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ABSTRACT
Polyadenylation/Deadenylation/Tumor Suppressor Factors Regulate 3r&gebssing
Under Different Cellular Conditions
By

Murat Alper Cevher

Adviser: Professor Frida Esther Kleiman

Under DNA damaging conditions the steady-state levels otilaellmRNAs
change as a result of regulation of either or both their biosynthiedisurnover. mRNA
3’ end cleavage, involved in the regulation of mMRNA stability, isngily but transiently
inhibited upon UV treatment. This inhibition is mediated by both thendtion of the
BRCA1/BARD1/CstF complex and the proteasomal-mediated degradatioRN&f
polymerase Il (RNAP II). As CstF-50 interacts with the tursoppressor BARD1 to
inhibit 3’ processing and with RNAP Il to activate 3’ cleavagbas been proposed that
this cleavage factor plays a coordinating role in the DNA damage response.

BARDL1 is modified by ATM kinase-dependent phosphorylation at the osase
site T734 upon UV treatment. Here we show that the T734A mutationaabsdhe UV-
induced BARD1/CstF complex formation; the UV-induced degradatidRNAP Il and
the UV-induced inhibition of 3’ cleavage. Chromatin immunoprecipitaticactiens
revealed that BARD1, CstF and RNAP lI, involved in the UV-induced inbibiof 3’
cleavage, associate at sites of DNA damage. Together tlsegts iadicate that BARD1

with the 3’ processing factor CstF play a role in the DNA damage response.



To further understand the role of CstF-50 in the DNA damage respomese;
analyzed other CstF-50 interactors and found that DNA damagenhotnduces the
formation of the BARD1/CstF-50/poly(A) specific ribonuclease (RARomplex but
also the expression levels of PARN. Based on thereaif the factors, it is possible to
hypothesize that the PARN/CstF-50/BARD1 interactregulates mRNA turnover in
different cellular responses. Consistent with this, @Gls¢F-50/PARN/BARD1 complex
plays a role in inhibition of 3’ cleavage and activation of deadéoglaupon DNA
damage. CstF-50/BARD1 can revert the cap binding protein 80-medindtdition of
PARN activity. Importantly, it is shown that PARN affects tbgiolyadenylation and
stability of different mMRNA precursors, such as housekeeping gertesome clinically
significant genes, under different cellular conditions. These studdksate that the
PARN/CstF/BARD1 complex plays a role in the regulationgefie expression upon
DNA damage, representing an alternative mechanism to prevenprticessing of
premature terminated messengers and to control the expressiorogéones and DNA

repair factors.



SIGNIFICANCE

Cells are constantly exposed to stress caused by environmacttaisfsuch as
oxidation, hydrolysis, alkylation, radiation and toxic chemicals. Depegnain the cellular
stress, the expression levels of certain genes are enhanced essagpFor example, the
expression levels of some proteins involved in DNA repair and gelé @re enhanced,
while the expression levels of most proteins are transiently sgguteto avoid the
formation of deleterious proteins that may be harmful to the dedl.régulation of gene
expression is a fundamental cellular process that is controlled at muligle le

Determination of the mechanisms by which mRNA turnover is régpila
constitutes a major challenge in understanding control of gene arpresspecially
during the DNA repair process. Although most of the studies linkedlation to MRNA
degradation during the DNA damage response, the associations of mRbEsging to
the mRNA degradation have yet to be determined. Following vidlet (UV)-
irradiation, the cellular levels of mMRNA are traawsily decreased. The cellular
mechanisms involved in this response are unknowrit lpubbably implies a functional
interaction of the DNA repair, transcription, and RNprocessing machineries.
Supporting this model, it has been described thalN&R’' end processing is also
transiently inhibited after UV-treatment. As mRNAIpA) tail is important in the
regulation of mRNA stability; changes in the polyaglation levels either by
activation/inhibition of the reaction or by controllinghe balance between
polyadenylation and deadenylation could account for the obderhianges in mMRNA
levels. The cleavage stimulation factor 50 (CstFi5@ good candidate to bridge the 3’

processing reaction to the DNA damage response bedaaaa functionally interact
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with the tumor suppressors BARD1 and p53, with RNAPahd with PARN under
different cellular conditions. These interactions suggest a centeafor CstF-50 in this
response because it can regulate various nuclear functions, suculatae of mRNA

3’ end cleavage and deadenylation. The working model in this disserta that the

regulation of mMRNA levels occurs by a functional interactiorCefF-50 with the UV-

induced phosphorylated C-terminal domain of BARD1 and with PARN. Integést

DNA damage was also shown to induce BARD1/p53 association througim{Dae

domain of BARD1, resulting in the activation of p53 apoptotic pathwaytogether,

these studies suggest a central role for a polyadenylatidar fand an innovative
interplay between 3’end processing, tumor suppression and apoptosis.ufations or

functional defects in those proteins are prone to result in malfunscthat may lead to
deregulation of proper gene expression, which may cause cancet, imdéttions at the
C-terminal domain of BARD1 have been shown to cause various cangeisas breast
and ovarian cancers (Thai et al. 1998, Karppinen et al. 2004 and Ishitalbi2®©03).

Moreover, defect in the polyadenylation machinery have also beemsdioovause the
formation of truncated polyadenylated deleterious mRNAs, whicthtnalgo affect cell
function (Mirkin et al. 2008).

Abnormal regulation of gene expression has been directly implidatetie
pathogenesis of some diseases and may contribute to the disease pracgecognized
ways in many others. Furthermore, novel treatment strategies fiumber of different
diseases may hinge upon our ability to exploit mechanisms that lhorafi@r the
expression of endogenous genes. While the study of gene regulasidnatigionally

focused on transcription as a major regulator of gene expressias recently become

vii



apparent that the post-transcriptional control of gene expressignplag an equally
important role. In particular, rapid, context-specific regulatiomhef stability of mMRNA
transcripts encoding highly active proteins, such as cytokines, graetitr$, oncogenes
and cell-cycle regulators, appears to play a key role inah&at of these molecules and
the processes they mediate. In fact, over expression of thealtlinsegnificant genes
such as c-fos and c-myc have been shown to cause cancers and participtastasisef
various tumors. (Zajchowski et al. 2001, Andersen et al. 2002, Milde-Lan@e88).
The results provided in the thesis suggest an alternative mechamisegulate the
expression levels of those genes based on the control of the
polyadenylation/deadenylation machineries under different cellotarditions. It is
possible that the new proposed regulatory mechanism may allow fusdtalternative
treatment strategies for the tumorogenesis and metastdlis observed tumors and thus

may play a role in finding therapies for various cancers.
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CHAPTER |

INTRODUCTION



POLYADENYLATION:

Although the replication and transcription of DNA has high procegsauid
fidelity, there is still a moderate chance that cellularADdets mutations under regular
cellular conditions. The cells are also constantly exposed #ssstcaused by
environmental factors that damage the DNA, such as oxidation, hgollkylation,
radiation and toxic chemicals. The cellular response to DNA damagkes changes in
the functional and structural properties of a number of nuclearipsptesulting in a
coordinated control of gene expression and DNA regane example is provided by
the transient decrease of the cellular levels oNARollowing UV-irradiation and its
normal recovery as part of the DNA repair respofré@nawalt 1994; Ljungman et al.
1999). Although the mechanism involved in this respassot completely understood,
it has been suggested that the UV-induced inhibitibtranscription is responsible for
the decrease in the mRNA levels (Donahue et al4)19Bhis indeed may well be a
significant part of the mechanism, however those studies have omsidered the
important effect of RNA processing on the levels of cellulaNAR Interestingly, it has
been described that 3’ end formation of mMRNA precursogdsis affected in a similar
time frame after DNA damage. mRNA 3’ processing is stipbglt transiently inhibited
following treatment of cells with DNA damage inducing agentkeifan and Manley
2001).

Polyadenylation is important in the regulation of mMRNA stabitiignslation and
RNA transport from the nucleus (Colgan and Manley 1997, Zhao et al. 1868)f{dre,

it is fundamental for the control of the mRNA levaedsid of gene expression in



eukaryotes. The polyadenylation reaction consists of an endonticlesdtavage of the
pre-mRNA followed by synthesis of the poly(A) tail towards Bieend (reviewed in
Zhao et al. 1999, Shatkin and Manley 2000). While a relatively simgphalssequence in
the mRNA precursor is required for the reaction, many intenastbetween a large
number of protein factors are necessary for the correct formattitve polyadenylation
complex, and the diversity and specificity of these interactioag be an important
aspect in 3’ end formation. The polyadenylation reaction is regufatesome specific
MRNAs, in different tissues and in different developmental stdgegulation of 3’ end
formation can play significant roles in cell growth controg(eTakagaki et al. 1996,
Takagaki and Manley 1998, Chupvilo et al. 1999) and perhaps in diseasgalgspe
tumor cells (reviewed by Scorilas 2002). The basic mechanismpyb8éssing involves
the recognition of the highly conserved hexamer AAUAAA locatetDab 30 nucleotide
upstream of the cleavage site by the cleavage and polyatienyspecificity factor
(CPSF) and the G/U- and U-rich element located downstreane alé¢avage site by CstF
(Takagaki and Manley 1997). While CPSF, CstF, cleavage factomnsl 2 §CFl and
CFIl), RNAP 1l and poly(A) polymerase (PAP) play a role Ire tcleavage reaction
(Figure 1 A); CPSF, PAP and poly(A) binding protein (PABP) ameolved in
polyadenylation step (Figure 1B). While the CPSF complex has &lemvn to perform
endonuclease activity for the cleavage reaction and direct PARhdo correct
polyadenylation site, the CF | and CF Il have been shown to enhecmgnition of the
conserved AAUAAA signal in the pre-mRNA substrate for proper pEpglation and

interact with RNA, CstF, RNAP II, PAP and CPSF (reviewed in Mandel et al. 2008).
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Figure 1: 3’ end Processing of pre-mRNA. ARNAPII transcribes the DNA
strand and the transcribed AAUAAA and GU/U rich region at the 3'enthe
pre-mRNA is occupied by CPSF and CstF complex respectiveBseT proteins
recruit the CFI and Il and the PAP to the cleavage 8jeFirst, CFl and Il
endonucleolytically cleave the RNA substrate in the presenc@&pf then PAP
adds the poly(A) tail followed by the binding of PABII to the poljtghl to

protect it from degradation.

http://nobelprize.org/educational _games/medicine/dna/a/splicingreplendfor

mation.html



mammalian cells, the poly(A) tail length is approximat@0-250 nucleotides long
(Brawerman 1981).

As it was mentioned before, CstF is one of the essential 3egsog factors.
CstF is active most likely as a dimer of two heterotrimeagh consisting of three protein
subunits called CstF-77, CstF-64, and CstF-50, according to their utawle@geights in
kDa. CstF-64 is an RNA binding protein (MacDonald et al. 1994). It kmdsGU/U rich
element present downstream of the cleavage site. Geneticallyiedochicken B cells
deficient in CstF-64, one of the CstF subunits, undergo cell cymdstaand apoptotic
death (Takagaki and Manley 1998). CstF-77, another subunit of the CstF complexr, plays
role bridging the CstF-64 and the CstF-50 proteins. It interacte @WPSF-160,
contributing to the stability of the CPSF-CstF-RNA complex. &&tkalso binds to the C-
terminal domain of RNAP Il but with much less affinity than CS@-(McCracken et al.
1997). CstF-77 is required for proper 3’ end cleavage and may funct@miaser at a
crucial stage in pre-mRNA 3’ processing (Mandel et al. 2088pther subunit, CstF-50,
plays important roles in regulation of mRNA processing by intergaevith other factors
(Figure 2). It contains six WD-40 repeats. The WD-40 repeatsagpeoximately 40
amino acid motifs that terminate with tryptophan-aspartic AdleD) dipeptide (Neer et
al. 1994). The WD-proteins are a large family of regulatory prsteivhose functions
range from signal transduction and transcription regulation tocgele control and
apoptosis. The WD-40 repeats are involved in protein-protein intamacand are
scaffolds for the assembly of other proteins. G-protein, TARHdcription factor and E3
ubiquitin ligases are examples of proteins that contain WD-40 eefleiabnd Roberts

2001, Smith et al. 1999).
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Figure 2: The 3’ processing factor CstF-50.The CstF-50 subunit of the CstF
trimer complex contains 6 WD-40 (tryptophan-aspartic acid) repaad an N-

terminal hydrophobic region.

Both the CstF-50 and CstF-77 subunits interact specifically withcéineoxy-terminal
domain (CTD) of RNA polymerase Il largest subunit (RNARS), likely facilitating the
RNAP ll-mediated activation of 3’ end processing (McCrackeal.e1997, Hirose and
Manley 1998). The stimulatory role of RNAP Il in polyadenylatioghtights the link
between transcription and RNA processing.

The 3’ processing reaction can be inhibited by the direct intenaof CstF-50
with BRCAl-associated RING domain 1 (BARD1, Kleiman and Maril@99). BARD1
is a nuclear protein that associates with the breast canseepibility gene product
BRCA1 (Baer and Ludwig 2002). The DNA damage-induced inhibition of
polyadenylation mentioned above correlates with increasing amountsa of
BRCA1/BARD1/CstF-containing complex (Kleiman and Manley 2001) angtevented
by siRNA mediated depletion of BARD1 and BRCA1 (Kleiman et al. 20@6ljcating
the involvement of BRCA1/BARDL1 in the inhibition of 3’ RNA processingdaing
DNA damage. Moreover, 3’ end processing can also be repressed followkhgdmage

as a result of the proteasome-mediated degradatioN&PRII, representing another,



possible redundant, mechanism to explain the inhibitory effect ofrkddiation on 3’
processing (Kleiman et al. 2005). Currently, other interactorSstF-50, such as p53,
ubiquitin and PARN, and their effect on 3’ end processing are bevwsgtigated in Dr.
Kleiman’s laboratory (Figure 3), suggesting a central iml€stF-50 in regulating 3’ end
processing in different cellular conditions.
ubiquitin
BARD1/BRCA1, |
p33 PCNA

RNAP IIN . papN
|
CstF-64/CstF-77

Figure 3: Interactors of the CstF-50 factor. The yeast two-hybrid assay
performed previously identified several interactors of CstF-50. Usér-
50/BARDL1 interaction is involved in the UV-induced inhibition of 3’ end
processing. The CstF-50/ubiquitin interaction might be involved in the
ubiquitination by BARD1/BRCAL of different substrates. The CstF-5@RNI
interaction is involved in the activation of 3’ end processing aaival he CstF-
50/PARN interaction is involved in the UV-induced activation of deadsioyl

and UV induced inhibition of 3’ end processing. The CstF-50/p53 intenarst
involved in the regulation of 3’ end cleavage. The CstF-50 also irgenditt the

DNA replication and repair factor PCNA.



TUMOR SUPPRESSION:

The statistical analysis shows that more than one out of nine nggts breast
cancer over their life time. 5-10% of all the breast caree¢haought to be caused by
mutations in BRCA1 and BRCA2 genes (Miki et al. 1994). BRCAhvslved in DNA
repair, transcription, RNA processing, and check point controldem Brodie 2000,
Venkitaraman 2002, Baer and Ludwig 2002, Rosen et al. 2003). The tumoessqgopr
BRCAL and BARD1 form a heterodimer and play important rolethenDNA damage
response (Gudmundsdottir and Ashworth 2006). BRCAL is an Ataxia-teltaxie
mutated (ATM)/ATM and Rad 3-related (ATR) kinases substr&TM/ATR kinases are
PIKK (phosphoinositide-3-kinase) related protein kinases and they medgiular
responses upon DNA damage (Kastan and Lim 2001). The phosphorylation bpfATM
Ser 1423 and Ser 1524 of BRCAL is essential for its DNA repaatibom (Kastan and
Lim 2001). When these two sites are mutated, the cells ametefin the DNA repair
process and do not survive, indicating that the tumor suppression function of the protein is
lost. BARDL1 is a 97 kDa protein that was originally identifiegl its association with
BRCAL (Figure 4, Wu et al. 1996). Both proteins share strudeaires, they possess
N-terminal RING finger motifs, which are responsible for th&A1/BARD1
interaction, three ankyrin repeats that are involved in proteiniprioteeraction, and two
BRCAL1 C-terminal (BRCT) domains that are involved in DNA repaid cell cycle
regulation. BRCA1/BARD1 stabilizes each other and this enhaheesfanction (Baer

and Ludwig 2001).
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Figure 4: The tumor suppressor BARD1. BARD1 is a 97 kDa protein. It
contains an N-terminal RING finger motif, which constitutes thRCB1

interaction domain, three ankyrin repeats, which constitutes ttke 530sbinding
domain, and two BRCT domains at the C-terminal end. The figuresla¢ses the

consensus phosphorylation site of the BARD1 protein (T734).

