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ABSTRACT

Breast cancer is the most commonly diagnosed cancer amongsti&awomen.
Though numerous treatments are available, in many instances tumcamsehefractory
or recur. Therefore, understanding the biological events that lead to the progression and
therapeutic resistance of breast cancer is essential for the pleeeloof novel treatment
options for this disease. Numerous members of theiprarginine methyltransferase
(PRMT) family, which are theenzymes rgsonsible for catalyzingnethylationon
arginine residueare aberrantly regulated in breast cancer. Hanwgrstanding the
precisecontribution of PRMTSs to the development and progression of breast cancer is
important. This Thesis will present my findings the alternatively spliced PRMT1
isoform, PRMT1v2, previously identified to be overexpressed in becaaser cell lines
and here shown to promdbeeast cancer cedurvival and invasiorSecond, a novel role
is ascribed to PRMT6, another PRMT aberrantly expressed in begastr PRMT6
promotes chemoresistance to the drug bortezomib by mediatinggtiaste formation
through dowrregulation of elF4EIncreased stress granule formation in bortezemib
resistant cancer cells promotes cell survival. Third, DDX3, a prototypical PRMT
substrate which is overexpressed in breast cancer cell lines and stirtraladésmation
of mammary epithelial cells is a novel substrate of PRMT1, CARM1, and PRMT®6.
Lastly, TDRD3, a readéeffectorof arginine methylation also overexpressed in breast
tumours regulates breast cancer cell proliferation, anchandgeendent greth and cell

motility and invasion.
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Chapter 1:Introduction

1.1 Arginine Methylation

Protein arginine methylation is a common pivanslation modification catalyzed
by a family of enzymes called the protein arginine methyltransferases (PRMTs). PRMTs
catalyze the transfer of a methyl group fr8adersylmethionine (AdoMebr SAM) to
the guanidio nitrogen of arginine, resulting in the formation of a methylargininesand
adenosylhomocysteine (AdoHoy SAH) as a byproduct(Bedford and Richard, 2005)
The transfer of each methyl group to a substrate removes the potential for an additional
hydrogen bond while changing the shape of the arginine. Therefore, arginine methylation
conveys increasddcal bulkiness and hydrophobicity to a protdims potetially
affecting proteirprotein interations, albeit withoutactuallychangingthe cationic charge

of the arginine residu@ripsianes et al., 2011)

Members of the PRMT family contain four conserved sequencésniipfpostl,
Il,and lll) and & d o u b | e THEV® loap (Kakz efial., 2003)with motifs |, postl
and the THW loop forimg part of the AdoMebinding pocke{Cheng et al., 2005)
There are currently nine identified human PRMTs (PRM).JIPRMTs are classified
based on the type of arginine methylation that they catalyze. Both type | and type Il
PRMTs produce monomethylarginines as an intermediate, with type | PRMTs (PRMT1,
2, 3 4(CARM1), 6, 8) catalyzing the formation of asymmetric dimethylarginines
(ADMA), while type Il PRMTs (PRMT5) form symmetric dimethylarginines (SDMA).
Type Il PRMTs (PRM7) are capable of formingionomethylarginine (MMA) products
(Zurita-Lopez et al., 2012while the enzymatic activity of PRMT9 has yet to be

characterizedLee et al., 2005)Figure1.1).



Most PRMTs methylate arginine residues within a glycarel argininerich
(GAR) motif (Boffa et al., 1977)However PRMT4 orcoactivatorassociate@f arginine
methyltransferase LARM1) and PRMT?7 displaynique substrate specificitgs
CARM1 methyates an arginine residue in thieinity of a proline, glycine and
methioninerich (FGM) motif (Lee and Bedford, 2002and PRMT7 methylates arginine
residues in a RXR mot({Feng et al., 2013Additionally, PRMT5can methylate arginine
residues in both a GAR and PGM mdtitheng et al., 2007; Branscombe et al., 2001)
while PRMTE6 is efficient at methylating both arginine residues within a GARpro
sequence and those outsidetlois sequencérankel et al., 2002; Sgarra et al., 2006; El

Andaloussi et al., 2006; Boulanger et al., 2005)

Althougharginine methylation is a stable pasinslation modificaon, a number
of studies have showthe dynamic nature of this modification. Asymmetric methylation
of histone 3 a arginine residue 17 (H3R)L@ccurs ina cyclic manner in response to
estrogen stimulation at the pS2 promdtdetivier et al., 2003)Additionally, estrogen
stimulation results in methylation ofttes t r ogen receptor U ( ERU)
minutes of stimulation, with the metlagion mark being lost ten minutes latee
Romancer et al., 2008furthermoreH3R17methylation catalyzed by CARM1 k8gh in
mitotic cellsanddecreasgas cells proceed through the cell cy@akabe and Hart,
2010) Initially, Jumonjidomaincontainingprotein 6 (JMJD6) washaracterized as an
arginine demethylagghang et al., 2007however its categorization as one has come

into debate(Webby et al., 2009)

1.2 Regulation of Arginine Methylation
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Figure 1.1: Mammalian Protein Arginine Methyltransferases (PRMTS)

There are currently nine identified membefshe PRMT family.Type I, I, and Il

PRMTs catalyze monomethylarginines (MMA). Type | and Il PRMTs form MMA as an
intermediate before the second methylgroup is placed on the substrate. Type | PRMTs
catalyze asymmetric methylarginines (aDMA), while typ@RMTs form symmetric
methylarginines (sSDMA). Type | PRMTs include PRMTs 1, 2, 3, 4, 6, and 8. PRMT5 is a
Type Il PRMT and PRMT7 is a Type Ill PRMT. The enzymatic activity of HRMas

yet to be characterized.



A number of PRMT regulatory mechanisms &deen identified including pest
translation modifications, association with regulatory proteins, subcellular localization

and micro RNA (miRNA) regulation.

Posttranslation modifications

A number of studies have reported that PRMT activity is regulatqubst
translation modificatios, including through autenethylation. PRMT6, PRMT8 and
CARML1 have all been shown to be amethylated. Autemethylation by PRMT6 on
arginine residue 35 is required for protein stability and facilitates its ability tatinhib
human immunodeficiency virusi(V) replication(Frankel et al., 2002; Singhroy et al.,
2013) Auto-methylation by PRMTS in the {fierminus of the protein decreases its
capacity to bind AdoMetSayegh et al., 2007; Dillon et al., 2018Jternatively, aute
methylation of CARM1 does not affect its enzymatic activity but plays a role in

regulating CARMZ1activated transcription and preRNA splicing (Kuhn et al., 2011)

CARML1 is additionally regulated by both phosphorylation and glycosylation.
Phosphorylation of CARM1 on serine 217 by a yatlantified kinasgrevents its
binding to AdoMetthus blockng methyltransferase activitfreng et al., 2009;
Higashimoto et al., 2007lycosylationby N-acetylglucosamine transéese prevents
CARML1 phosphorylatiorrausingts cdlular mis-localization(Cheung et al., 2008;
Sakabe and Hart, 2010h addition to CARML1, phosphorylation of PRMT5 by a janus
kinase 2 (JAK2) mutat, JAK2V617F abrogates itsteraction with the methylosome
protein 50(MEP50), preventing PRMT5 methyltransferase actifliiy et al., 2011)

Methylation of substrates by PRMTs can be influenced by surrounding post



translational modifications on their sthbates. For examplacetylatiorof lysine 18 on
histone 3 (H3K18primes the histone fdor H3R17methylationby CARM1 (An et al.,
2004; Daujat et al., 2002; Yue et al., 2Q0Zpnversely, acetylatioof lysine 8on histone
3 (H3K®Y) prevents symmetric dimethylation by PRMT5 on histone 3 argheisidue 8
(H3RY (Pal et al., 2004)Furthermore, eetylation of histoe 4 on lysine residue 5
(H4K5) allows PRMT5 to methylate histodearginine 3 (H4R3)Xhuspromotinga
repressive SDMA marinstead of aractivating ADMA markby PRMT1(Feng et al.,

2011)

Regulatory Proteins

The binding of accessory pratsito PRMTs canegulate their activity. &r
example, PRMTS5 is catalytically inactive as a bacterially expressed recombinant protein
and requires the binding of MEP50 to modulate its methyltransferase a@eaitiin et
al., 2010) Likewise, in mammalian tls, MEP50 binds PRMTS5 to regulatis activity
(Friesen et al., 2002)n addition to MEP50, other proteins can also modulate PRMT5
activity. The SWI/SNF chromatin remodelling complex enhances the activity of MEP50
PRMTS5 toward histone substrai@al et al., 2004)while the RNA binding mtein Y14
regulates MEP5®RMTS activity toward Sm proteir{f€huang et al., 2011)
Furthermore, RIO kinasednd ICLN can regulate PRMT5 substrate specificity
(Guderian et al.,@L1), whereas the histodgnding protein cooperator of PRMT5
(COPRY5) targetMEP50PRMTS to methylatél4R3 indead ofH3R8(Lacroix et al.,

2008)



In addition to PRMT5, mechanisms have also been elucidatecctdragimng the
reguation of other PRMTs. PRMT1 formshetegodimerwith PRMT2 increasing its
methyltransferase activifPak et al., 2011B-cell translocation gene 2 (BTG2an
stimulate PRMT1 activity towards spé&cisubstrates whilECR4associated factor 1
(hCAF1) can inhibit PRMT1 activityLin et al., 1996; RobklLespinasse et al., 2007)
Similarly, thetumor suppress@rotein DAL1/4.1B can intact with and inhibit the
methyltransferase activity of PRMTS3ingh et al., 2004)and modulat€RMT5

enzymatic activity in a substratiependent mannédiang et al., 2005)

Subcellular Localization

Proper cellulatocalizaion of PRMTs can regulate the&inzymatic activity.
Myristoylation in the Nterminus of PRMT8 targetsto the plasma membrane with
PRMTS8 exhibitingweak engmatic activity.However, emoval of thignyristoyl group
by proteolysis results in increased PRMT8 methyltransferase adiBatyegh et al.,
2007) Alternative splicing of the Nerminus of PRMT1 yiels seven distinct isoforms
with eachexhibiting distinctsubcelular localization, andinique substrate specificity.
PRMT1v2 isoform is the only isoform to localize exclusively to the cytoplasm.
PRMT1\3, -v4, v5, and vBocalizeto boththe nucleus and the cytoplasm, while
PRMT1v1 and v7 localize predominantly to theucleugGoulet et al., 2007)
Furthermore, enzymatic activity of PRMVZis required for its nuclearytoplasmic
shuttling ability as enayatically dead mutan&sccumulate within the nucle@iderrmann

and Fackelmayer, 2009)

1.3 Biological Roles of Arginine Methylation



PRMTsfunctionin a myriad ofcellularprocessescluding transcription
regulation, pranRNA splicing, nucleacytoplasmic shuttling, DNA repair, and

mediating proteirprotein interactions.

Transcription Regulation

PRMTs can serves either transcriptionalo-activators o as cerepressors
PRMTs havébeen identified as eactivators of a number of transcription factors
including p53(An et al., 2004)YY1 (RezaiZadeh etal.,2003huc |l ear NFact or o
9 B(Hassaetal., 2008) P P(XdRav et al., 2008 RUNX1 (Zhao et al., 200&nd
E2F1(Yadav et al., 2003PRMT1,PRMT2,CARM1, and PRMT6 can traretivate the
ER, with PRMT2 and PRMT6 modulating the activity of the progesterone receptor (PR)
(Qi et al., D02; Klinge et al., 2004; Frietze et al., 2008; Carascossa et al., 2010; Harrison
et al., 2010)In addition to functioning as eactivators to regulate transcription, PRMTs
can methylate transcriptional-aativators including p300/CBEAn et al., 2004)and
SRC3(Klinge etal.,2004)pr ovi ding an indirect mechani sm

epigenetic state.

Conversely, PRMT5 has been implicated to functioa @sneral transcriptical
repressor. PRMT5 functions synergistically with E2F1 to repress the transcription of
cyclin E1(Fabbrizio et al., 2002Also, PRMT5 works witlto-repressa to inhibit
transcription of BRG1 and hBRIPal et al., 2003)Blimp1 (Ancelin et al., 2006and
Snail(Hou et al., 2008)Moreover, PRMT5 methylates H4R3, an arginine residue also
methylated by PRMTIPRMT5 methylation of H4R3 serves a repressive transcription

mark, while PRMT1 methyteon functions as an activatimgark (Pal et al., 2004; Feng



et al., 2011)PRMT6 can also promote or suppressdcaiption of target genes through
methylation of H3RZHyllus et al., 2007; Michautievesque and Richard, 2009; Neault
et al., 2012Phalke et al., 2012; Herglotz et al., 20133R42(Casadio et al., 2013and

H2AR29 (Waldmann et al., 2011)

PreemRNA Splicing

Arginine methylation wasitially impli catedin premRNA splicing asn vitro
splicing reactions were inhibited wheampSDMA:specific antibodies weradded to the
reaction(Boisvert et al., 2002)urthermore, splicing efficiency was found to be reduce
in hypomethylated nuclear extracts. CARM1 has been identified as a regulator of
alternative splicing and methylates the splicing factors CA150, SAP49, SmB and U1C.
Moreover, CARM1 promotes exon skipping in an enzagapendent manné®hkura et
al., 2005; Cheng et al., 200PRMT5 also regulates alternative splicing with PRMT5
depletion leading to reduced methylation of Sm proteins in the spliceosome, aberrant
constitutive splicing, and the alterhat e s pl i cing of specific mRI
donor site(Bezzi et al., 2013 Similarly to CARM1and PRMT5 PRMT6hasalsobeen

shownto regulate mMRNA splicingHarrison et al., 2010; Dowhan et al., 2012)

NuclearCytoplasmic Shuttling

PRMTscanfacilitate the nucleacytoplasmic shutting of RNAinding proteins
(RBPs) through the methylation of arginine residue on these substrates. Sixty percent of
ADM A marks are contained on RBPs in the nucl@esiford and Richard, 2009n
yeast cells lacking the PRMT1 holng Hmt1l/Rmtl, two RBPBIpI3 and Hrpl become

sequestered in the nucle(@hen et al., 1998)n mammalian cells, inhibition of



methylation causes the nuclear accumulation of fibroblast growth fa@®nt2cci et al.,
1996)and Sar8 (Cote et al.2003) Additionally, methylation of the adenovirus 100K
protein causes protein shuttling from the cytoplasm to the nu@bevides et al.,

2007) Intriguingly, some hypomethylated proteins accumulate imtizéeus while

others accrue in the cytoplasm. The exact mechanism by which arginine methylation may

facilitate nucleaicytoplasmic shuttling has yet to be elucidated.

DNA Repair

PRMTL1 is linked with the repair of DNA double strand breaks (DSBs) through
mediation of the MRE11/Rad50/NSB1 (MRN) complex which repairs DSBs through
either homabgous recombinatioar northomolayous end joining. PRMT1 methylates
MRE11to mediatehe localization of the MRN conhgx to DSBs, while additionally
regulating its3 @5©® e x o n u c | (Rosvert et &.c200ba; Boisvert et al., 20Q5b)
Also, PRMT1 methylates the p&8nding protein 1 (53BP1), a protein that is rapidly
recruited to the site of DSBs up®NA damageregulating its localization to these sites

(Boisvert et al., 2005c)

Arginine methylation is also involved in base excision repair through methylation
of the DNA pocl)y.meRRMTel bplaydstrtRidAedundant
roles in the regulation of Pdl . PRMT6 mefli hoyn adregi rPione resi du
increasing its polymerase activity by enhancing its DNA bindioigity and processivity
(ElI-Andaloussi et al., 2006Conversely, PRMT1 methylatesHbl on ar gi ni ne r e
137, blocking the interaction betweenol a n d {ng cell nudear ardigewhich

facilitatesPolb me di at ed b a@&ElAndalrussi etdl.,2007)r epai r
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Protein-Protein Interaction

PRMTs canmpactproteinprotein interactions, as the addition of a methyl group
can increase or decrease the interaction between two prdteenfrst example of
methyl arginines afi@ing proteinproteininteractionsvas demonstrated with the
methylated arginines of Sam68 inhibiting its interaction with the SH3 domain of p59
(Bedford et al., 2000)A class of proteins containing Tudor domaiase been identified
which recognize methyl arginines. The Tudor domains@fsurvival of motor neuron
(SMN) protein, survival of motor neurenelated splicing factor 30 (SPF30) and the
Tudor domaircontaining protein 3 (TDRD3) recognize methylated angimesidues and
may serve as physiological liganfds arginine methylated marks. The role of Tudor
domains in the reading of methylated arginines will be elaborated on bedtalitiofhal
protein domains can also recognize methylated arginines. The BRdirdoof BRCAL
can recognize CARMinediated methylation of p300, facilitating a p&&pendent DNA

damage respongkee et al., 2011)

1.4 Arginine Methylation and Breast Cancer

Altered PRM expression has been shotercorrelate withthe developmet and
progression of malignancy, includimgthe etiology and/or progression of breast cancer
Specifically, PRMT1 mRNA expression is-s@gulated in breast cancer tumour samples
compared to adjacent normal tissue with PRMXfression correlating with patient age,
menopausal status, tumour grade and status of the progesterone (@aegtionatsu et
al., 2011; Mathioudaki et al., 2011 one study,dw PRVIT1vl mRNA expression

correlatedwith a longer disease free survivafhereas PRMT1var PRMT1v3
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expression did not correlate with any clinical or pathological indicaabisast at the
RNA level (Mathioudaki et al.2011) However, in a panel of breast cancer cell liads,
PRMT1 isoforms were ovezxpressed, though PRMT1v2 expression was increased to a

greater extent than PRMT1v1, the main isof¢@oulet et al., 2007)

PRMT1 influences cellular pathways aberrantly regulated in breast cancer
pathology. Preence of the Ef a breast tumour is an important prognostic and
predictive biomarke(Harvey et al., 1999)Upon rapid estrogen stulation, PRMT1
me t hy | adn argininE RdiHue B6 Thismethylationresults in the assembly of a
complex containing ERU, t h-knage®BK)sSuiclandni t o f
focaladhesion kinase (FAK), which promotes phosphorylation of Aldesime 473a
downstream target of this pathway whose activation promotes cellular proliferation and
theantapopt oti c response. Furthermore, an inc
observedn breast cacer tumour samples relative normal breagissue(Le Romancer

et al., 2008)

PRMT1 also methylates breast cancer 1, early onset (BRCAL1), a tumour
suppressor protein involved in DNA damage pathways. Genetic mutationBR®al
gene results in increageredisposition to the development of breast ca(eattuck
Eidens et al., 1995BRCA1 was shown to bmethylated in both breast cancer cell lines
and paent breast tumour samples. PRMT1 methylation of BR@ccurs within he
DNA binding region, impactng ot only BRCA106s ability to b

also its ability to interact with other protei(Guendel et al., 2010)
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In addition to PRMT1, other PRMTs aaso implicated in breast cancer. PRMT2
contains fivealternatvely spliced variants: full length PRMT2 and four truncated
i sof orms PRMT2L 2 whoBeRrMRN/ARedpression is wpgulkhtedoin
breast cancer tissue and corretatvith ER statu$?RMT2modulates the transcriptional
expression of ERU -dadherigted progiasnvbose eSpneasiohis and E
commonly altered in breast can¢&hong et al., 2011; Zhong et al., 201RAL1/4.1B,
a tuma suppressor protein whose expression is fretiyéost in breast canceample
(Heller et al., 2007; Takahashi et al., 2QI2presses PRMT3 methyltransferase activity
(Singh et al., 2004 )while modulating PRMT5 activity in a substratependent manner
(Jiang et al., 2005)urthermore, oveexpression of PRMT5 amarogrammed cell death
4 results in inceased tumour growth in a mouse xenograft m{@elvers et al., 2011)
CARML1 can regulat&R transactivation in a ligartdependent and independent manner
(Frietze et al., 2008; Carascossa et al., 204100 patienbreastumour samples display
increased CARM1 expressigB@heng et al., 2013; Habashy et al., 2013; Davis et al.,
2013). Additionally, PRMT6 expression is altered in breast cancer cell lines and patient
samplegYoshimatsu et al., 2011; Dowhan et al., 2042) kstly, amplificatiorof
chromosome 16g22 which contains the PRMT7 gerensistatly observed in
metastatic breast cangq@ihomassen et al., 2009 more thorough examination of the
role of arginine methylation in breast cancereigiewed in Morettiret al. (Morettin,A.,

Baldwin,RM., Cote,J., In Press)
1.5 Protein Arginine Methyltransferase 1 (PRMT1)

PRMT1 is the main methyltransferase in human ¢Biéhlich et al., 2006)

Results from cultured RAT1 fibroblast cells and extracts from mouse liver cells illustrates
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that PRMTL1 is responsle for about 85 percent pfotein arginine methylation activity
(Tang et al., 2000With PRMT1 responsible for the bulk of methyltransferase activity,
and PRMTs involved in a myriad of cellular pathways, alénegulation of this enzyme

represents a strong candidate tt@ild promote malignant traf@mation of cells.

