rabbit reticulotpgates according to manufacturer
instruction (TnT Quick Coupled Transcription/Traatgdn System, Promega). 1 pg of
GST or GST-E2F1 on sepharose beads was combined®&itagged RRP1B in NETN-
A buffer (50 mM NaCl, 1 mM EDTA, 20 mM Tris-HCI, 8% NP-40) with protease
inhibitors and nutated overnight at 4°C. Sephabesals were washed 4 times with
NETN-B buffer (100 mM NaCl, 1 mM EDTA), eluted irDS sample buffer, then
subjected to SDS-PAGE, fixed, enhanced for autogadphy (Enlightening, Dupont),
dried, and exposed to film for 1 hr at -80°C. Edoading of GST proteins was assessed
in parallel by SDS-PAGE followed by Coomassie stajn

Alternatively, GST-fusion proteins were inducedsdy, and purified by the above
method. 2 ug of GST-NHERF-PDZ2 (Shuyu et al., 2q@8)a control irrelevant protein),
E2F1, or E2F1 mutants on sepharose beads wereduetrnight at 4°C with cellular
lysates prepared from HEK293T cells which had esmsfected with pcDNA3 or
pcDNA3-FLAG-RRP1B, FLAG-RRP1B (1-473), FLAG-RRP1874-589), or FLAG-
RRP1B (590-758), incubated for 48 hr, and lysedhWETN-A buffer with protease

inhibitors. Sepharose beads were washed 5 tim&sN&T N-B buffer, eluted in SDS
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sample buffer, and subjected to SDS-PAGE and imilotiing. Equal loading of GST

proteins was assessed in parallel by SDS-PAGEWellbby Coomassie staining.

I mmunofluorescence studies

HEK?293, NIH3T3, U20S, or Ref52 cells were platedcoilagen-coated
coverslips in six-well plates, and then transfectéith pcDNA3-FLAG-RRP1B using the
appropriate transfection protocol and incubatedi®hr. Cells were then fixed in 3%
paraformaldehyde for 20 min, followed by permeahtiion in 0.5% Triton-X-100 in
PBS for 10 min. Cells were then blocked in 50% bBa@srum/50% PBS at room
temperature for 30 min, then incubated with primamyibody in blocking solution for 60
min, washed, blocked again, then incubated witbréacein-conjugated goat anti-rabbit
immunoglobulin G (IgG) or Texas-Red-X goat anti-reeugG (Molecular Probes, 1:400
dilution) for 1 hr. Cells were then washed, nugkere stained using Hoescht 33258, then
mounted. For immunostaining, FLAG antibody (F748ma, 1:250 dilution), and
nucleolin antibody (MS-3, Santa Cruz, 1:100 dilojievere used. Images were captured
on a Zeiss fluorescent microscope (Axioplan 2 imggystem).

For bimolecular fluorescence complementation as@&gsppola, 2006), YFP1-
RRP1B, YFP2-E2F1 (Yang et al., 2008), or nonspediftP1-zipper and YFP2-zipper
(Remy et al., 2004) were transfected in HEK293 3V 3 cells by appropriate

transfection protocol, incubated for 48 hr, fixadgclei-stained, and mounted as above.
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RESULTS

Expression of RRP1B is specifically controlled by E2F 1

We first investigated the potential role and sjoety of E2F1 on RRP1B
expression. We overexpressed E2F1 through E2F§ asi@noviruses encoding E2F1-5
cDNAs or no cDNA (pCMV) in serum-starved T98G celiad then checked for
expression of RRP1B by semiquantitative RT-PCR. FlR€xpression was induced
upon overexpression of E2F1, but not the other fagkly members E2F2-5 (Fig A).
We also tested the expression of RRP1B upon knawkad E2F1, E2F3, or a
nonspecific GFP using U20S cells in which siRNAaiagt each target were stably
transfected. RRP1B transcripts were decreasedlaftakdown of E2F1 by quantitative
RT-PCR, but not upon knockdown of E2F3 or nonspeGFP (Fig. B).

To support a role for E2F1 in the control of exgres of RRP1B, we
investigated the expression of RRP1B during callsiates where E2F1 expression is
endogenously induced. E2F1 transcriptional actigtynduced following DNA damage
(Pediconi et al., 2003); if RRP1B is an E2F1 tar§®P1B expression will be increased
following DNA damage. Using U20S cells in which DNiamage was induced by
neocarzinostatin (NCS) or cisplatin (CDDP) for vagytimes and dosages, we observed
that RRP1B expression was induced by genotoxictagensoon as 15 minutes following
administration, peaking 60 minutes after adminigira(Fig. 1C), with decrease
afterwards. We also observed similar induction @TH16 cells after doxorubicin
treatment (Fig. €). To determine whether RRP1B transcripts weregedifollowing

DNA damage, we performed quantitative RT-PCR on B2@lIs that were treated with
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doxorubicin on a time course. RRP1B transcriptsvgggnificantly induced after 15
minutes of doxorubicin treatment (FigOL

E2F1 expression is controlled during the cell cyalbere expression peaks at the
G1/S transition. We therefore investigated wheRIRP 1B expression also peaks at the
G1/S transition, consistent with E2F1 expressi@mgisemiquantative RT-PCR and
protein blotting for RRP1B expression in primaryeskin fibroblasts that had been
serum-starved to quiescence for cell cycle phasetsgnization, then stimulated with
serum to reinduce cycling. RRP1B transcripts wéxseoved to be induced, peaking at 18
hours after cell cycle induction (FigE), with levels falling afterward, suggesting that
RRP1B expression peaks at the G1/S transition (IHg.This is further supported by
observation of RRP1B protein levels which peake20atours after cell cycle induction,
with levels falling afterward (Fig.B).