The function and subcellular location of BARD1 and BRCAL are regullbly
nuclear-cytoplasmic shuttling (Henderson 2005). The BARD1/BRCA1
heterodimerization masks the nuclear export signals within eaakirgroausing nuclear
retention of the duplex and allowing its functions in DNA repair, RN#cessing, and
centrosome duplication (Jefford et al. 2004). Given that BRCA1 and BA&BInot
consistently co-expressed in different tissues, there mayealsawlependent functions for
them (Figure 5). The transforming effect of BARD1 inhibition uttwred cells (Irminger-
Finger et al. 1998) and the existence of tumorigenic mutations in BARDBdi et al.
1998, Ghimenti et al. 2002) support the view of BARD1 as a tumor suppressor by itself. It
has been described that BARD1 deficient cells are defectiedapoptotic response to
genotoxic stress; this proapoptotic activity of BARDL1 is stiadaby nuclear export

(Rodriguez et al. 2004) and it involves binding to p53 (Irminger-Finger et al. 2001).



b. Death

pathway /
B BARD1

a. Surwval DNA repair
pathway mRNA processing
Cell-cycle
arrest
BARM
Ubiquitin ligase

— Cell cycle control
— Epigenetic control silencing
— Apoptotic control

Figure 5: Role of BARDL in cell fate. BARD1 functions both dependent (A) and
independent (B) of BRCA1 (Modified from Irminger-Finger and Jefford 208).
Upon DNA damage, in the survival pathway, BRCA1/BARD1 perforn3s E
ubiquitin ligase activity and leads to RNAP Il ubiquitination induoted) cycle
arrest, gamma-tubulin ubiquitination preventing centrosome duplicationjzabi
H2A/H2AX in tumors silencing epigenetic control, and stabilize®/Nfhibiting
apoptosis.B) In the death pathway, BARD1 acts independently from BRCAL.

BARD1 phosphorylates p53 at serine 15 and activates the apoptotic pathway.
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The BRCA1/BARD1 heterodimer exhibits E3 ubiquitin ligase agtivénd
ubiquitinates some substrates involved in DNA damage repair, such as CtIP, IR&®A
topoisomerase dl and some others involved in genomic stability, sucq+-tadpulin and
Npm1 (Sato et al. 2004; Starita et al. 2004; Starita and Parvin 200#4,al. 2006). After
DNA damage, the BARD1/BRCA1l heterodimer relocate to sites ofA Ofdmage
(Celeste et al. 2003), ubiquitinates RNAPO II LS, the hyperphosiatedyform of the
enzyme that functions in transcription elongation, but not RNAP I8, lthe
hypophosphorylated form that engages promoters, and leads to itosprosd
degradation (Kleiman et al. 2005, Starita et al. 2005). As part of ghodees, it was also
shown that siRNA-mediated knockdown of BRCA1/BARD1 resulted in stabibn of
RNAP Il after DNA damage. As it was mentioned before,a hlso been shown that
upon genotoxic stress, the heterodimer forms a complex withagheagle factor CstF-50
and prevents its function in mMRNA 3’ end processing (Kleiman and Ma9189, 2001).
It has been suggested that the degradation of RNAP Il and theiorhiiit3’ processing
after DNA damage might help to clear the region for the rdpators, improving the
efficiency of the repair process.

While the regulation of BRCA1 function by phosphorylation in respoogeNA
damage has been extensively studied (Teng et al. 2008), veryslikiteown about the
regulation of BARD1 activity. Recent studies from Dr. Lee aalfeagues (Kim et al.
2006) have shown that the threonine 734 of BARDL1 is also phosphorylated by ATM
kinase dependent pathway after DNA damage. The T734 lies withisetuend BRCT
domain of BARD1 (Figure 4). As discussed in more detail in Chalpked have

functionally extended those studies showing that the DNA damage-thdBB&D1

11



phosphorylation at the T73# important not only for the BARD1/CstF-50 complex
formation but also for the UV-induced inhibition of both mRNA 3’ end prangsand

RNAP Il ubiquitination and degradation (Kim et al. 2006).
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DEADENYLATION:

The steady state levels of cellular mRNA are determinethd balance between
their biosynthesis and turnover. Depending on the type of gene and thkarcel
conditions, the stabilities of different mMRNAs range from léss1t10 minutes to many
hours (Khodursky and Bernstein 2003). In addition, the half life of mRNWAscbange
throughout the cell cycle or in response to cell signaling, stiggethat mRNA
degradation is regulated in different cellular environments. Vtly is known about the
effect of UV treatment on mRNA turnover and its consequences on tneade of
MRNA levels. Several mMRNA decay pathways exist in eukargelis, which are mostly
dependent on deadenylation (reviewed by Parker and Song 2004). PARN isdnwolve
two general mRNA degradation pathways (Figure 6). Upon celltlesss conditions,
such as serum deprivation, the cytoplasmic translation initiatiotorfaelF4E gets
dephosphorylated and loses its affinity to the 5’ cap. Furthermore, AB& Protein
affinity to the poly(A) is also reduced. The dephosphorylation of elFd4Esgthe
deadenylase PARN access to the 5'cap and increases iiy faledl processivity for
deadenylation (Seal et al. 2005). These changes expose both #ye &idthe poly(A)
tail to PARN for deadenylation and signal that the remo¥#he poly (A) comes first in
the degradation of mMRNA (Fraser et al. 1999; Seal et al. 2¢0&)ever, after the initial

deadenylation, PARN is not bound to the mRNA anymore, giving access to the
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PARN AND THE CAP-DEPENDENT TRANSLATION INITIATION
A COMPLEX COMPETE FOR CAP AND POLY(A) BINDING

Figure 6: PARN-mediated degradation of mRNA in the cytoplasmA) The

cytoplasmic translation initiation factor elF4E is phosphorylatadeu regular
cellular conditions and shields the 5’ end of mMRNA from PARNUpon cellular
stress elF4E gets dephosphorylated and dissociate from 5 end expusing t
region to PARN. The PARN-dependent deadenylation is activated wipesez
to the 5’ cap and the 3’ poly(A) tail, and this results in the tenegal mMRNA
degradation pathwaysl) Upon deadenylation, the mRNA gets decapped by DCP
that results in exonuclease Xrnlp-dependent degradation in33¢ direction.2)
Upon deadenylation, the mRNA gets degraded by the exosome & %%

direction followed by decapping of the 5’ end. Modified from Haar et al. 2004.
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DCP1:DCP2 decapping complex to remove the 5 cap of the nascent jréxiNésing
the 5’ end, which is then recognized by the exonuclease Xrnlgemgndded in the 33’
direction. Alternatively, after deadenylation mRNA degradatiom @&cur in the
cytoplasmic exosome in the-85’ direction (Mukherjee et al. 2002) and the resulting cap
structure is hydrolyzed by DCPS decapping enzyme (Liu 208R). Thus the binding of
PARN to the mRNA could regulate its degradation either #b3br in 5’>3’ direction.

In addition to these general mMRNA decay pathways, other degnagsthways
exist. MRNAs encoding premature translational stop codon are degraded ihveaypat
known as nonsense-mediated decay (NMD, Mitchell and Tollervey 2003, Thkahak
2003, Lejeune et al. 2003). In this pathway, the mRNA is degradéer ety
deadenylation followed by 35’ exonucleolytic degradation or by decapping without
deadenylation (Mitchell and Tollervey 2003, Takahashi et al. 2003, nejeual. 2003).
NMD is believed to occur not only in the cytoplasm but also innthhgleus since some
ribosomes and translation activity have been also detectedalsiat al. 2001). Finally,
it is known that AU-rich elements (ARES) within the 3’ untratestl region decrease the
stability of the mRNAs (Chen and Shyu 1995). AREs range & s@m 50 to 150
nucleotides. The destabilizing functions of AREs are important becaubkeir absence
proto-oncogenes, such as c-fos, c-myc, jun, could become oncogenesvi(Sthal.
1992). Other mRNAs, such as IL-3, need AREs in order to inhibit tbhestigrof
autocrine tumor mast cells by an immunosuppressant cyclosporin A (Nair et al. 1994).

Unlike the polyadenylation reaction, the mechanisms behind poly(AQvanhas
proven more difficult to define. In mammalian cells, the earhest rate limiting step in

MRNA decay is thought to be removal of the poly(A) tail deadéoyla(Wilusz et al.
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2001). The major deadenylase required for mRNA decay is PARIthell and
Tollervey 2000, Wu et al. 2005). There are two isoforms of PARNdifigr in their
nuclear-cytoplasmic distribution; while the 74 kDa form is exgklgi nuclear, the 62
kDa form is cytoplasmic (Korner et al. 1998). PARN interactaigameously with the 5'-
end-located cap structure, shielding the 5’ from decapping enzyandsthe 3’ end
located poly(A) tail, initiating the deadenylation process. Istergly, the
communication between both the 3’ and 5’ ends of mRNA is very imgdoecause it
integrates the initiation of translation, translation and mRNA tum@Vartinez et al.
2001).

PARN is composed of an R3H domain, which is constituted by an invaria
arginine that is separated by three residues from a haginigerved histidine, that binds
single stranded nucleotides and a nuclease domain that perforndedtenylation
reaction (Wu et al. 2005). It is present in most of the eukargsalls and is the
deadenylase that silences maternal mMRNAs of Xenopus oocytes duahgation
(Copeland and Wormington 2001, Kim and Richter 2006). While the cytoplasmic
PARN’s activity has been extensively studied, the nuclear fumetof PARN are still a
mystery. Although most deadenylases shuttle out of the nucleus ¢gttigasm, PARN
is found mostly in the nucleus (Yamashita et al. 2005). In faamashita et al. (2005)
have described that PARN does not play a key role in cytoplasmic mRNA decay.

As mentioned before, PARN is the only deadenylase that itgelbath with 5’
end and 3’end of the mRNA integrating the initiation of translationmaR&A turnover
(Martinez et al. 2001). PARN activity and its access to tlva region and the poly (A)

region are regulated by its phosphorylation (Seal et al. 2008)del the nucleus, as the
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pre-mRNA is being transcribed, the 5’ cap region is occupyeithé nuclear cap binding
complex (CBC). CBC is composed of two proteins, the cap binding pr8@e(CBP-80)
and the cap binding protein 20 (CBP-20). CBP-80 binds to the carboxy-tedomain
of PARN and inactivates its deadenylase activity in the nudBaktsos et al. 2006).
Once the mRNA leaves the nucleus, the CBP-80 shuttles in association with toRi¢
cytoplasm (Visa et al. 1996; Ishigaki et al. 2001) and then the CB®+@&placed by the
translation initiation factor elF4E (reviewed in Gingras e1889). Under cellular stress,
like serum deprivation, the phosphorylation of elF4E diminishes and it diss®drom
the 5’ cap. The elF4E dissociation gives PARN the access & tag and increases its
processivity for deadenylation. The poly(A) binding protein PABP&N40 inhibits
PARN'’s activity via binding to the 3’ poly(A) region and blocking RN access to the 3’
end (Gao et al. 2001). These interactions point out the importatice communication
between the two extreme ends of the mRNA.

It has been suggested that the CBC-PARN interaction could reprasent
mechanism by which PARN is recruited to the nascent pre-m&idxhe CBC-mediated
inhibition ensures that PARN does not degrade the RNA unless PA&itivated, which
could occur as part of the NMD mechanism. Interestingly, PAgdurifies with
essential NMD factors (Maquat 2004) and PARN down-regulation alewgetnsense-
mediated decay (Lejeune et al. 2003). Besides, PARN can praleatnylation of
ARE-containing mRNAs in the presence of tristetraprolin (TTP, é&mial. 2003).
Interestingly, it has been described that UV induces statlizaof ARE-containing
MRNAS; such as c-fos, kinl7, c-jurkB and c-myc (Blattner et al. 2000). It has also

been shown that the UV-induced transcript stabilization and enhanced peviels of
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short basal half-life, such as oncogenes, apoptosis and cell-cytésl rgémes, growth
factors and cytokines, is due to the inhibition of cytoplasmic mRN&#deylation and

degradation (Gowrishankar et al. 2005).
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CHAPTER Il
DNA damage-induced BARD1 phosphorylation is critical for the functionof

BRCA1/BARD1 complex in 3’ end processing

19



INTRODUCTION

Protein phosphorylation is critical in the cellular response to [diikage, acting
as a molecular switch that regulates many important DNA daroheckpoint responses.
The principal kinases involved in this signaling process are membéne PIKK-family,
such as ATM (ataxia-telangiectasia mutated) and ATR (A&@hNd Rad3-related)
(Abraham 2001; Shiloh 2003). . Any defects on the ATM gene causefa atax
telangiectasia, a complex autosomal recessive disordemtiiaties growth retardation
and premature ageing (Paterson et al. 1979). Many of the ATM/ATR&isizbstrates,
such as BRCA1, CHK2, NBS1, MRE11, p53 and SMC1, signal cell cyclekpbmt
responses to DNA damage, playing important roles in cell-aekest, apoptosis, and
DNA repair (Kastan and Lim 2003).

The tumor suppressor BRCAL is phosphorylated by ATM upon DNA damage,
and together with BARD1, performs multiple functions in the DNA dgenresponses,
including in DNA repair, in transcription, and in RNA processingr{® and Wang 2003;
Baer and Ludwig 2002). BRCA1/BARD1 forms a complex through thepects/e N-
terminal RING domains and exhibits significant E3 ubiquitin (Ubadig activity (Baer
and Ludwig 2002). Through its Ub ligase activity, the BRCA1/BARD1 @em can
undergo autoubiquitination (Ruffner et al. 2001; Chen et al. 2002), and can ubtgquitina
substrates such as p53 (Dong et al. 2003), Nucleophosmin/B2 (Safo et aly2004hn
(Starita et al. 2004) and RNAP 1l (Kleiman et al. 2005; Staet al. 2005).
BRCA1/BARD1-mediated ubiquitination of RNAP Il targets it for gagsome-mediated
degradation and subsequent inhibition of transcription and RNA processiegpionse

to genotoxic stress (Kleiman et al. 2005). In contrast to BRCA1 evifimsction is
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regulated by phosphorylation in response to genotoxic stress, how BARDity is
regulated and whether BARDL1 is phosphorylated during DNA damage havseot
examined.