In additional to itcorrelativerole in breast cancer, aberrant PRMT1 expression
has also been observed in pros{&eligson et al., 2005ung(Yoshimasu et al., 2011)
colon and bladder cancsgiMathioudaki et al., 2008; Papadokostopoulou et al., 2009;
Yoshimatsu et al., 201 Bnd leukemigZou et al., 2012)Furthermore, the role that
PRMTL1 plays in the repair of DNA double strand bre@aisvert et al., 2005a; Boisvert
et al., 2005b; Boigert et al., 2005¢)and its ability & regulate genomic stabilitirough
methylation of the shelterin complex componégiomeric repeat binding factor 2
(TRF2)which promoteselomere maintenand®litchell etal., 2009) may contribute to

malignancy.

PRMT1 also functions isignalling pathways wdse aberrant regulation are key
factors incancer developmer?RMTL induces Akt activation through methylation of the
E R,Wvith Akt activationpromotingcell proliferation andsurvivd (Le Romancer et al.,
2008) Interestingly, howevelPRMT1 also methylate®rkhead box O1 (FOXO1),
preventing its phosphorylatioby Akt, whichinducests nuclear localization, thus
promotingoxidative-stressnduced apoptosifyamagata et al., 2008} his study and
others have identified conflicting rolésr PRMT1in regulating apoptotic signalling. In
accordincewith the above study, PRMT1 methylatbs preapoptotic proteirBCL-2
antagonist of cell dea(BAD). Thismethylatonpr event s BADGO6s phosphol

Akt which would resultin its mitochondrial sequestration and binding to the anti
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apoptotic protein BCiX, which would inhibitapoptosifSakamaki et al., 2011
contrast, an inhibitory methylation mark by PRMT1 on the apoptotic srggalating
kinase 1 (ASK1) prevents its activation protecting cells from stress induced apoptosis

(Cho et al., 2011)

PRMT1 has also been implicated in WNT signalling, where perturbations are
prevalent in cancer. PRMT1 methylates Axin, a negatvg u | a tcatenin whichsb
involved in celtcell adhesion and gene tranption. RMT1 methylation of Ain
enhances its stability and incre@®SKSBd9)i ts a
which along with Ain forms a complex with adenomatous polyposis coli (APC) and
casein kinase 1 (CK1) . -cdehin momotiogmp| ex phosph
degradation. In additio®PRMT1knockdown enhancdscatenindependent gene
transcription(Cha et al., 2011)Therefore, thénvolvement of PRMT1 in cellular
pathways Inked with cancer etiology potentialimplicates itin cellular transformation

and cancer development.

Alt ernati ve spl iadthePMTA preanRKAeyiel@ssevene gi 0 n
distinct isoforms with each isoform having a uniquéeNninal sequence and a slightly
different molecular weightFigure1.2). Each PRMT1 isoform has distinct enzymatic
properties, substrate specificity and sadblular localization, and thus should be
functionally different.The Niterminal sequencef PRMT1contributes to enzymatic
activity and/or substrate specificas the Nterminal sequence is juxtaposed with an
exposed alpha helix located in the space between the AdoMet and substrate binding

pocketgGoulet et al., 2007)
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Figure 1.2: Alternative Splicing of PRMT1 yields Seven Distinct Isoforms

Alternative splicing of the Nerminus of PRMT1 yields sevens distinct isoforms with
slightly different molecular weights. Each PRMT1 isoform has distinct substrate
specificity and sulzellular localization, and thus should be functionally different.
PRMT1v2 differs from the other isoforms as it is the only isoform that contains exon 2
within its translated sequence. (Taken from Goeldetl. 2007J. Biol. Chem282: 33009
33021)
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PRMT1v2 is theonly isoform that shows exclusive cytoplasmic localization.
Isoforms v3, v4, vband v6 localize to bothucleus and # cytoplasm, while PRMT1v1
andv7 localize predominantly to the nucleus. Sequence analysis shows that PRMT1v2
retains exon 2 within itsading sequence, a 54 base pair (bp) sequenceiagcou 18
amino acid insert ithe protein. This 18 aminacid sequence containgeacine rich,
CRM1-dependent nuclear expa@quence (NES), which when mutated results in nuclear
retention of PRMT1v2Individual examination of expression levels of the PRMT1
isoforms in breast cancer cell lines reveals a significantly higher increase in expression of
PRMT1v2 compared to PRMT1v1; the main isoform which is also-expressed

(Goulet et al., 2007)

1.6 Protein Arginine Methyltransferase 6 (PRMTG6)

PRMT®6, a predominantly nuclear protgima type | PRMT which was identified
as the first RMT capable oautemethylation(Frankel et al.2002) Subsequently, it has
been shown that this autoethylation which occurs on arginine residue, 3necessary
to maintain PRMT®6 protein stabiliinghroy et al., 2013PRMT6 shares a high
sequence sirarity with the other PRMTs within the main AdoMedatalytic domain.
Similar to PRMT1, PRMT6 contains only the core PRMT catalytic domain with no
additionalrecognizablelomains present within its sequence. However, in contrast to
PRMT1 which is biquitoudy expressedPRMT6 is highly expresseanly in the kidney
and testeg¢Frankel et al., 2002Enzymatically, PRMT®6 is efficient at methylating both
arginine residues within a GAR pratesequence and those outsidéhtd sequence
(Frankel et al., 2002; Sgarra et al., 2006 ABHaloussi et al., 2006; Boulanger et al.,

2005) PRMT6 displays distinct substrate spietiy from other PRMTs and has been
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implicated in a variety of cellular processes including DNA repair, alternative splicing,
transcription regulatiorgell cycle regulation andiral immunity. Furthermore, a role for

PRMT®6 in cancer has also been ascribed

DNA Repair

PRMT6 throughitsmt hy | at iisimplicated irPDNA reffair. PRMT6
met hy | aonarginineresiduef83 and 152 increasirfg o | bés DNA bindin

capacity and its processivifizl-Andaloussiet al., 2006)

Alternative Splicing

PRMT6 through modulation byrgline-, glutamic acidand leucinerich protein 1
(PELP1) regulates thaternative splicing of 449 specific gen@&owhan et al., 2012)
Specifcally, PRMT6 depletion alters the alternative splicing of vascular endothelial
growth factor (VEGF) and spleen tyrosine kinase (Syk). VEGF vyields three isoforms: full
length VEGF (VEGHgg), VEGF excludingexon 6 (VEGHss) and VEGF excludingxons
6 and 7 VEGF;21). While PRMT6depletionhas no effect on the levels of VEGE a
significant increase in the levels of VEgé§corresponded with a decrease in the levels of
VEGF6s Likewise,PRMT6knockdownresults in an increase in the ratio of full length
Sykto a shorter form of Syk lacking a-®® sequence comprising exorfHarrison et al.,

2010)

Transcription Regulation

PRMT6 has been ascribed a role in transcriptional regulatithgugh most

evidence shows PRMTG6 functioning as a transcriptional repressor, datisdiaesen
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repoted attributing a role for @&s a transcriptional activator. Ovexpression of PRMT6
contributedo the transcriptional repressiohHoxA genes, HoxA2rad HoxA10, as well
as myc target genes TERT, nucl eol i n, Gol ph
methylation of arginine residue 2 on histone 3 (H3R2). Metioylaof H3R2 negatively
impactsthe ability of lysine methylases to methylate lysine residue 4 ¢oneis3

(H3K4), which promotes transcriptiahactivation of these gené¢ldyllus et al., 2007)
Similarly, PRMT6 transcriptionally represses the -amgiogenic factor thrombosponédin
1 (TSR1) through binding to itpromote, influencing the balance between H3R2 and
H3K4 methylationMichaudLevesque and Richard, 2008j)owever,PRMT6
overexpressiomducingTSP-1 expression has also been docume(iéa et al., 2013)
PRMT6negatively regulateg 5 3transcription through H3R2 methylatigNeault et al.,
2012) while methylation orarginine 29 on histone®2(H2AR?29) results in the
transcriptionatepression of PRMT6 target gene$~1B, MMP9, THBS1, and
TNFRSF11B(Waldmann et al., 2011Additionally, PRMT6 functions as antegral
component of the RUNX&o-repressor complewhich containsSin3a and HDAC1 and
binds to the promoters of RUNX1 target genes. PRMiEgliated methylation of H3R2
functions concomitantly with the dimethyl lysine markH3K4 and the trmethyl lysine
markon H3K27, inhibiting tri-methyl lysine methylation of H3K4 to repress RUNX1

targe genegHerglotz et al., 2013)

Contrarily to its function as a transcriptional repressor, PRMT6 enhances the
transcriptional activity of the progesterone and gaasticoid receptors, anslorks

synergisticallywith CARM1 to promote expression of the estrogen recdptarrison et
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al., 2010) Additionally, PRMT6 was shown to stimulate transcription through

methylation of arginine residue 42 on histone 3 (H3R€2&sadio et al., 2013)

Cell Cycle Regulation

PRMT6 additionallyregulates cell proliferation through regulation of p53, and the
cyclin-dependent kinase (CDK) inhibitors p16, p21 and (ault et al., 2012; Stein et
al., 2012; Wang et al., 2012; Kleinschmidt et al., 2012; Phalke et al.,. ZZRE)T6 null
mouse embryonic fibroblasts (MEFs) display a cetile profile with a decrease in the
percentage of cells in S phase and an increase of cellgGa €@@mpared to wild type
MEFs. Furthermore, PRMT6 null MEFs haven ¢ r e a s e dgalatasidasd stinimg f
a hallmark of cellular senescenes well as inreased mMRNA and protein levels of p53
and its transcriptional targgb21 and PML(Neault et al., 2012Enhanced PML
expression, in addition to an increase in PiMiclear bodiess also ahallmark of
senescent cell$-erbeyre et al., 2000%imilarly, in breast cancer ¢€IPRMT6depletion
results incell cycle arrest and senescence, albeit in aip&&pendent manner. PRMT6
directly binds to the p21 promateorrespondingvith an increase in the transcriptional
repressive mark on H3RPhalke et al., 2012 onsistently, increased cellular
senescence was demonstrated in humansateama cells upodARMT6 depletion with
a subsequent upegulation of p16 and p21 expressi@tein et al., 2012) Alsoin
osteosarcoma cellBRMT6knockdownresults inaccumulatiorof cellsat the G/M
checkpoint, consistent withp-regulation of the CDK inhibitors p21 and p27. Promoter
analysis indicated that both p21 and p27 are transcriptional targets of PRMT6 involving
methylation of H3RZKleinschmidt et al., 2012)-urthermore\Wang et al. demonstrate

that PRMT6 methylation of plinpedeshe pl6- CDK4 interaction, promoting cell
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proliferation(Wang et al., 2012However, Kimet al. show PRMT6 overexpression

inhibiting cell proliferation througip21 induction(Kim et al., 2013)

Viral Immunity

PRMT6 distinguishes itself from other members of the PRiilfy through its
involvement inviral immunity. Corresponding witthe incorsistency in published data
regardingthe functionof PRMT6in transcriptiorregulation andhe cell cycle,
discrepancies have ariserpabits role pertaining tairal immunity. PRMT6 methylates
theHIV-1 proteins Tat, Rev, and nucleocapsid pro{@aulanger et al., 2005; Invernizzi
et al., 2006; Xie et al., 2007; Invernizzi et al., 2007; Sivakumaran et al.,.2009)
Methylation ofTat on argnineresidues 52 and 58hibits its ability to form a ternary
complex with TAR and cyclin T1, diminishing cyclin Ftediated Tat transcriphal
activation,thusimpedingviral replication(Boulanger et aJ 2005; Xie et al., 2007)
Similarly, PRMT6 methylation of the nucleocapsid protein constrains its capacity to
promote RNA annealing, resulting in diminished viral replicatlonernizzi et al.,

2007) Howewer, PRMT6 methylation of Tat was shown to promote protein stability
potentially enabling HIVL to persist within the cell and the extracellular environment for
extended period&Sivakumaranteal., 2009; Sivakumaran et al., 201B)oreover,
methylation ofthe HIV-1 Rev protein inhibités ability to bind viral RNA and promote

its exportfrom the nucleus to the cytoplaginvernizzi et al., 2006)

PRMT6 and Cancer

Like other PRMTs, PRMT6 has been implicated in tumorigenesis. PRMT6

protein expression is u@gulated in a number of cancer types including lymphoma,
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osteosarcoma, cervical, bladder, prostate, and breast cancers, both small celt and non
small cell lung carcinoma¥ oshimatsu et al., 2011nelanomagLimm et al., 2013and
hepatocellular carcinom@®eerzaman et al., 20L4pRMT6 depletionn bladder and

lung cancer cell lines results in a decrease in cell prolifer@tioshimatsu et al., 2011)
Whereas PRMT6 expression sveorrelated with a poor prognosisbreast cancer
(Yoshimatsu et al., 2011bowhanet al demonstrate that PRMT6 expression was

significantly downregulated in invasive ductal carcinon{@®whan et al., 2012)

PRMT6 functions imumerous cellular pathways including DNA repair,
trangription regulationgcell cycle regulation and alternative splicing,alivhich have
been linked to cancer etiologg. RMT 6 met hyl at es Pol b regul at
in the DNA base excisiorepair pathwayEl-Andaloussi et al., 2006 Additionally,
PRMT6transcriptionally repregsthe antiangiogenic factor TSR in osteosarcoma
cellsconcurring with an increase in cell migration and invagMithaudLevesque and
Richard, 2009)however, in prostate cancer cettserexpression dPRMT6 was also
shown to induc@ SR-1 expression, coinciding withdecrease in cellular migration and
invasion due to downegulation of the matrix metalloproteinases 2 arién et al.,
2013) PRMT6 transcription&y regulates numerous genes whose expression pattern
may be altered in different canc€éBowhan et al., 2012AIso, PRMT6 impacts the cell
cycle through regulation of p16, p21, p27, and 8&ault et al., 2012; 8in et al., 2012;
Wang et al., 2012; Kleinschmidt et al., 2012; Phalke et al., 20b2)ever discrepancies
have aisen in terms ofhe precise function that PRMT6 performslhis process.
Moreover, proteoncogene PELPmodulates PRMT6 function influemg the alternative

splicing of PRMTG6 target genéBlann et al., 2014)
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1.7 Stress Granules

The formationof cytoplasmic stress granul@sgure 1.3)occurs when
environmental stresses such as heat shock, oxidatass sosmotic stress, UV
irradiation, or viral infection trigger a sudden translation arrest leading to rapid polysome
disassemblyAnderson and Kedersha, 200Zhisresults in numerous proteimadich
normallyfunction in mRNA processingssumingadditional emergency functions,
activating a process of sorting which determines the fate of the mRNA from the
disassembling polysoméa&nderson and Kedersha, @) Anderson and Kedersha,
2006) Stress granules arertymic structures of mMRNA triagehere individual mRNAs
are sorted for storage, degradation, or translation during recovery from(ammdssson

and Kedersha,D9)
Stress Granule Formation

Stress granulermation ispredominantlyinitiated by the stressduced
phosphorylation of the eukaryotic initiation fac®r) e | KRglrg1.3).
Phosphorylation of el F2U tmnslatorhyiedueingfhd i nhi
levels of the elFGTP-tRNAMET complex that is required for catependent translation
initiation (Anderson and Kedersha, 200E)vekinases are responsible for monitoring
environmental sesses and modulating the translation machinenyr ough el F2 U
phosphorylationThese include (i) protein kinase(RKR) which becomeactivated by
viral infection, heat shock and UV irradiati@@rivastava et al1998) (ii) PKR-like
endoplasmic reticulum kinagPERK)is initiated when unfolded proteins accumulate in

the endoplasmic reticulum lumé@Harding et al., 2000b; Harding et al., 20Q(&i)
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Figure 1.3: Stress Granule Formation