To further test the role of E2F1 in control of REPdxpression, we cloned the
endogenous RRP1B promoter into a reporter luciéepd@smid, and assayed the ability
of E2F1 to induce RRP1B promoter-driven luciferasgvity. A schema of the
endogenous RRP1B promoter with putative E2F sgedetermined by computer
screening (Kel-Margoulis et al., 2000) is showifrig. 2A. We also tested the ability of
E2F1 to induce RRP1B promoter reporter activity iehgutative E2F sites were
inactivated by point mutation. E2F1 induced lu@af activity of the wild type promoter,
but mutation of the putative E2F site at positid®@ from the RRP1B ATG completely
abolished induction by E2F1 (FigBR Two other E2F sites at position -505 and -400
were also mutated, but the ability of E2F1 to ireliuiwiferase activity was unaffected

when compared to the wild type, indicating these s$ites are not relevant to E2F1
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induction of RRP1B (Fig@). We finally tested the specific ability of E2Fd.ihduce
RRP1B promoter driven luciferase activity. Consisiwith Fig. 1A, overexpression of
E2F1, but not E2F2 or E2F3, was able to signifigantuce luciferase activity (Fig.[?)
Finally, we determined whether E2F1 protein bir@ithe RRP1B promoter in an
endogenous chromatin immunoprecipitation (ChlPapsssing a primer set which
encompasses the RRP1B promoter from position +#2%@, containing the E2F site at
+150, we observed binding of E2F1 to the RRP1B ptem(Fig. ). Specificity of E2F
binding was further shown by immunoprecipitationhnkE2F2-4; while binding of all
E2Fs was seen when the p107 promoter was asséttedyihding was seen between
E2F2-4 on the RRP1B promoter, indicating that E@pdcifically binds to the RRP1B

promoter.

Knockdown of RRP1B decreases apoptosis induced by genotoxic agents and E2F 1

Since the data above suggest proapoptotic E2FInatritie other E2Fs,
specifically regulates the expression of RRP1Bjwestigated what effect RRP1B
would have on apoptosis induced by both DNA dantagenotoxic agents and by
overexpression of E2F1 during serum starvation. éifext of RRP1B was tested in
U20S cells which were stably transduced with siRM&ainst RRP1B or control
scramble siRNA by means of a lentiviral system. Tmaependent siRNAs against
RRP1B were used. We first determined the effe@RP1B knockdown on apoptosis as
induced by cisplatin (CDDP). RRP1B knockdown sigpaihtly decreased the ability of
cisplatin to induce surface annexin V positivitg, early marker for apoptosis, as

compared to control cells expressing a nonspesiRtNA (siScr), as analyzed by flow

41



cytometry (Fig. 3). Knockdown of RRP1B protein levels reached ne2a@l®% in this
assay (Fig. B, inset). We further tested the role of RRP1B iompsis in a caspase
cleavage assay in the same cell lines. After treatiwith the genotoxic agent
doxorubicin (doxo), RRP1B knockdown cells had digantly reduced activated caspase
activity as compared to control siScr cells (FiB).Finally, we tested the ability of E2F1
to induce apoptosis in serum-starved U20S cellsesging siRNAs against RRP1B.
Knockdown of RRP1B significantly reduced the alibf E2F1 to induce surface

annexin V positivity as compared to control siSelic(Fig. X).

RRP1B does not affect cellular proliferation

Since E2F1 also regulates genes important forleelproliferation, and RRP1B
belongs to the Nop52 family, which is known to riady@ ribosomal RNA production, a
limiting factor for cellular growth, we assayed tlode of RRP1B in cellular proliferation.
U20S cells stably transduced with siRNAs againsPRR or control nonspecific siScr
siRNAs were plated equally, grown, trypsinized aadvested, and counted using a
hemacytometer. Knockdown of RRP1B did not appeahtmge the rate of proliferation
of U20S cells (Fig. B). This result suggests that RRP1B is not requwedellular
proliferation. However, it is possible that NopaZiomolog of RRP1B, compensate for
loss of RRP1B in rRNA production. Furthermore, gesation was only measured in cell
lines or in serum-supplemented media; proliferatioprimary cells or in cells

undergoing stress or grown in low-serum conditias not assayed.
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RRP1B selectively regulates transcription of E2F1 target genes

Based on results above showing decrease of thity abE2F1 to induce
apoptosis after knockdown of RRP1B, we investigathdther knockdown of RRP1B
could affect the transcription of E2F1 target gelmggxamining expression in stably
tranduced U20S cells expressing siRNAs against BRE2F1 target genes related to
apoptosis, such as p73, Apaf-1, caspase-3, ands&sj as well as target genes related
to the cell cycle, such as cyclin E and thymidimeake (TK) were examined. Transcripts
of specific genes were analyzed by quantitativg.(#A) and semiquantitative (FigB}
RT-PCR assays. The effectiveness of RRP1B siRNAsowmafirmed, where a 75-80%
knockdown of transcripts was observed in both siBRN&sted. Knockdown of RRP1B
expression appeared to reduce the expression phsas8 and caspase-7 (Fig) 4
consistent with the caspase cleavage assay abmyve3BF, and also reduced the
expression of proapoptotic Apaf-1. Interestingly3pan E2F1 target gene known to be
important for apoptosis, and other target geneslued in proliferation such as TK and
Cyclin E were not significantly affected by RRP1Bokkdown (Fig. A). These results
suggest a selective role for RRP1B in regulatioB2fF1 target genes.

Recently, several nucleolar proteins have been sliowegulate transcription
through binding to chromatin (Gonzalez et al., 200%t al., 2008). We therefore
examined a role for RRP1B in E2F1 regulation byagisg) the presence of RRP1B on
E2F1 target gene promoters through ChIP assayd #waE seen on the promoters of all
E2F1 target genes assayed. E2F1 was also seea drRNIA promoter (Ayrault et al.,
2006b) and the RRP1B promoter (Fig)2Interestingly, RRP1B antibodies precipitated

chromatin from the caspase-7 promoter, the rRNAnoter, and the RRP1B promoter,
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but not from promoters of other E2F1 target gemsssyed, including p73, TK, and E2F1
(Fig. 4C). These data show that RRP1B binds only to thenpters of E2F1 target genes
which were affected by RRP1B knockdown, but nahtpromoters of E2F1 target
genes not affected by RRP1B knockdown. Collectimggé results suggests that RRP1B
binding to specific promoters is important for resgion of E2F1 target genes. We then
investigated whether RRP1B and E2F1 were boundhiegen E2F1 target gene
promoters in a ChIP-reChIP assay, where two cotisedmmunopreciptitations using
E2F1 and RRP1B antibodies were performed. RRP1BE2kd were shown to interact
together on the caspase-7, rRNA, and RRP1B pros)diat not on the p73 promoter,
suggesting that RRP1B regulation of E2F1 targeeg@&tcurs through interaction with
E2F1 (Fig. D).