Dr. Sean Lee and colleagues (Genetics of Development ands®ig&ranch,
National Institute of Diabetes & Digestive & Kidney Disead¢ld) studied the possible
phosphorylation of BARDL1 in response to DNA damage. As part of shadlies, they
found that BARD1 undergoes phosphorylation upon ionizing radiation (IR) or UV
radiation (Figure 7) and that ATM is responsible for BARD1 Wdtced
phosphorylation (Kim et al. 2006). ATM kinase phosporylates Ser or Tidluesswhich
are immediately followed by a GIn residue (SQ/TQ) (Kast@nd Lim 2000).
Examination of primary sequence revealed that there are foumtigbteATM
phosphorylation sites (SQ/TQ) in the human BARD1 {§hiSef*!, Thr'** and Thf*¥).
Sequence comparison with other BARD1 orthologs revealed that thevta3Q motifs
located in the second BRCT domain (Ffrand Thf*¥) are evolutionarily conserved
(Figure 8A). To determine which of these ATM phosphorylation sitesnaodified in
response to genotoxic stress, simultaneous or individual mutations oluth&hir/Ser to
Ala were analyzed. When cells were transfected with hRIBL mutant that contains
AQ substitutions at all four SQ/TQ sites (Quad), the BARD1 mutaas not
phosphorylated after IR treatment (Figure 8B). To define the phosptianytites more
precisely, U20S cells were transfected with FLAG-tagged BARXpression vectors
containing individual substitutions at each phosphorylation site and labéled“R-
orthophosphate after IR treatment. As shown in Figure 8B, transeneéxpression of

the different BARD1 mutants in cells led to in vivo phosphorylatiorhefWT, T165A,
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S244A, and T714A versions of BARDL1. Interestingly, the observed phosphorylasn w
irrespective of DNA damage, probably because overexpressidBABRD1 triggers
maximal phosphorylation. More importantly, mutation of ‘Phito Ala almost completely

abolished BARD1 phosphorylation to a similar extent to Quad BARDIy after IR

734

treatment (Figure 8B). This result demonstrates the specibt Thr > phosphorylation
of BARDL1 in the cellular response to DNA damage.
Dox uv
— 16hr 1hr 2hr 3hr
-€— BARD1

Figure 7. BARD1 phosphorylation in response to DNA damagdJ20S
cells were either treated withud/ml of doxorubicin or with UV (100J/fh
and nuclear extracts prepared at indicated times were immundbieitie

anti-BARD1 antibody.
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Figure 8. BARD1 Thr”**is evolutionarily conserved and phosphorylated in
vivo. (A) Amino acid sequence alignment near the C-terminal BRCT doafiain
different BARD1 orthologs. Boxes indicate conserved PIKK-phosphooylati
(TQ) sites. T714 and T734 refer to the human BARD1 resid8¢dJ20S cells
stably transfected with different BARD1 expression construceseweither
untreated or IR-treated (10Gy) and then metabolically labeléth WP-
orthophosphate. Cell extracts were immunoprecipitated with anti-Fa#t{Body,
resolved by SDS-PAGE, and transferred to nitrocellulose memiodoeed by
autoradiography (P32-1P). Subsequently, membrane was immunoblotted with

anti-FLAG M2 antibody ¢-FLAG).
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As part of those studies, | determined whether the DNA damageed BARD1
phosphorylation is important for the degradation of RNAP Il and the trdmbof 3’
processing after DNA damage. As mentioned before, the tumoresgops BRCAIL-
associated BARD1 can interact with CstF-50 to inhibit ther®l processing reaction
upon DNA damage (Kleiman and Manley 1999). CstF-50 can also intatadhe CTD
of RNAP Il to activate mRNA 3’ end processing (McCrackeraletl997; Hirose and
Manley 1998), and RNAP Il is a specific target of the BRCARB1 E3 Ub ligase
activity (Kleiman et al. 2005, Starita et al. 2005). It has &@sen shown that 3’ end
processing can also be repressed following DNA damage aslaakethe proteasome-
mediated degradation of RNAP I, representing anothesilplesredundant, mechanism
to explain the inhibitory effect of UV irradiation on 3’ process{iteiman et al. 2005).
My results indicate that DNA damage-associated functions &BKH such as inhibition
of pre-mRNA 3’ processing and degradation of RNAP II, are abedgat T714A and
T734A mutants. Taken together all these findings suggest that phospbargiai 734

BARDL1 is critical for the DNA damage functions of BRCA1/BARD1 complex.
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RESULTS

It has been shown that in response to DNA damage BRCA1/BARD1 complex
ubiquitinates RNAP Il (Kleiman et al. 2005; Starita et al. 2005)sahdequently leads to
a rapid degradation of RNAP Il by the proteasome. InterestinglyRIBABRCAL
heterodimer was shown to ubiquitinate RNAP 11O LS, which is thetpjpsphorylated
form that functions in transcription elongation, but not RNAP IIA LS, owhis the
hypophosphorylated form that engages promoters. Thus, | next examnatdewthe
DNA damage-induced BARD1 phosphorylation is important for the degradation of
RNAP II after DNA damage. To this end, the U20S cells transdriwith several
BARD1 threonine mutants were used. These stable cell lines established in Dr.
Lee’s laboratory. Cells were treated or non-treated with UVJ(8€), and after 2 hours
of recovery, NEs were prepared as described in Experimerdaedures. NEs were
analyzed by Western blot with antibodies against BRCAL1, RNARNRKP IO, CstF-64
and actin.

Consistent with previous results, UV treatment reduced the accionutditboth
hypo- (RNAP 1l1A) and hyperphosphorylated (RNAP 110) formsRNAP 1l in cells
stably transfected with empty vector or WT BARD1 (Figure li@)contrast, cells stably
transformed with the T714A or the T734A versions of BARD1 showddhalization of
both RNAP Il isoforms following UV treatment, especially b&tRNAP 11O isoform.
The level of proteins like actin, BRCAl1 and CstF-64 did not show clsamgéheir
expression levels. This result suggests that phosphorylation of BARDThr** and
Thr’®* is important for the preferential degradation of RNAP 1O mtti by the

BRCA1/BARD1 complex in response to DNA damage.
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In addition to RNAP Il, BARDL1 also interacts with CstF-50, a compboé the
MRNA 3’ processing complex, and as a result, the 3’ processatyinery is inhibited
in in vitro functional assays (Kleiman and Manley 1999, 2001). To examine the role of
BARD1 phosphorylation in the DNA damage-induced inhibition of mRNA 3’ end
formation, we performedn vitro RNA cleavage assays with nuclear extracts isolated
from different cell lines expressing various BARD1 mutants. Rabeled SV40 late
precursor RNA (SVL) was used as substrate as described inifagp&al Procedures. As
shown in Figure 11, the inhibition of 3’ cleavage after DNA damages eompletely
abolished in cells expressing the T714A and T734A BARD1 mutantsead#ne vector
and WT BARD1 expressing cells exhibited normal inhibition of RNéaechge after UV
treatment.

The transient inhibition of 3' RNA processing following DNA damagéects
the formation of the BRCA1/BARD1/CstF complex (Kleiman and Ma2ie§1l). To test
the effect of BARD1 phosphorylation on the BRCA1/BARD1/CstF caexpbrmation,
we analyzed the complex in nuclear extracts from UV-ckaells expressing different
mutants of BARD1. As the BARD1-CstF-50 interaction involves their@stF complex
(Kleiman and Manley 2001), we used monoclonal antibodies against6@stnother
CstF subunit, to immunoprecipitate the complex. As shown in Figure7ZBAATBARD1
mutant did not form a complex with CstF irrespective of UVtinemt, whereas wild-
type BARD1 was able to form a complex which increased significafter the UV
treatment. Unexpectedly, T714A version of BARD1 still formedomplex with CstF
even in the absence of genotoxic stress; however, unlike theywddBARD1, this

interaction did not increase with DNA damage (Figure 12). Thdtsemdicate that the
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phosphorylation of the TH¥ plays an important role in the BARD1/CstF interaction. In
contrast, BARD1/BRCAL1 interaction was still retained in the T7IAA34A and Quad
BARD1 mutants (Kim et al. 2006), indicating that the failure of34A& to form a

complex with CstF is not due to a gross alteration in protein conformation.
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CONCLUSIONS

DNA damage leads to different cellular responses such &syck# arrest,
inhibition of transcription and of RNA processing, DNA repair and apaptd3 M/ATR
kinases are able to control many aspects of the DNA damagmnses by
phosphorylating specific substrates important in different celpdéhways (Kastan and
Lim 2000, Shiloh 2003). As Dr. Lee and colleagues described, of th@dbemtial ATM
phosphorylation sites in human BARD1, only two TQ sites near the tandem BRCT motifs
are evolutionarily conserved (Figure 8A), suggesting the importaicé8ARD1
phosphorylation at these residues. Interestingly, mutation of thie SiQysite (T734A)
almost completely abrogates DNA damage-induced BARD1 phosphorylaigui€BB)
and results in a dysfunctional BARD1 in mediating inhibition of 3'’ARptocessing and
degradation of RNAP |l after DNA damage (Figures 10-11). LofsdJV-induced
inhibition of RNA processing in T734A mutant is likely due to its ingpilo form a
complex with CstF (Figure 12), suggesting that phosphorylation df*Tiercritical for
the DNA damage-induced BARD1-CstF interaction. Although the IHalfof both
T734A and Quad BARD1 mutants was reduced compared to WT or other BARD1
mutants (Kim et al. 2006), it is unlikely that T734A and Quad mutargsgrossly
misfolded since these BARD1 mutants retained the ability toaictevith BRCAL (Kim
et al. 2006). Degradation of the mutant BARD1 was delayed with gmteainhibitor
MG132, suggesting that the observed instability of BARD1 was due toapoote-
mediated degradation (Kim et al. 2006). These results suggegihtbsphorylation of

T734 may also be an important determinant of BARD1 stability.
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In contrast, the substitutiton of ThT* for Ala did not significantly affect
BARD1 phosphorylation (Figure 8B), suggesting that Th'ris not, per se, the major
site of the DNA damage-induced modification of BARD1. Neverthelg¢ss a critical
residue for the BARD1 activity as the mutation of Tht to Ala resulted in a
dysfunctional BARDL1 in the degradation of RNAP Il and 3’ procesasgays (Figures
10-11). Surprisingly, unlike the T734A substitution, T714A mutation did not &bolis
BARD1/CstF interaction (Figure 12). This observation suggests hbaDNA damage-
induced inhibition of 3’ processing by BARD1 may not simply be duedquestration of
CstF but implicates a more direct role in the inhibition of @stifaplex. Our study thus
provides mechanistic insights by which BARD1 activity can be eggdl by PIKK-
mediated phosphorylation.

It is likely that BARD1 has additional DNA damage-induced phospatoyn
sites other than THr* and Thr3*, and that additional phosphorylation may also
regulate different aspects of BARD1 function. Consistent with \thes/, it has been
shown that BARD1 can be phosphorylated by a CDK-Cyclin complex dallacycle
dependent manner (Choudhury et al. 2005, Hayami et al. 2005) and mutatibies in t
CDK2-Cyclin E1/A1 phosphorylation sites of BARD1 confer increaseasiivity to
mitomycin C treatment (Choudhury et al. 2005). The precise mecharbgnwhich
CDK/Cyclin- or PIKK-mediated BARD1 phosphorylation regulate aistivity is not
known. One possibility is that the phosphorylation sites of BARD1 diesctly be
involved in the binding of other proteins (as in THRf phosphorylation leading to
formation of BARD1-CstF complex) or may indirectly influenceotpin-protein

interaction by inducing conformational changes. Since the BRCT dossaves as a
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phospho-peptide binding module (Manke et al. 2003; Yu et al. 2003), DNA damage-
induced phosphorylation of TH#* and Thr ** residues of BARD1 (which are located

in the second BRCT domain) may convert the BRCT domain from a phpgphtioe
binding module into a phospho-protein docking site for other phosphorylatiorikspeci
binding proteins. Additionally, though not mutually exclusively, Tht and Thr3*
phosphorylation, as well as CDK-Cyclin-mediated phosphorylation, nsay sdrve to
activate or enhance the activity of BARD1 complex, such a&3taubiquitin ligase
activity or homology-directed DNA repair (Westermark et al. 20@ycidation of
BARD1 structure with interacting peptides or a phosphorylated BARay provide
further insight into the mechanisms of BARD1 regulation and actiomgiwellular

response to DNA damage.
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CHAPTER 1l
The 3' processing factor CstF, RNA polymerase Il and BARD1 associates at sitd#s

DNA repair.
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INTRODUCTION

The cellular response to DNA damage involves changes in the pespeftia
number of nuclear proteins, resulting in coordinated controjesfe expression and
DNA repair. One example is provided by the transidacrease in mRNA levels
following UV irradiation (Hanawalt 1994, Ljungman et. &@999). Although the
mechanism underlying this response is still unresglitekdas been suggested that the
UV-induced inhibition of transcription, reflecting twwer of the RNAP Il largest
subunit, is responsible for the decrease (Donahwd. €994). This indeed is likely a
significant part of the mechanism. However, those studies haveonsidered the
important effect of RNA processing on mRNA levels. Indeed, it b&en shown that
processing of mMRNA precursors, and specifically 3’ end formatsma)do affected by
DNA damage. The mRNA 3’ end processing in cell extrac&rangly but transiently
inhibited following treatment of cells with DNA damage-inducirggmts (Kleiman and
Manley 2001). These results suggested a functional interactimedr®@RNA processing
and DNA repair.

The poly(A) tail found on almost all eukaryotic mMRNAS plays img@airtroles in
regulation of mRNA stability, translation and RNA transport frdire nucleus
(Neugebauer 2002, Mangus et al. 2003, Anderson 2005). While a relaiiwmgle signal
sequence in the mRNA precursor is required for the reactiampassngly large number
of protein factors are necessary for 3’ processing. CstF is ortbeokssential 3’
processing factors. Genetically modified chicken B cells weficin CstF-64, a CstF
subunit, undergo cell cycle arrest and apoptotic death (TakagakMantey 1998).

Another subunit, CstF-50, has been shown to interact with the CTD 8NB® Il LS,
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likely facilitating the RNAP Il-mediated activation of 3’ preseng (McCracken et al.
1997, Hirose and Manley 1998). The stimulatory role of RNAMIB’ processing
highlights the link between RNA processing and transcription. Titksdi supported by a
variety of chromatin immunoprecipiation experiments documenting geciasion of 3’

MRNA processing factors with transcribed genes (e.g., Calviviamtey 2005, Kim et
al. 2004, Venkataraman et al. 2005).

As part of the efforts to characterize links between mRNA 3’ proagssid other
nuclear events, an association between CstF and the BRCA1/BARI2L swppressor
complex was uncovered and characterized. It was determinethithatssociation was
mediated by a direct interaction between CstF-50 and BARD1 paitalts 3’ processing
in vitro (Kleiman and Manley 1999). The complex is increased ®atlgi in
concentration following DNA damage-inducing treatments, and resuitibition of 3’
processing in extracts from the treated cells (KleimanMawley 2001). It has also been
shown that DNA damage-induced BARD1 phosphorylatioaritcal for inhibition of
3’ end processing and RNAP Il LS degradation (Kinale2006). After UV treatment,
a fraction of RNAP Il LS is phosphorylated, ubiquitinated and dkgtaby the
proteasome (reviewed by van den Boom et al. 2002, Muratani and T2088) Dr.
Kleiman and colleagues have shown that degradation of RNAR f&xi contributes to
inhibition of 3’ processing in response to DNA damage (Kleiman 08ab), suggesting
the existence of another, possibly redundant, mechanism to explamhithieory effect
of UV irradiation. Significantly, both BRCA1l and BARD1 are necegséor
ubiquitination of RNAP Il LS and its turnover in response to UV ineatt (Kleiman et

al. 2005, Starita et al. 2005).

33



UV-induced turnover of RNAP Il is part of the transcription-couplegair
(TCR) response (reviewed by van den Boom et al. 2002, Muratani arseéyr2003).
TCR is a pathway that operates on certain typedDNA damage found in the
transcribed strand of expressed genes. Accumulatddree suggests that the blockage
of elongating RNAP Il at sites of DNA damage is an eangnt that initiates TCR.
Levels of mRNA are transiently decreased, and normal recodepgnds on TCR
(Hanawalt 1994, Ljungman et al. 1999, Derheimer et al. 2005, Mullenders 19@8pfO
the earliest indications of the existence of TCR was the diEservation that when
mammalian cells are exposed to UV light, RNA synthesis resuafore any significant
amount of UV-induced damage is removed from the bulk of the gengnudobal
genome repair (Mellon et al. 1987). One reason for this may be @sé&rves to repair
transcription-blocking lesions and, therefore, to facilitate apidr recovery of
transcription. Transcription complexes can be extremely stabla Wiey are stalled at
endogenous pause sites or at sites of damage (Svejstrup I20@B)been suggested that
RNAP Il stalled at sites of DNA damage could respond in eithewo ways. If the
lesion is repaired rapidly, RNAP Il reengages and continuesdnation, but if the
lesion persists, RNAP Il is ubiquitinated and degraded (Woudstra 20G2, Tornaletti
et al. 2003, Brueckner et al. 2007). Stalling and/or degradation of RNAd3 another
potential function: to prevent transcription across sites of DNA repair andyharevent
formation of potentially deleterious proteins. However, this could resutelease of
prematurely terminated transcripts, and inhibition of the 3’ praegssiachinery would

then function to prevent polyadenylation and stabilization of such RNAs.
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Dr. Mirkin and colleagues (2008) described in their work new links lestv@
processing and DNA repair. They provided evidence that UV tesdtin fact affects
both transcription and polyadenylation of nascent mRNAs in vivo. Thseyshlowed that
depletion of CstF in DT40 cells enhances sensitivity to UVtrireat, reduces UV-
induced ubiquitination of RNAP Il and, significantly, causes a delayGR. As part of
those studies, | determined that following UV treatment BRCA1/BARRNAP Il and
CstF associate at sites of repaired DNA. Taken togethese tiesults indicate that CstF
plays active roles not only in 3’ processing but also in DNA irgpaoviding a link

between transcription-coupled RNA processing and DNA repair.
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RESULTS
RNAP 11, CstF and BARDL1 associate at sites of DNA repair.

The data presented above provides evidence that CstF participates in
ubiquitination of RNAP Il in response to DNA damage, and in the TédRanse itself.
Based on this and on previous data from Dr. Kleiman’s lab establighingteraction
between CstF and BRCA1/BARD1, | next determined whether RNARCStF and
BRCA1/BARDL1 all associate at sites of DNA damage. To thd, @ variation of the
chromatin immunoprecipitation (ChIP) assay (Orlando 2000, Takahashi2800) was
employed. This method has been used largely to study chromatinaésgddeictors, but
has also been valuable in analysis of proteins apparently asdowidke elongating
RNAP Il (e.g., Komarnitsky et al. 2000, Schroeder et al. 2000, Foestal. 2006). In
my experimental design, BrdU was added to HelLa cells imnadgliafter exposure to
UV light to label repaired DNA. Cells were crosslinked withnfatdehyde at different
times after UV exposure. As ubiquitination of RNAP Il occurdimitl5 min of exposing
cells to UV and persists for about 8-12 hr (Bregman et al. 1986) analysis was
performed in a period between 0-5 hours after UV treatmentadigtof these cells were
prepared and following sonication DNA-protein complexes were IPeddofpation with
an anti-BrdU monoclonal antibody. Following reversal of crosslinkgherathan
analyzing DNA by PCR, it was determined whether specificepistwere associated
with the BrdU-containing DNA by Western blot. Samples froftsagot treated with UV
were used as a control.