Exposure of the cell to environmental stress including heat shock, UV irradiation, viral
infection and oxidative and osmotic stress
stress kinases (PKR, PERK, GCN2, HRIDANA ki nase) . Phosphoryl at
leads to depletion of thelF2GTP-tRNAET ternary complex causing inhibition of

translation initiation resulting in polysomes runningtbe mRNA and polysome

disassembly. Next, components of the translation initiation complex still coupled to

MRNA, as wdlas RNA binding proteins and additional proteins which are bound to

these RNA binding proteins accumulate and form visible stress granules
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general control nonderepressibl€&CN) monitors amino acid levels in the cell and
responds to amino acid deprivatiiek et al., 1995)(iv) heme regulated initiation

fact or (BRIl whichrespoes to oxidative stresdvicEwen et al., 2005nd(v)
Z-DNA kinase, an enzyme involved in the avitial responséWek et al., 1995)These
kinases function dy as overseersf cellular stressand through the regulation of cap

dependat translation initiation(Anderson and Kedersha, 2008)

Although stress granule formation is predominantly regulated through
phosphoryl at i dmlepenflentstiess granule ferindtiéh bas also been
documeted. Stress granule formation can be induced via depletion of elF4A, elF4B,
elF4H and Poly A binding protein (PABP1). Additionally, depletion of the cap binding
protein elF4E or preention of its binding to elF4@iggers stress granule formation
(Dang et al., 2006; Mazroui et al., 2006; Mokas et al., 200@thermore, stress granules
can be induced through treatment with the translation initiation inhibitors pateamine and
hippuiistanol or through poliovirumediated cleavage of elF4BGang et al., 2006;

Mazroui et al., 2006)
Components of Stress Granules

Stress granules consist of diverse classes of proteins which contitute
components. The firstass of proteinsontainscomponents of the stalled initiation
complexesstill bound to MRNA which areecruited to stress granules from
disassembling polysoes. These components include elF3, elF4F complex proteins
including elF4e, elF4a and elF4G, elF4Be small ribosomal subunits, and PABP1

(Anderson and Kedersha, 2002; Kedersha et al., 2082se coreomponents are
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universal to stress granules indudeaim all types of cellular stresses. Téecond class

of components entails mMRNBinding proteins associated with translational silencing or
MRNA stability. These components are reliable stgessule markers that are present in
stress granules assembled in response to all stresses. Examples it adenot

limited to, T cell internal antigerl (TIA-1), TIA-1-related(Kedersha et al., 1999)

Fragile X Mental Retardation ProteikIRP) (Mazroui et al., 2002andDEAD-box

RNA Helicase 3[PDX3) (Shih et al., 2012)A third class of stress granudssociated
proteins include RNA bindingroteins that regulatspects of RNA metabolism
including splicing, RNA editing, and RNA localization. A fourtlags ofconstituents
include components recruited to stress granules that interact with strese gaeul
componentsnd thus localize to stressagules.These includ&RC3, FAST, KSRP, and
PMR1, all which bind to TIAL, promoting their recruitment to stress granyksderson

and Kedersha, 2008)

Processing Bodeand the mRNA Cycle

Following induction of environmental stress and subsequeriiiidm of
translation MRNAs are transported to stress granules for storatgepoocessing bodies
for mRNA degradation. Processing bodies are distinct, dyneytoplasmic granules
whose constitentcomponents include proteins involved in mRNA degradation
(Brengues and Parker, 2007; Hoyle et al., 200fApugh theinumber and size increase
upon indudbn of stress, processing bodies are observed in the cell unuhealn
physiological conditionglistinguishing themselves from stress granules which form only
under conditions of cellular stre@®ashkirov et al., 1997; van Dijk et al., 2002;

Ingelfinger et al., 2002; Eystathioy et al., 2002)
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Analysis of the role of stress granules and processing bodies and their regulation
of cytoplasmic mRNAhas produced a model describing the processivity of mMRNAs upon
the induction of cellular stress entitled the mRNA cycle. Exposure of cells to
environmental stress results in termination of translation initiation, polysome disassembly
and accumulation ohe translation preitiation complexes. RNA binding proteins
promote the aggregation of these translation initiation complexes into stress granules.
Processing bodies are observed in close proximity to stress granules, where RNA binding
proteins shuttle RNAs between the two entities. mMRNAs presenting either a premature
termination codon or AWlich elements are shuttled to processing bodies where they are
degraded. Specifically, TTP and BRF1, two RNA binding proteins which are associated
with both stressmgnules and processing bodies bind to mRNAs withr&t elements
wi t hi n-UTRpeomotingxhir decay. On removal of the stress, stress granules
disassemble, translation initiation complexes reassemble, and mRNAs stored within

stress granules arafrslatedStoecklin and Kedersha, 2013)

Stress Granules and Cancer

Stress granules have baeplicated in promoting cancer cell survival. Formation
of stress granules in cancer cells expdsduypoxic conditions inhibits etoposide
mediated apoptostbrough the sequestration of the signalling scaffold prptegeptor
for activated C kinase RACK1), resulting ininhibition of mitogenractivated protein
kinase (MAPK)stress response pathvegyArimoto et al., 2008)Furthermorein breast
cancer cellsthe mitogeractivated kinase RSK2 &ésosequestered istress granules
promoting cell surviva{EisingerMathason et al., 2008]reatment of cells with either

proteasome inhibitors or the chemotherapeutic drug bortezomib induces stress granule
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formation in cellfMazroui et al., 2007; Fourniet al., 2010) Finally, stress granules
havebeen observed in the hypoxic core of breast tumours tithpresence
hypothesized to promote tumour cell survjaald resistance to chemotherapeutic drugs

(Baguet et al., 2007; Fournier et al., 2010)

Though no direct link has implicated PRMTSs in stress grarlyleamics to date,
numerous PRMBubstrates and other proteins containing GAR motifs localize are
integral components atress gmaules. Specifically, methylation of the RNA binding
protein FUS promotes itecalization to stress granulé@e Leeuw et al., 2007;

Tradewell et al., 2012; Matsumoto et al., 2012; Yamaguchi and Kitajo, 2012; Baron et
al., 2013; Lee et al., 2014Additionally, methylation of FMRP @motes its localization

to stress granulg®olzhanskaya et al., 20Q6nd a mutation in the Tudor domain of
TDRD3, the methyl arginine binding region, inhibits its localization to stress granules
(Goulet et al., 2008)herefore, it is likely that PRMTimayperform a vital function in

stress granule dynamics.

Bortezomib (Velcade)

The proteasome is a large midtibunit complex responsible for the degradation
of various proteins either through ubiquitiependent orindependent mechanisms
(Adams, 2004a; Adams, 2004IProteasomahibitorsinduce apoptosis in proliferating
cells(Drexler, 1997; ImajofOhmi et al., 1995; Lopes et al., 1997; Sloss et al., 2008)
Bortezomib (Velcade) chemotherapeutic drug wh inhibits the proteasontes been
successfully used in the treatment of mantle cell myeloma andoiauttyeloma

(Richardson et al., 2003; Richardson et al., 2004; McConkey and Zhu, 2008; Sterz et al.,
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2008) However, various solid tunuos arerefractory to bortezomib treatment, and this
resistance is observed in cancer cell lines derived from thesersmmovitro

(McConkey and Zhu,@8; CodonyServat et al., 2006; Rajkumar et al., 2005; Tang et
al., 2008) Treatment ofesistant cancer cell lines witfortezomib promotes the
formation of stress granulesnphancing canceell survival(Fournier et al., 2010)

1.8 Arginine Methylation and RNA Binding Proteins

RNA binding proteingRBPs)participate in the processing, folding, stabilization
and localization of RNA and mRNA translation. Most RBPs harbor GAR motifs and a
number of RBP&ave been identified as substrates for PRI#Phlich et al., 2006)
Arginine residues within the binding sites of RBPs have been identified as key amino
acids which mediate RNfrrotein interactiongCiriello et al., 2010; Ellis et al., 2007,
Jones et al., 2001; Kim et al., 2003; Lejeune et al., 2005; Treger and Westhof, 2001)
Methylation of theseesidues may result in the loss of a hydrogen bond that forms with
RNA, or causssteric hindrance between RNA and protein molecules. Alternatively,
methylation could result in the arginine residue becoming more hydrophobic in nature,
therdoy enhancing the association between RNA and protein Hitdting stacking with

the bases of the RN@edford and Richard, 2005)

Arginine methylation of specific RNA binding proteins results in distinct
functional consequences within the cell. For example, matioyl ofheterogenous
nuclear ribonucleoprotein A1 (hnRNP Al) reduces its ability to bind with single stranded
nucleic acidgRajpurohit et al., 1994Methylation of Sm proteins SmD1, SmD3, and
SmB, which are core components of the spliceosomal small nuclear ribonucleaprotein

(snRNP), by PRMT5 increases the affinity @m proteins for the SMN complex,
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providing a regulatory mechanism for snRNP asserfrighms et al., 2000; Brahms et
al., 2001; Friesen et al., 2001b; Selenko et al., 2Q@&}ly, SMN binds with HuD in a
CARMl-dependent man n eabilty tabsd p2mRNA antliohdiding its

recruitment to neuronal RNA granul@subers et al., 2011)

1.9 DEAD-Box RNA Helicases

Numerous RNA helicases are present within bogprokaryotic and eukaryotic
genomes that interact with RNA molecules to manipulate their folding and assist in the
maturation of these molecsldEAD-box RNA helicase belong to supdiamily 2 of
the DNAand RNA helicass u p e r f anacharé dlosely felated to DEAH, DExH and
DEXD helicase families. These helicases are commonly referred to as the DExD/H
helicase family and share eight conserved motifs. DExD/H family members are
distinguishable based on variations within their conserved n{dafsner and Linder,

2001; Caruthers and McKay, 200Zhe DEADbox family is the largest of these
families, and is characterized by the presence of nine conserved shotifa to be
essential foATPase and helicase activities,vesll as their @erall regulation, witrsome

of the conserved motifs required for RNA bindifi@nner, 2003)

DEAD-box proteins were first identified in the late 1980s through the
identification of numerous conservewtifs within homologues of the yeast elF4A
translation initiation factofLinder et al., 1989)Subsequently, DEAIDoOX proteins have
been identified in a diverse array of organisms, including all eukaryotes and most
prokaryotegAubourg et al., 1999; de la Cruz et al., 1999; Rocak and Linder,.2004)

DEAD-box proteins were named based on the presence of the amino acid segiience D
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A-D (Asp-Glu-Ala-Asp). Consequently, over five hundred additional proteins have been
identified containing theharacteristienotifs of DEAD-box proteinsand these proteins

are implicated in nearly all processes involving RNA, from transcription to RNA decay
(Cordin et al., 2006 Members of the DEAD box family of RNA helicases function in
numerous aspects of RNA metabolism including transcriptiornB8IA splicing,

MRNA export, ribosome biogenesis, translation initiation RN degradation.

1.10 DEAD-box RNA Helicase 3 (DDX3)

DDX3 (DDX3X) was identifiedas an X chromosome gene with a homologue,
DDX3Y, which shares a ninethiree percent homology to DDXS3, in the Ron
recombinant region of the Y chromosof(Rark et al., 1998DDX3 is ubiquitously
expressed in tissg@and its gene codes for a transcript of 5.3 kb, encoding a polypeptide
of 662 amino acids in leng(Kim et al., 2001)DDX3 is implicatedin numerous cellular
processes including playing predominant roles in RNA metabolism along with
functioning in the innate immune systeimterestingly DDX3 also functions in viral

replication, along with involvement icancer development and progression.

1. 11 DD Xs3naRbBIA NRetabobsm

DDX3 functions in many aspects of RNA metabolism including splicing, nuclear

export of RNA, protein translation, and formation of stress granules.

Splicing

Usingaffinity chromatographynass spectrometryghouet al identified DDX3

as a component of the human spliceos@dm®u et al., 2002)Subsequently, Meret al
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found DDX3 associated with purified messenger ribonucleoproteins (MRNPSs) spliced
vitro (Merz et al., 2007)DDX3 association with nuclear mRNPs occurs through binding
with components of both the exon junction complex (EJC) and the nuclear cap binding
complex (CBC)YMasuda et al., 2005; Merz et al., 2007; Topisirovic et al., 2008)ugh
DDX3 binds both the EJC and tR#C, evidence suggests thapreferentially binds the
EJC as itassociation with mRNPs requires both splicing and the presence B
upstream of an exeexon junction, but not binding of the CBC to th&GiiP cap
structure(Merz et al., 2007)DDX3 and the EJC are recruited to the-prBNP at the

B*/C spliceosome complexes before the EJC is rmmiuo the processed mRNA.

Though DDX3 is a component of the spliceosome and binds to nuclear mRNPs, cellular
depletion of DDX3 does not affect global splicifigee et al., 2008)Therefore, th

function that DDX3 perfom as a component of the spliceosome requires clarification.
Nuclear Export of RNA

DDX3 is a nucleacytoplasmic shuttling protein which promotes the export of
RNAs from the nucleus through its interaction with two of the mRNA export shuttling
proteins, CRM1 and TAPYedavalli etal., 2004; Lai et al., 2008CRM1 exports
proteins from the nucleus which contain a leugioch NES TAP is the main mRNA
exporter while CRM1 exports ribosomaind small oclear RNAgKohler and Hurt,
2007) Thowgh there is no evidence promoting a direct role for DDX3 in the bulk export
of mMRNA (Lai et al., 2008; Lee et al., 2008 DX3 most likely functions in the export of
specific mMRNAs via the TAfnediatednRNA export pathwayTarn and Chang, 2009)
Additionally, DDX3 can exporincompletely spliced HIV RNA by the CRM1 export

pathway in a Rexdependent manné¥edavalli et al., 2004
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Protein Translation

The yeast DDX3 homologue Ded1 has been identified as a general translation
factor required for the translation of all yeast mRN&kuang et al., 1997; de la Cruz et
al., 1997) Thoughhuman DDX3can rescue the lethality tieded1null yeastMamiya
and Worman, 1999}he functional role of DDX3 in translaties more ambiguous.

DDX3 has been ascribed to be a general translation initiation {faeteret al., 2008;

Geissler et al., 2012)vhile other groups have demonstrated that DDX3 has no effect on

global translatiorfLai et al., 2008; Sotifo et al., 2012; Fukumura et al., 2003; Lai et

al., 2010) Rather, it has been proposed that DDX3 facilitates the translation ofificspec
subset of mMRNAs wit h(Ld e€tglh2008; Laiéetaly20i0uSete d 56 U
Rifo et al., 2012)In contrastShihet al. have shown that DDX3 can inhilziap

dependent translatiothrough prevention of the elF4EF4G interactior{Shih et al.,

2008) Therefore, discrepancies have arisen as to the precise role of DDX3 in translation.

DDX3 as a General Translation Initiation Farct

Us i n globa reporter gene, Lex al show that DDX3 depletion results fin
globin protein leveldeing severely decreaséthis redwction was attributed to DDX3
represig translation ags depletiondid not have an effect on transcription, mMRNA
export or splicingLee et al., 2008)Additionally, mass spectrometayalysisdentified
an interaction between DDX3 and ten of the thirteen subuniteeiF3 complex
(subunit j, | and m were not detected)ith interactions betweenMX3 and elF3B and

elF3Econfirmed,in vivo (Lee et al., 2008)The translation initiation factor elF3 is the
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mediating the interaction and stabition of theelF2GTP-tRNAE" ternary complex,

binding to the 40S ribosome, and promoting dissociation of the 40S and 60S ribosomal
subunits(Marchione etal.,2013) The aut hor s c eglolmnrepater based
gene data and the interaction between DDX3 and elF3 that DDX3 functions to promote

translation(Lee et al., 2008)

In support of tis evidenceusing luciferasencoding reporter RNA&eissleret
al. observedhat DDX3 depletion resulted in a decreasprotein synthesibetween
thirty to sixty percentwhile overexpression of wild type DDX3 stimulated translation of
the reporteRNAs. FurthermoreDDX3 depletioninhibited internal ribosome entry site
(IRES)ymediated translation of Hepatitis C virus (HCV) proteins as measured utilizing a
bi-cistronic HCV replicon, whereby the IREfBects translatiofGeissler et al., 2012)
Using polysomesucrose gradiegtDDX3 associated with the 40S aB@S rbosomal
subunits allowing the authors to reason that DDX3 functions in translation initiation and
not in translation elongation or terminati@@eissler et al., 2012Lonfirming data
observed by Leet al, Geissleet al observed that DDX3 interaotsth components of
the elF3 translation subunit along with identifying elF2 as a novel inter@eissler et

al., 2012)

DDX3 Facilitates Translation of a Subset of mMRNAs

In contradiction to the above data, letial demonstratéhatDDX3 depletion
does not affect general triglation as no changes in polysomofiles were observed
upondepletion. However, DDX3 was shown to be necessary for efficient translation of

MRNAs with | ong qolaiesat, 2008 Explaitiegducreose gradrest
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sedimentation in conjunction with cDNicroarray analysis to identifmRNAS
translationally regulated by DDX3, Laetali dent i fi ed 332 weenes
slightly longer and cadained a higher GC contefitai et al., 2010) Specifically, DDX3
was shown teegulatecyclin Eltranslation, mediatings control of the G/S transition in

cells(Lai et al., 2010)

In support of this eviden¢&otoRifo et al discerned utilizing a Renilla luciferase
repoter asay that DDX3 depletiomepressed translation of specific viral mMRNAs while
having no effect on others. SelRifo et al. elaborate on the results presented byet ail
by postulating thabDX3 regulation of mMRNA translatioils dependent on the presence

of stem loop structures withintfed UT Rs o f ,asialt ragulatediRiINTARNAS

wh o

examined contained 506UTRs -nch(BatoiRifoeetrae | ong,

2012) Moreover, DDX3 was observed to associated with the elF4F complex through

an interaction with elF4Gral PABP1in a RNA-independent manné®otoRifo et al.,

2012) The authors speculate that DDX3 may be a core component of the elF4F complex

and isrequired for translation when it interacts with an mRNA with a stem loop within its

5 6 U TSBtoRifo et al., 2012)These results allude to a role for DDX3 in the translation

of specific MRNAs.