We further tested the ability of RRP1B to regula®-1 target genes in promoter
reporter luciferase assays. We used H1299 celiswiiae stably transduced with
lentiviruses encoding siRNAs against RRP1B. Fusttested the ability of E2F1 to
induce the caspase-7, TK, and E2F1 promoters. Stensiwith Fig. 4, RRP1B
knockdown inhibited the ability of E2F1 to induceiferase activity of the caspase-7
promoter reporter (Fig.A, but not the E2F1 (Fig.B) and TK (Fig. &) promoter
reporters, further supporting specificity in RRPEgulation of E2F1 target genes.

Since E2F1 has been reported to bind rRNA pronmartdrup-regulate its
promoter activity (Ayrault et al., 2006b), we assayhe ability of E2F1 to induce the
rRNA promoter in H1299 cells or stably transduc#&tRP 1B cells. RRP1B knockdown
significantly reduced both endogenous and E2Fldaedueporter luciferase activity

(Fig. D). Similar results were seen in stably transduc2@8¥ cells expressing RRP1B
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siRNAs (data not shown). Since the previous assayg dot rule out a nonspecific
RRP1B effect on transcription, we tested the eft¢@RP1B knockdown on reporter
luciferase activity of an rRNA promoter containiagnutation through which induction
by E2F1 is lost. Consistent with figur® 5RRP1B knockdown significantly reduced the
endogenous reporter activity of the wild type proengFig. ). However, RRP1B
knockdown was not observed to decrease promoterteggactivity in cells transfected
with the mutant rRNA promoter, suggesting thatraaat E2F site is required for

knockdown of RRP1B to regulate transcriptionahatti(Fig. 5B).

E2F 1 interacts directly with RRP1B

Based on the results above showing coimmunoptatgn of E2F1 and RRP1B
on the chromatin of E2F target gene promoters @, we tested whether there was a
physical interaction between E2F1 and RRP1B inl®adcal assays. We examined
vitro binding between purified GST-E2F1 and RRP1B predun anin vitro
transcription/translation system. Wh&8-labelled RRP1B was incubated with either
GST or GST-E2F1 and pulled down by glutathione aepte, GST-E2F1, but not GST,
pulled down RRP1B, demonstrating a direct intecachetween E2F1 and RRP1B (Fig.
6A).

Next, we examined whether RRP1B could interact W 1in vivo. We
detected an endogenous interaction between E2FRRRA.B in nuclear extracts from
both U20S and HCT116 cells (FigBs DNA damage increased the interaction between
RRP1B and E2F1, but this was due to induction ¢ x?F1 and RRP1B (data not

shown).
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We further investigated the ability of RRP1B toeiratct with E2F1 by dissecting
the domains of interaction between RRP1B and EERE1 was coexpressed with
FLAG-tagged RRP1B or RRP1B N-terminal domain (a&/3), Middle Domain (aa 474-
589), or C-terminus domain (aa 590-758); when ecediee lysed and immunoprecipitated
with FLAG, E2F1 was pulled down with full length RRB and RRP1B (1-473) and
RRP1B (590-758), indicating two separate domainatefaction (Fig. €). We also
dissected the domains of interaction between RRMIBE2F1. Purified GST-tagged full
length E2F1, or GST-tagged E2F1 domain peptidagsponding to the N-terminus (aa
1-109), DNA binding domain (aa 110-284), marked Hornain (aa 285-358), or
Rb/Dimerization domain (aa 359-437) were incubatet lysates from HEK293T cells
in which FLAG-tagged RRP1B was overexpressed. @8y -E2F1 and GST-E2F1
(110-284) were able to pull down FLAG-tagged RRRElg. 6D). Unlike TopBP1 (Liu
et al., 2003) and 14-3s3Wang et al., 2004), interaction between RRP1BE2EL was
not perturbed by mutation of E2F1 serine 31 (datasshown), as expected because

RRP1B does not interact with the N-terminus of E2F1

RRP1B and E2F 1 interact in the nucleolus and punctate nucleoplasmic foci

To further investigate the role of RRP1B in E2Equlation, we assayed the
localization of RRP1B and E2F1. We overexpressedlGtagged RRP1B in HEK293
cells and probed for intracellular localizationngsantibodies against FLAG. RRP1B
was localized to areas within the nucleus corredppmnto nucleolin staining, a marker

for the nucleolus. In addition, punctate nucleoplasfoci were also observed, which did
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not correspond to nucleolin staining (Fig\)7We observed similar patterning in other
cell lines (Fig. A).

We next investigated the localization of interactietween RRP1B and E2F1.
We assayed the localization of interaction usifmgflaorescence complementation assay
(Kerppola, 2006). No fluorescence was seen whéxeeRRP1B or E2F1 was
coexpressed with a nonspecific leucine zipper obritut when both YFP-tagged
RRP1B and E2F1 were coexpressed, fluorescenceagasngthin intracellular locations
similar to those seen in Figurd {Fig. 7B). These results suggest that the RRP1B and

E2F1 interaction is located within nucleoli and ptate nucleoplasmic foci.

DISCUSSION

With a role for E2F1 in apoptosis during either DNAmage response or
thymocyte development, the molecular details tietate the pro-apoptotic activity of
E2F1 have drawn much attention. For example, aagogiof Jabl (Hallstrom and
Nevins, 2006) and MCPH1/BRIT1 (Yang et al., 20083 been identified to contribute to
this activity (Hallstrom and Nevins, 2006), althbugow these interactions specifically
leads to activation of E2F1-dependent apoptosigmsrunclear. In this report, we
identify the nucleolar protein RRP1B as an E2Flecgpaarget (Fig. 1&2), which in turn
selectively up-regulates certain E2F1 target geneh as caspase 3 and 7 and Apaf-1

(Fig. 4&5), and is required for E2F1-induced apsEdFig. ). These data unravel a
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novel function for RRP1B and identify it as onetlod factors that activate the pro-
apoptotic activity of E2F1.