The data shows that RNAP II, CstF and BARD1 all associateith

repaired/BrdU-containing DNA (Figure 13). These findings corrokoratrlier
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observations that part of RNAP IO does not dissociate from thegghfaNA during
the assembly of the TCR complex (Fousteri et al. 2006). Theerpresof RNAP 1l
supports the hypothesis proposed in yeast that RNAP Il is notsalfemyaded at sites of
DNA damage and might reengage and continue transcription (Wouds#ia 2002,
Fousteri et al. 2006, Brueckner et al. 2007). RNAP Il associatédthe repaired DNA
was detected at the earliest time after UV irradiationff).4suggesting that the arrest of
the RNAP Il is an early event in TCR. Consistent with previosslig the Western blot
analysis also revealed that UV treatment decreased acdionutd RNAP Il at later
times (Figure 13, 2 hrs after UV treatment; Kleiman et @052 Fousteri et al. 2006),
likely reflecting the turnover of stalled RNAP Il (Mirkin at. 2008). Significantly, we
also detected CstF-64 and BARD1 associated with the BrdU-contdiiig with a
time course very similar to that displayed by RNAP Il. Tthge this data supports the
idea that RNAP II, CstF and BARD1 associate at sites oA DBmage and play a direct

role in the DNA repair response.
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DISCUSSION

Previous work from Dr. Kleiman ‘s laboratory showed that 3' mRN# e
processing is inhibited after DNA damage as a result of bothABREARD1/CstF
complex formation (Kleiman and Manley 2001) and proteasome-mediateztldégn of
RNAP 1l (Kleiman et al. 2005). As CstF-50 can interact withR®1 to inhibit the 3’
processing reaction (Kleiman and Manley 1999) and with the CTIRRMAP Il to
activate the 3’ processing reaction (McCracken et al. 1997, Harmgsdanley 1998), we
proposed that CstF plays an important role in the response to DN&gdaMirkin and
colleagues (2008) provided evidence that prematurely terminated eolyatkd
transcripts can be detected in vivo following DNA damage, especiatler conditions
when the CstF/BARD1/BRCAL checkpoint is not activated. They alsndmed that
cells with reduced levels of CstF displayed enhanced sensitivitjvt treatment. The
depletion of CstF was found to correlate with decreases in bothitiégion and
turnover of RNAP 11O and repair of the transcribed DNA strandclviare events in the
TCR response (Bregman et al. 1996, Ratner et al. 1998, Luo et al. 20Qay Mcal.
2001, Fousteri et al. 2006). Consistent with the model proposed for @sttoh, my
results also showed that RNAP 110, BARD1 and CstF were all trans&sgbciated with
sites of repaired DNA. This finding also suggests that a éraaif RNAP 1l elongation
complexes arrested at sites of DNA damage are stable arainra@ssociated with the
DNA. Taken together, our results suggest that the polyadenylatiaohinery,
specifically CstF, plays an important role in the response to DNA damage.

Based on the results presented in the work of Mirkin and colleag068)( the

model proposed in previous work can be confirmed and extended (FigurerfaKland
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Manley 1999, 2001, Fousteri et al. 2006). All together the data has provided evidence that
DNA damage can induce premature transcription termination and polyatiem, likely
at sites of DNA damage, and that accumulation of such spedisclsed by activation
of the CstF/BRDA1/BRCA1 checkpoint. How might the checkpoint preverit RINAS
from accumulating? Milligan et al. (2005) observed ndy @aduction in the levels of
different mMRNA species but also of truncated RNAy@ast strains with a defective
poly(A) polymerase. Defective polyadenylation oépraturely terminated transcripts is
known to activate a nuclear surveillance pathwaymieating those mRNAs by
deadenylation and exosome-mediated degradation @stilliet al. 2005, Wyers et al.
2005, Thiebaut et al. 2006). Extending this idea, thekvpoesented in Chapter V of
this thesis (unpublished data) indicates that and@lstF-50-interacting protein is the
poly(A) specific ribonuclease (PARN; Mitchell and Tolley 2000, Wilusz et al. 2001,
Wu et al. 2005). PARN has been shown to copurify with rdedenonsense-mediated
decay factors (Maquat 2004) and PARN down-regulatibrogates nonsense-mediated
decay (Lejeune et al. 2003). Although more work icessary to determine the
functional relevance of the CstF/PARN interactithrg association of a polyadenylation
factor and a deadenylation factor is mechanisycallriguing, and could contribute to
the turnover of different RNA species by a nuclgaality control pathway after UV
treatment.

Taken together, the data from Mirkin’s work (2008) have indicated Qs
plays a role in the DNA repair response. As just discussed,d0sté affect DNA repair
by inhibiting the erroneous processing of nascent, truncated RiYyAsducing RNAP I

ubiquitination, and/or by reengaging and continuing transcription wailledtRNAP I
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complexes. It is also possible that CstF plays a more dioéetin the repair process.
Several observations support this hypothesis. First, CstF intevatis the DNA
replication and repair factor PCNA (Kleiman and Manley 199%a#t been shown that
PCNA colocalizes with BRCA1/BARDL1 at sites of DNA repair (Sgelt al. 1997, Wang
et al. 2000) and associates with DNA repair proteins as part of the TadhsegBalajee
et al. 1998). It is possible that PCNA is the repair fadtat links the stalled RNAP I
complex to the repair machinery during TCR. Second, several poljatien factors
have been shown to interact with DNA repair factors. For exanlpkyage factor CFl
copurifies with the BRCA1l-associated protein hMrell (de Vried.e€2000), which has
been implicated in DNA repair and cancer predisposition (redely Petrini 2000).
Additionally, the transcriptional coactivator PC4 interacts not ontlg @stF-64 (Calvo
and Manley 2001) but also with the DNA repair protein XPG (Waral. 004). XPG is
known to function in multiple DNA repair pathways. XPG recruits R&€4he bubble-
containing DNA substrate, PC4 displaces XPG and forms a DNA-B@glex (Wang et
al. 2004). PC4 can also interact with the elongating RNAP ll@utir CstF-64,
preventing premature termination during the elongating phaseo@atl Manley 2001).
It is thus possible that the interaction of PC4 with CstF-64 rtesdtae damage-induced
association of the stalled RNAP 1l and the DNA repair machinery.

In any case, the data from Mirkin’s work (2008) have provided evident€¢tia
plays a role in TCR, reinforcing the functional interaction betw@manponents of the

transcription, 3' processing and DNA repaachineries.
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Figure 9: Model for the role of CstF in the DNA damage respnse.Coupling

polyadenylation, transcription and DNA repair. After exposure to QdAage-
inducing agents, the elongating RNAP 1I-CstF holoenzyme compdg at sites
of damage. A BRCA1/BARD1-containing complex is activaé@d recruited to
sites of repair, inhibiting RNAP Il and the assdéeth polyadenylation
machinery by ubiquitination followed by degradatiohtiee RNAP 110. This

process facilitates repair by allowing access to &gair machinery, while
simultaneously preventing polyadenylation of abom@dcent mRNAs, which
are eliminated by exosome-mediated degradation inueear surveillance
pathway. Alternatively, the RNAP Il complexes atessat certain DNA lesions
is not degraded, and reengages and continues transcription repai is

completed. Given that CstF-50 can functionally intereith all the elements of
this model, we propose an important role for thist@in in the transcription-

coupled DNA damage response.
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CHAPTER IV
Nuclear deadenylation/polyadenylation factors regulate 3’ processing in sponse to

DNA damage.
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INTRODUCTION

The steady-state levels of cellular mMRNAs are determigdtdbalance between
their biosynthesis and turnover. The turnover rates of individual mRd#Asvary in
response to changes in the cellular environment and the mRNA paodyl4Ag one of the
key structures required for correct regulation of mMRNA degradationpdligéA) tails are
also critical for regulation of mMRNA processing, translation sulgcellular localization,
such as nuclear export (Colgan and Manley 1997, Zhao et al. 1999, Maiatle2008).
Thus, the poly(A) tail is a fundamental cis-acting elentbat is essential for proper
control of gene expression at several differentleue eukaryotes. The poly(A) tail is
synthesized in the nucleus through a two step polyadenylation omgaetn initial
cleavage step, which specifies the 3’ end of the mRNA, followethéysynthesis of a
200 adenosine residues tail to the 3’ end of the upstream cleavalyepfreviewed in
Zhao et al. 1999, Shatkin and Manley 2000). The polyadenylation reastipnitself a
highly regulated event and is used for example to regulate tmsukevelopmental
specific gene expression and for cell growth control (e.g., Takagaki 1996, Takagaki
and Manley 1998, Chuvpilo et al. 1999). Several examples of cases are kihashn w
links deficiencies in the polyadenylation machinery to disease @®weint, including
tumor formation (reviewed by Scorilas 2002).

The polyadenylation reaction requires the assembly of a rktlggr number of
interacting protein factors that recognize a relativempde set of cis-acting signal
sequence elements in the mRNA precursor. Cleavage stimulatton (@stF) is one of
the essential polyadenylation factors. CstF is active mkslylias a dimer with each

subunit consisting of three protein factors called CstF-77, CstergdCstF-50. CstF-64
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interacts directly with the down-stream located GU-richacisng element. Both the
CstF-50 and CstF-77 subunits interact specifically with the carteoryinal domain
(CTD) of RNA polymerase Il largest subunit (RNAP Il LSkelly facilitating the RNAP
lI-mediated activation of 3’ end processing (McCracken et al. 199éséliand Manley
1998). Moreover, 3’ end processing can be repressed following DNA dasageesult
of the interaction between CstF-50 and BRCA1l-associated RING idopratein
(BARD1, Kleiman and Manley 1999) and of the proteasome-atedidegradation of
RNAP II (Kleiman et al. 2005). We have recently shown thas egth reduced levels of
CstF display decreased viability following UV treatmentiueed ability to ubiquitinate
RNAP II, and defects in repair of DNA damage (Mirkin et al. 2088pporting the idea
that CstF plays a direct role in the DNA damage response.

Although most of the polyadenylation factors have been described and the
reaction is now relatively well understood, the mechanisms behind palgdoval are
much less defined. In mammalian cells, the earliest and rate limitinghsteRNA decay
is the removal of the mRNA poly(A) tail (Wilusz et al. 2001, Ched &hyu 2003).
PARN is one of the three major poly(A) specific 3’ exoribonudeatentified in
mammalian cells and characterized thus far (Mitchell andefvaly 2000, Parker and
Song 2004, Wu et al. 2005). It is expressed ubiquitously in all tissusestfeukaryotic
organisms (Copeland and Wormington 2001) and localizes both to the nuclelse and t
cytoplasm. PARN shows high specificity for single stranded pol{kdrner and Wahle
1997, Martinez et al. 2001) and its deadenylating activity is sttedilay the mRNA 5’
end located cap structure (Dehlin et al. 2000, Gao et al. 2000, Madinal. 2001,

Nilsson et al 2007, Wu et al. 2009). Although the exact function of PlRMe nucleus
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is unknown, it has been established that the CBP80 (Balatso2608) and the poly(A)
binding protein 1 (PABPN1, Gao et al. 2001) both inhibit PARN actiwtierestingly,
the cap binding complex (CBC) has also been shown to play a noddysdenylation by
stabilizing the RNA/CstF complex formed in the nucleus and theetleplof CBC
reduces the mRNA cleavage reaction (Flaherty et al. 1997).

In the current study, we have found that the polyadenylation fact-30s
interacts strongly with the same region (C-terminal domainPARN as its inhibitor
CBP80. Like the previously described CstF/BARD1/BRCAL1 complex, $t&/EARN
complex formation is stimulated upon UV light-treatment and partespan the
inhibition of the 3’ cleavage reaction of polyadenylation upon DNAnaging
conditions. More importantly, here we also show that the CstF-30N\Pteraction
activates deadenylatiom vitro and that UV treatment can activate nuclear PARN
deadenylase activity. We also show that the tumor suppressor BAR@ngly activates
deadenylation by PARN in the presence of CstF-50 and that theAsitdiated
knockdown of BARD1 decreases the UV-induced activation of deadenyldtion.
addition, our data show that CBP80 and CstF-50 could compete for binding td, PAR
providing a mechanism to regulate PARN deadenylase activitgliffarent cellular
conditions. Consistent with this, we show that these functional intaraatorrelate with
changes in both stability and polyadenylation of different mRNé&cursors, such as
housekeeping genes and some clinically significant genes, upomedivhent and that
reduced expression of PARN is sufficient to revert the obserfradges. Based on our
study we propose that the CstF/PARN complex plays a role inntmbition of 3’

cleavage of polyadenylation and the activation of deadenylation imubleus upon
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DNA damaging conditions, suggesting the existence of alternatgehanisms to

regulate gene expression in different cellular conditions.
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RESULTS
The polyadenylation factor CstF-50 binds to the deadenylation féaor PARN upon
DNA damaging conditions and this is accompanied with an incese in PARN
expression levels.

To identify proteins that interact with the polyadenylation fa&@stF-50, we
performed some time ago a yeast two-hybrid screen and iderBR€A1-associated
BARD1 as a prominent interactor (Kleiman and Manley 1999). We magently
revisited the primary data of this screen and realized thatobrtee most abundant
interactors of CstF-50 corresponded to the C-terminal fragmie®ARN. This new
finding suggests a functional interaction between the two comporenisilaas between
the deadenylation and polyadenylation machineries. To further tigates this
possibility, we performed “pull down” assays using GST-taggedldalith CstF-50
(GST-CstF-50) and full-length PARN (His-PARN), the C-termifragment of PARN
(amino acids 443 to 639, His-CTD-PARN) and the N-terminal fragment of P@RM0
acids 1 to 470, His-NTD-PARN). The results showed that both HisNP@ERjures 14A,
lane 2, and 1B, left panel, lane 4) and His-CTD-PARN (Figure, 1@ 6) interacted
directly and stronglyn vitro with GST-CstF-50. However, GST-CstF-50 did not bind
either to the derivative encompassing the N-terminal regiorA8fNP(Figure 14B, lane
5) or to the GST alone (lane 7). As samples were treatedRMNtse A, the observed
CstF/PARN interaction was not due to RNA tethering effect.tédlether, these results
indicate that the C-terminal domain of PARN, which has been deddobiateract with

CBP80 (Balatsos et al. 2006), constitute the PARN/CstF-50 interaction domain.
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To examine the status of the CstF-50/PARN complex in nuclesacexi{NE), we
analyzed extracts from HelLa cells by coimmunoprecipitatesays. For these studies,
we used an antibody directed against either PARN or the CstF s@stifi64, to ensure
that any detected interactions were between PARN and @&Et and samples were
treated with RNase A. Figure 15 (left panel) shows that ontgrg small fraction of
nuclear PARN coprecipitated with CstF-64. Similar results webgained in the
reciprocal coimmunoprecipitation analysis (Figure 15, right paAal the results of the
coimmunoprecipitation assays did not reflect the strong interactienaasin the GST
“pull down” assays, we decided to analyze the complex formation uodeitions of
DNA damage since earlier studies had revealed a link bet@st#= and the UV-induced
DNA damage response (Kleiman and Manley 2001). Thus, the coimmunojatemmpi
assays were repeated with NE of cells exposed or not tollgit(20 Jn¥) and allowed
to recover for 2 hrs as described before (Kleiman and Manley 200d)rissngly, we
observed in this case a significant increase in the detectednanof CstF/PARN
complexes as well as an increase in PARN expression (Figibes Extraneous
antibodies did not immunoprecipitate either protein (lanes 3 and 4), noeittier
antibody cross-react with other proteins (not shown). The increased arabBARN in
extracts of UV-irradiated cells can not solely explain theeiased association between
the two proteins. Although similar amounts of PARN and CstF aneumoprecipitated
by their own antibody in samples exposed or not to UV, a complexatammwith CstF
is detected only in the UV-treated samples, even in darker expasuitee Western blot

analysis (not shown).
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To further investigate the increased expression levels of PAIRNyf HelLa cells
treated with UV irradiation and allowed to recover for the tinmelicated in Figure 16
were analyzed. As described before (Kleiman and Manley 200d3tern blots revealed
no significant changes in either components of CstF (CstF-64) ag88 ((FPSF-160, not
shown) or BRCA1/BARDL1 (not shown) in response to UV. No changes deteeted in
the Topoisomerase Il (Topo Il) levels as well. However, a tahsncrease in the
expression of PARN was observed from 2-10 hr after UV treairbeitnormal levels
were restored after 15 hrs, reaching the levels of untreated cells (nof) shown

As UV treatment was known to induce CstF/BARD1/BRCA1 compbemation
(Kleiman and Manley 2001), we decided to test whether the tumor ssppi@ARD1
might also interact with PARN. Interestingly, a significaarthount of BARD1 co-
precipitated with PARN in NEs from UV-treated cells (Fgu5). Similarly, we could
detect PARN in the reciprocal coimmunoprecipitation experiment evhvee used
antibodies directed against BARD1 (data not shown). Although thesdsrel&uinot
demonstrate how many complexes CstF can form with PARN and BARBy clearly
show that UV treatment induced the interaction between thoswadainterestingly, the
appearance of this/these complex/es coincided with the observed inhibition of 3geleava
upon DNA damaging conditions (Kleiman and Manley 2001).