DDX3 Inhibits CapDependent Translation

Shihet al. observed that de novo protein synthesis upon ectopic expression of
DDX3 was repressed in degsependent manner, while depletion of DDX3 enhanced
protein synthesis. DDX8ediated repression of protein translation occupiest

transcriptionally and did not result from a decrease in mRNA trans¢8pik et al.,
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2008) DDX3 repressed cagependent translation through bindinghe cap binding
protein, elF4AEpreventingts binding to &4G. It was hypothesized that DDX3 could
function analogously to 4E binding protein 1 {BP1) which binds to elF4E prevemngin
its association with elF4@hibiting translation initiationShih et al., 2008)Conversby,
DDX3 expression stimulated IRE8ediation translation, with it@bility to enhance
IRES-mediated translation depemden its capacity to bind elF4Ehe authors speculate
that DDX3 binding teelF4Ewhich preventgapdependent translation may free
additional translation initiation facteishared byothcap and IREScontaining mRNAs

to promote IRESnediated translatio(Shih et al., 2008)

DDX3 and Stress Granules

DDX3 was ickentified as a component oftoplasmic stress granulésrough its
localizationwith known stress granule markers, FlAand HuR(Lai et al., 2008)The
stress granule inducing capacity of DDX3lependent on its elF4&inding ability and
is independent of its ATPase and helicase activit#sh et al., 2012)DDX3 interacts
with elF4E and PABP1 and localizesstress granules with these proteins upon the
induction ofenvironmentastreses Knockdown of DDX3 inhibitstress granuke
assembly, causinguclear retention of PABRANnd resultingn decreased cell viability

upon removal of cellular stre¢Shih et al., 2012)

Whereas the mechamsin human cells of how DDX3 may regulate translation
through stress granule assembly has not been elucidated, a workotgesis in yeast
has been proposed. Consigteiith DDX3 localizaion, Dedlalso localizes to stress

granules. Ded1 accumulates in stress granulasamplex with mRNA and the elF4F
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complex through its direct interaction with elF{&illiker et al., 2011) Through Ded1
hydrolysis of an ATHnolecule, the interaction between Dedl and the bound mRNP is
weakened. This permits the dissociation of the mRNP from Ded1, allowing the mRNP to
proceed through translation initiatiosuggesting that Ded1 may be part of an

intermediate proefeading commx during translation initiatio(Hilliker et al., 2011)

1.12DDX3 and Cancer

Numerous studies have implied a role for DDX3 in the developmerrand
progression of cancgthough contrary data existdhether DDX3functionsas atumar
suppressor protein or an oncogene. Gétaal. characterized DDX3 astamar
suppressor as DDX3 mRNA levels were decreased in 57.8% of hepatocellular carcinoma
(HCC) specimenswith DDX3 proteins levks decreased in 73% of HCC samples
compared to normal liver tiss€hao et al., 2006)This decrease IBDX3 levels
corresponded witdown-reguhtion of p21, a DDX3 transcriptional targ€ver-
expression of DDX3uppressd cell growth in hepatocellulaservical and colon
carcinoma cell ling as well as in mouse fibroblagtShao et al., 2006)n accordance
with this study, Changt al observed a decrease in DDX3 protein level9#®f HCC
samples. This decrease in DDX3 protein levels was accompanied byta foor-fold
reduction in DDX3 mRNA levels. Additionally, dowregulaton of DDX3 was highly
prevalentn hepatitis B positive HCC sates. Moreover, DDX3 depletion in mouse
fibroblastsaccelerated cell growth corresponding with an increase in cyclin D1 protein

levels and a decrease in p21 protein ley€lsang et al., 2006)
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In agreement with the hypothesis that DDX3 functions as a taoppressor
protein, Wuet al observed DDX3 mRNA levels dowregulated irb3% of lung cancer
samples compared to normal tissue. Furthermore, decreased DDX3 mRNA correlated
positively with p21 levels, and negatively with the human papilloma virus E6 protein.
Moreover, DDXS3 transcription was discovered to be predominantly regugtp53,
whose activity is altered in E6 positive lung carcinoifvels et al., 2011)Consistent
with these results, ilung carcinona cells, DDX3 dowsregulation via p53 inactivation
resultsin an increase in both anclageindependent growth and invasive potential.
DDX3 downregulation resultg a loss of expression of MDM3, regulator of p53&nd
increased expression of the transcription faskog, which function# the epithelial
mesenchymal transitioincreasedlug levels correlateith a reduction in Ecadherin
levels. In the context of lung tumors, patients with-lDWX3 expressing tumors had
poorer swival and an increasieprobability of tumo recurrencehan patients with high

DDX3 expressing tumor@Vu et al., 2013)

In contrasto these studiesHuanget al observedDX3 mRNA levels itreased
in 64% ofHCC samplesAdditionally, overexpressin of DDX3 resulted in a significant
increase in cell growth in a hepatocellutarcinoma cell lindHuang et al., 2004)n
breast cancer cellBotlaguntaet al. observed that DDX3 mRNA and protein l&s/eere
elevatedn comparison to mammary epithel@lls. Treatmenbf mammary epithelial
cellswith Benzo[a]pyrene diol epoxide, aajor canceicausing agent in tobacdaduces
DDX3 protein expressiarStable oveexpression of DDX31 mammay epithelial cells
results inalteredcell morphology,increased mdity and invasion, alterefl-caenin

cellular localizationandE-cadherinrepression, phenotypewdicativeof an epitheli&
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mesenchymal transitiofBotlagunta et al., 2008)n breast cancer cellBDX3 isa
transcriptional target dfypoxiaindi c i b | e (fHalcRbith prbrabtes elevated

DDX3 expressionn hypoxic conditiongBotlagunta et al., 2011)n gallbladder

squamous cell/adenosquamous carcinoma, el@DeX3 protein levels correlatgith

tumor size, lymph node metastasis and poor patient progiisis et al., 2013)DDX3

also promotescreased levels of the transcription factor Snail, which represses
expression of cellular adhesion proteins leadingdceased cell migration and invasion.
Snail protein levels also correlated with DDX3 protein levels in glioblastoma multiforme
samplegSun et al., 2011)'hese contradictory findings characterizing DDX3 as both a
tumorsuppressor and an oncogene suggests that DDX3 exhibits tissue specific functions

that either inhibit or promote malignancy.

DDX3 also functions in both the intrinsic and extrinsic apoptotic signalling
pathways. DDX3 regulates the intrinsic apoptotithpay by repressing apoptosis p53
mutant cellswhile promoting apoptosis in p53 wild type cells in response to the DNA
damaging agent camptothecin. In p53 wild type cafter DNA damageDDX3 binds to
p53 and promotes the accumulation of gh8sallowing for thedownstreanactivation
of p21(Sun et al., 2013DDX3 regulategxtrindc apoptotic signalling by mediating the
formation ofa complex which includeSSK3and cellular inhibitor of apoptosis protein
1 (clAP-1) to cap the TRAIER2 death receptpthusinhibiting caspase activation. This
DDX3-GSK3-clAP-1 complex provides a checkpoint for initiation of apoptotic signalling
by forming a deattantagonizing signalling complex at the death receptor to function as a

counterbalance to the deatiducing signalling completSun et al., 2008)

1.13Tudor Domain Containing Proteins
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The Tudor family was originally identified in 198Brough the discovergf the
Drosophila melanogastéfudor (Tud)gene in a genetic screen characterizing maternally
expressed genes resulting in lethatitysterility in progenyBoswell and Mahowald,

1985) The Tudor domain was subsequently identified inDh@sophla melanogaster

Tud protein based on the presence of ten repeated units of shared sequence homology
(Ponting, 1997)Subsequently, Tudor domain containing proteins have been discovered
in diverse eukaryotic orgamiss, including fungi, plants and animals, but not in
prokaryotegLasko, 2010)Tudor domain containing proteins have been implicated in a
diverse set of cellular functions including RNA metabolism, germ cell development
transposon silencing, the DNA damage response, histone modification and chromatin

remodeling(Chen et al., 2011)

Tudor domain containing proteins belong tosbe a | rogak dofihain
superfamily, which also includes proteins with chromo, MBT, PWWP, and plant agenet
domains. The royal domain superfamily recognigesteins with arginineand lysine
methylated residugdlaurerStroh et al.2003) Members of the royal domain
superfamily retain a structurally related badiked protein fold, composed of three to five
antikp a r a-{sheatsl Thdse proteins from each royal domain subfamily bind to
methylated arginine or lysine residuesotigh a common binding mode, wherein an
aromatic binding pocket in the barrel accepts the methylated side chain. This pocket is
composed of two to four aromatic residues, which provides electrostatic and hydrophobic
contacts to accept the methylated lysanerginine residuéTaverna et al., 2007About

30 mammalian Tudor proteins have been identified and can contain a single Tudor
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domain, multiple tandem Tudor domain repeats or one or more Tudor domains in

combinaion with other types of domair{€hen et al., 2011)
Classification of Tudor Domains

Four subtypes of Tudor domains are distinguishable based on their flanking
sequences and/or linkage to othenserved motifs, influemaeg theirbiological function
(Jin et al., 2009)The original germ line type Tudor domain containing proteins (TDRD1,
2,4,5,6, 7,8, and 9) constitute one group; characterized by multiple Tudor domains
which may be finked on theiraminb er mi nal si de with an U
proteins within this group bind to either dimethylated arginine or lysine regdimest
al., 2009) These Tudor domaiocontaining proteins accrue withgermlinespecific
ribonucleoprotein complexes called germinal granules, which recruit methylated Piwi
type proteins involved in retrotransggan silencing by ii-interacting RNAs during
gametogenesiSiomi et al., 200). The second group encompasses Tudor domain
containing proteins (ex. Staphylococcal nuclease dowwitaining protein 1) with a
Tudor domain inserted into the fifth domain of five tandem staphylococcal nutllease
domains. These proteins bindaxginine methylated PIWIke protein 1 in germ cells
(Liu et al., 2010) Thirdly, Tudor domaircontaining proteinsabelled tandem Tudor or
Jumoniji domaircontaining proteiristinguish methylated lysines on histone tails
(Charier et al., 2004; Kim et al., 2006&aastly, the fourth group contains Tudor domain
containing proteins which recognize methylated arginine wesiavithin the context of
RG-rich repeat domains. This group includes the SMN protein, SPF30 and TDRD3
(Friesen et al., 2001a; Brahntsaé, 2001; Rappsilber et al., 2001; Meister et al., 2001;

Cote and Richard, 2005)
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Tudor domains as Methylarginine Readers

SMN, the causative generfspinal muscular atropi{$$MA) is the best
characterized Tudor domain containing protein amongsgtbigp. Recognition of
symmetrically methylated Sm proteins by the Tudor domain of SMN promotes the
cytoplasmic assembly of the core spliceosome mach(feigsen et al., 2001ayr&8hms
et al., 2001; Cote and Richard, 2005) The Sm proteins (SmB, SmBi
SmD3, SmE, SmF, and &) are components aMmall nuclear ribonucleoproteins
(snRNPs). SMN, which recognizes symmetrically dimethylated arginine residues of
SmB, SmBldand SAD3 catalyzed by PRMT5, facilitates the formation of the Sm
proteinbased snRNP core structure through its interaction with the methylated Sm
proteins(Friesen et al., 2001a; Brahms et al., 2001; Brahms et al., 2000; Friesen and
Dreyfuss, 2000Q)The interaction between SMN and methylated Sm proteins promotes the
efficient assembly of the mature snRNPs, which is crucial fenR&A splicing. A
SMA-causing mutation (Glu134Lys) within the SMN Tudor domain alters charge
distribution within the methylarginine binding siteading to the abolition of SMN
binding to SmD1 and SmD3. Abrogation of SMN binding to Sm proteins results in the
improper assemplof the spliceosome and defective mRNA splicing, contributing to the
onset of SMA(Selenko et al., 2001; Tripsianes et al., 20¥hile SMN recognizes
symmetrically methylated Sm proteins, it is additionally capable of recognizing
asymmetric dimethyl arginine residues. The SMN Tudor domain recognizes asymmetric
methylation by CARM1 within the PGM motifs of CAP150, SAP49, SmB an@ U1

proteins(Cheng et al., 2007)
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Like SMN, SPF30/SMNrp has also been implicated as an edsgplicing factor.
SPF30 is &2 snRNPRassociated protein that facilitates the recruitment of the U4/U5/U6
complex to the prspliceosome&omplex, with SPF30 depletioasulting in the
spliceosome failing to forrfRappsilber et al., 2001; Meister et al., 20Q1ke SMN,

SPF30 and TDRD3 are also capable of recoggigymmetrically methylate8m
proteins(Cote and Richard, 2005)he Tudor domains of SMN, SPF30 and TDRD3 are
closely related based on sequence homo{dgyet al., 2009Xhereforejt is

hypothesized that along with SMN and SPF30, TDRD3 may also be involved in

spliceosome assembly apce-mRNA splicing(Chen et al., 2011)

1.14Tudor domain containing protein 3 (TDRD3)

TDRD3 is a ubiquitously expressed, modular protein of unknown function which
associates to cytoplasmic stress granules under conditions of cellular stress. TDRD3 is
located on chromosome 13g21.2 and contains a 2.9 kb mRNA sequence encoding 13
coding exonsThe TDRD3 protein sequence contains 744 amino acids and has a
predicted molecular weight of 82.7 klD@oulet et al., 2008; Linder et al., 2008)
addition to its Tudor domain (amino acids 6A10), TDRD3 contains an DUF/OBId
domain (amino acids 1869), anubiquitin binding UBA) domain (amino acid286-

328), a FMRRinding domain (amino acids 74/23) and an exon junction compiex
binding motif (EBM) (amino acids 72%44) (Figurel 4). OB-folds are structural motifs
consi st i-shgetsdhfat are oftereused for nucleic acid recognition, though they
have also been observatproteinprotein interactionsyhile an UBA domain is a motif
found in several proteins having connections to ubigamd the ubiquitination pathway

(Theobald et al., 2003; Hurley et al., 2006he UBA domain of TDRD3 was observed

45



14)

OB-
DUF Fold Central Linker Tudor FMRP EBM

v I

46



Figure 1.4: TDRD3 Structure

TDRD3 is a 744 amino acid protein containing a DUF/OB fold nucleic acid recognition
motif (amino acids 1-369), an UBA domain which recognizes tetra ubiquitin (amino
acids 286328), an uncharacterized central linker region (amino acid$6388a Tudor
domain which recognizes arginine methylated motifs (amino acidg6d); a FMRP
binding region (amino acids 747/23), and an exon junction compibinding motif

(EBM) (amino acids 72544).
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to be both necessary and sufficient for binding ta,¢lireked tetraubiquitin (the signal
for proteasomeegradation of proteins), while TDRD3 was unable to bind eftiwro
ubiquitin or Lyss-linked ubiquitin (a nofproteolytic signal)Linder et al., 2008)Exon
junction complexbinding motifs play a functional role in mMRNA export and translation

(Bono and Gehring, 2011)

Through both indirect immunofluorescence and cell fractionation methodology,
TDRD3 was observed tceeta predominantly cytoplasmic protein with diffuse nuclear
expressior{Goulet et al., 2008; Linder et al., 2008ydditionally, TDRD3 can function
as a transcriptional activatasrfboth estrogerand androgefreceptor mediated
transcription with the Tudor domain being indispensable for this funtfiang et al.,

2010)

TDRD3 and Arginine Mthylation

TDRD3 was initially characterized as a methylarginine bindioggin through
the propensity of a GS#agged purified protein of the Tudor doméaiging able tdind
methylated proteins from cell extra¢@ote and Richard, 2005further studies have
shown that TDRD3 preferentially binds asymmetrically dimethylated arginine residues
(Liu et al., 2012; Sikorsky et al., 201 2ithough TDRD3 recognition of methyl arginines
could still be sequence or conted¢pendentSpecifically, TDRD3 reads the methylatio
marks deposited by CARM1 on H3R17 and by PRMT1 on H4RBvesely, weak
binding to H3R14vas observed by the Tudor domains of SMN and SPF30. Moreover,
TDRD3 is capablefadiscriminating between the H4AR&ymmetrianethylation mark

deposited by PRMT1 and tlsgmmetric methylation mark depcasit by PRMTHYang
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et al., 2010; Liu et al., 2012pull-down experiments haveadtified severaproteins that
interact withT DRD3 60 s T u d o lhavecdbeemidentifieds HRMT substrates or
are protetypical arginine methylated proteifGoulet et al., 2008)dentified arginine
methylated prteins include FUSRappsilber et al., 2003; Du et al., 2011; Tradewell et
al., 2012) SERPBI1(Lee et al., 2012)while prototypical arginine methylated proteins

containing multiple GAR rich motifs include DEBXelF1Al, and EWS

TDRD3 and Stress Granules

TDRD3 localizes to stress granules upon oxidatiaat and osmotic shock with a
number of stress granule markersluding TIA-1 and FMRP(Goulet et al., 2008; Linder
et al., 2008) TDRD3 isdetected in stress granules concurrently With-1, a crucial
mediator of stress granule assem(@ylks et al., 2004)suggesting that TDRD3 may
participate in early stress granule asseniBlyulet et al., 2008)}urthermore, the Tudor
domain of TDRD3 was both necessary and sufficient for TDRD3 localizatiorets str
granules (Goulet et al., 2008 Mutationin the Tudor domaief glutamic acid 691 to a
lysine (E691K),a residuenecessary to recognize arginine methylatedfsmoesults in a
decrease in ladization of the Tudodomaint o stress granules. This
ability to recognizemethylated arginine residues to its localization to stress granules

(Goulet et al., 2008)

Interestingly, TDRD3associates with actively translating polyribosomes in
cycling cells. Hbwever, under stress conditigfORD3 associates with monomeric
ribosomegGoulet et al., 2008)This pattern of association is also observed WithRP,

which also localizes tetress granule@dazroui et al., 2002; Dolzhanskaya et al., 2006;
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Kim et al., 2006b; Anderson and Kedersha, 200BRD3 interacts with FMRP and its
paralogs FXR1 and FXR2, with the twenty amino acigsi@iral to the Tudor domain
necessary for this interaction to oc¢uinder et al., 2008)These results suggest that

TDRD3 may play dunctional role in translation regulation

1.15TDRD3 and Breast Cancer

In a patient screeexamining survivalrates in ER breast cancer tumours five
years posbperation, TDRD3 mRNAXpression stronglgorrelatesvith patients who
exhibited a poor prognosfdlagahata et al., 2004yurthermore, TDRD3 was among 14
genes associated with poor patient outcome in Hikeadbreast cancdHallett et al.,
2012) and was overexpressed in 58 of 158 breast cancer patient sampleSandbe
Genome At l asd D apodal.neimih.godAdditfomallyt TPRD3/ t ¢ g a
localizes to stress granules, a means that cancer cells use to proirsate/nell.
Therefore, since TDRD3 expression correlates with poor prognosis @misatid
TDRD3 appears to be an early participant in stress granule formation, a mechanism used
by cancer cells for survival, TDRD3 may contribute to breast cancer devexhbamd

progression

1.16Rationale for Study

Work from this dissertation contributes to the expanding field of knowledge of
how protein arginine methyltransferases function in the etiology and progression of
cancer, specifically breast cancer. Reseaimm fother groups and ours has implicated
aberrant regulation of PRMTSs to breast cancer development and progression.