The nucleolar localization of RRP1B is also worttimg (Fig. A&B). While the
role of the nucleolus in ribosome production isliebwn, a role for the nucleolus in
cancer, including in regulation of cellular proté¢ion and apoptosis, has only recently
been established (Maggi and Weber, 2005; Ruggetd®andolfi, 2003). We now show
RRP1B as an example of a multifunctional nucleptatein that regulates apoptosis
through E2F1-medicated transcription. A role focleolar and ribosomal proteins in
transcriptional regulation has also only been rédgeacognized (Boisvert et al., 2007,
Lindstrom, 2009; Warner and Mcintosh, 2009). Twalaalar proteins have been
extensively investigated in transcriptional regaliat Nucleophosmin was the first
histone chaperone identified (Laskey et al., 19&8Y has been shown to bind to histone
acetyltransferases (Shandilya et al., 2009; Swaimancet al., 2005) and regulate
transcriptional activity through GCN5 (Zou et &008), AP2 (Liu et al., 2007), c-myc
(Li et al., 2008), and the androgen receptor (Liegtet al., 2008). Nucleolin is a histone
chaperone with FACT-like activity (Angelov et &2006), and regulates transcriptional
activity of pRb (Grinstein et al., 2006), KLF2 (Hiidson et al., 2006), AP-1 (Samuel et
al., 2008), c-myc (Gonzalez et al., 2009), and IRfMasumi et al., 2006). Other
nucleolar and ribosomal proteins involved in traipgmnal regulation through binding of
chromatin include RPS3 in MB dependent transcription (Wan et al., 2007), LiL&-i
myc depdendent transcription (Dai et al., 2007)ppiatO (Chiu et al., 2002), ApLLP
(Kim et al., 2006), and Drosophila ribosomal progefNi et al., 2006). To these

examples, we now add RRP1B as a specific regutditianscription by a nucleolar
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protein in a manner similar to that seen in nuateot nucleophosmin regulated
transcription.

Another nucleolar protein which is induced by E2fei also regulates E2F1 is
ARF. ARF binds to MDM2 to activate the growth suggsive functions of p53, but can
also exert its tumor suppressor activity indepetigei p53: for example, ARF has been
shown to inhibit the transcriptional activity of ER through regulation of both E2F and
DP1 (Datta et al., 2002; Datta et al., 2005). Meeently, ARF has been shown to inhibit
ribosomal RNA processing, and to interact withtiR&IA promoter (Ayrault et al., 2004)
and inhibit rRNA transcription by blocking Upstredmding Factor phosphorylation
(Ayrault et al., 2006a). These inhibitory functidosvard E2F1 by ARF are in contrast to
the promoting function by RRP1B, at least in theeas of certain E2F1 target gene
expression and the rRNA promoter activity.

RRP1B binds together with E2F1 on the chromatispafcific E2F1 target genes
(Fig. 4C&D): however the mechanism by which E2F1 transcmai@ctivity is
controlled by RRP1B remains unclear. RRP1B doesowtain any known DNA binding
or transcriptional regulatory motifs; thereforentde may be in binding to chromatin or
in recruitment of chromatin modifiers. Nucleophosrand nucleolin have been shown to
direct bind to histones and act as histone chapsrtmregulate transcription (Angelov et
al., 2006; Laskey et al., 1978). Consistent witsthexamples, a recent study has shown
RRP1B to bind generally to chromatin, includinggemeral chromatin components such
as histone H1X (Crawford et al., 2009). Howeverduse our data suggest selective and
promoter-specific regulation of E2F1 target geftanay be more likely that general

binding of RRP1B to ubiquitous histones is uninealin regulation of E2F1 target
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genes. Alternatively, RRP1B may recruit histone e, such as histone
acetyltransferases, to upregulate E2F1 target géhésis similar to the mode of action
seen for both nucleophosmin and nucleolin, whidnuie¢ GCN5 and P/CAF respectively,
to specific promoters for transcriptional regulatidasumi et al., 2006; Zou et al.,
2008). Consistent with this hypothesis, RRP1B heasnlshown to bind acetylated lysine
5 of histone 4 and other nonubiquitous chromatiulinig proteins (Crawford et al.,
2009). Further investigation of the ability of RRBPtb recruit chromatin modifiers is
warranted.

We also show that RRP1B is localized to the nuakeahd punctate
nucleoplasmic foci in multiple cell lines (FigAZ B). This observeration is consistent
with other studies showing localization of the RR®R RRP1B homolog, to the nucleolus
(Savino et al., 1999; Savino et al., 2001), and algh proteomic studies suggesting
nucleolar localization (Andersen et al., 2005; Aisee et al., 2002; Scherl et al., 2002).
However, our results are inconsistent with a resandy, suggesting localization of
RRP1B to the nucleoplasm and nuclear lamina, t@xictusion of the nucleolus
(Crawford et al., 2009); this disparity might bechese of the different cell lines used.

One possible reason for the selective ability oPRR to regulate particular E2F1
target genes is the localization of gene promatarsg interphase in proximity to the
nucleolus. The rRNA promoter, an E2F1 and RRP1Bletgd promoter (Fig.@), is
situated within nucleolar organizing regions insikde nucleolus (Raska et al., 2006).
Whether the promoters of caspase-3, caspase-RBLR are located within or near the
nucleolus remains to be determined. RRP1B wasaddserved to be localized with E2F1

in punctate nucleoplasmic foci. While the type aature of these foci are unknown,
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regulation of E2F1 target genes unrelated to ribesbiogenesis, such as caspase-3 or
caspase-7, may be localized to these foci. Finelgause the nucleolus is not membrane
bound, proteins may freely enter and exit the mlakeinto the nucleoplasm; regulation
of E2F1 target gene promoters may be situated nitie nucleoplasm as a consequence.

Identification of RRP1B as a promoter of apoptosasy also suggest an
explanation for the observation of higher survivabreast cancers with an expression
profile driven by high RRP1B expression (Crawfotdile, 2007; Crawford et al., 2009).
RRP1B may be an important factor in apoptotic respdo genotoxic agents and
aberrant proliferation (Fig.A8C); therefore it is possible that increased surveesn in
breast cancers with high RRP1B expression may bealincreased responsiveness to
genotoxic therapy. It would be interesting to sdwtlier expression profiles seen in
RRP1B overexpression also show increases in E2péndient target genes involved in
apoptosis.