To test whether BARD1 might also interact directly with PARN performed
“pull down” assays using recombinant His-PARN, GST-CstF-50 and-BARD1
(Kleiman and Manley 1999) polypeptides (Figure 17). In the left pmel‘pull-downs”
were done with nickel beads. While only a small amount of BARD1ilieg down by

His-PARN (lane 3), this amount increases in the presence of50giBne 4). In the right
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panel, the “pull-downs” were done with glutathione beads and only GSTS0stF
associated with His-PARN. These results indicate that BARBE/RARN complex
could be formed in the presence of CstF-50, suggesting that CstFs5saciscaffold to
bring PARN and BARD1 into the same complex. Taken together, thete of
experiments revealed several lines of evidence that PARN stid50 interact with each
other and that their association, including the CstF-associatadipBARD1, was

accentuated after UV treatment.

PARN is necessary for the UV-induced inhibition of the 3’ cleavage reaot.

To study the significance of the interaction between PARN astff-80, we
performed siRNA mediated knockdown of PARN in HeLa cells. Figurest®ws that a
24 hrs siRNA treatment resulted in a substantial depletion of P&RN%) in NEs,
independently of the UV treatment. We next investigated the effeiRNA mediated
knockdown of PARN on the UV-induced inhibition of 3’ cleavage describedeearl
(Kleiman and Manley 2001). Surprisingly, the depletion of PARN afedisthe UV-
induced inhibition of mMRNA 3’ end cleavage (Figure 18A, compareslighand 4),
indicating that PARN has an inhibitory effect on mRNA 3’ cleavageler DNA
damaging conditions. In consistence with former work of our lab, N&s ftontrol
siRNA-treated cells disclosed the UV-induced inhibition of 3’ pesing. As observed
before (Kleiman and Manley 2001, Kleiman et al. 2005), no significantgelsawere
detected for CstF, BRCAL, Topo Il or BARDL1 levels in response to Whéreas the

levels of RNAP Il were reduced after UV treatment.
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Extending these results, we followed during a time course eweetithe 3’
cleavage activity after UV treatment in the presence or absehsiRNA targeting
PARN (Figure 18B). From this analysis it is evident thatabsence of PARN abolished
the UV-induced inhibition of 3’ cleavage. To further documenirkelvement of PARN
in the response, we added back recombinant His-PARN (Figure 19, lefpeHis-
CTD-PARN (lower left), His-NTD-PARN (lower right) and GSprotein as control
(upper right) into 3’ cleavage reactions performed with PARNNgiFknockdown and
UV-treated extracts. Only the increasing concentrations isfPARN and His-CTD-
PARN recovered the inhibition of 3’ cleavage reaction observed afferaatment. All
together, these results indicate that PARN has an inhibitagtedh mRNA 3’ cleavage
under DNA damaging conditions. Initially, this inhibition was ascribted the
CstF/BARD1/BRCA1 complex formation (Kleiman and Manley 2001) ahe t
proteasome-mediated degradation of RNAP Il (Kleiman et al. 2005).e¥owthese
results indicated that other factors, such as PARN, might alsowodved in the
response. Although our data does not reveal the mechanism involved iceliilar
response, it is possible that the UV-induced inhibition of 3’ cleabgg@ARN could be
the result of several alternative mechanisms, such as a idite@tction between PARN
and the essential polyadenylation factor CstF-50, by a destébitizaffect of the

essential CstF/RNA complex, and/or by the formation of any other inhibitory eempl
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CstF-50 plays a role in the UV-induced activation of nuclear RRN deadenylase
activity.

The results presented above showed that PARN was induced uponathaetne
and that complex formation between PARN and CstF-50 paralleladhitory effect
of UV treatment on the 3’ end cleavage reaction. PARN has préyioesn shown to be
present both in the nucleus as well as in the cytoplasm (Kdraérl®98). As CstF-50 is
primarily located in the nucleus (Zhao et al. 1999, Shatkin and Maf@g) 2we asked
what happened to nuclear PARN deadenylation activity during g@omee to DNA
damage. Hela cells were first exposed to UV light and thewed to recover for 2 hrs
before NEs were prepared, and assayed for the presence of da@aleractivity of a
radiolabeled bk(Aszp) RNA substrate. Figure 20A shows that the deadenylation activity
detected in NEs of cells non-exposed to UV treatment was vea aed this activity
was increased significantly after UV treatment. siRNAda&ed knockdown of PARN
showed an effect not only in the UV-induced inhibition of 3'cleav&agufe 20B, left
panel) but also in UV-induced activation of deadenylation (rightlp@ompare lanes 6
and 8). Western blot analysis confirmed the knockdown of PARN (lpeseel). Besides,
these results confirm that PARN is the deadenylase undeatieguin this DNA damage
response.

Further analysis showed that the activation of deadenylation $mE UV-dose
dependent and transient, increasing between 2 and 5 hrs after bfvhemn¢ and
disappearing after 10 hrs (Figure 21, upper panel). Interestingytrémsient pattern of
deadenylation activation was reflected by a concomitant inhibitidhe 3’ end cleavage

reaction (lower panel). Thus, UV treatment not only induced the asieocof CstF-50,
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PARN and BARD1 (Figure 22 and 15) but also activated PARN dependent deadenylation
activity in NEs (Figure 20-22), suggesting that CstF-50 coulticyzate in the UV-
induced activation of PARN mediated deadenylation.

To directly test if CstF-50 could influence PARN activity pyerformedin vitro
reconstituteddeadenylation reactions, where we monitored deadenylation ofszd)3(A
RNA substrate in a reaction with limiting amount of His-PARMI an the absence or
presence of increasing amounts of GST-CstF-50. The addition of G&¥5Q enhanced
the deadenylation activity of PARN up to ten folds (Figure 23A, @ lanes 4 and 9),
suggesting that CstF-50 is an activator of PARN activity. Inamly, we did not detect
any deadenylation activity when using CstF-50 alone (lanes 10-1ih) @ymbination
with the deadenylase-deficient PARN fragment (CTD-PARNyuf@ 23B), which
interacts strongly with CstF-50 (Figure 14B). However, CstF&l@d to increase the
deadenylase activity of the NTD-PARN derivative, which latties CstF-50 interacting
domain (Figure 24), indicating that the CstF-50/PARN interaasonecessary for the
activation of PARN activity. Taken together, we conclude thafF-G6t activates PARN
deadenylation activity in the absence of any other factors, stiggethat the CstF-
50/PARN complex that we have identified could play a role both in tenduced
inhibition of the polyadenylation 3’ end cleavage reaction as geith @dhe concomitant

activation of nuclear deadenylation.

The CstF-50/BARD1 complex can rescue PARN deadenylase activitpom the
CBP80 induced inhibition.
The UV-induced association of the CstF, PARN and BARD1 (Figlsesnd 22)

raises the possibility that BARD1 plays a role not only in theitluced inhibition of
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polyadenylation but also in the UV-induced activation of deadenylation in thengeesf
CstF-50. To address this possibility, we monitored deadenylations(@€;d. RNA
substrate in a reaction mix with limiting amount of His-PARMiting concentration of
GST-CstF-50, and in the absence or presence of increasing anobuUB&T-BARD1
(Figure 25A). GST-BARDL1 significantly enhanced deadenylation bRIRAnly in the
presence of CstF-50 (compare Figures 25A and B), implyingttleaCstF-50/BARD1
complex is a stronger activator of PARN deadenylase acthatly CstF-50 alone. Using
a limited amount of PARN and the lowest concentration of CstF-5€dt€Bigure 23A,
lane 5), complete deadenylation was observed after the additionRDBAFigure 25A,
lane 7), reaching deadenylation levels that are similar tonlke observed with twenty
times more PARN (lane 4). Importantly, we did not detect aagddnylation activity
when using either the CstF-50/BARD1 complex alone (Figure 25A, lame @hiting
amounts of PARN and increasing amounts of BARD1 (Figure 25B).

To further characterize the role of BARD1 in the activation ofddeglation
under DNA damaging conditions, we performed sSiRNA mediated knockdown of
BARD1/BRCAL in Hela cells as described before (Kleiman.e2G05). As BRCA1 and
BARD1 stabilize each other (Hashizume et al. 2001), treatingallewith both BRCA1
and BARD1 siRNA simultaneously was necessary to obtain a substdepletion of
BARD1 (=90%, Figure 25C, lower panel) in NEs. Interestingly, samples fioen t
BARD1/BRCAL siRNA-treated cells showed a decrease in ¥Menduced activation of
deadenylation (Figure 25C). Thus, our results indicate that thar suppressor BARD1,

which is involved in the UV-induced inhibition of polyadenylation, in the preseof

54



CstF-50 activates PARN-mediated deadenylation bothitro and in samples from UV-
exposed cells.

It has been described that the CBC complex, through its CBP80 subndsg the
C-terminal domain of PARN and inhibits PARN deadenylase agt(Balatsos et al.
2006) and also enhances the stability of the RNA/CstF complethareby activates the
3’ end cleavage reaction (Flaherty et al. 1997). Interestirgly results showed that
CstF-50 (Figure 14B), like CBP80, binds the C-terminal domain of NbARising the
possibility that both proteins compete for binding to the same regicARNPWhile the
formation of the PARN/CBP80 complex has been described in non-ddmaals
(Balatsos et al. 2006), our current results indicate that the format the CstF/PARN
complex is induced after UV-treatment (Figure 15). Given the nature of CBEI8DsdF-
50 as inhibitor and activator of PARN deadenylase activity, respggtit could be
possible that these proteins play a regulatory role in mRNA turnaveer different
cellular conditions.

To address this possibility, we analyzed the formation of the EAHIN and
PARN/CBP80 complexes by coimmunoprecipitation assays with antib@djasst
PARN in NEs from untreated and UV-treated cells followgdWestern blot analysis
with antibodies against either CstF or CBP80. Figure 26A shows, innkeefth earlier
results, that PARN coprecipitated a small fraction of Csigufé 15 and 22) and a
significant amount of CBP80 (Balatsos et al. 2006) in extractsintfeated cells.
However, and most importantly, a significant decrease in the amouwapoécipitated

CBP80 was observed after UV exposure (Figure 26A, compare lanes 1 and 3).
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To characterize the interaction of CstF-50 and CBP80 to the segnan rof
PARN, competition assays were carried out by incubating HisNPARMOobilized on
nickel beads with either limiting amounts of GST-CBP80 or GSTG6t and with
increasing amounts of either GST-CstF-50 or GST-CBP80, resfdgctretein samples
were treated with RNase A prior the binding assays. Incrgammounts of CstF-50
significantly diminished the binding of CBP80 to immobilized PARM(Fe 26B, lanes
4-7), indicating that CstF-50 and CBP80 compete on binding to the sagioa rof
PARN. Similar conclusions were reached when increasing amou@BR80 were used
in the “pull-down” assay (lanes 8-11).

To examine the possible regulatory relationship between the tvayahtfPARN
associated complexes, we performadvitro deadenylation assays with PARN in the
presence and/ or absence of recombinant CstF-50 and CBP80. As dagarén27,
addition of CstF-50 could partially suppress the CBP80-induced inhibitiocRAGN
activity (compare lanes 4 to 5-6), and thereby activate PARNeatg/lase activity. The
release of the CBP80-induced inhibition of PARN activity was ewene pronounced
when BARD1 was also included into the reactions (compare lane M)toTaken
together, these results indicate that CBP80 and CstF-50 could cofopéiading to
PARN in different cellular conditions, inhibiting deadenylase végti through the
PARN/CBP80 complex under normal conditions and activating deadengtdisety

under DNA damaging conditions through CstF-50/PARN complex formation.
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PARN is involved in the degradation of different endogenous #énscripts under
different cellular conditions.

The data presented above provided evidence that DNA damage induces the
activation of PARN mediated mRNA deadenylation in the nucleus. Tieefuinvestigate
this, wedetermined the expression levels of different endogenous mRNAdisrtreated
with siRNAs targeting PARN and UV irradiation. Briefly, twgsbur hours after
transfection with the indicated siRNAs, cells were exposed tdigh¥ and total nuclear
RNA was purified at different times after UV treatmentn&expression was analyzed
by RT-PCR, PCR poly(A) test (PAT, Sallés and Strickland 19&%d gRT-PCR.
Random or oligo(dT) primers were used for the RT reactma qPCR reactions were
done using commercially available primers and PCR reactions were dbre tnahscript
specific forward primer together with either a transcrecsfic reverse primer or a non-
specific oligo(dT) primer adapter (Figure 28). When the oligo(diher adapter was
used, the size of the amplification products would be heterogenedestingfthe length
of the poly(A) tail (Kim and Richter 2006).

First, we analyzed the expression levels of two housekeepimeg g8 APDH and
B-actin, in different cellular conditions. Our RT-PCR (Figure 28ek 1-3 and 7-9) and
gRT-PCR (Figure 29A) analysis showed that the mRNA levelbeaxfet genes decreased
upon DNA damaging conditions in cells treated with control siRNAirAilar decrease
was observed when oligo(dT) primer adapter was used in the PGRmsd€igure 28,
lanes 4-6 and 10-12). This data is consistent with our eattlidies (Mirkin et al. 2008)
and others previous observations (Kartasova et al. 1987, Dheda et al. 200diMetcc

al. 2007, Akeo et al. 2007) that showed that GAPDH RNA expression cagecha
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significantly in different biological systems and under diffei@ntditions, and that these
variations can lead to experimental error between analyzed sampkn GAPDH is
used as a control. Interestingly, the UV-induced decrease in thgAmBvels of
endogenous housekeeping genes was lost when we treated the dellsiRINAS
targeting PARN (Figure 28, 29A). Similar results were observed)wsther the specific
reverse primer (lanes 1-3 and 7-9) or the oligo(dT) primer addates 4-6 and 10-12).
Furthermore, samples from the PARN depleted cells showed an w@etiom of
heterogeneous PCR products after UV treatment, suggesting an inorereesstability of
polyadenylated mRNAs. These results indicate that PARNjigrezl to decrease mRNA
polyadenylation levels and mRNA stability of housekeeping genes uNé@ndamaging
conditions, and thereby might contribute to the UV-induced decrease in thardeNels
of total mMRNA.

As it has also been shown that PARN can promote deadenylatiot-oiciA
elements (ARE)-containing mRNAs (Lai et al. 2003, Moraeslet2006), we also
analyzed two ARE-containing mRNAise. c-fos and c-myc, by gRT-PCR. Both mRNAs
increased transiently upon DNA damaging conditions in cellsetlesith control SIRNA
(Figure 29), in keeping with earlier studies that indicate ARE elements within the
3'UTR can control mRNA stability under different cellular conditionsor example,
ARE elements can decrease mRNA stability under non-stresgioosdnd can increase
MRNA stability after UV treatment in mammalian ceBigttner et al. 2000, Wang et al.
2000, Bollig et al. 2002, Gowrishankar et al. 2006). Supporting our resultmeBland
colleagues (2000) showed that c-fos mMRNA expression increased 46 inihr after UV

treatment and then dramatically decreased 2 hr after UMinteeat Strikingly, PARN
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knockdown cells showed increase in the stability of both c-fos and cimgamples

from non-UV treated cells (Figure 29A). These results sugbas PARN plays a role
decreasing the stability of short lived mRNAs involved in controtelf growth and

differentiation, keeping their expression levels low in non-sitesslitions. The reduced
expression of PARN has a slight effect on the UV-induced iser@&a the expression
levels of these genes, suggesting that other mechanism($it imégy involved in

determining the stability of these genes upon DNA damage conditions.