Furthermore, PRMTs are implicated in numerous cellular processes including cell cycle
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regulation, DNA damage repair and apoptotic pathwdysse dysregulation @frequent
occurrences in canceBpecifically, PRMT1, the prominent PRMT member which
accounts for the bulk of methylation in mammalian ¢gilslds seven distinct isoforms
through alternative splicingghich display distinct subellular localization and substrate
specificity. Therefore, it can be hypothesized that each PRMT isoform is functionally
distinct. PRMT1 isoform 2 (PRMT1v2), the only isoform which contains exon 2 in it
translated sequence is the only isoform with predomiyagtoplasmic cellular
localization. In addition, its mMRNA and protein levels are emgiressed in a panel of
breast cancer cells to a higher extent than the other isoforms. Therefore, it is of
importance to elucidate the function PRMT1v2 may perforthéndevelopment and/or

progression of breast cancer.

Stress granules, sites of mMRNA triafggm upon cellular exposure to
environmental stress including chemotherapeutic drugs to promote cell survival at least in
part through the sequestration of {soptotic proteins. Thougho date, no study has
directly shown an effect of PRMTs on stress granule dynamics, methylation of numerous
PRMT substrates promotes their localization to stress granules. Therefore, delineating the
role of PRMTs in stress granule formation, and the niashaby which stress granules
promote cancer cell survival is crucial to alleviate the problem of cherstaese

DDX3 is a prototypical PRMT substrate containing numerous glycarginine
rich motifs,characteristic of PRMT substrates. Moreover, DDXBNA and protein
levels are upegulated in breast cancer cells, while DDX3 overexjprasa mammary
epithelial cells repressesdadherin expression leading to altered cell morphology, and

increased motility and invasion. Consistent with the observtetmumerous PRMTs
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are overexpressed breast tumorgt is essential to determine first if DDX3 is an
arginine methylated protein and the PRMT(s) responsible for methylating DDX3, and
second whether this methylation promotes DEX&diated altered cell onphology and

increased migration and invasion in mammary epithelial cells.

Numerous PRMTs are aberrantly expressed in breast cancer corresponding with
irregular expression of many of their substrates. Therefore, it would be hypothesized that
atypical expession of TDRDS3, a reader of arginine methylated marks would also be
prevalent in breast cancer. Indeed, TDRD3 mRNA expression correlates with poor
patient prognosis in recurrent estrogen receptor negative breast tumours. Furthermore,
TDRD3 was amongst lgenes associated with poor patient outcome in Hikeabreast
cancers. TDRD3 also localizes to stress granules, a mechanism cancer cells utilize to
promote cell survival upon environmental stress. This evidence suggests TDRD3 may
function in breast cetbncogenesis. Therefore, elucidating the contribution of TDRD3 to
the development and/or progression of breast cancer is of importance.

Hypothesis and Objectives

Hypothesis: | hypothesize that aberrant regulation of protein arginine methyltransferases
thar substrates and effectarentributes to the delopment of breast cancer tura@and

subsequently to thegrowth and progression

Objectives:

1) Assess the role of the PRMTL1 alternatively spliced isoform v2 in breast cancer
development and growth, onetbE PRMTs known to be aberrantly regulated in

breast cancer.
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2) Elucidatethe role of PRMT6 in chemoresistance through investigating its

function in stress granule dynamics.
3) ldentify the PRMT(s) responsible for DDX3 methylation and characterization of

the potential functional I mpact on DDXS3
4) Assess the role of TDRD3, a reafédiectorof arginine methylation that has been

linked with poor prognosis dfreast cancer, in breast cancer development and

growth.
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Chapter 2:Materials & Methods

2.1Cell Lines

Cell lines were purchased from the American Type Culture Collection. Hela,
293T, MDA MB 231, BT20, and BT474 cellslinesver e cul tured wi th Du
Modified Eagles Medium (DMEM) with 2 mM glutamine and 10% fetal bovine serum
(FBS). MCF7, 147D, Hs578T, and B-b49 cells lines were supplemented with 2.75
pg/mlinsulin. SKBR-3 cel | s were cul tur ed ntedwithMc Coy 6's
10% FBS. MCF10A cells were cultured in DMEM/F12 medium supplemented with 5%
horse serum, 20 ng/ml epideal growth factar0.5 pg/ml hydrocortisone, 100 ng/ml

cholera toxin and 10 pg/ml insulin.

2.2 Establishment of StablyExpressing Cell Lines

To establish stabbgxpressing cell lines, DNA constructs were transfected using
Li pofectamine 2000, according-tagged t he manuf
expressing constructs, transfection efficiency was determined 24 h post transfection.
Selection fo stable pols of cells was begun 48 h pdsansfection using puromycin. The
amount of puromycin used for selection was determined for each cell typstby
performing &ill curve to determine the minimum condeation of puromycin required

to kill all of the cells.

2.3 Antibodies

The following primary antibodies used were from Bethyl Laboratories: DDX3

(A300-474A), CARM1 (A300421A), PRMT6 (A30029A), elF4G1 (A304774A) and
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elFAE (A3011 54 A) . The Tu b uchtenm (067840 &d BMRP) , b
(MAB2160) antibodies were from Millipore. The GST (G1160) and Flag (F3165)
antibodies were from Sigma; PARP (9542) and phogpbatenin (9561) antibodies

from Cell Signalling while the GAPDH (MMS80S) antibody was from Covance. The
His antibody (TAG 001jvas from Bio Shop Canada Inc., p21 ®%b) from Upstate,

GFP (11 814 460 001) from Rochec&dherin (610185) from BD Bioscience, FIA
(s¢1751) from Santa Cruz Biotechnology, and Alexa Fluor 594 nM Phallodin (A12381)
from Life Technologies. The Myc 9Blhybridoma cell line was from American Type
Culture Collection and the PRMT1-t€rminal antibody was a gift from Dr. Stephane

Richard (University of McGill).

The secondgrhorse radish peroxidasatibodies were purchased from Cappel:
rabbit (55690) andhouse (55506). Alexa Fluor antibodies for immunofluorescence were
purchased from Life Technologies: mouse Alexa Fluor 488 nm (A11001), mouse Alexa
Fluor 594 nm (A11012), rabbit Alexa Fluor 488 nm (A11008), mouse Alexa Fluor 594

nm (A11005), and goat Alex@uor 594 nm (A11058).

2.4 Affinity Purification of PRMT1v2 Antibody

Synthetic PRMT1v2 peptiddNC IME NFV ATL ANG MSL QPP LEE, was
synthesizedt W.M. Keck Foundation Biotechnology Resource Laboratoyyclonal
antibodies were generated by Cedarlane Laboratories using rabbits injected with the
synthetic peptide coupled to KLH. Antibodies were affirptyrified over the antigenic
peptide coupled to AffGel 15 beads (Bi&Rad) following manufacturer'sstructions,

eluted in 100 mm Glycine pH 2.5, buffered with 1 M THKCI pH 8.0, dialyzed against
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1x phosphatduffered saline (1x PBS: 137 mm NacCl, 2.7 mm KCI, 4.3 mm Na2HPO4,
1.4 mm KH2PO4, pH 7.4) and concentrated using a Centricon centrifugal device
(Millipore). The PRMT1v2 antibody was used atadilutioh 1 : 1000 overni gh

Western Bot analysis.

2.5 siRNA'shRNA Transfection

A PRMT1v2 Stealth siRNA duplefSense:
CAUCCCAUUAGCAAGGUGGCUACA; Antisense:
UGUAGCCACCUUGGCUAAUGGGAUG)Life Technologes) was cedransfected
with an $IRNA, encoding the same target sequence as the siBNéplete PRMT1v2
| evel s using Xtreme Gene si RNA transfectio
protocol. A control siRNA (Life Technologies) was used individyadlyin combination
with a scramble shRNA ithe pRS vector as a negative control. Briefly, 1 pg of SiRNA
and 2 ug of shRNA (6 well plates) were diluted in @d&EM media, combined with
Xtreme Gene Transfection Reagent, incubated at room temperaturenfantités and
added to the cells. Transfections were performed in the absence of antibiotics.
Knockdown was assessed by eitherlRTR or Western Blot 24, 48, or 72 h post

transfection.

DDX3 siRNA (DDX3 siRNA #1: GGUAUUAGCACCAACGAGA; DDX3
SiRNA #2: GAUGCUG®&UCGUGAUUUC) were purchased from Thermo Scientific
and transfected into cells using Oligofectamine transfection reagent according to the
manuf actur er 6 s psiRNAwas oskd as acook Briefly, h hd ok

SsiRNA wasdiluted in OpttMEM media,combined with Oligofectamine, mixed,
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incubated for 20 minutes and added to cells. Transfections were performed in the absence
of antibiotics and FBS. Media containing FBS was added to cells 4 hous post

transfection.

The pGIPz PRMT6 lentiviral shRNAmir wgurchased from Open Biosystems
(RHS4430101515232pnd was transfected using Lipofectamine 2000 according to the

manufactur.erds protocol

2.6 Transfection of DNA Plasmids

DNA constructs were transfected into cells using either Lipofectamine (2660
Technologiespr Polyethyleneimine (PEI). Lipofectamine 2000 transfections were
performed accordingtthema nuf act ur er 6s protocol . Briefl
Mg (10 cm plates) of DNA were diluted in OEM media. Lipofectamine 2000 was
diluted in OpttMEM (ratio of Lipofectamine 2000 to DNA determined based on cell
type) and incubated for 5 minutes at room temperature. Lipofectamine 2000 was added to
DNA, mixed and incubated at room temperature for 20 minutes, then added to the cells.
For PEI transfections, 3 ug (6 well plates) or 10 ug (10ptawes) DNA wagliluted in
serum free media. PEI was added to the DNA (ratio of PEI to DNA used was 4:1 for
293T cells and 5:1 for HeLa cells), mixed and incubated 20 minutes at room temperature.
Before addition of DNA and PElomplexes, cells were washed one time with 1X PBS
and three timewith serum free media. For PEI transfection, expression was assessed 48

h post transfection. Transfections were performed in the absence of antibiotics.

2.7 DNA Constructs
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DDX3 was sukcloned into the pGEX T2 expression plasmid utilizing the
BamHI/EcoRI restriction sitegnd pcDNA 3.1 myc expression plasmid using the
EcoRI/Xhol restriction sites. DDX3 truncation mutants containing amino aeldd 1
182-404, and405-662 were created by PCR amplifying the fragments from full length
DDX3 and sukcloning them into the pGEXT2 expression plasmid or pcDNA 3.1 myc
expression plasmid at the above mergabrestriction sites. PRMT6 wasb-cloned into
thepET20b(+) expession construgttilizing the BamHI/EcoRl restriction sites. To
create the pcDNA3 Flag PRMT6 construct, a Flag epitope (GAT TAC AAG GAT GAC
GATGAC AAG) was PCR amplified Nerminal to the PRMT6 sequence and-sidned

into pcDNAS3 at the Kpnl/BamHI resttion sites.

2.8 SiteDirected Mutagenesis

Mutation of DDX3 arginine residues 315, 532, 585, 587, 632, double 585/587
mutart, and triple 315/585/587 arginine alaninemutantwas performed by sidirected
mutagenesis using PFU Turbo DNA Polymerase (Stratagene) utilizing primers designed
using the Quick Change Primer Design Program (Agilent). The triple 315/585/587
mutant was created by mutating arginine residue 315 in the3Cd3%/587 mutant.

Primers used for sitdirected mutagenesis are in Appendix 1.

2.9 RNA Isolation

RNA was isolated from cells using TRIzol (Life Technologies) according to the
manufacturer és pr ot dedohce witBIx PRSt they spel@amdl | s we
pelleted. The cell pellet was-seispended in TRIzol and incubated at room temperature

for 5 minutes. Chloroform was added to the suspension, mixed and incubated for 3
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minutes at room temperature. The suspension was centrifuged, the upper phase was
removedand isopropanol was added to thisture. The suspension was mixed,
incubated for 10 minutes at room temperature and centrifuged. The pellet was washed

with 70% ethanol, and then-seispended in Diethylpyrocarbonate (DEPC) water.

2.10 Reverse Tanscription Polymerase Chain Reaction (RTPCR)

Reverse transcriptioof RNA to make complementaBNA was performed using
AMV reverse transcriptase (Promega). 500 ng of RNA was incubated with 1 uM oligo
dT primer for 10 minutes 20e65e¢eZ, mMmMhe NTP®
to the RNA along with 20 units of RNasin and 5 units of AMV reverse transcriptase and

incubated for 1 h at 42e¢C.

PCR was performed in a 20 pL reaction using Go Tag Green Master Mix using 1
pL each of the following primersses : 1) PRMTF1 For ward 50
GAGGCCGCGAACTGCATCAT3 6 ; R e-V@ACFT@GAEZGATCTTCACC3 6 2)
GAPDH F o rACGACAGTEOATGCCATCAG3 6; Re-verse 560
TCCACCACCCTGTTGCTGTA3 6 8pdBerin-Forward 56
TGGGTTATTCCTCCCATCAG3 6 ; Re-VTEGTRCAGGEAGCTCAGGAT3 6 4)
b-cda eni n F-AAANEBGGGAGIG@GCGTTTAG306; Re-verse 50
TTTGAAGGCAGTCTGTCGTA3 6 5) PRMT6&6 Forward 506
GTTCCAGGTGACCTTCCCTGGAR@ 6 ; Re-verse 560
CCGGCTCGTTCAGGTAGAGGAGE3 6 6) el F4E Forward 560

AAGCCTCTCGTTACTCACGAS 6 ; R e-GRAGGGGTGATTTCCGGTTC

2.11 Trypan BlueExclusion Assay
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Adherent and noadherent cells were collected, pelleted, washed once with 1X
PBS, repeleted and resuspended in 500 pL 1X PB®rypan Blue was added to the cell
suspensioymixed and incubated at room temgtire for 2 minutes. e cellsuspension
wascounted using a hemocytometer with 200 total agllted for each condition

assessed, and the number of blue cells representingiatale cells was determined.
2.12 MTT Assays

Thiazolyl Blue Tetrazolium Bromide (MTT) reactions were performe@gnvell
platesMTT (5mg/mLdissolved inLX PBS was added to the cells, atigk cells were
incubated for 3.5 h at &7C . Medi a was rafMbOisadvant(@mMd 150 OL
HCI, 0.1% NondeP-40 in isopropanol) was added. The 96 well plates were wrapped in
aluminum foil and agitated on an orbital shaker for 15 minutes. Absorbance was read at

590 nm to determine intensity of the signal.
2.13 Flow Cytometry and Annexin V Staining

Flow cytometry was performed by collecting all adherent andadirerent cells.
Cells were pelleted and washed twice with 1X PBS. Cells were fixed in ice cold 70%
ethanolandstorede# 0 e C f or at | east 30 minutes. Cel
1X PBSand stained using a 1X goiolium iodide solution (18 pg/mL propidium iodide,
and40yg/mlRNase A dissolved in 1X PBS) for 30
cytometry was performed using a Beckman Coulter Epics XL fldanogterand data
was analyzed usg WinMDI 2.8. Annexin V staining was performed using the Annexin
V-FI TC Apoptosis Detection Kit (BioVision)

After washing of cells with 1X PBS, cells were-st@ined with Annexin WITC and
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propidium iodide for Sninutes at room temperature in the dark. Annexin V/propidium
iodide analysis quadrants were established according to individually stained Annexin V

or propidium iodide controls.

2.14 Cell Motility and Invasion Assays

Control (for motility) and matrigelf¢r invasion) chambers were purchased from
BD Biosciences and used according to the m
rehydrated in serum free media in a 24 wel
cells in serum free media were addedtte top of the chambewxhile media containing a
chemo attractant (FBS) was dispensed underneath the chamber. Chambers were
incubated at 37eC for 24 h to 72 h dependi
was removed from the top of the chamaed cells that had not migrated to the bottom of
the chamber were removed using-&if) Chambers were stained with the Kwik Diff
Staining Kit (Thermo) and washed twice in water. Chambers were imaged at 20X
magnification and a minimum of 6 images per chamwere taken to determine the

average number of cells that migrated through each chamber.

Scratch wound assays were performed by plating cells at 100% confluency 24 h
prior to the experiment. A fAscratcho was p
the wound were taken at 10X magni ficati on
at the same place along the wound. The rate of the wound closure was measured and

plotted.

2.15 Colony Scatter Assay
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One thousand cel[CF7)were counted and plated on 100 mm plates and
allowed to form colonie for 5 days. One hundred phasatrast images were taken for
each cell line and the number of colonies with compacsdpor scattered formations
wascounted. Quantification was perfoed independently by three different people as

not to bias the results.

2.16 Immunofluorescence

Cells were plated on coverslips in 6 well plates 24 arga immunofluorescence
Cells were washed three tim@gh 1X PBS and fixed with 4% paraformaldehyfde 10
minutes. Cells were bgequently washed three timesd permeabilized with 0.5%
Triton X-100 in 1X PBS. €lls were washed three timasd incubated with the primary
antibody for 1 h. Cellsvere therwashed once with 0.1% Triton-X00 in 1X PBS and
twice with 1X PBS. The cells were incubated with secondary antibody for 1 h in the dark
and washed as per incubation with the primary antibody. Finally, cells were mounted
ontoglassslides using Vectashield Mounting Media (Vector Labs). Fluorescence
micrascopy was performed using the Zeiss Axio Imager Z1 microscope and images were

acquired with an AxioCam HRm camera utilizing Zeiss Axiovision 4.5 software.