In summary, we have identified RRP1B as a novetifipgarget of E2F1
involved in the regulation of apoptosis. Loss of R expression inhibits the cellular
apoptotic response to genotoxic agents as welP&4 Bverexpression. RRP1B
selectively regulates E2F1 target gene expreshr@ugh binding with E2F1 on target
gene promoters. These data suggest that RRP 1Beiw apecificity factor for E2F1-
mediated apoptosis (Fig. 8). Furthermore, we hdgatified a novel nucleolar protein in

regulation of apoptosis through binding of chromati
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Table 1: Post-hoc analysis of Muller et al. (Muller et &001) for genes specifically
upregulated by E2F1, but not other E2Fs. Numbaregindicate fold induction or

repression.
Gene E2F1 E2F2 E2F3 Description
EPAS1 41 -0.6 -0.8 endothelial PAS domain proiein
3.8 -0.7  -0.7 Homo sapiens mMRNA; cDNA DKFZp434E351
3.4 0.5 -0.5 Homo sapiens mRNA; 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 escorttpno 2)
NFRKB 2.4 0.5 0.4 nuclear factor related to kapgairiling protein
KIAAO0179 25 0.7 0.5 KIAAO0179 protein (RRP1B)
ABCB2 8.5 -0.3 0.6 ATP-binding cassette, sub-farBlfMDR/TAP)
calcium/calmodulin-dependent protein kinase
CAMKK2 3.1 0.6 0.6 kinase
NCOAl 29 -0.7 0.6 nuclear receptor coactivator 1
C3 2.5 -0.3 0.6 complement component 3
MAOA 2.7 0.5 0.7 monoamine oxidase A
OSTF1 35 -0.6 0.8 osteoclast stimulating factor 1
FBLN5 32 -05 0.8 fibulin5
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Figure 1: Regulation of RRP1B expression by E2F1.

A. Serum-starved T98G cells were infected with adeamnsess containing either E2F1,
E2F2, E2F3, E2F4, E2F5, or the CMV promoter aléti¢A was extracted and subjected
to semiquantitative RT-PCR for RRP1B and GAPDH. Gshtes were also collected for
each infection and probed with the indicated armties.

B. RNA was extracted from U20S cells that were stéfalgsfected with pSuperior
encoding siRNAs against GFP, E2F1, or E2F3 ancestdy to quantitative PCR for
RRP1B, levels of which were normalized against GAPDell lysates for independent
experiments were collected for siGFP, siE2F1, aBAF3 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 dokasun, neocarzinostatin (NCS),
or 20uM cisplatin for the indicated times and dosagesedly electrophoresed, and
immunoblotted with the indicated antibodies. Nunsiaelow each lane indicate
densitometry of RRP1B levels normalized to GAPDttls.

D. RNA was extracted from U20S cells treated with 1 dd#orubicin for the indicated
time points and subjected to quantitative PCR flBPRB, levels of which were
normalized against GAPDH.P < 0.01 for all treated time points compared to egied.

E. Human foreskin fibroblasts were brought to quiesedny serum starvation (0.25%
FBS) for 48hr, and then reinduced with 20% seruthaindicated timepoints. Cells

were lysed, RNA and protein extracted, subjectesketoiquantitative RT-PCR or blotting
with the indicated primer sets or antibodies. Nurslielow each lane indicate
percentage of cells in GO/G1, S, and G2 phasdseofdll cycle as assayed by propidium
iodide DNA histogram analysi&. Representative DNA histogram analysis by propidium
iodide flow cytometry.

55



A E2F E2F E2F

E2F E2F -505 -400 - +150
0—0 00
-2354 +259
U U O_
+79 +259
B C RRP1B ChIP primers - &«
14 4
(3 12 -
g 3
= S 104
E] g
- g 8 4
: =
2 S &
8 2
& E 41
&
E2F1
GAPDH
D 16 - E
4 * Chromatin IP
8 12 promoter Input H20 IgG E2F1 E2F2 E2F3 E2F4
S 101
-
2 89 RRP1B
, ] p107
0 -
pCDNA3  E2F1  E2F2  E2F3 B-actin
E2F1
E2F2
E2F3
GAPDH

Figure 2

56



Figure 2: E2F1 specifically drives RRP1B expression and bindsto the RRP1B
promoter.

A. Schema of the wild type RRP1B promoter.

B. HEK293T cells were transfected with either emptgtoe wild type RRP1B promoter
reporter luciferase vector, or with RRP1B prometeetor in which a single E2F site is
mutated at +150, with either E2F1 or empty vectat [Bxgalactosidase. 48 hr later, cells
were lysed for determination of luciferase activfiygal activity was used as a control

for transfection efficiency. A protein aliquot froeach experimental arm was blotted and
probed with the indicated antibodiesP* 0.02 between E2F1 transfected arms.

C. HEK293T cells were transfected as before but witipty vector, wild type RRP1B
promoter, or with RRP1B promoter in which a sing&F site is mutated at -505 or -400,
and either E2F1 or empty vector. Luciferase anslgaid protein blotting was done was
before.

D. HEK293T cells were transfected with a RRP1B promaporter and either E2F1,
E2F2, or E2F3 or empty vector. Luciferase analgsis protein blotting was done was
before. *P < 0.01 between E2F1 arm and all other arms.

E. U20S cells were crosslinked, nuclei extracted, cgard, and incubated with the

indicated antibodies, followed by washes and detirdsng. Chromatin was then used
for PCR amplification using the indicated primetsse
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Figure 3: Knockdown of RRP1B reduces DNA-damage and E2F1-induced apoptosis
but does not affect cellular proliferation.

A. Stably transduced U20S cells expressing eithespexific siScramble (siScr)
sequence or two siRNA against RRP1B (siRRP1B AssiR&P1B B) were seeded
equally and induced for apoptosis with 20 uM cispléor 30 hr, then analyzed by FACS
for surface Annexin V staining. Experiments weraelm triplicate. An aliquot of

protein from each experimental arm was blotted@ethed with the indicated antibodies.
* P < 0.02 between treated siScr and siRRP1B arms.

B. Stably transduced siScr or sSiRRP1B A or B U20Ssos#re seeded equally and
induced for caspase cleavage with 1 uM doxorubfai® hr. *P < 0.01 between treated
siScr and siRRP1B arms.

C. Stably transduced siScr or siRRP1B A or B U20Ssogtre seeded equally, starved
for 48 hr, then infected with 200 MOI of either CMMenovirus (empty) or E2F1
adenovirus for 36 hr, then analyzed by FACS fofas& Annexin V staining.
Experiments were done in triplicate. An aliquopodtein from each experimental arm
was electrophoresed, blotted, and probed withrttieated antibodies.P < 0.01
between E2F1 induced siScr and siRRP1B arms.

D. Stably transduced siScr or sSiRRP1B A or B U20Ssasére seeded equally on six-
well plated and counted by a hemacytometer at 8ad o confluence. Cells were diluted
1:4 and replated, and counted at 6 d and 9 d. @ells lysed at the end of the
experiment, electrophoresed, blotted, and probda tve indicated antibodies.
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Figure 4: Knockdown of RRP1B selectively affects E2F1 tar get levels by binding
with E2F1 on E2F-responsive promoters.