Finally, we tested for enrichment of different mRNAs in theyp®)® RNA
population after PARN siRNA- and UV-treatment (Figure 29B). giCRRjuantification
reveals that the studied mRNAs, c-fos, c-myc, actin and GAPfidwed a slight
decrease in the enrichment in the poly(4yeparation over the total RNA fraction in
samples from control siRNA- and UV-treated cells. This is isterst with our initial
finding that UV treatment inhibits 3’ processing (Kleiman and MwnR001).
Interestingly, our results showed that those mRNAs were edricBeto 4 fold in the
poly(A)* preparation over the total RNA fraction in samples from PARNeteglcells.
Interestingly, such enrichment in the poly{Ajreparation showed a stronger increase in
samples from UV-treated cells. These results indicate®ARN is involved in the UV-
induced decrease of polyadenylated mRNAs either by inhibition afe@vage or by
activation of deadenylation.

Taken together, these results provide evidence that PARN iseédairegulate
the levels of different endogenous mRNAs in different cellular itond. As we

proposed before, it is possible that the competition of CBP80 and5Qdt#-binding to
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PARN in different cellular conditions could play a role regulatt®RN activity and,

therefore, mMRNA levels of different genes.
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DISCUSSION

During the DNA repair process, control of gene expression eitheabgcription
or by RNA processing is important to allow the access ofréipair enzymes and to
prevent the formation of deleterious proteins. Following UV irraaiia the cellular
levels of MRNA are transiently decreased (Hanad@@4, Ljungman et al. 1999). The
cellular mechanisms involved in this response arenawk but implies a functional
interaction of the DNA repair, transcription, and RNprocessing machineries.
Supporting this idea, it has been described thataol@nylation is transiently inhibited
upon UV treatment (Kleiman and Manley 2001, Kleimatnal. 2005, Mirkin et al.
2008). As mRNA poly(A) tails are important for regtibn of mRNA stability
(reviewed in Zhao et al. 1999, Shatkin and Manley 2000, Mandel et al. 20@8)ges in
the polyadenylation levels either by activation/mhon of the reaction or by
controlling the balance between polyadenylation and deaatémylcould account for
some of the changes in mRNA levels after UV treatment

We have proposed in previous work that the polyadenylation factor Cgilens0
a coordinating role in the nuclear response to UV-induced DNA darmagegh its
interaction with different factors in different cellular enviromtse(Kleiman and Manley
1999, 2001; Kleiman et al. 2005, Mirkin et al. 2008). In the current work, we have
discovered that CstF-50 interacts with the deadenylation fR&BIN (Figure 14-15) and
that this interaction plays a role in inhibition of 3’ cleavagetlsd polyadenylation
reaction (Figures 18-19 and 29) and activation of deadenylation upon DhAgda

treatment (Figures 20-25). Here we also found that BARD1 i®migtinvolved in the
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UV-induced inhibition of 3’ cleavage (Kleiman and Manley 19980D) but also in the
UV-induced activation of deadenylation in the presence of CstF-50ré2p and 27).
Furthermore, we found that the previously identified nuclear CBP3ONPA
deadenylation inhibitory complex decreased significantly in abundance upix D
damaging conditions, whereas the complex containing CstF-50/PARN$edrand that
CstF-50 compete with CBP80 on binding to the same region of PARNréR6). In
fact, addition of CstF-50 and BARDL1 ta vitro deadenylation reactions reverted the
CBP80 inhibition effect on PARN activity (Figure 27). Finally, wetermined that
PARN knockdown had an effect on the stability and polyadenylation ofefitfgenes in
different cellular conditions (Figure 28-29). Taken together, osult® suggest that an
interplay between these factors might control gene expression ke damaging
conditions by regulating polyadenylation/deadenylation.

Based on our studies we propose the following regulatory scesanamarized
in Figure 30). In the absence of DNA damage treatment, CBP80 bitids C-terminal
domain of nuclear PARN and inhibits its hydrolytic activity to easilmat PARN does
not degrade the mRNA (Balatsos et al. 2006). In this situation, GBs0 known to
enhance polyadenylation of pre-mRNAs by increasing the stialoiitthe RNA/CstF
complex (Flaherty et al. 1997). As a result of these functionalraictiens,
polyadenylation takes place and normal levels of total mRNAkbserved. After DNA
damage the BRCA1/BARD1-containing complex is recruited te siteDNA repair to
inhibit MRNA processing by RNAP Il ubiquitination followed by dedgon of the
large subunit of RNAP I, or by covalent modification of other elettiseof the complex.

This facilitates DNA repair and/or prevent polyadenylationbafreed nascent mRNASs. If

62



the UV-induced inhibition of mMRNA 3’ cleavage is bypassed, the CAEIPinteraction

may provide a fall-back mechanism to ensure that erroneously pojaigehmRNAs

are eliminated by the activation of deadenylation. In this situation we @ ¢ipatsCBP80
dissociates from PARN, allowing PARN to interact with theFEs®/BARD1 complex.

This reorganization will result in an activation of deadenylagod contribute to the
inhibition of polyadenylation. The final outcome will therefore be gwyadenylation is
inhibited and deadenylation activated, contributing to the observed detrehedevels

of total mMRNA under DNA damaging conditions. A similar mechanfismcontrol of

gene expression has been described by Kim and Richter (2006). TWeeghwavn that
cytoplasmic poly(A) tail length is regulated by polyadenylatieatlenylation under
different cellular conditions by the direct interaction of PARKhwhe polyadenylation
factor CPEB.

It has been shown that PARN co-purifies with essential nonseaed&ted decay
factors (NMD, Lejeune et al. 2003, Maquat 2004) and that siRNA meddae/n-
regulation of PARN abrogates NMD (Lejeune et al. 2003). Although thegerts
focused on cytoplasmic PARN, it is possible that the activatioreaflehylation by the
CstF/PARN/BARD1 complex formation in the nucleus might sighal degradation of
those erroneously polyadenylated prematurely terminated mRNsyiding a
mechanism of nuclear mRNA decay. Consistent with this our previoussikiowed that
prematurely terminated polyadenylated mRNA transcripts canddiectedin vivo
following DNA damage, especially under conditions when the CstF/BABRCAL

checkpoint is not activated (Mirkin et al. 2008).
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Control of polyadenylation/deadenylation in the nucleus could reprasaethanism
to regulate gene expression, which could be important to allow anegpdnse during
development or after stress treatment. For example, UV-traainghuces a decrease in
the cellular levels of total MRNA to avoid the expression oétéebus proteins that may
be harmful to the cell (Hanawalt 1994, Ljungman et al. 1999}trdatment also induces
stabilization of ARE-containing mRNAs; such as c-fos, kinl7, c-ju &nd c-myc
(Blattner et al. 2000), to induce the expression of some proteins invoN2NA repair
and cell cycle. Our results indicate that PARN can decrbasstability of housekeeping
genes upon DNA damaging conditions and of ARE-containing genes uponress-st
conditions (Figure 28-29). Consistent with our results, it has beennstimat ARE-
dependent deadenylation plays an important role in the mRNA decasewral
oncogenes involved in regulation of cell growth and differentiation (Blagnhal. 2000,
Lai et al. 2003, Moraes et al. 2006). Here we propose that gene expresslifferent
genes, such as housekeeping and ARE-containing genes, might utetekgn the
nucleus by the functional interaction between CstF/BARD1, CBP80 ARNRunder
different cellular conditions. As the tumor suppressor BARD1 is indolire this
response, it is possible that malignant cells display altexemdsl®f polyadenylation of
certain mRNAs. Supporting this idea, enhanced polyadenylation has beetedean
certain tumor cells (Kumar et al. 1995, Scorilas et al. 2002), pehydation is
inactivated in M phase (Colgan et al. 1996, 1998), expression levels dfApoly
polymerase can interfere with cell growth (Zhao and Manley 1998).ed¥er,
antiproliferative transcription factors, such as BTG2 and TOB, haea kaown to

enhance deadenylation, and the subsequent mRNA decay (Ezzeddine et al. 2007
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Mauxion et al. 2008). Furthermore, the expression levels of certaiB-odRtaining
genes, such as c-jun and c-fos, increase significantly in rcaetie (Zajchowski et al.
2001, Andersen et al. 2002, Milde-Langosch 2005). Interestingly, microRNIsh
have been either directly involved in human cancers or described agenascor tumor
suppressors, can direct rapid deadenylation of mMRNAs and subsequeni\dkecet al.
2006, Zhang et al. 2007).

Taken together, it can be concluded that regulation of the lexel8’ end
polyadenylation is an important event in controlling cell growth anthe response to
certain stresses, such as UV treatment, and that polyadenylaadehylation process

may represent a new mode of global regulation of gene expression.
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CHAPTER V

FUTURE DIRECTIONS
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Based on the results presented in this dissertation and preyioushhave
suggested an alternative pathway to explain the observed detré¢hseevels of total
MRNA upon DNA damage. Initially, it was described that thisehesz was due to DNA
damage-induced inhibition of transcription; however, the data presémei® and the
work of others have shown that regulation of RNA 3’ processing algs plaimportant
role in the UV-induced decrease in the total mMRNA levelsvi®usly, it was shown that
UV damage inhibits 3' end processing due to the degradation of RNA&nhdI
BRCA1/BARD1/CstF-50 complex formation. In this dissertation, thetselies have
been extended and showed that UV-induced ATM kinase dependent phosphooflation
BARD1 at T734 is required for those responses. It has also beem shatVPARN is
involved in the UV-induced inhibition of 3’ cleavage as part of B¥®RN/CstF-
50/BARD1 complex. Moreover, the PARN/CstF-50 complex is also involved in
activation of deadenylation upon DNA damage. Although the mechanism béisnd t
UV-induced response is not known, it was found that BARD1, which is involvédtein
UV-induced inhibition of 3’ cleavage, and CBP80 play a role in tlésponse.
Importantly, it is shown that PARN affects both polyadenylationsaablility of different
MRNA precursors, such as housekeeping genes and some clisigaliffcant genes,
under different cellular conditions.

Since all the data presented here shows for first timesdeeci@tion and interplay
of factors involved in different cellular pathways, such as CBP2®RN, BARD1 and
CstF-50, it is important to further analyze their functional ratBon under different
cellular conditions. The following proposed studies might provide more iatoomthat

would help to understand some aspects proposed in this dissertation.
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1) A possible human nuclear exosome/TRAMP complex formation:

Owing to the gene regulatory characteristic of a polyadaoglaand a
deadenylation factor, it is critical to further analyze and wstded the essence of CstF-
50 and PARN association in more detail. Interestingly, it hes laéen described that
RNA degradation by the exosome is promoted not only by active m@atien but also
by nuclear polyadenylation complex (TRAMP complex; LaCava.&045, Wyers et al.
2005, Thiebaut et al. 2006, Wang et al. 2008). The TRAMP complex, which éas be
characterized in yeast, promotes the addition of short poly(4A taihuclear-retained
RNAs that are subsequently degraded by the exosome. The gtmulzt the
surveillance pathway by TRAMP is apparently in competition widliteon of long
poly(A) tails leading to export, suggesting that part of the fanetidifferences between
both polyadenylation processes arises from the speed and procegsivitiye
polyadenylation reactions. LaCava et al. (2005) have suggestatiehaRNA cleavage
and polyadenylation complex is highly processive, rapidly adding long(Ajotails,
preventing the access of the exosome to the 3’ end of the RNApuohherization is
complete and then the transcript is protected by the poly(A) bindotgiprPABPNL,
which also inhibits PARN activity in the nucleus (Gao et al. 20Bilontrast, the yeast
TRAMP complex shows a slow polyadenylation rate and low proceggivamoting the
association of the exosome to RNA.

The results presented in this dissertation show certain degreuilafity to this
pathway: the deadenylation factor PARN interacts with the pelyddtion complex

factor CstF upon DNA damaging conditions, and this interaction not dinhylates
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MRNA deadenylation and inhibits polyadenylation but also decreasedevels of

poly(A) mRNA. Whether a similar situation occurs in mammalialsds unclear, and
there are significant differences in the response to DNA damage two systems. Most
importantly in this dissertation, true orthologs of BARD1 and &étFhave not been
identified in yeast (Baer and Ludwig 2002, Mandel et al. 2008). Moreogast \strains
that carry rna 14-1 mutations show not only defective pre-mRNAvatge and
polyadenylation but also the formation of long 3’-extended transdtatisare rapidly
degraded by the exosome (Torchet et al. 2002). It has also been shownritzals-1

strains that also lack a nuclear specific exosome component, @apsstptional

polyadenylation activity generates functional mRNAs, suggesting etlistence of

alternative polyadenylation mechanisms (Torchet et al. 2002). Imnmaés, as we
described before, DNA damage inhibits 3’ processing generatamygpurely terminated
polyadenylated mRNA transcripts (Kleiman and Manley 2001, Kleira al. 2005,

Mirkin et al. 2008). It is possible that a mammalian homologue of R&MP complex

is activated in DNA damage conditions, adding short poly(A) taisl activating

exosome degradation.

Supporting the role of nuclear PARN in the exosome, PARN has bsiatein
mammalian cytoplasmic exosome granules, and PARN down regulatiogagdat AU-
rich-mediated mRNA decay (AMD, Lin et al. 2007). Similar to theast system, a
possible exosome activity has been detected in the nucleus of mamueells. More
importantly, the nuclear and cytoplasmic exosomes are composed ilar Saobunits

(Rrp4, Rrp40, Csl-4, Rrp4l, PM/Scl-75, Rrp46, Dis3p and PM/Scl-100), most of which
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are ribonuclease complexes (Allmong et al. 1999; Brouwer et al. 20iddhell and
Tollervey 2000; Raijmakers et al. 2002; Schilders et al. 2006).

It is therefore important to determine if any exosome cormesiés might be
functionally associated with the PARN/CstF/BARD1 complex ingige nucleus upon
UV damage. It is possible that a mammalian homologue of the TRAMMplex is
activated upon DNA damaging conditions and includes factors, sucktlsa@d PARN
that could add short poly(A) tails and activate exosome degradatipectiegly. To test
this hypothesis it will first be determined whether CstF-50 andeaud®ARN can also
interact with elements of the exosome after UV treatntemefly, NE from non-treated
and UV-treated HelLa cells will be prepared and analyzed hynganoprecipitation
assays with antibodies against CstF-50, PARN and different subunttee afiuclear
exosomes mentioned beforess BARD1 plays a role in both activation of deadenylation
and inhibiton of 3’ cleavage, it will also be included in these detetiamsa If any
component of the exosome is coimmunoprecipitated with CstF or PARNp@EBdown
assays will be performed to confirm the direct interaction ARR or CstF with the
exosome subunits. To determine the effect of exosome factonstéraict with PARN
or CstF on the UV-induced inhibition of polyadenylation and activation afetedation,
NEs from exosome siRNA-depleted and UV-treated Hela cells b&i used in 3’
cleavage and deadenylation reactions as described before. oddthér, these
experiments will indicate if any factor from the exosomgast of the DNA damage-
induced BARD1/CstF50/PARN complex, and whether they are involved D

damage-induced regulation of polyadenylation and deadenylation.
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2) Characterization of the functional interaction of poly(A) binding protein (PABP)
with PARN, CstF and CBP80 upon DNA damaging conditions.