2.17 Protein Purification

GST fusion proteins were overexpresse#t.inoli BL-21 cells byinduction with
a final concentration of 0.1 mM isoprogdD-thiogalactopyranoside (IPTG). Cells were
lysed in 10 ml of 1X PBSsupplemented with complete protease inhibitor mixture
(Roche Applied Scienceghy sonication. The GST fusion proteins were pedfusing

glutathioneagarose beads (Sigma), and after extensive washes with PBS wash buffer (1X
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PBS, 1% Triton X100, comple&e protease inhibitor) were ekat from the beads with 60

mM glutathione in PBS adjusted to pH 7.5. ¢fission proteins were ovexpressed itk.

coli BL-21 cells by induction with a final concentration of 1 niRTG. Cells were lysed

in 10 mLof lysis buffer (50 mM NgHPQO,, 300 mM NaCl, 10 mM imidazole, 20 mM 2
mercaptoethanol) by sonication. KHtagged proteins were purified usingiakel
nitrilotriacetic acid matrix (Qiagen) acco
from the beads using 250 mM imidazole. The purified tagged proteins were dialyzed
against 1 L of 1X PBS at 4eC ovaedmsnght . Th
Centricon centrifugal devices (Milliporerotein concentration was determined by

Bradford Assay.
2.18In Vitro Methylation Assays

In vitro methylation assaywere performed by incubating g of the tagged
PRMT enzyme with 1Qig of the substrate protein in the presence of 0.585uM
adenosyl-[methytH] methionine(®H-SAM) (Perkin Elmer Life S@nces) in a reaction
solution containin@5 mM TrisH C | pH 7.4 for 2 h at 37eC.
by adding Laemmli reducghbuffer(25% glycerol, 125mM TrisHCI pH 6.8, 4mMSDS,
7 0 0 mherbaptoethanol, 0.1% bromophenol blldgthylated proteis were resolved
by SDSPAGE; following electrophoresis the gels were stained in Coomassie Brilliant
Blue, and destained in a 10%ethanol, 5% acetic acid solution to visualize protein
bands, and then soaked in*Bance (Perkin Elmer Life Sciences) for 30 minutes and
washed for 30 minutes in water. Gels were diiedacuq and®H-labeled proteins were

visualized by fluorography.
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2.191n Vivo methylation assag

Cells were washed once with 1X PBS and twice with DMEM without methionine
(Wisent). DMEM withod methionine, 10% FBS, 100 pg/mdycloheximide and 40
pg/mLc hl orampheni col were added to cell s whi
5% CQ. 10 pCi/ml L-[Methyl-*H]-methionine (Perkin Elmer Life Sciences) was added
and cell s were | % CG ddenslre framglatiod intibitiant 3 7 e C
control platesvere treated as described above, and incubated with 10 p%ml
methionine (Perkin Elmer Life Science€ells were lysed imadioimmunoprecipitation
(RIPA) Lysis Buffer (10mM Tris pH 7.4, 100mM NaCl, 1mM EDTA, 1% B, 0.5%

NaDOC, 0.1% SDSand immun@recipitation was performed. Samples were resolved on
SDSPAGE gel and transferread animmunobilorrP polyvinylidene difluoride (PVDF

Mi |l I i por e: .Themdambranmwgs allowed th dry and sprayed with
EN®HANCE Spray (PerkitElmer Life Scienceshreetimes allowing 20 minutes

between sprays for the membrane ta drylabeled proteins were visualized by

fluorography
2.20 Protein Isolationfrom Mammalian Cells

Cells were |lysed in RIPA LysitdeBrisffer f
cleared fromthelysatey centri fugation at 13 000 rpm f

concentration was measured by Bradford Assay.
2.21Immunoprecipitation and Immunoblotting

Cells were lysedh Triton X-100Lysis Buffer (10mM Tris pH 7.4, 150mM NacCl,
1% Triton X100, 10ug/ml phenylmethanesulfonylfluoride (PMSF) with complete
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protease inhibitor cocktajRoche Applied Scienck)Lysates were centrifuged hain at

maximum speed to clear cellular debfi%o or 5% of lysate was saved for input. The

remaining lysate was equally divided between 1gG control laadpecific

immunoprecipitation25 pl of a protein A sepharose bead slurry was added and the
reaction was i ncubated r oTlhabtadsrwgre Wwashegn 1 h t
rotati ng a thregtgn€s witholriton XL00hysis Bufferand once with 1X

PBS 5X Laemmli reducing buffer was added anthgal es wer e bomhed at
Proteins were resolvday SDSPAGE and tansferred nto aPVDF membrane5% non

fat milk in PBS containing 0.05% Twea® (PBST) was usd to block the membrane

for 1 hat room temperaturdlembrares werancubated with primary antibody diluted in

2% nonfat milk in 0.05% PBSTover ni ght at 4ew@thPBSd,shed t hr e
incubated irthesecondary antibodgiluted in 2%non-fat milk in PBST for 1 hat room
temperature, followed by three washes in 0.05%-FB3RP wasdetected using
chemiluminescent Luminata Crescendo Western HR#3tgate (Milliporé andexposd

to film (Denville Scientific Ing.

2.22 GST pull down assay

GSTfusion proteins were bound to glutathione agarose (GST) beads (Sigma
Aldrich) in Triton X-100Lysis Buffer (10mM Tris pH 7.4, 150mM NaCl, 1% Tritor X
100, 10ug/mPMSFwith complete potease inhibitor cockil) (Roche Applied Science)
tumblingfor2hat G$TMeads were whed three times with lysis buffer, one time
with 1X PBS and resuspended in &X PBSslurry supplementeavith complete protease
inhibitor cocktail.His-tagged fusion proteins or cell lysates were incubated with the GST

bound fusion proteins for either 2 h or overnjght mb 1 i ng at 4eC. GST b
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washed four times with lysis buffer and one twith 1X PBS, resuspended in 5X

Laemmli buffer andesolved by SD$age.
2.23 CARbinding Assay

Cells were lysed in Buffer A (50 mM TrdCI pH 7.4, 100 mM NaCl, 1 mM
EDTA, and complete protease inhibitors supplemented with 0.5%0)H-ive percent
of cell lysate was keep for input with the remainingtelff s at e i ncubated for
with 30 pL of the mRNA cap analog’@TP-Sepharose (GE Healthcare) in buffer A. The
m’GTP-Sepharoséound proteins were washed three times withdsuff once with 1X
PBS withcapbound proteingluted with 5X Laemmli buffemesolved by SDAGE

andrevealed byVestern Blotting.
2.24 Mass Spectrometry

Three 15 cm plates of both HeLa scramble and PRMT6 shRNA stable cell lines
were grown to eighty percent confluence. Cells were pelleted and lysed in 1 mL of RIPA
lysis bufferr ot at i ng at 4eC f or ¢dbfiddrispy mi nut es wi t
centrifugation at 16000 fpr fifteen minutes. DDX3 was immunoprecipitated from both
the scramble and PRMT6 shRNA lysates using 6 pg of DDX3 antibody. Two hundred
microliters of 50:50 sluy of protein A sepharose slurry was added to the lysate and it
was incubated overnight rotating at 4eC. P
times with 1 mL of RIPA lysis buffer and one time with 1 mL of PBS, rotating for 5 min
at 4e¢C f oBeadswaarecenwifagahl300 go collect the beads. Samples
wereresuspended in 5X Laemml| i and werihened f or

run on an 8% SD®AGEgel. Post gel electrophoresis, the gel was washed three times
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for 5 minutes in Mili-Q water. The gel was then stained for one hour with Simply Blue
Self Stain, destained for one hour with MiQi water, and further destained in Mil

water overnight. Post destaining, the protein bands corresponding to DDX3 from both the
scramble andRMT6 shRNAcell linesweree x ci sed and stored in 1%
Proteins were digested-gel using chymotrypsin and extracted in 5% formic acid and

50% acetonitrile. The resulting peptide extracts were concentrated by vacufuge and re
suspended i0.1% formic acid. Peptides were analysed by liquid chromatography

tandem mass spectrometny an UltiMate 3000 RSLC nano HPL&hd an LTQ Orbitrap

XL hybrid mass spectrometer with nanospray ionization solMtass spectrometry was
performed at the Ottawa ldpital Research Institute Proteomics Core FachtjSCOT
software version 2.4 was used to infer peptide and protein identities from the mass

spectra.

2.25 Statistical Analysis

Statistical analysis was performed using a Studeest, one wawnalysis of

variance (ANOVA), or a two way ANOVA using a confidence interval of 95% or 99%.
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Chapter 3 Protein Arginine Methyltransferase 1 Isoform 2 Promotes Breast Cancer

Cell Survival and hvasiveness

(Work from this chapter of the dissertation was published in Cell Cycle (2012) 1:1:24 1
16. Alternatively spliced protein arginine methyltransferase 1 isoform PRMT1v2
promotes the survival and invasiveness of breast cancer kllsontribution to this
publication included the work presented in Figures 1, 2, 3, 4, 5(f, g), 6, and 6{ahe)

manuscripi

PRMT1 has been implicated in the development of numerous cancers including
breast cancgiGoulet et al., 2007; Mathioudaki et al., 2011; Mathioudaki et al., 2008;
Papadokostopoulou et al., 2009; Yoshimatsu et al., 2@teynative splicing of the N
terminal portionof PRMT 1 yields seven distinct isoforms which possess distinct cellular
localization andn vitro substrate specificitfGoulet et al., 2007)Therefore, it can be
hypothesized that each isoform is functionally digtifFRMT1 isoform 2 (PRMT1v2),
the only isoform which contains exon 2 in its translated sequence is the only isoform with
predominantly cytoplasmic cellular localization, and its mMRNA and protein levels are
overexpressed in a panel of breast cancer celdshiigher extent than the other isoforms
(Goulet et al., 2007)Therefore, iis important to elucidate the function PRMT1v2 may

perform in the development and/or progression of breast cancer.

3.1 Characterization of a PRMT1v2 Specific Antibody

A PRMT1v2 specific polyclonal antibody was raised against thegepaquence
of exon 2 (Figure 3A). Via western blot, the PRMT1v2 specific antibody detected His

tagged PRMT1v2 purified protein, but didt detect Higagged PRMT1v1 or PRMT1v3
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purified proteins, whicldlo not contain exon 2 (Figure 8)L Compared to a paRRMT1
antibody raised against thet€minus of the protein (Cote, Boisvert et al. 2003), which
recognizes two bands in MCF7 cell Iysdéor PRMTL1, a lower band corresponding to
40.5 kDa for PRMT1v1 and an upper band corresponding to 42.5 kDa for PRMT1v2; the
PRMT1v2 specific antibody only recognizes the upper band atkd?a (Figure 3.C).
Moreover, the specificity of the PRMT1v2 ardgdy was confirmed using RNA
interference. MCF7 cells were mock transfected, transfeatada nonsilencing siRNA,

or co-transfected with si/ShRNA targeting PRMT1v2. The PRMT1v2 siRNA and shRNA
target the same sequencehimtexon 2 of PRMT1v2 (Figure 3A3. This methodology

was employed as transfection with either the PRMT1v2 siRNA or shRNA did not
efficiently deplete PRMT1v2 levels. Efficient deibn of PRMT1v2 mRNA (Figure

3.2B) and proteir(Figure 3.Z) levels in MCF7 cells was observed over the Tizne

period examined. PRMT1v1 mRNA and protein levels were not decreased upon
PRMT1v2 depletion. Similar results were observed for PRMTdefetion at the mRNA
(Figure 3.2D) and protein (Figure Eplevel in T-47D cells and at the pi@in levels in

Hs5@T (Figure 3.2F) and MDA MB 231 (Figure &2cells.

Previous experimental data showed that PRMT1v2 proteins levels were over
expressed in a panel of breast cancer cells relative to mammary epitheli@gboalkst et
a., 2007) This result was observed using the4F&MT1 Gterminal antibody, and now
subsequently confirmed using the PRMT1v2 specific antibody. In comparison to
immortalized, normal mammary epithelial MCF10A cells, the protein expression of
PRMT1v2 iselevated in all the breast cancell tees investigated (Figure 343.

Densitometry analysis shows between a-fold and sixfold increase for PRMT1v2
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3.1A)

PRMT1v2: e Exon 2
| Exon1 INFVATLANGMSLQPPLEE] Exon4 | Exon5 | -Exon6to 12
—— E—

AATTTTGTAGCCACCTTGGCTAATGGGATGAGCCTCCAGCCGCCTCTTGAAGAA

PRMT1v1: B

I Exon 1 I Exon 4 I Exon 5 I—Exon6to12

PRMT1v3: e
I Exon 3 l Exon 4 l Exon 5 I-ExonGto 12

B)

1 ug 0.5 nug 0.25 ng

vl v2 v3 v1 v2 v3 v1 v2 v3

-PRMT1v2| . .
-PRMT1v1|His
“-PRMT1v3

PRMT1v2

o

- 48 kDa

. PRMT1 (C-terminal)
‘ PRMT1v2
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Figure 3.1 Characterization of PRMT1v2 Specific Antibody

(A)Schematic of PRMT1v2, PRMT1v1, and PRMT1v3. The PRMT1v2 specific antibody
was raised against the peptide sequence of exon 2. (B) Western blot analysis of purified
His-tagged PRMT1v1, PRMT1v2, and PRMT1v3 proteifise His antibody recognizes

all three Histagged PRMT1 isoforms (top panel), while the PRMT1v2 specific antibody
only recognizes Hisagged PRMT1v2 (bottom panel). (C) Western blot analysis of

MCF7 lysate using a paPRMT1 antibody against the-t€€rminus of PRMTL1 (lane 1)

and the PRMT1v2 specifantibody (lane 2). The paPRMT1 antibody recognizes a

lower band corresponding to 40.5 kDa for PRMT1v1 and an upper band corresponding to
42.5 kDa for PRMT1v2, while the PRMT1v2 specific band only recognizes the 42.5 kDa
band for PRMT1v2.
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3.2A)

siPRMT1v2: 5 UGUAGCCACCUUGGCUAAUGGGAUG

ACAUCGGUGGAACCGAUUACCCUAC 5’

Hairpin

Sense Antisense

shPRMT1v2: 5 TGTAGCCACCTTGGCTAATGGGATGTCAAGAGCATCCCATTAGCCAAGGTGGCTACATTTTIT
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Figure 3.2 Depletion of PRMT1v2 mRNA and Protein Levels by RNA Interference

(A) PRMT1v2siRNA and shRNAargeting sequencé&otal RNA was collected from
MCF7 and F47D cells transfected witRRMT1v2 sishRNA at 24, 48, and 72 h pest
transfection and at 72 h for mock transfected and control siRNA (control) transfected
cells. PCR analysis of cDNA generated from total RNA with PRMT1 primers shows a
depletion of PRMT1v2 mRNA in (B) MCF7 and (D}4I7D cells. No depletion of
PRMT1v1 was obkerved upon PRMT1v2 depletioBAPDH was used as a loadin
control. Total proteinvas collected from cells transfected with PRMT1V2HRNA at

24, 48, and 72 h postansfection and at 72 h for mock transfecied control SIRNA
(control) transfected cells. Western blot analysis of protein lysitietie PRMT1v2
antibody reveala depletion of PRMT1v2 protein levels in (C) MCF7, (E¥7D, (F)

MDA MB 231 (G) Hs578T cells. No depletion of PRMT1v1 wasetved upo

PRMT1v2 depletionn (B) MCF7 and (D) 47D cells determined using the pan
PRMTlant i body . -tGhAlRBRassed as lodding controls.
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Figure 3.3 PRMT1v2 Protein Levels are hcreased in a Panel of Breastancer
Cells

(A) Protein lysate was collected from different breast cancer cell lines. Western Blot
analysis using the PRMT1v2 antibody shows elevated PRMT1v2 protein levels in all
breast cancer cells examined in comparison to protein levels in MCElBAtop

panel). GAPDH was used as a loading control (bottom panel). (B) Densitometry analysis
was performed by normalizing PRMT1v2 protein levels to those of GAPDH. Relative to
MCF10A cells, a twefold to sixfold increase in PRMT1v2 protein levels wasserved.

Data represents the averagethé standard error for three independent experiments.
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protein levels in the breast cancer cell lines studied compartte MCF10A cells

(Figure 3.8).

3.2 PRMT1v2 Depletion Affects Breast Cancer Cell Growth and/iability

To assess the effect of PRMT1v2 depletion on breast cancer cell growth and
viability, MCF7, T-47D, and Hs578Were transfected witRRMT1v2si/shRNA and
assessed 24, 48, 72 h pusinsfection. PRMT1v2 depletion resulted in a significant
decrase in viable cells measured using the Trypan Blu#uSion Assay in MCF7
(Figure 3.4A), F47D (Figure 3.4B) and Hs578T (Figure @)4In MCF7 cells, a 40%
decrease in cell viability was observed 72 h post PRMT1v2 depletiole, in T-47D
cells,a 35% to40% decrease in viability was observed 48 h to padt depletion.n
Hs578T cells, a 60% decrease iability was observed 48 h pesansfection. The
results for all three cell lines examined, MCF7#47D and Hs578T were statistically
significant in @mparison to cells transfected with a relencing siRNA control as

measured using a Student T Test with a 95% confidence interval.

Subsequently, the effect of PRMT1v2 depletion on cell growth over time was
measured sing an MTT assaPRMT1v2depletionresulted in a statistically significant
decrease in cell growth 48 and 72 h post PR¥ETknockdown in MCF7 (Figure 3.5A),
T-47D (Figure 3.5B), and Hs578T (Figure @)xell lines. In additional to a statistically
significant decrease at 48 and 72 h, #isteally significant decrease in cell growth was
observed 24 h post PRMT1v2 knockdow MDA MB 231 cells (Figure 3I5). To
confirm that the decrease in cell growth was not due to transfection of a PRMT1v2

siRNA and shRNA combination, MCF7 cells werenstected with a nosilencing
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Figure 3.4 Depletion of PRMT1v2 Affects Breast Cancer Cell Viability

(A) MCF7, (B) T-47D, or (C) Hs578T cells were transfected with PRMT1v2 si/shRNA
for 24, 48, and 72 h, mock transfected for 72 h or transfected with a control SIRNA
(control) for 72 h. Adherent and naalherent cells were collected and stained with
Trypan Blue 200 cells were counted and the percentage of viable cellsT{rypan Blue
stained cells) were countddRMT1v2 depletion results in a decrease in cell viability in
all three cell lines examinebata represents the averagetté standard error of the
mean for three independent experiments. * denotes statistical significance at p<0.05
determined using a Studenitdst.
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Figure 3.5 Depletion of PRMT1v2 affects Breast Cancer Cell Growth

(A) MCF7, (B) T-47D, (C) Hs578T, or (D) MDA MB 231 cells were plated at equal
numbers and mock (D), cophzyolrdédnsfect EPRMITA
assessed by MTT assay at 0, 24, 48, and 72 kaostfection. (E) MCF7 cells were

pl ated at equal numbers and mock ( DJ, cont
transfected and assessed by MTT assay at 0, 24, 48, and 7 2tapsfgiction.