A. RNA extracted from U20S cells stably transduceithwiScr or sSIRRP1B A or B were
subjected to quantitative PCR for the indicatedets. Expression level was normalized
to GAPDH. *P < 0.02 between siScr and siRRP1B arms.

B. In an independent experiment, semiquantative RTR@&Rperformed on RNA
extracted from U20S siScr or siRRP1B cells forititkcated targets. H20O indicates no
template control.

C. U20S cells were crosslinked, nuclear extractedicated, precleared, and
immunoprecipitated with 4 pug of the indicated aotiies overnight followed by
incubation with protein A+G beads for 3 hr andrgjant washes. Chromatin was eluted
from beads, decrosslinked, incubated with RNasaed\@oteinase K, purified, and
subjected to PCR for the indicated E2F responsigmpters. H20 indicates no template
control.

D. U20S cells were crosslinked, nuclear extractedcated, precleared, and
immunoprecipitated with 4 ug of the indicated aotiles overnight followed by
incubation with protein A+G beads for 3hr and gfent washes. Chromatin-protein
complexes were eluted with 1 mM DTT followed byegend immunoprecipitation with
the indicated antibodies. Binding to beads, wastlesipon, purification, and PCR were
done as in Fig. 4D. Arrowheads indicate expected sf PCR products.
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Figure5: Knockdown of RRP1B selectively affects E2F induced promoter reporter
luciferase activity.

A. H1299 siScr or siRRP1B A or B cells were transfeéatth caspase-7 promoter
reporter, E2F1 or empty vector, apdalactosidase, incubated for 48 hr and subjected t
luciferase assa-gal activity was used as a control for transfecedficiency. A protein
aliquot from each experimental arm was blotted wh#hindicated antibodies.P <

0.005 between E2F1 transfected siScr cells and B2E1 transfected siRRP1B cells.

B. H1299 siScr or siRRP1B B cells were transfecteth &2F1 promoter reporter, E2F1

or empty vector, anfl-galactosidase. Luciferase analysis and proteitiitafpwas done
was before.

C. H1299 siScr or siRRP1B cells were transfectett WK promoter reporter, E2F1 or
empty vector, anfl-galactosidase. Luciferase analysis and proteittibipwas done was
before.

D. H1299 cells transduced with siRRP1B A or B or nusiwere seeded equally and
transfected with rRNA promoter reporter, E2F1 opgnvector, an@-galactosidase.
Luciferase analysis and protein blotting was doas hefore. P < 0.01 between
pcDNAZ3 transfected arms and between E2F1 transfectas.

E. H1299 cells stably transduced with siScr or siRRBlMBere seeded equally and
transfected with an intact rRNA promoter reporterRNA promoter in which the E2F
binding site for activation has been mutated, Bugdlactosidase. Luciferase analysis and
protein blotting was done was before? ¥ 0.05.
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Figure 6: Physical interaction between RRP1B and E2F1.

A. FLAG-tagged RRP1B was produced by in vitro traipgian/translation in the
presence of°S-methionine and added to buffer containing ei8T-E2F1 bound to
glutathione agarose or GST alone, nutated, wastepdrated by SDS-PAGE, fixed,
enhanced, and exposed to film. Equal loading of @®teins indicated by a parallel
Coomassie stain.

B. Nuclei from U20S and HCT116 cells were extractedjcated, lysed, and
immunoprecipitated with E2F1 antibodies. Beads weashed, blotted, and probed with
the indicatedantibodies.

C. FLAG-tagged RRP1B or RRP1B domain mutants were passed with E2F1 in
HEK293T cells. Cells were lysed, immunoprecipitatéth anti-FLAG agarose, washed,
blotted, and probed with the indicated antibodies

D. FLAG-tagged RRP1B was expressed in HEK293T csit®d, and incubated with a
control irrelevant protein GST-PDZ2, GST-E2F1, @TGE2F1 mutants bound to
glutathione agarose overnight, washed, blotted paolbed with the indicated antibodies.
Equal loading of GST proteins indicated by a pata&loomassie stain.
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Figure 7: RRP1B localizes and interacts with E2F1 in nucleoli and punctate
nucleoplasmic foci.

A. Indicated cells were transfected with FLAG-RRPfid, probed with the indicated
antibodies, nuclei stained with Hoescht 33258, randnted for microscopy.

B. RRP1B and E2F1 were each cloned into vectors esipigesne part each of YFP in a
single continuous cDNA and transfected into thedatdd cells. YFP subunits expressing
a nonspecific leucine zipper were used as a negatiatrol. Green fluorescence
indicates colocalization of YFP subunits, and thiecellular location of interaction. Cells
were fixed in paraformaldehyde, nuclei stained witlescht 33258, and mounted for
immunofluorescence.
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Figure 8: Proposed modé of regulation of E2F1 and RRP1B.
RRP1B is specifically stimulated by E2F1 express®RP1B then binds E2F1 at

specific E2F1 promoters, acting as a cofactor x@ression of those specific E2F1
targets to upregulate E2F1-mediated apoptosis.
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DISCUSSION

A novel specificity factor for E2F 1 induced apoptosis

An important question in cancer research is haig cegulate the switch between
cellular proliferation and cell death. The trangtian factor E2F1 has been hypothesized
to play a key role in this switch by preventing away cellular proliferation through
activation of a cell suicide mechanism. Howevee, ithie and regulation of specific E2F1
induced cell death has not been fully delineatedltiple molecular mechanisms,
including transcriptional regulation, regulationpbtein half-life, interactions with
physical binding partners, regulation of protesmslation, and regulation of transcript
splicing have all been hypothesized to participaigpecific regulation of E2F1. Other
mechanisms outside of a biochemical context, innydifferences in cell type, context
within tissues and organs, and cell autonomy alsdileely to play a role in regulation of
E2F1 induced apoptosis. In this study, we havetifiett RRP1B as one of the regulators
that allows E2F1 to act as a switch between caltidand cellular proliferation.

Through a screen of E2F regulated transcripts deatified RRP1B as a specific
transcriptional target of E2F1 through biochemasdays. We also show the ability of
RRP1B to act as a positive regulator of both DNAdge induced and E2F1-induced
apoptosis, and that this occurs through direct ptenbinding with E2F1. This finding
establishes another level of regulation of E2Faddition to the other known E2F1

apoptosis specificity factors Jabl and MCPHiygre 1). RRP1B can also be added to
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the short list of genes specifically regulated FE, which include AMPK2, p73,
Chk1, and3-catenin. The combination of specificity at a traifgional and at a cofactor
level suggests the importance of RRP1B in reguiatioE2F1 induced apoptosis, and is

unique amongst all known E2F1 induced transcripts@factors.