In mammalians, the poly(A) tail is approximately 200-250 nucleotidesg
(Brawerman 1981). Several poly(A) binding proteins (PABP) bind tayew®-30
adenosine residues at the 3’ end, stabilizing the poly(A) taréyenting its degradation
(Deo et al. 1999, Korner and Wahle 1997, Tucker et al. 2002). PABP leatkt&n the
cytoplasm and in the nucleus. In the cytoplasm, PABP plays artle poly (A) length
control by interacting and regulating poly(A) nuclease (PANMnluUs et al. 2004), which
is a PABP-depending exoribonuclease (Brown et al. 1996). While pédétcan exist
both in the cytoplasm and the nucleus, mammalian PAN is only four ioytoplasm
and thus only function in cytoplasmic deadenylation (Uchida et al. 20@4)as been
shown that PAN mutations cause poly(A) length increase insimplagm, suggesting
that the PABP-PAN complex may be necessary for inhibitionsplaiiement of poly(A)
polymerase from the transcript (Siddiqui et al. 2007). If poly(A) pasase is not
inhibited or displaced the mRNA transcripts result in longer poly(A) tail lengths

Whether a similar situation occurs in mammalian cells iseancland there are
significant differences in the response to DNA damage in thesystems. For example,
yeast does not express orthologs of PARN, and the human PAN desdeextiusively
exists inside the cytoplasm (Uchida et al. 2004). Thereforeh@ndeadenylase might
replace PAN'’s activity in mammalian cells and regulate g9lyéil by interacting with
PABP. One of the candidates for this role seems to be PARNhas been shown that
PARN directly binds to PABP (Siddiqui et al. 2007) and its deademydasivity can

either be stimulated or inhibited by PABP under different aallabndition, such as salt

71



concentration (Korner and Wahle 1997), suggesting that a change ioelinér
conditions might affect PARN deadenylase activity. Although rthelear function of
mammalian PABP is not clear, it has been proposed that the nuclear protein is involved i
MRNA polyadenylation but not 3’ cleavage, stability and quality cbifiviangus et al.
2004). Interestingly, the results presented in this dissertation gtedwiuclear PARN
activity is regulated by its interaction with the BARD1@sated 3’ processing factor
CstF-50 and with the cap binding protein CBP80. The results show thatetvieusly
identified nuclear CBP80/PARN deadenylation inhibitory complex deseck
significantly in abundance upon DNA damaging conditions, whereas the comple
containing CstF-50/PARN increased, and that CstF-50 can competeC®RIB0 on
binding to the same region of PARN. In fact, addition of CstF-50 and®Atoin vitro
deadenylation reactions reverted the CBP80 inhibition effect on\Pad®vity. Since it
has been shown that PARN can be inhibited or activated by PABP uritizerdi
cellular conditions, it is possible that PABP also participatdénregulation of PARN
activity upon DNA damage conditions. Therefore, it is criticalnalyze the functional
interaction of PABP/PARN inside the nucleus under different cellular conditions

To test if the interaction of nuclear PARN with PABP has eiifigct on the UV-
induced regulation of polyadenylation/deadenylation, it will finstdetermined whether
PARN, CstF-50 and BARD1 can also interact with PABP afterttddtment. Briefly,
NE of non-treated and UV-treated cells will be analyzed bynmunoprecipitation
assays using PARN, CstF-50 or PABP antibodies as desctiose.a Then the PABP
binding domain of PARN will be determined using truncated u&iaf PARN and

performing GST pull-down assays as described before. If PBB&s to a similar
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domain of PARN as CBP80 and CstF-50, competition assays will berped. Those
studies will be extended by analyzing how the PARN/PABP intieracs affected by the
other interacting proteins. Then, the effect of the PARN/PA@Rptex on 3’ cleavage
and deadenylation will be determined as described before. Biyof cells treated
with PABP siRNA and UV light will be prepared and analyzed fSiAR3’ cleavage and
deadenylation. These experiments will reveal any possibleidmatitonnection between

PABP and the nuclear DNA damage response.

3) Microarray analysis of PARN/CstF/BARD1-regulated genes:

With accumulating evidence revealing the importance of regulatiogeok
expression in cell function and in disease, such as in tumorigendzi®irer and
kidney diseases, it is important to study the role of 3' end psowesn the gene
regulation under different cellular conditions. Indeed, the malfunatiggene regulation
has been the target for pharmacological and clinical invéistigafor a long time (Sager
1997). The results presented in this dissertation indicate that tR&/AtF/BARD1
complex can decrease the stability of housekeeping genes upon DNAgidgm
conditions and of ARE-containing genes, such as c-fos and c-myc, uponresm-s
conditions. It is important to extend these studies to other genesitji#tbe regulated
by the PARN/CstF/BARD1 complex under different cellular conditiam®NA damage.
Furthermore, it would be important to determine if the regulatioth@fexpression of
some of those genes are disease-associated.

DNA microarray is a technique extensively used in moleculan@joland in

medicine that allows analyzing the expression of up to 40,000 genbkss(Ket al. 1987,
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Schena et al. 1995, Lashkari et al. 1997). It consists of an aseasied of thousands of
microscopic spots of DNA oligonucleotides, called features, eachicmgtgpicomoles
of a specific DNA sequence. This can be a short section ofeaggasther DNA element
that are used as probes to hybridize a cDNA or cRNA safoglied target) under high-
stringency conditions. Probe-target hybridization is usually deteahd quantified by
detection of fluorophore-, silver-, or chemiluminescence-labelecetany determine
relative abundance of nucleic acid sequences in the target.

To analyze the effect of the PARN/CstF/BARD1 complex on tkeression
levels of a wide range of genes, total nuclear RNA will be jgdrifirom cells treated with
siRNAs targeting PARN or CstF-50 and UV irradiation. Gene espmeswill be
analyzed by DNA microarray using cDNA. Random or oligo(dTijnprs will be used
for the preparation of the cDNA sample. Given thd that we can analyze a large
number of genes at the same time, this technique will be usefigtécting what genes
are up-regulated or down-regulated and how this regulation will cHan&RN, CstF-
50 or BARD1 expression. The list of PARN/CstF50/BARD1 targetegewill be
analyzed and compared to the list of disease-associated gérnsg, expression changes
in different conditions. New treatment strategies for diffecksgases will be suggested
by either trying to control PARN expression and activity v inhibitor PARN/CBP80

complex formation or the activator PARN/CstF-50/BARD1 complex formation.
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4) Functional analysis of the polyadenylation/deadenylation complex in tumor ts.
Many mRNAs encoding oncoproteins, cytokines and inflammatory gemes a
regulated by AU-rich elements (ARE) that are A and U rich sequencegsegrauvarious
orders (Chen and Shyu 1995, Wilusz et al. 2001) and located within the 3islaited
region of transcripts (Chen and Shyu 1995; Guhaniyogi and Brever Z0GLARES
mediate the rapiturnover of mRNAs encoding proteins that regulate cellular growth
response to exogenous agents, such as microbes, inflamnaatdrgnvironmental
stimuli, suggesting that any change in the regulation of ARE-tomgggenes expression
could dramatically influence oncogenic phenotypes. In fact, AREasong genes, such
as c-jun, c-myc and c-fos, increase significantly in prolifagatand cancer cells
(Zajchowski et al. 2001, Andersen et al. 2002, Milde-Langosch 2005)pdissble that
the increase in gene expression in those cancer cells might loaly due to alterations
in transcriptional but also due to posttranscriptional quality cor@oé mechanism to
regulate the turnover of those ARE-containing mRNAs is viaetregprolin (TTP)
(Blackshear 2002; Brever et al. 2004). TTP is a mRNA binding prdteinrécognizes
the UAUU-containing sequences and mediate mRNA degradation. tirtghgslung,
breast, ovary, uterus and many other cancer patients show downioegafat TP and
thus overexpression of ARE (Brennan et al. 2009). Moreover, restoringelvVéR in
aggressive tumor cell line suppress three main tumorgenic phenohgbaeding cell
proliferation, resistance to apoptosis and expression of vascular eradaraith factor
(VEGF) mRNA, which is a proangiogenic protein (Brennan et al. 2009P is shown
to target ARE mRNA degradation via recruiting PARN to thoseNAR and thus

initiating deadenylation that precedes mRNA degradation (Ldi €083). Intriguingly,
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the results presented in this dissertation describe another patbwagulate mRNA
levels via PARN/CstF-50/BARD1 complex formation. In fact, itrévealed here that
PARN can decrease the stability of ARE-containing genes uporstress conditions,
specifically for c-fos and c-myc (Figure 29). Consistenhuiiis, it has been shown that
ARE-dependent deadenylation plays an important role in the mRNAy agcseveral
oncogenes involved in regulation of cell growth and differentiation (Bathal. 2000,
Lai et al. 2003, Moraes et al. 2006). The results presented here entthiaabncogenes,
like c-fos and c-myc, might be regulated in the nucleus by theidmattinteraction
between CstF/BARD1, CBP80 and PARN under different cellular congditiAs the
tumor suppressor BARDL is involved in this response, it is possiblenddegnant cells
display altered levels of polyadenylation of certain mRNAs. Supwgprthis idea,
enhanced polyadenylation has been detected in certain tumorkagthaur( et al. 1995,
Scorilas et al. 2002), polyadenylation is inactivated in M phl{&sdgan et al. 1996,
1998), expression levels of poly(A) polymerase can interfere witlgmowth (Zhao and
Manley 1998). It is possible that a functional failure in the PARYIN/BARD1 complex
might increase the mMRNA stability of these oncogenes, expdathe increase in gene
expression in cancer cells. As the PARN/CstF/BARD1 compldaund in all tissues of
mammalian systems and its function is regulated under DNA daowghtions, it is
critical to analyze this new mechanism of control of mRNAabgity by
polyadenylation/deadenylation factors in cancer cells.

Using several approaches, the expression levels of PARN a@dtBARD1 will
be evaluated in a variety of human neoplastic syndromes. It willebermined if the

expression of any of these factors change significanttyifferent tumor types. This is
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particularly innovative for the 3’ processing factors PARN andr Cete effect of PARN
and CstF-50 knockdown on three key tumorgenic phenotypes will be evaludted: ce
proliferation will be analyzed quantitatively by determining tel numbers; resistance
to proapoptotic stimuli will be analyzed by treating the cells with apopttrailus, such

as cisplatin or staurosporine, and visually analyzing the celtseapression of VEGF
will be determined by analyzing the levels of VEGF by temaé RT-PCR (Brennan et al.
2009). The analysis of gene array proposed before will providanat@mn of possible
target genes that might be regulated by the PARN/CstF-50/BA&Idiplex. More
importantly, various cancer cells overexpressing those target-galhé&® analyzed for
any mutations or deregulation that may occur in the PARN/BBHBARD1 complex
formation and its function in ployadenylation-deadenylat@nce the deficiency in those
cancer cells is determined, the expression levels of thetype PARN, CstF-50 or
BARD1 will be restored by stably transfecting those cellthwionstructs expressing
FLAG-tag of the desired proteins from a tetracycline-responsassette. Then, as
proposed before, the three key tumorgenic phenotypes will be evaluald: c
proliferation, resistance to proapoptotic stimuli, and expression GfFVlERNA. Taken
together, these studies would contribute to determine the role fintt@nal interaction

of polyadenylation/deadenylation factors in proliferating ancceaells, and possibly

help in the development of alternative treatment strategies.
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CHAPTER VI

EXPERIMENTAL PROCEDURES
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Tissue culture methods and DNA damaging agents HelLa cells were cultured in
Dulbecco’s modified Eagles medium (DMEM)-10% fetal bovine ser&BS). 90%
confluent cultures were exposed to UV and harvested at the indicats] tJV doses
(20 or 40 Jrif) were delivered in two pulses using a stratlinker (Strajgefior to
pulsing, medium was removed and replaced immediately after #eattd20S cells
transfected with different BARD1 mutant constructs were cultineDMEM-10% FBS
supplemented with 0.3g/ul glutamine and 110 ngl hygromycin B.

NE preparation and immunoblotting analysis — After UV treatment, NEs were
prepared from harvested cells essentially as describedr&ieand Manley 2001). Cells
were lysed by douncing in 4 ml of 10 mM Tris pH 7.9, 1.5 mM Mg@0 mM KCI, 0.5
mM dithiothreitol (DTT), and 0.5 mM phenylmethylsulfonyl fluoride (BM). Lysates
were centrifuged for 10 min at 6000 g, and pellets were resuspen@edmM Tris pH
7.9, 1.5 mM MgC, 25% glycerol, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, and
0.3 M NaCl. Preparations were rocked for 30 min at 4°C and centrifioge80 min at
6000 g. Supernatants were quick frozen and stored at —80°C.p8ixiffeach NE was
analyzed by immunoblotting with the indicated antibodies.

Knockdown expression of PARN and BARD1/BRCAL in HeLa celldy siRNA -
Both the siRNA specific for human PARN, BARD1/BRCA1 and the corsiRNA used
as non-silencing were obtained from DharmacételLa cells were grown in a 10-cm
plate in complete DMEM. At 50-60% confluence, the cells were feated with 20 nM
of the PARN and 50 nM of the control siRNA and 1 ml of Lipofectan#0660
(Invitrogen) according to the manufacturer's protocol. sSiRNA knockdown of

BRCA1/BARD1 was performed as described (Kleiman et al. 2005¢r Afilturing the
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cells for additional 24 hrs, some plates were harvested and atberdransfected again
and harvested for analysis 48 hrs after the initial transfedidraction of the cells were
exposed to UV and harvested after the indicated times. NEs vwepared as described
above and analyzed by Western blot and used in 3’ cleavage reacboascertain the
specificity of siRNAs used the protein levels were monitored.

Immunoprecipitation analysis — One hundredig of total protein from each NE from
different cell lines were pre-cleared with 5@l of protein A-Sepharose,
immunoprecipitated with the anti-CstF-64 mAb (generously providedbyManley,
Columbia University), anti-PARN pAb (generously provided by Dr. Wagton,
University of Virginia; Korner et al. 1998), ard-rH2A pAb (Millipore) or preimmune
sera bound to protein A-agarose beads. The antibodies were coupledptotéie A-
agarose beads for 3 hrs at RT in buffer IPP (50 mM Tris pH 7.4 N6NaCl and 0.1%
Nonidet P-40). Immunoprecipitations were carried out for 3 hrs atm200ul of buffer

A (1x phosphate-buffered saline (PBS): 137 mM NaCl, 3 mM KCI, 10 ndyHRQO,,
1.8 mM KH,PQ,, 0.01% Nonidet P-40, 0.5 mM PMSF, and 0.04% bovine serum
albumin). The beads were recovered by centrifugation and treafetCawith 50ug of
RNase A/ml for 10 min. Finally, washing was performed withfdsuA plus increasing
amounts of NaCl. Aliquots of pellets and supernatants were andlyzZ8BS-PAGE and
immunoblotting. Results from three independent samples were athayzequantified
using Image J program.

Purification of recombinant proteins — cDNA'’s encoding the full-length CstF-50 and
BARD1 were inserted into pGEX-2TK and expressed in E. coli., and GST fusiomprotei

were purified by binding to and elution from glutathione-agarose shaaddescribed
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(Kleiman and Manley 1999). The plasmid encoding His-PARN andativatives were
transformed into BL21 cells, His fusion proteins were expresseguifced by binding
to and elution from Ni-Agarose column (Qiagen) as described (NilasdnVirtanen
2006). Protein samples were treated at 4 °C withd6f RNase A/ml for 10 min during
the binding assays.

Protein-protein interaction assays- One pug of GST-CstF50 was incubated with
glutathione-agarose beads for 2 hrs at 4°C in @0@inal volume of binding buffer
(1xPBS, 0.04% bovine serum albumin, 0.5 mM PMSF, 0.001% NP40). Beads were
washed extensively six times with binding buffer. Qugeof His-PARN was added to
the GST-CstF50-bound beads and incubated for 2 hrs at 4°C ipl 3@@l volume of
binding buffer. The beads were washed six times with binding ropftes 300 mM
NaCl, resuspended in loading buffer, and proteins were fractionat@éoldiyDS PAGE.
Equivalent amounts of pellets and supernatants were analyziedhiynoblotting. The
competition assays using His-PARN were done similarly as atddwe binding buffer
used in these experiments was (20 mM HEPES pH 7.9, 0.5 M KCI, 0.5%9NF0%
glycerol, 2 mM-mercaptoethanol and 2.5 mM imidazole) and the prot@icentrations
are indicated in the figures.

3’ cleavage assays *P-labeled L3 pre-mRNA substrates were prepared as described
(Kleiman and Manley 1999). Protein concentrations of the extraete equalized by
Bradford assays (BioRad) and/or by Coomassie blue stainingebe$er in processing
reactions. Cleavage assays with equivalent amounts of totalnproeee carried out in
reaction mixtures containing 0.2-0.5 ng labeled RNA, 250 ng tRNA, 0.F\BkIn

(Promega), 8 mM Tris pH 7.9, 10% glycerol, 20 mM creatine phosphat®] MgCh, 1
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mM 3 dATP, 120 mM NacCl, 0.2 mM DTT, 2.5% polyvinyl alcohol, and 0.2 mM PMSF.
NE, added proteins and pre-mRNA was added and incubated for 90 min at 30RC. R
products were isolated and fractionated on 5% polyacrylamide, 8.3 &/gete. Results
from independent samples were analyzed by autoradiography and gdamsifng image

J program.