PRMT1v2depletion results in a decrease in cell growxhta are the mean of three

independent experiments with six replicates per experiment. * denotes statistical

significance determined using a Studefte$t (p<0.05).
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siRNA in tandem witha nonsilencing shRNATransfection of this combination did not
result in a decrease in cell growth compared to mock transfectedreglise 3.T).
Additionally, PRMT1v2 depletion resulis an increase in the numbafrrounded cells
and cells exhibitingnenbrane blebbingMCF7 (Figure 3.8\), T-47D (Figure 3.6B),
Hs578T (Figure 3.6C), MDA MB 231 (Figure B§; morphologies consistent with an

increase in cell death.

3.3Depletion of PRMT1v2 Induces Apoptosis

To determine if RMT1v2 depletion resulted imcreasd cell dedh, flow
cytometry was performed. MCF7 anedl7D cells were used for this analysis. Cells were
stained with propidium iodide to measure the phase in the cell cycle in which the cells
were present. PRMT1v2 depletioesulted in an increase in the percentaigeells
exhibiting an increased sub; cell cycle profile in both MCF7 and-Z7D cell lines, a
phenotype often indicative of apoptotic cell death. In MCF7 cells, 24.5% of cells
exhibited an increased si@ profile 24 h post PRMT1v2 depletion, 19.4% 4Bdst
depletion, and 15.7% 72 h post depletion. Contrarily, in cells transfected with the non
silencing control, 4.1%, 4%, and 5.5% of cells exhibited aGiilprofile 24 h, 48 h, and
72 h post transfection, while in mock transfected (control) cells, 3%4%, and 4.2% of
cells exhibited a sul®; profile 24, 48, and 72 h pestnskction, respectively (Figure
3.7A & 3.7B). The subG; percent of cells was statistically significant relative to the-non
silencing control siRNA results at 24anhd 48 h postRMT1v2 depletiondetermined
using a Student T test with a 95% confidence interval -47D cells, 13.3% of cells
exhibited an increased s profile 24 h post PRMT1v2 depletion, 15.2% 48 h post

depletion, and 13.2% 72 h post depletion. This contragtsiw%, 1.8%, and 1.1% of
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Figure 3.6. Depletion of PRMT1v2 Increases Membrane Blebbing and the Number
of Rounded Cells

Morphology of (A) MCF7, (B) 47D, (C) Hs578T, (DMDA MB 231 cellsupon
transfection with control SIRNA or RRT1v2 si/shRNA 24 and 48 h pestansfection.
Images were taken at 20X magnification with insets focused on an area in the field of

view.
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Figure 3.7: Depletion of PRMT1v2 Increases the Sulis; Cell Cycle Profile in MCF7
Cells

(A) Representative flow cytometgnalyses of propidium iodide (FP3jained MCF7 cells
following mock, control siRNA, and PRMT1v2 si/shRNA transfection at 24, 48, and 72
h. (B) Percentage of su3; population for MCF7 cells. Data are the meanstdndard

error of five independent experants. * denotes statistically significance (p<0.05).
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cells 24 h, 48 h, and 72 h, respectively, in1sdancing control siRNA transfected cells
and 2.1%, 2.4%, and 1.1% in mock transfé¢tontrol) cells (Figure 3.8A & 3B.
Similarly to MCF7 cells, atatistically significant difference ithesubG; profile was
observed betweetells transfected with a nesilencing control siRNA and cells

transfected with PRMT1v&i/shRNA at 24 h and 48 h pesansfection.

To confirm that the observed increasehe percentage of sub; cells upon
PRMT1v2 depletion was due to apoptosis, annexin V staining of cells was performed
with detection of annexin V by flow cytometry. Annexin V binds to phosphatidylserine
which is located in the inner layer of the cekkmbrane, which translocates upon the
induction of apoptosi@Martin et al., 1995)This phenotype is an early marker of
apoptosis. Cataining was performed with propidium iodide to differentiate between
apoptotic stining with annexin V and necrosis with propidium iodide. Annexin V
staining was assessed 24 h post PRMT1v2 depletion in MCF7-4RD Tells, as at this
time point the most efficient depletion in PRMT1v2 protein expression was observed.
The green fluoresmce gate (annexin V) for flow cytometry was set usir@Avl GFP
stablyexpressing cellsyhile the red fluorescence gate (propidium iodide) was set using
MCF7 cells stained ith propidium iodide (Figure 348). In MCF7 cells transfected with
a control siRNA 97.6% +/ 1.1% of cells were unstained while 2.34% %/1% were
stained with annexin V, while in mock transfected (control) cells, 97.6%.2%o0f cells
were unstained and 2.43% 1/2%of cells were stained with annexin V. In contrast, in
cells depéted of PRMT1v2, 81.2% +2.1% of cells were unstained, 14.2% 2/0% of
cells were stained with annexin V and 4.62%0t11% of cells were eetained with

both annexin Vand propodium iodide (Figure 8% In T-47D cells, 97.3% +/1.2% of
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Figure 3.8 Depletion of PRMT1v2 Increases the Sulis; Cell Cycle Profile in T-47D
Cells

(A) Representative flow cytometgnalyses of propidium iodide (F3jained F47D cells
following mock, control sSiRNA, and PRMT1v2 si/shRNA transfection at 24, 48, and 72
h. (B) Percentage of su; population for T47D cells. Data are the mean standard
errorof fourindependent expenents. * denotes statistically significance (p<0.05).
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Figure 3.9 Depletion of PRMT1v2 Induces Apoptosis

(A) Contrds for annexin V and propidiunodide cestaining experiments for apoptosis.
MCF7 unstained cells, red fluorescent cells, and green fluorescent cells were used for
guadrant determination for flow cytomet(8) Representative imagfor MCF7 and T

47D cellsmock transfected (control,ansfected with a control sSiRNA or PRMT1v2
si/shRNA and cestained with anexin V and propidium iodide for flow cytometry
analysis Percentages within each quadrant represent the meidue standard error for
three independent experiments. * denotetissitzal significance (p<0.05).
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cells were unstained with 2.69% 4/7% of cells stained with annexin V in cells
transfected with the control siRNA. In mock transfected (control) cells, 97.3%3%

of cells were unstained and 2.68% /3% of cells wee stained with annexin V. In
comparison, 82.7% +#4.1% of cells were unstained, 13.6% 3/0% of cells were

stained with annexin V and 3.73% 1/1% of cells were cgtained with annexin V and
propidium iodide in cells ctransfected wh PRMT1v2 si/sRNA (Figure 3.8). For

both the MCF7 and-B7D cell lines, upon PRMT1v2 depletion there was a statistically
significant increase in the percentage of cells stained with annexin V compared with
control siRNA transfected cells, as determined using a Stlidesst with a 95%

confidence interval.

To further validate that apoptosis was occurring upon PRMT1v2 depletion,
cleavage bPARP, an additional early marker of apoptosiss assessed. Both MCF7
and T-47D cells were mock transfected, transfected witbrarol siRNA or transfected
with a PRMT1v2 si/shRNA. Protein samples were collected 6, 12, 18, and 24 h post
PRMT1v2 transfection while protein samples were collected 24 h post mock and control
siRNA transfection. Upon PRMT1v2 depletion, an increase awvele PARP was
observed 18 h post transfiect in both the MCF7 (Figure 3.) and 47D (Figure
3.1MB) cell lines in comparison to the control siRNA transfected cells. These results

demonstrated that inhibition of PRMT1v2 expression induces apoptotubeceH.

3.4 PRMT1v2 Depletion Inhibits Breast Cancer Cell Motility and Invasion
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Figure 3.1Q Depletion of PRMT1v2 Induces PARP cleavage

A) MCF7or (B) T-47D cells were transfected with PRMT1v2 si/shRNA for 6, 12, 18,
and 24 h, and mock transfected or transfected with a control sSiRNA for 24 h and protein
lysates were collected. Western blot analysis using an antibody feAB&tyribose
polymeras¢PARP) shows an increase in cleaved PARP, an early marker of apoptosis.
GAPDH was used as a loading control.
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To examine the effect of PRMT1v2 depletion on cell line motility and invasion,
the MDA MB 231 cell line, a highly invasive breast cancer ced Was utilized.
Transwellchambers were employed to measueility and invasion. Cells wengaced
within the top of the Transwell chamber in serum free media, with media containing a
chemeattractant (fetal bovine serum) below the chamber. Cells wWereeal to migrate
through the chamber for a 24 h incubation period. Following the 24 h incubation period,
cells in the top of the chamber were removed, while the cells that migrated through the
chamber were fixedstained and counted (Figure 3A)1The chambers used to measure
invasion differ from the chambers utilized to measure motility as the invasion chambers

contain a matrigel layer which mimics a reconstituted basement menifbnztre.

Similarly as above, PRMT1v2 protein levels were reduzet post transfection
with the PRMT1v2 si/shRNA comped to cells mock transfected toansfectedvith a
control siRNA (Figure 3.1B). PRMT1v1 protein levels were not decreasedrup
PRMT1v2 depletion. Twentfour hours postransfection50 000mock trangected cells,
control siRNAtransfected cells, arells cotransfected withite PRMT1v2 si/shRNA
were incubated in the Transwell chambers to measure both the rate of matilitiyigel
layer) and invasion (+ matrigel layer). For motility, 177.62:6 nock transfected cells,
199.5 +f 4.6 control sSiRNA transfected cells and 113.818.7 PRMT1v2 si/shRNA
transfected cells passed through tih@nBwell chambers (Figure 3.11C & 3E)1There
is a statistically significant reduction in motility in the PRMPRIdepleédcells compared
to both the mock and control siRNA transfected cells, as determined using a Student T
test with a 99% confidence interval. For invasion, 84-84 mock transfected cells,

91.5 +£ 1.5 control siRNA transfected cells and 29/23t1 PRMT1v2
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Figure 3.11 Depletion of PRMT1v2 Decreases MDA MB 231 Motility and Invasion

(A) Schematic image representing a Transwell chamber. Cells are incubated in the top
portion of thechamber in serum free mediaela containing fetal bovine serumhich
serves as a chemoattracplaced in the bottom portion of the chamber. Cells migrate
through the chamber during the incubation period and then are fixed, stained, and
counted(B) MDA MB 231 cells were mock transfected, transfected with a control
SiRNA or PRMT1v2 si/shRNA for 24 h argfotein lysates were collected. Western blot
analysis wih the PRMT1v2 antibody shows a depletion of PRMT1v2 protein levels with
no effect on PRMT1v1 protein levels. GAPDH servethadoading control. 24 h pest
transfectioncells werecounted andhcubated on Transwell chambers to measure
motility or invasia for 24 h. Cellghat passed through the chambers in the absence of
matrigel (motility) (C) or presence of matrigel (invasion) (D) were counted. Data
represents the mean-the standard error for three independent experimenGEp<
relative to control). (E) Photo images of celiatpassed through the Transwell chambers
in the absence/presence of matrigel. Images taken at 20X magnification
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depleted cells passed through the Transwell chambers (Figure 3.11D & 3.11E). Similarly
to motility, there is a statistically significant reduction in the invasive potesftidDA
MB 231 cells upoPRMT1v2depletion determined using a Studentdst with a 99%

confidence interval.

3.5 Overexpression of PRMT1v2 Promotes Breast Cancer Cell Mbty and

Invasion

As it is impossible to measure the exact contribution that induction of apoptosis
upon PRMT1v2 depletion has on the decrease in both motility and invasion in MDA MB
231 cells, the effect of PRMT1v2 overexpression on motility and ionagas assessed
to corroborate the above results. MCF7 ¢ellsich are a luminal epithali-like breast
cancer cell lineonsidered to be weakly invasjweere utilized(Lacroix and Leclercq,

2004) Stablyexpressig GFRPRMT1v2 cell lines were established along with a GFP
expressing and GFRPRMT1v1 expressing cell line as a control and for comparison,
respectively. Expression of GFP was measured both thriougunofluorescence
(Figure 3.12A) and Western Blot (Figu3.1B). Furthermore, expression of both
PRMT1v1 and PRMT1v2 as measure by RPCR (Figure 3.12) and Westrn Blot
(Figure 3.1D). Localization of PRMT1v1 was predominantly nuclear while PRMT1v2
localized predominantly to the cytoplasm, consistent with previously published data

(Goulet et al., 2007; Herrmann and Fackelmayer, 2009)

MCF7 expressing GFP, GAHPRMT1v1, and GFFPRMT1v2 cells were
incubated on Transwell chambers for 72 h to measure the rate of both motility and

invasion. For motility, 8.4 +/0.7 GFP expressing cells, 29.% $/6 GFRPRMT1v1l
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Figure 3.12 Establishment of Stably Expressing GFFPRMT1v2 MCF7 Cell Lines

(A) Representative GFP fluorescent images of MCF7 cells stably expressing GFP, GFP
PRMT1v1 or GFFPRMT1v2. Imagesverecapture at 40X magnification. Protein

lysates were collected from MCF7 cells stably expressing GFP-RGRPT1v1l or GFP
PRMT1v2. Western blot analysis was performed with antibodies against (B) GFP and
(D) PRMTL1. Tubulin or GAPDH serve as loading coigr (C)Total RNA was isolated

from MCF7 cells stably expressing GFP, GFRMT1v1 or GFFPRMT1v2. PCR

analysis was performed from cDNA generated from the RNA using primers specific to
PRMT1 GAPDH serves as a loading control.
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expressing cells, and 26.9- 4.2 GFRPRMT1v2 expressing cells migrated through the
chamber (Figure 3.13A & 3.13C). There was a statistically significant increase in both
theMCF7 GFRPRMT1v1 and GFPRMT1v2 cells migrating through the motility
chambers, determined using a Studeiest with a 95% confidence interval. In contrast
for invasionl.2 +£ 0.3 GFP expressing cells, 2.2 /3 GFRPRMT1v1 expressing

cells, and 7.2 +/1.1 GFRPRMT1v2 expressing cells migrated through the matrigel
containing chambers (Figure 3B& 3.13Q. The increase in the number of GFP
PRMT1v2 expressing invasive cells relative to both the GFP and thee&FH 1v1
expressing cells was statistically significant, as determined using a Stutisttwith a
95% cotidence interval. Furthermoréhée diffelence in invasion between the GFP and
GFRPRMT1v1 expressing cells was not statistically significant. The increase in invasion
in GFRPRMT1v2 expressing cells is not digeany proliferative advantage MCF7 ezl
may have acquired due to oggpression of PRT1v2 as no statistical difference in
proliferation between GFPRMT1v2 and GFP or GFPRMT1v1 expressing cells
measured via an MTT assay is obselv2 h post plating (Figure 3B Although a

statistically significant difference in proliferation is obsed 144 h post plating.

The above result illustrating an increase in invasion in setpgyessing GFP
PRMT1v2 MCF7 werdurther confirmed through transient overexpression of PRMT1v2
in parental MCF7 cells. GFP empty vector, GFRMT1v1,-PRMT1v2, and PRMT1v3
were overexpressed MCF7 cells for 24 h (Figure 3.29, counted and incubated in
Transwell invasion chambers (+ matrigel layer) for 72 h. 6.4 2/MCF7 cells
transiently transfected with GFP empty vector, 8:21 GFRPRMT1v1 expressing,

16.3 +£ 1.8 GFRPRMT1v2 expressing and 7.3-€.6 GFRPRMT1v3 expressing cells
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Figure 3.13 Stable Overexpressiorof PRMT1v2 Increases the Invasive Potential of
MCF7 Cells

MCF7 cells stably expressing GFP, GFRMT1v1 or GFFPRMT1v2 were counted and
incubated on Transwell chambers for 72 h. Cells that migrated through the chamber in

the absence/presence of matrigerevcounted and the average number of cells per field

for (A) motility and (B) invasion was determined. Data is the meathe/standard error

for four independent experiments. * denotes statistical significance p<0.05 comparing to
GFP, while # denotesattstical significance p<0.05 comparing to GFRMT1v1. (C)

Photo images of GFP, GHFRMT1v1 or GFFPRMT1v2 cellghatmigrated through the
Transwell chambers in the absence of matrigel (motility) or presence of matrigel

(invasion). Photos capturedat2éXa gni fi cati on. (D) An equal
GFRPRMT1v1l (Y)RMINMVG@GFRz) cells were plated a
performed 1, 3, and 6 days post plating. Data represents the méam standard error

of three independent experiments with nineiogpés per experiment. * denotes

statistically significant p<0.05.
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migrated through the Transwell chambers (Figure 3.14B). There is a statistically
significant increase in GFPRMT1v2 expressing cells migrating through the Transwell
chamberselative to G-P empty vector expressing celiigtermined using a Studert T
test with a 95% confidence interval. These results show that overexpression of both
stably and transielytexpressed PRMT1v2 is capable of promoting invasion in MCF7

cells.

Subsequently,itwvea det er mined i f PRMT1lv26s cytop!
methyltran$erase activity were requirddr promoting invasion using two PRMT1v2
mutant forms, an NES mutaatd a methyltransferase deadtant. The NES mutant was
generated through point mutatgoaf two hydrophobic residues (V15A/L18A) to alanines
within the nuclear export sequence. Mutation of these residues results in increased
nuclear retention of PRMT1V&oulet et al., 2007)The methyltransferase deamitant
was generated through mutation of three amino a8 ° Y *8AAA ) within the S
adenosyl methionine binding region. This mutant resultsércomplete loss of
enzymatic activity and results in the sequestration of PRMT1v2 in the nyéleasnann
and Fackelmayer, 2009; Wada et al., 200Re PRMT1v2 NE and methyltransferase
deadmutants were overexpressedMICF7 cellsfor 24 h (Figure 3.14), counted and
incubatedm Transwell invasiochambers for 72 h. 6.4-+1.2 MCF7 cells transiently
transfected with GFP empty vector, 16.3%+8 GFRPRMT1v2 expressing, 10.9-+.3
GFRPRMT1v2 NES mutant, and 1.8-€.6 GFRPRMT1v2 methyltransferase dead
mutant cells migrated throughe invasbn chambers (Figure 3.B). There was a
statistically significant decrease in invasion of GHRMT1v2 methyltransferase dead

expressing cells relative to GFP empty vector expressing cells. Furthermore, there was
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Figure 3.14 PRMT1v2 Promotion of Invasion in MCF7 cells is Dependent on its
Cytoplasmic Localization and Methyltransferase Activity

(A) A GFP empty vector (control), GHPRMT1v1l, GFPPRMT1v2, GFPPRMT1v3,
GFRPRMT1v2 NES mutant and GHFRMT1v2 Methylase mutant wetensfected into
MCF7 cellsfor 24 h. Protein lysate were collected and Western blot analysis was
performed with an antibody against GFP. Tubulin was used as a loading d@)t&l.h
posttransfection, cells were counted and an equal number were pidteahswell
chambers with matrigel for 72 h. Data represents the meatafidard error fathree
independent experimentsdenotes statistical significant p<0.05 comparing to control; #
denotes statistical sigidant p<0.05 comparing PRMT1v2.
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also a gynificant decrease in invading cells in GPRMT1v2 NES and
methyltransferase dead mutant expressing cells relative tePBIMPT1v2 expressing
cells. Statistical significance was determined using a Studesgt with a 95%
confidence interval. These resusuggest that PRMT1v2 cytoplasmic localization and

methyltransferase activity are required for PRMT1v2 to promote invasion.