How does RRP1B fit into current models of specific E2F1 regulation?

RRP1B likely plays a role in concert with otheractbrs in regulation of E2F1
induced apoptosis. Like almost all of the othewtatprs of apoptosis in general, ability
to regulation is likely context dependent on bottiachemical and tissue level. Our
results indicate that RRP1B occupies a unique plapeoapoptotic cofactors of E2F1 in
that it binds to the DNA binding domain of E2F1.comparison, the two other positive
regulators of E2F1 induced apoptosis, Jabl (Halisand Nevins, 2006) and MCPHL1
(Yang et al., 2008), are bound to the marked bowralo and N-terminus of E2F1
respectively. While suggesting again that therenaultiple layers of control of E2F1
induced apoptosis, it also shows that the regutatbility of RRP1B on E2F1 is not
likely dependent on Jabl or MCPH1 regulation. Hyigothesis is further supported by
the inability of RRP1B to regulate p73, an impottBAF1-induced proapoptotic target
which is regulated by MCPH1 (Yang et al., 2008)tRkermore, unlike TopBP1 and
MCPHL1, N-terminal phosphorylation of E2F1 in respeto DNA damage (Liu et al.,
2004) is not likely to play a role in RRP1B regidatof E2F1, since that region is not
bound by RRP1B. Similarly, Akt/PI3K signaling, whits important to control E2F1
induced apoptosis in a negative feedback loop WithBP1, is also not likely to play a

role for RRP1B regulation of E2F1 (Liu et al., 2006
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The possibility exists for RRP1B to participate@gulation of E2F1 apoptosis by
displacing cofactors that negatively regulate E2WFhile potential RRP1B displacement
of TopBP1 might be ruled out due to differencebiimding site, RRP1B may be involved
in displacement of other negative regulators of E@poptosis. For example, the ETS-
related transcription factor GABR has been shown to bind to the E2F1 DNA binding
domain, and negatively regulate the ability of E2&1ransduce caspase-3 and caspase-7
(Hauck et al., 2002). pRb also appears to havedependent binding E2F1 ability;
while pRb does bind other E2Fs, a separate domiiimypRb is capable of binding
E2F1 at a site outside of the C-terminal Rb/dinegran domain. This site includes the
E2F1 DNA binding domain (Dick and Dyson, 2003) tbieh RRP1B also binds. In
contrast, the negative regulator KAP1 binds tontfagked box domain of E2F1, and may
not be regulated by competitive or cooperative inigavith RRP1B to E2F1 (Wang et
al., 2007). Another negative regulator, SirT1, dsuals to the C-terminus of E2F1,
suggesting a potential lack of participation of RIBRon this interaction (Wang et al.,
2006). Investigation into a potential role of RRRGABPy1, or pRb competitive
interactions might be of interest.

Independent of other cofactors, the ability of RBRo bind to the DNA binding
domain of E2F1 on promoters also warrants investigaOne potential mechanism by
which RRP1B controls E2F1 transcriptional activeyoy acting as a necessary cofactor
for E2F1 promoter binding on specific promotergrAposed experiment could be to
assay the presence of E2F1 on E2F1 responsiveqptmdic promoters in an RRP1B
depleted context through a chromatin immunopreaijpih assay. If RRP1B is important

for E2F1 binding to promoters, E2F1 promoter bigdshould be absent upon RRP1B
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knockdown. If true, it would represent an importadvance, as it would open up new
lines of investigation; since RRP1B appears to kipekcific E2F1-induced promoters,
further promoter studies are warranted to determiiR&P 1B binding to E2F1 promoters
requires E2F1, or if RRP1B can independently birahmters at specific sites in a
similar manner as nucleolin, nucleophosmin, or ss\@her previously described
nucleolar proteins participating in transcriptionedulation (Boisvert et al., 2007,
Lindstrom, 2009; Warner and Mcintosh, 2009). Diggeimoter binding occurs despite
the fact that these proteins do not contain cambiianscription factor DNA binding
motifs. Other proteins which are known to bindhie E2F1 DNA binding domain
include the required cofactors DP1 and DP2 (Hitsheamd Robbins, 2003). RRP1B
binding may improve DP1 and DP2 colocalization @frEesponsive promoters,
providing a mechanism by which RRP1B can speciflf B2sence on promoters; this
can also be assayed using a similar chromatin inopracipitation assay.

Finally, regulation of E2F1 activity by RRP1B caccur via recruitment of
chromatin modifying cofactors, such as histone ryaaty enzymes, in a site specific
manner. Because E2F responsive sites in promaarpatentially bind to other E2Fs in
a promiscuous manner, the composition of recrutddctors and other chromatin
binding proteins at the E2F site itself and surcbng promoter regions likely plays a
large role in determining which E2F is specificadlyle to regulate transcription at a
particular site. Differences between activator seeptessor E2F binding specificities have
been ascribed to variation in cofactor recruitm(@&téis and Dynlacht, 2007). For
example, activator E2Fs are known to recruit chitomraodifiers such as Tip60, Arid1B,

and SWI/SNF complexes to acetylate Histone Hlrepaessor E2F antagonizing

80



manner (Blais and Dynlacht, 2007; Nagl et al., 20Gkahashi et al., 2000; Taubert et
al., 2004); activator E2Fs have also been showadwit HCF-1 and MLL/Set1 to
methylate Histone H3 as well (Takeda et al., 200&gi et al., 2007). Nucleolar proteins
have been shown to serve directly as chromatin fieeslior to recruit chromatin
modifying proteins in other contexts as well (Shirdet al., 2009; Swaminathan et al.,
2005). While RRP1B does not contain the acidic domim nucleophosmin and
nucleolin previously described as mediating thatinmsic histone chaperone function,
based on our data, it would be interesting to ihgate a role for RRP1B in recruitment
of histone modifying enzymes such as histone dtahgdferases or histone
methyltransferases. A first experiment that maypé&gormed is to analyze the status of
important histone acetyl or methyl substrates byggisionoclonal antibodies against
acetyl-histone or methyl-histone in chromatin immprecipitation assays in cells where
RRP1B is knocked down. If RRP1B is absent, andamgé in acetylation or methylation
is detected, further studies could be done to deter which chromatin modifying
enzymes are present at those sites normally anabaent without RRP1B. RRP1B may
also displace chromatin modifying enzymes whichatiegly affect E2F1 transcriptional
activity, as well.