Deadenylation assays Gonditions forin vitro deadenylation assays were as described
(Martinez et al. 2001). Briefly, the deadenylation assayls Wis-PARN, derivatives of
PARN and different concentrations of GST-CstF-50, GST-BARD1 @&d-CBP80
were carried out in reaction mixtures containing 25 mM Hepes @80 mM NacCl, 0.1
mM EDTA, 1.5 mM MgC}, 0.5 mM DTT, 2.5% polyvinyl alcohol, 10% glycerol, 0.25 U
RNasin, and 10 nMMeGpppG cappedn vitro transcribed k(Aso) (adenylated) and
L3(Ao) (control) RNA substrate, radioactively labeled by the inclusion?Bfa-ATP
duringin vitro transcription. Incubations were performed at 30°C for differentstirine
reactions were terminated and analyzed by electrophoresis imp@#crylamide/7 M
urea gels. Results from independent samples were quantified by using imageadpr
Analysis of endogenous mRNAs by RT-PCR, PAT assay and gRT-PCRIotal
nuclear RNA was purified from HelLa cells using the RNeaskadén). Equivalent
amounts of purified RNA were used as a template to syntheBiXé& aising random
hexamer primers or oligo d(T) primers and MMLV reverse trapsge (Promega)
according to the manufacturer’s protocol. PCR was performed using the RT poutlicts
Taqg Polymerase (Promega) and the following primers: forward pA®DH (5’-CAC
ATG GCC TCC AAG GAG TAAG-3), reverse primer GAPDH (FAC ATG ACA

AGG TGC GGC TCCC-3), forward primgr-actin (5-GGT GAT AGC ATT GCT TTC
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GTGT-3), reverse primep-actin (5-AAG TCA GTG TAC AGG TAA GCCC-3) and a
modified oligo (dT) primer/adapter PAT test (Sallés et al. 1998inté&n et al. 1998).
Equal volumes of the PCR products were run on a 5% acrylamidedeisualized by
ethidium bromide staining. Commercially available primers wesed in the qRT-PCR
reactions (Applied Biosystems). Equal amounts of total or poly¢BNAs were used in
the gRT-PCR reactions to observe the poly(A) enrichment as dadqiiomes et al.
2006).

Chromatin immunoprecipitation-type assays -We performed ChIP assays using a
modification of previously published methods (Takahashi et al. 2000). Ninetgrpe
con- fluent cultures of HelLa cells were exposed to UV (twogsutd 50 J/m2) using a
Stratalinker (Stratagene), incubated with BrdU (10 mM) and Ffididrodeoxyuridine, 1
mM) to label the repaired DNA, and then the cells were cro&edi with formaldehyde
at the stated times. After formaldehyde treatment, NEs wepared from HelLa cells as
described (Kleiman and Manley 2001) and samples were sonicateddwacersoluble
chromatin in the presence of proteinase inhibitors (Sigma, P2714hbiain DNA
fragmentation of average length of 2000 base pairs, sonicationglameewo times for
20 s each. Samples were then pre-cleared by treatment witlnggot®epharose 4B
beads (Sigma). DNA-protein complexes were immunoprecipitatethdupation with
BrdU monoclonal antibody (Covance) coupled to blocked protein-G SephHBdseads.
Immunoprecipitations were carried out for 3 h at 48C in 150 ml of swomcauffer
(10mM Tris pH 8.0, 1ImM EDTA pH 8.0, 0.5mM EGTA pH 8.0, 0.5mM PMSF, 1 X

protease inhibitor cocktail). Washing was with sonication buffer. Gnéss were
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reversed by boiling the samples for 30 min. The protein complex boungaiv EINA

was analyzed by western blot.
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CHAPTER VII

FIGURES AND FIGURE LEGENDS
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Figure 10. BARD1 T714A and T734A mutants are defective in RNAP Il
degradation U20S cells stably transformed with various BARD1 mutants were
untreated or treated with UV (20 Jjm After 2 hours, cell extracts were
immunoblotted with indicated antibodies: BRCAl (C-20, Santa Cruz
Biotechnology, Santa Cruz, CA), RNAP Il (8WG16, Covance, Berkel&), C
and RNAP IIO (H5, Covance, Berkeley, CA). Anti-actin (A2066, Sigmaj bl
shows relatively equal loading in all samples.

86



o \'od \od
& & & &
Uuwv: — + — 4+ -—
-+ SVL

-<—5'

Figure 11.BARD1 T714A and T734A mutants are defective in RNAP mRNA
cleavage inhibitory activity in response to DNA damageNuclear extracts were
prepared from cells stably transformed with various BARD1 msitagither
untreated or treated with UV (209mIn vitro RNA cleavage assay was done as
previously described (Kleiman and Manley 2001) using SV40 late predrikr
(SVL). 5' cleaved product and SVL precursor RNA are denoted.

87



WT T714A T734A

SN IP SN IP SN IP
Uwv: — + — + — + — + — + — +

3 T -'I:" ﬂ CstF-64

Figure 12. BARD1 T714A and T734A mutants are defective in the UV-
induced CstF/BARD1 complex formation.Nuclear extracts were prepared from
cells stably transformed with various BARD1 mutants, either atgdeor treated
with UV (20/nTf). The NEs were immunoprecipitated with anti-CstF64 antibody.
Supernatants and the immunoprecipitated pellets were resolve®@ $PSGE
and immunoblotted with anti-FLAG M2, anti-CstF64, or anti-actin antibodies.
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Figure 13: RNAP II, CstF and BARDL1 localize to sites of repaired DNA.
Analysis of protein complexes associated with BrdU-labeledA Difter UV

treatment and the indicated recovery times. BrdU was addedela ldells

immediately after exposure to UV light. Cells were crasked with

formaldehyde after UV exposure at the times indicated. Sonicaféextracts
were IPed with anti-BrdU antibody. Equivalent amounts of the p€llEjsand

normalized amounts of the supernatants, which represents 7% of thewapait
analyzed by immunoblotting with anti-RNAP 11 (H5), anti-CstF-64ti-BARD1
and anti-actin antibodies.
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Figure 14: CstF-50 interacts directly with C-terminal domain of PARN A)

Interaction of GST-CstF-50 and His-PARN. Immobilized GST-Cstle6GST

on glutathione beads were incubated withudl of His-PARN. Bound proteins
were eluted, resolved by SDS-PAGE and detected with anti-PaRNodies.
5% of PARN used in the reaction is shown as inByRequirement of PARN C-
terminal domain for CstF-50 interaction. GST and the indicated ANRN°
derivatives were used in “pull-down” assays with GST-CstF-50. Hmepkes
were analyzed as in (A). Coomassie blue staining of the pln&eombinant

proteins following SDS-PAGE is shown. Positions of size markers are indicated.
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Figure 15: CstF-50 interacts with PARN and BARD1 upon DNA dmage.
CstF, BARD1 and PARN coimmunoprecipitate from NE of HelLascakated
with UV irradiation. NEs were immunoprecipitated with anti-C8% anti-
PARN, anti-H2A or preimmune antibodies. Equivalent amounts of thetpell
(PD) and supernatants (SN) were resolved by SDS-PAGE and pretenes
detected by immunoblotting with antibodies against PARN and CstF-64.
Antibodies against Topo Il were used as a control of specificity. Positiorspof T

I, CstF-64 and PARN are indicated. 20% of the NE used in the
immunoprecipitation reaction is shown as input. The relative denségadf band
was determined by Image J program. Data shown are the mdzaM #&n three

independent experiments.
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Figure 16: DNA damage induces PARN expression level€stF-64, Topo Il
and PARN protein levels in NEs from UV-treated HeLa cekbseanmonitored by
Western blotting. The relative density of each band was deterrhinéthage J

program. Data shown are the mean + SEM from three independent experiments.
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Figure 17: CstF-50 is reqired for the PARN/CstF-50/BARD1 amplex
formation. BARD1 does not interact strongly with PARN. In the top panel,
immobilized His-PARN on nickel beads was incubated witliglof GST-CstF-

50, GST-BARD1 or GST. In the bottom panels, immobilized GST-CstF-50 or
GST-BARD1 on glutathione beads were incubated withglof His-PARN.
Bound proteins were eluted, resolved by SDS-PAGE detected witi? ARIN,
anti-BARD1 and anti-GST antibodies. 5% of the proteins used in theorare

shown as input.
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Figure 18: PARN is necessary for the UV-induced inhibitin of 3’ cleavage.
A) NEs from cells treated with PARN/control siRNA and UV ireditin, and
allowed to recover for 2 hours were analyzed for pre-mRNA Zivelge. NEs
were incubated in a reaction mix containing L3 pre-mRNA. Positaingre-
MRNA and the 5’ cleavage product are indicated. Protein levels &PRIN
BRCAL, Topo Il, BARD1, PARN and CstF-64 were analyzed by WesternBjlot.
NEs from cells treated with PARN/control siRNA and different irradiation
recovery times were analyzed as described in (A). The le¥&ARN expression
and of 5’ cleavage product were quantified. The relative densggaf band was
determined by Image J program. Data shown are the mean + SEMtHree

independent experiments.
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Figure 19: PARN is necessary for the UV-induced inhibitin of 3’ cleavage.
NEs from cells treated with PARN siRNA and UV irradiationd aallowed to
recover for 2 hours were incubated in a reaction mixture contaltBngre-
MRNA and increasing amounts of His-PARN, His-CTD-PARN, HIEBNPARN
and GST proteins (15, 45, 90 and 150 ng). The levels of 5’ cleavage pvastect
quantified as in Figure 9B.
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Figure 20: DNA damage induces nuclear PARN deadenylase actiuitA)
Effect of UV irradiation on k(A3zo) deadenylation. NEs from cells treated with
UV (20 Jn) irradiation and allowed to recover for 2 hrs were analyzed for
deadenylation. The incubation times for the deadenylation assaydasated in
the figure.B) The UV-induced activation of {A3c) deadenylation is PARN
dependent. NEs from cells treated with UV irradiation and treatéd
control/PARN siRNA were allowed to recover for 2 hours and weatyaed for
deadenylation as well as 3’ cleavage reactions as describ&yland Figure 9A,
respectively. The deadenylation assays were incubated for 1Pratein levels
of RNAP 1l, BRCAL, Topo Il, BARD1 and PARN were analyzed by West
blot.
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Figure 21: DNA damage induces nuclear PARN deadenylase actiui Effect
of different UV doses on the activation of deadenylation and indmbdf 3’ end
cleavage. NEs from cells treated with UV irradiation (20 and #3)Jand
allowed to recover for the times indicated in the figure wearalyaed for
deadenylation and 3’ end cleavage as described in 11B. The leglsleavage

product and g deadenylated product were quantified as in Figure 9B.
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Figure 22: DNA damage induces nuclear PARN deadenylase actyi
Increase of CstF and PARN coimmunoprecipitation from NE of Hekls
treated with UV irradiation and allowed to recover for 1, 2 and 24 hoiks
were immunoprecipitated with anti-CstF-64 antibodies. Samplesamalgzed as
in Figure 6. The NEs used in the immunoprecipitation assays \gerg¢eated in

deadenylation assays as in Figure 11B.
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Figure 23: CstF50 can activate PARN deadenylase activity in the adosce of

any other factors. A) CstF-50 activates PARN deadenylase actiityitro. The
deadenylation assays with different concentrations of His-PA® carried out

in the presence of cappedAso RNA substrate radioactively labeled. Increasing
amounts of recombinant GST-CstF-50 (5, 10, 25, and 50 ng) were added to the
reaction. The reactions were analyzed by electrophoresis in  10%
polyacrylamide/7M urea gels. Positions of polyadenylated mRB{A4) and the

L3 deadenylated product are indicatBj. CstF-50 was not able to activate the C-
terminal derivative of PARN (His-CTD-PARN), which is in&€t in
deadenylation. Deadenylation reactions were analyzed as iDéajlenylated 4

substrate is shown in lane 1 as control.
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Figure 24: CstF-50 can activate PARN deadenylase activity in the sénce of
any other factors. The C-terminal domain of PARN is required for CstF-50
activation. Catalytically active His-NTD-PARN was anagzfor deadenylase

activity as in Figure 14A.
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Figure 25.BARDL1 increases CstF-50 and DNA induced activation of PARN
deadenylase. A)CstF-50/BARD1 strongly activates PARN deadenylase activity
in vitro. The deadenylation assays with different concentrations oPARN
were carried out in the presence of cappg@is) RNA substrate radioactively
labeled. Recombinant GST-CstF-50 and increasing amounts of GST-BARD1
25, 50 and 100 ng) were added to the reaction containing limiting amounts of
PARN. The reactions were analyzed by electrophoresis in 10%
polyacrylamide/7M urea gels. Positions of polyadenylated mRB{A4) and the

Lz deadenylated product are indicatdg) Limiting amount of PARN and
increasing amounts of BARD1 was not able to activate the fudjthe PARN
deadenylase activity in the absence of CstF&OsIRNA knockdown of both
BARD1/BRCAl1 expression decreases the UV-induced activation of
deadenylation. NEs from cells treated with control/BARD1-BRGIiRNA and
allowed to recover for 2 hours after UV irradiation were aredyZor
deadenylation. Protein levels of BRCA1, Topo I, BARD1 and PARN were
analyzed by Western blot.

101



A a-PARN

PD SN PD SN
Uuv: - -  + +

Topo Il

=

CBP80 levels
=

=

CBP80

[
N
w
N

PARN- .
CstF-64 s
8
2 3 4
Input
CstF-50: -  + - - 02 06 2 02 02 02 02 ug
CBP8O: - - + 02 02 02 02 - 02 06 2 ug

PARN: + 04 04 04 04 04 g

- I_

Figure 26. CstF-50 and CBP80 compete for binding to PARNA) While
CBP80 and PARN complex formation decreases in NE of celletresth UV
irradiation, the CstF/PARN complex formation is induced in NEho&é cells.
NEs were immunoprecipitated with anti-PARN antibodies. Samplesee we
analyzed as in Figure 1C. Proteins were detected by immunoblottith
antibodies against CBP80, PARN and CstF-64. The amount of CBP80
coprecipitated with PARN was quantified. The relative densitgaah band was
determined by Image J program. Data shown are the mean + SEMtHree
independent experiment8) CstF-50 and CBP80 bind to the same region of
PARN. Immobilized His-PARN on nickel beads was incubated with reithe
CBP80 and increasing amounts of CstF-50 (lanes 5-7) or CstF-5@aedsing

amounts of CBP80 (lanes 9-11). Samples were analyzed as in Figure 8.
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Figure 27. The CstF-50/BARD1 complex can rescue PARN deadenylase
activity from the CBP80 induced inhibition. CstF-50 can revert the CBP80-
induced inhibition of PARN deadenylase activity and BARD1-assati@stF-50
contributes to this CstF-50 function in deadenylation. GST-CBP80 (2anm)
increasing amounts of GST-CstF-50 (+: 5 ng and ++: 25 ng) amRDBA25 nQ)

were used in the reactions. Deadenylase assays were performed asari Ei)
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Figure 28. Analysis of the effect of PARN expression on endogersogene
expression after UV treatment via PAT assayA) Upper panel, diagram of the
RT-PCR analysis of endogenous housekeeping and ARE-containing genes. Lower
pane] effect of PARN on the expression levels of housekeeping g&#ARDH

and p-actin, after UV treatment. RNA samples obtained from Hedlks ¢reated

with control/PARN siRNAs and UV irradiation were analyzed Ry-PCR and

PAT. Equivalent amounts of RNA were used in the reactions. Equal gsloim

the PCR reactions were analyzed by 8% polyacrylamide getra@doresis.

Molecular size markers are indicated.
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Figure 29. Analysis of the effect of PARN expression on endogersogene
expression after UV treatment via real-time PCRA) Real-time PCR analysis

of GAPDH, B-actin, c-fos and c-myc expression in RNA samples from cells
treated with control/PARN siRNAs and UV irradiation. The RT prosiwd
GAPDH from cells treated with control siRNA and not treatethvdV were
used as endogenous control. Data shown are the mean + SEM from three
independent experiment8) Real-time PCR analysis of GAPDB;actin, c-fos
and c-myc mRNAs polyadenylation. Total and poly(-/RNA were prepared
from Hela cells treated with control/PARN siRNA and UVadiation. Equal
mass of either preparation was used as a template in th&CRTrdactions with
primers specific for GAPDHf-actin, c-fos and c-myc mRNAs. The results

shown are the average of four PCRs from two different RNA extractions.
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RNAP I
DNA
Untreated cells UV-treated cells
Long poly(A) tail Shorter poly(A) tail

Figure 30: Model of poly(A) tail dynamics after DNA damageln the absence
of DNA damage treatment, CBP80 binds to nuclear PARN, inhibitisg
deadenylase activity. In those conditions, CBC also enhances ffze@oylation
of pre-mRNAs by increasing the stability of the RNA/CstF ptam. As a result
of these functional interactions, polyadenylation takes place and nieved of
total MRNA are observed. After exposure to UV treatment, theyatomg RNAP
lI-CstF holoenzyme complex stalls at sites of damage. A BEBARD1-
containing complex is recruited to sites of repaihibiting RNAP Il and the
associated polyadenylation machinery by ubiquitorati followed by
degradation of the RNAP IlIO. In those conditions, CBP80 proteisodates
from PARN, allowing the binding of PARN to the CstF-50/BARD1 complss
a result of these functional interactions, polyadenylation is inkib#ed a
deadenylation/dependent decay pathway is activated, generatingbskeved
decrease in the levels of total mMRNA. Given that CstF-50 ftanctionally
interact with all the elements of this model, wegmse an important role for

this protein in the transcription-coupled DNA damage response.
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