Once a mechanism for RRP1B in E2F1 proapoptotivigchas been described,
investigation of a role for RRP1B in E2F1 regulatin vivo could be pursued. While we
have provided evidence that RRP1B participatesgulation if E2F1 induced apoptosis
in cell culture, effects seen in cancer cell linesy or may not translate well to
preclinical or clinicain vivo models. One proposed experiment is to consbuacquire

an RRP1B knockout murine model. While RRP1B doesgyaate in ribosomal
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biogenesis (Savino et al., 1999; Savino et al.1200is possible that RRP1B knockout
alone will not cause a severe metabolic or traiaslat deficit, because RRP1, the other
family member with RRP1B, could compensate in rdmal biogenesis. Whether
RRP1B knockout leads to a phenotypes similar tolB&tockout (Field et al., 1996;
Yamasaki et al., 1996) remains to be seen. A viRlRt® 1B knockout model would also
be useful to test the ability of E2F1 targets torfaiced following chemotherapeutic
treatment, and potentially the relative effectiv@nef chemotherapy in the absence of
RRP1B. A murine model in which RRP1B levels migatibducibly transduced could
also provide valuable information; based on ouch@mical studies, induction of RRP1B
levels may potentially increase the ability of clo#herapeutics or radiation to affect
tumor growth, an important step in suggesting RRB4RB molecular target for

improving the effectiveness of current anticanceatment.

A noncanonical rolefor a nucleolar protein in transcription and apoptosis

The canonical role for the nucleolus is producténibosomes, primarily through
manufacture of ribosomal RNA and assembly of assediribosomal proteins into
ribosomal subunits, finally leading to a compleb®msomal supercomplex (Maggi and
Weber, 2005). However, it has become increasingigrahat the nucleolus plays a
surprising number of roles outside of ribosomabkiwesis, including regulation of
proteins important in tumorigenesis. Individual gmments of the ribosomes and
associated nucleolar proteins have been showrgtdate p53 stability; a large number
of recent studies have shown multiple ribosomalgins acting as mediators of MDM2

dependent p53 degradation (Zhang and Lu, 2009)pgbaduction of ribosomes and
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nucleolar proteins in response to oncogenic mitagivity has also been hypothesized
to play a role in tumorigenesis; myc and PTEN Haoth been shown to regulate
numerous nucleolar proteins, and disruption of rafposome biogenesis has been
implicated in dyskeratosis congenita and DiamonaeBlan anemia (Ruggero and
Pandolfi, 2003). Mutations and translocations afleophosmin, a nucleolar protein,
have been shown to play an important role in leu&dialini et al., 2007). To this we
add RRP1B as another example of a nucleolar prateioh may be important in cancer.
In contrast to regulation of localization of cral@apoptosis regulators, we show that
RRP1B acts as a proapoptotic cofactor for E2FIctdy@®n promoters. This is similar to
RPS3 in NkB regulation (Wan et al., 2007) and NPM in Miz1lukgion (Wanzel et al.,
2008). Interestingly, as a nucleolar protein, RRR&B been shown in microarray studies
to be upregulated by c-myc (Schlosser et al., 268@56]osser et al., 2003), suggesting an
intriguing possibility; that during oncogenesisgoactive myc may activate E2F1
proapoptotic activity through the upregulation &RLB and transactivation of
proapoptotic E2F1 targets. A potential linkage kestvmyc and E2F1 through RRP1B
may warrant investigation.

RRP1B is not the first nucleolar protein knowrbtod to E2F1; E2F1 has
previously been shown to interact with ARF, whoaeanical function is to regulate
MDM2 through sequestration from p53. InterestingliRF is a nucleolar protein with
other functions including ribosomal biogenesis aadative regulation of activator E2Fs
(Datta et al., 2002). While RRP1B has not been shioywus to regulate other activator

E2Fs, its role in regulating E2F1 on the rRNA prdéenas antagonistic to ARF functions

83



in rRNA promoter activity (Ayrault et al., 2006) nfantagonistic relationship between
RRP1B and ARF might also exist on other promotglsch may warrant investigation.

Also of interest is the potential function of RRR&p52, the other member of the
protein family which includes RRP1B. Interestingye have shown that the N-terminus
of RRP1B is able to bind to E2F1, which correspaiod$fie entirety of Nop52. It is not
known which of the two domains within RRP1B is imgamt for regulation of E2F1
transcriptional activity; these two domains do cattain any homology to the other,
suggesting two separate functions. One intriguiogspbility is that RRP1/Nop52 may
also bind to E2F1 and moreover may have a slightfgrent function as well.

Finally, while many proteins are known to localinghe nucleolus, it is not
membrane bound; many proteins can diffuse in an@fitne nucleolus in an energy-
dependent or independent manner. Based on ouiZattah data, RRP1B interacts with
E2F1 inside nucleoli, but these complexes may or nwd be functional; it is possible
that the active complexes in transcriptional regoitalie within the nucleoplasm at
punctuate sites, or diffusely within the nucleopieat levels below the detection limit of
our assay. Nucleoli are organized around very adites of transcription on particular
chromosomes called nucleolar organizer regionshgpethesis for how RRP1B only
affects particular E2F targets may be due to prayiof particular proteins within or
near to nucleoli (Maggi and Weber, 2005). To inggde this, FISH analysis using
probes bound to particular E2F1 promoters showooglization at or near nucleoli may
suggest that specificity derives primarily fromadization, and not from variable
promoter binding elements. Alternatively, a recgatly showed a specific role for

acetylated nucleophosmin in regulation of trangimial activity within the nucleoplasm

84



(Shandilya et al., 2009). Other nucleolar proteinsluding RRP1B, may also be subject
to changes in localization after phosphorylatiomogtylation, providing a different level
of control of E2F1 apoptosis through RRP1B locaimachange. Determination of
whether RRP1B is functionally regulated by posttational modification could also be
of interest.

In summary, discovery of an E2F1/RRP1B genetic@ngical interaction is
significant advance towards understanding the §peegulation of E2F1 proapoptotic
activity. A role for RRP1B in E2F1 regulation isala novel example of a nucleolar

protein which regulates cell death through tramsiznmal regulation.
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Figure 1: Specific regulators of E2F1 apoptosis
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