To further validate that indeed PRMT1v2 promotes an increase in invasion in
MCF7 cells, the following rescue experiment was pentd. It was rationalized that
stable overexpression of PRMT1v2 should confer resist to the inhibition of invasion
observed upon transient depletion of PRMT1v2. Therefore, MCF7 stably expressing
GFP, GFPPRMT1v1, and GFRPRMT1v2 were transiently transfedtevith PRMT1v2
si/shRNA. Through PCR analysis, it was determined that-BRMT1v2 expressing
cells maintained higher levels of PRMT1nvRNA upon transfection with PRMT1v2
si/shRNA through dnsitometry analysislative to the mock contrdFigure 3.13\).
MCF7 stably expressing GFP, GIFRMT1v1, and GFPPRMT1v2 cells were
transfected with PRMT1v2 si/shRNA for B4counted and incubated in Transwell
invasion chambers for 72 h. To analyze the decrease in invasive potential upon
transfection with PRMT1v2ishRNA, the values obtained for the GFP, GHRMT1v1,
and GFPPRMT1v2 cell lines were normalized to their respective mock tratesfec
controls. UporPRMT1v2depletionin each stably expressing MCF7 cell line (GFP,
GFRPPRMT1v1l, GFPPRMT1v2) there was a ststically significant decrease in invasion
relative to the invasive potential for control siRNA transfected cells in each respective
cell line (Hgure 3.1%). However the decrease in invasion in the GFP and-GFP

PRMT1v1 expreseg cell lines wasignificantly greater than in the GHPRMT1v2
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Figure 3.15 Stable Overexpression of PRMT1v2 is Sufficient to Partially Rescue the
Decrease in Invasion upon Transient Depletion of PRMT1v2

(A) Stably expressing MCF7 GFP, GIPRMT1v1,and GFPPRMT1v2 cells were
transiently transfected with PRMT1v2 si/shRNA for 24, 48, and 72 h or mock transfected
and control sSiRNA for 72 h. Total RNA was isolated and PCR analysis was performed
with cDNA generated from the RNA with primers specific tdWPR.. GAPDH was used

as a loading control. Densitometry was performed to determine the relative level of
PRMT1v2 mRNA expression upon transient deptettd PRMT1v2 by normalizing
PRMT1v2 to GAPDH(B) 24 h postransfection, cells were counted and an equal

number were incubated in Transwell chambers with matrigel for 72 h. Data represents the
mean + standard error of three independent experiments. * denotes statistical
significance p<0.05 compared with matched control transfection. # denotes statistical
significance p<0.05 compared with MCF7 GE@&lIstransfected with PRMT1v2

si/shRNA
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expressing cells. Thus, stable overexpression of PRMT1v2 was sufficient to partially
rescue the invasive phenotype observed in MCF7 cells. Statistical significance was
performed using a Studentt&st with a 95% confidendeterval. Therefore, these result

corroborate the previous evidence implicating PRMT1v2 in cell invasion.

3.6 Overexpression of PRMT1v2 Alters Breast Cancer Cell Morphology

MCF7 cells are polygonal in nature and form tightdelherin positive adherens
junction colonies in cultur@_acroix and Leclercq, 2004; Shtutman et al., 2006)
Examination of the MCF7 GFP, GFRRMT1v1, and GFPPRMT1v2 stably expressing
cell lines revealed an increase in the number of loose and dis@gaibniesn GFR
PRMT1v2 cells (Figure 3.3). Additionally, numerous cells displegfilopodia ard
small lamellipodia (Figure 3.29, attributes consisntwith cells exhibiting increased
migratory potentia{Hall, 2005; Jaffe and Hall, 2005; Schafer, 2004; TomaskGvank
et al., 2009) Moreover, a cytoplasmic dispersion eétin, which localizes to cetlell
adherens junctions, wabserved in GFPRMT1v2 cells, in contrast to localization at
junctions in GFP cells (Figure 3.8 In GFRPRMT1v2 cells, Factin localization to
filopodia and lamellipodia structures was also observed. A similar phenotype, highly
disorganized colonies tin decreased-kctin localization to ceitell junctions with
increased filopodia and lamellipodisas also observed in GFFRMT1v1expressing

cells (Figure 3.16A & 3.1B).

To quantify the changes in colony structure that were observed between the GFP,
GFRPRMT1v1 and GFAPRMT1v2 expressing cells, a colony dispersion assay was

performed. One thgsand cells from each cell lingere plated and allowed to grow for
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Figure 3.18 Overexpression of PRMT1v2 Results irAltered Morphology in MCF7
Cells

(A) Representative phase contrast and fluorescence images of MCF7 cells stably
expressing GFP, GFPRMT1v1, or GFFPRMT1v2. Arrowheads indicate the presence
of filopodia and lamellipodia. Magnifications are indicated toldfie (B) Fluorescent
images of actin filament using FIT€bnjugated phalloidin in MCF7 cells stably
expressing GFP, GFPRMT1v1, or GFFPRMT1v2. Arrowheads indicate the presence
of filopodia and lamellipodia. Magnifications are indicated to the left.
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five days to allow colony formation. One hundred images of colonies were taken and the
colonies were classified as compact, loose, or scattered (Figure 3.17A) independently by
three different individuals. Relative to the GFP expressing cells, overexpressio
PRMT1v2 resulted in a 45% decrease in compact colonies and a 28% increase in loose
and a 15% increasa scattered colonies (Figure 3B)7 Similarly, overexpression of
PRMT1v1 resulted in a 46% decrease in compact colonies and a 19% increase in loose
and a 25% increase in scattered colonies. A statistically significant decrease in the
number of compact colonies was observed in the-BRFMT1vl and GFPPRMT1v2

cell lines compared to the GFP celiigtermined using a Studerntdst with a 95%
confidencanterval. These results are consistent with the decreasagtirFpositive cell

cell junctions in GFFPRMT1v1 and GFRPRMT1v2 cell lines and the increased motility

observed upon overexpression of both PRMT1v1 and PRMT1v2.

3.7 PRMT1v 2 -BatepimEgpsessorsResgulting in Increased Cell Invasion

The altered morphology observed in MCF7 GFRMT1v2 overexpressing cells
indicated that the disruption oélt-cell adherens junctionmplicates PRMT1v2 in the
promotion of invasion. MCF7 cells, which angitheliallike in nature exhibit tight celt
cell adherens junctions which are required for the maintenance of proper cell polarity and
structure(Lacroix and Leclercq, 2004; Shtutman et al., 2006)determine if a
disruption in adherens junctions in PRMT1v2 expressing MCF7 cells contributes to the
increased invasive phenotypecEa d h e r icatenim, twd cofmponents of adherens
junction were examined. No decreas Ecadherin mRNA (Figure 38A) or protein

(Figure 3.18\) levels was bserved in GFPPRMT1v2 cellsthougha derease in E
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Figure 3.17 Overexpression of PRMT1v2 Results in Altered Colony Formation in
MCF7 Cells

(A) Distribution of @mpact, loose, and scattefdCF7 cells stably expressing GFP,
GFRPRMT1v1 or GFFPRMT1v2.(B) One thousand GFP, GFHRMT1v1 or GFP
PRMT1v2 cells were plated and grown for five days. Approximately one hundred
colonies were counted from each cell line pgreziment and colonies were scored by
three independent investigators. Data is the meathe-Standard error for four
independent experiments. * denotes statistical significance p<0.05 comparing compact
colonies.
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Figure 3.18 E-cadherin mRNA and Protein Levels are Unaltered in MCF7 cells
Overexpressing PRMT1v2

(A) Total RNA was isolated from MCF7 cells stably overexpressing GFP; GFP
PRMT1v1, or GFFPRMT1v2. PCR analysis was performed with cDNA generated from
the total RNA using primers specific fordadherin. GAPDH was used as a loading
control.(B) Protein lysate was collected from MCF7 cells stably overexpressing GFP,
GFRPRMT1v1, or GFFPRMT1v2. Western blot analysis was performed using an
antibody specifitco E-cadherin. GAPDH was used as a loading control.
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Figure 3.19 E-c a d h e r i-caterannsdispbrsed from CellCell Adherens
Junctions in MCF7 cells Orerexpressing PRMT1v2

Localization of (A) Ec a d h e r i n-catemndn MCB?7)cell® stably overexpressing
GFP, GFPPRMT1v1, or GFFPRMT1v2. Imagesveretaken at 40X magnification.
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cadherin ( Fi gcatenm (Figurel3d9B) localination &t cedéll adherens

junctionswas observed in GFPRMT1v2 cells, in comparison to GFP cells. While a

d e c r e acateniniocalizétion at cetlell adherens junctions was observed, no nuclear
accumul actatoennionf was seen. St r i kcatenigprotein a s i
levels was detectad GFRPRMT1v2 cells (Figre 3.2@\). Densitometry analysis

reveal ed a 5-8aténindpeotein levelsie MGFHh GABRMT1v2

overexpressing cells (Figure 3B20. No c fcatemig eRNA tevelb (Figure

3.20C) was detectedndic at i ng t hat PRMT1xd@enim@oeinbe r egul
s t a b i-chtenin proteinbstability is negatively regulated through phosphoryl@tiairt

et al., 1999; Latres et al., 99; Winston et al., 1999)herefore the phosphorylation status

o f -cafenin in GFFPRMT1v2 cells was assessed. A lower level of phogpbatenin

levels was observad GFRPRMT1v2 cells (Figure 3.20), howeveras GFPPRMT1v2
contain a | ower -csatteeand yn ,s ttahtee rlaeoatesintooff pbh o s p
t o t-eateninfin each cell line was determined by densitometry. This revealed a
statistically significant -d atce reiars-ateninnt d theael
in the GFPPRMT1v2 cells compared to the GRRIEGFRPRMT1v1 cell§Figure

32E) . These resul ts s ugacperEntobservedinGRPhe | ower
PRMT1v2 expressing cel {ateninphosphorfemimgdiatedi e t o

protein degradation.

To det er mi ne i-¢aterinterpressierdcantribuiedta tha intredse
in cell invasion detected in GHPRMT 1 v 2 e x p r €aesin wag rintroeluceéds b
in these cells. Flay a g ga@téninfor an emptyector was transiently transfected in

GFP, GFPPRMT1v1, and GFPRMT1v2 expressing cell lines for 24 h. Equal
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expression of flag a g ga@téninfwas observed the three cell lines (Figure 3.8L
Twenty-four hours postransfection, the cells were coadtand placed in Transwell
invasion chambers for 72 h. Transfection of cells with an empty vector yielded results
similar to those previously observed with an increase in invasion in theP@F 1v2
expressing cells. Conversely, upon expression oftlgg e dcaténin in GFFPRMT1v2
cells, a reduction in invasion to levels similar to that of the GFP andRGRPT1v1
expressig cells was observed (Figure 3B)1These results suggest that PRMT1v2
contributes to breast cancer cell invasion through repressiceatenin through

regulation of its protein stability.
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Figure 3.2Q PRMT1v 2 Recatgnin PratéineStabiliby through b-catenin
Phosphorylation-M ediated Protein Degradation

(A) Protein lysate was collected from MCF7 cells stably expressing GFR, GFP
PRMT1v1, and GFRPRMT1v2 and Western blot analysis was performed using an

antioo d y a gaatenmsTubulim weiused as aading control(B) Through

densi tometry t ka&eningdtemniwas\deterniinedrredtive o MCHY

GFP e x pr e s-ctemngroteiredxgression idas normalized to the loading control.
Data represents the mean thle standard error of gen independent experiments

denotes statistical significanges0.01 compeed to both GFP and GHPRMT1v1 (C)

Total RNA was isolated from MCF cells stably expressing GFP-BRMT1v1, and
GFRPRMT1v2. PCR analysis of cDNA generated from total RNA ubtogtenin

specific primers. GAPDH serves as a loading conf®l Western blot analysis for levels

of phosphorly a t -eatenirbusinga phosplwpeci fi ¢ anti baaepint hat
phosphorylated residues (Ser 33, Ser 37, Thr(E))Densitometryas performed to
determine the ratio of phospifiec a t e n-catenirt normdlized to the loading control.
Values are expressed relative to MCF7 GFP expressing cells. Data represents the mean
+/- the standard error of the medrdénote statistical signifance;p<0.05 compared to

both GFP and GFPRMT1v1).
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Figure 3.2 Re-i nt r o d u ccatenm Suppoetses hvasion in MCF7 GFPR
PRMT1v2 Expressing Cells

(A) MCF7 GFP, GFFPRMT1v1, and GFPRMT1v2 cells were transiently transfected
with an empty vector expression plasmid or an expression plasmid containHggteegl
b-catenin for 24 h. Protein lysate were collected and Western Blot analysis was
performed wih an antibody against Flagubulin serves as a loading control. (B) 24 h
posttransfection with transiently transfected flaga g g@téninbpMCF7 GFP, GFP
PRMT1v1, and GFPRMT1v2 cells were equally plated on Transwell chambers
containing matrigel for Z h. Cells that passed through the matrigel barrier were counted.
Data represents the mean thle standard error for three independent experiments. *
denotes statistical significance p<0.05 comparing to control, while # denotes statistical
significance p®.05 comparing to PRMT1v2 vector control.
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Chapter 4 Elucidating the Role of PRMT6 in Chemoresistance through its Function
in Stress Granule Formation

The proteasome is a large midtibunit complex responsible for the degradation
of various proteins #ier through ubiquitirdependent orindependent mechanisms
(Adams, 2004a; Adams, 2004mhile proteasone inhibitors are capable of inducing
apoptosis in proliferating cel(®rexler, 1997; ImajofOhmi et al., 1995; Lopes et al.,
1997; Sloss et al., 20Q8)he proteasome inhibitor bortezomib (Velcade) has been
successfully used in the ttezent of both mantle cell myeloma and multiple myeloma
(McConkey and Zhu, 2008; Richardson et al., 2004; Richardson et al., 2003; Sterz et al.,
2008). However, various solid tumors are refractory to bortezomib treatment, and this
resistance is observed in cancer cell lines derived from these t(Mu®nkey and
Zhu, 2008; Codompervat et al., 2006; Rajkumar et al., 2005; Tang et al., 2008)
Bortezomib treatment of certain cancer cell lines promotes the formation of stress
granules, thus promoting cancer alemoresistance amsdrvival (Fournier et al., 2010)
4.1 Depletion of PRMT®6 Inhibits Bortezomib-Induced Stress Granule Formation

Using the paradigm of bortezomilbduced stress granule formation, PRMT6 was
identified as the most promisimgindidate to examine the role of PRMTSs in stress
granule formationTo determine the effect of PRMT6 on bortezormuced stress
granule brmation, stably expressing pools of HERMT6 shRNA cell lines were
establishedi si ng an s hRNA toffPRMT& PRMITG prdtein éeveld waeT R
efficiently depleted to nodetectake levelsin two stable pools of HeLa cells compared
to a scramblelfRNA stable cell line (Figure 4A). HeLa scramble and PRMT6 shRNA

cells were treated with 10 uM bortezomib for 1, 2, 3, 4, and 5 h and the percentage of
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cells containing stress granules was determined usinglT&known stress granule
marker. At 2, 3, 4, and 5 h post bortezomib treatment, a statistically signifidation
in the percentage of cells containing stress granules was observed in two PRMT6 shRNA
expressing cell lines compared to a scramble shiekpkessing cell line (Figure 4.1B &
4.1C). At 1 h post treatment, a negligible number of both scramble and BRMINA
expressing cells contained stress granules, while 2 h post treatment 38% of scramble
ShRNA expressing cells and between 10 to 20% of PRMT6 shRNA expressing cells
contained stress granujés 4, and 5 h post bortezomib treatment, 75%, 79%, andof 3%
scramble shRNA expressing cells compared to 45.5%, 45.3% and 32.8% of cells in one
population of PRMT6 shRNA expressing cells, and 19.2%, 16%, and 11.4% in another
population of PRMT6 shRNA expressing caltmtained stress granuléatistically
significant results between scramble and both PRMT6 shRNA expressing cell
populations with a{value less than orgercent was determinersing a twovay
ANOVA.

Similar results were observed with two additional stggrasule markers: FMRP
(Figure 4.2A & 4.2B)xand DDX3 (Figure 4.3A & 4B). UsingFMRP, 0.53%, 37.6%,
82.6%, 85.6%, and 82.7% of scramble shRNA expressing cells contained bortezomib
induced stress granules 1, 2, 3, 4, and 5 h post treatment, respectively. In contrast, 0.33%,
19%, 44.9%, 46.5%, andd%% in one PRMT6 shRNA expressing cell population, and
2.2%, 21.8%, 29%, 24.8%, and 20.6% in another cell population contained bortezomib
induced stress granules. Using DDX3 as a marker for stress granules, in scramble shRNA
expressing cells, 5.9%, 38.698.3%, 79.4%, and 72.7% of cells contained stress

granules 1, 2, 3, 4, and 5 h post treatment, respectively. Contrarily, 1.6%, 21.4%, 35.2%,
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Figure 4.1 Depletion of PRMT6 Resuls in a Reduction in Bortezomibinduced
Stress Granules in HeLa Cells using TIAL as Marker for Stress Granules

(A) Western blot depicting stable knockdown of PRMT6 in HelLa cells. GAPDH was
utilized as a loading contrgB) HelLa scramble or two pools of PRMT6 shRNA

expressing stable cell linegere treated for 1, 2, 3, 4, and 5 h with 10 uM bortezomib and
immunofluorescence was performed using -IlAs a marker for stress granule

formation. The percentage of cells containing stress granules was determined by counting
at least 300 cells per cowlip. Data is the mean from three independent experiments +/

the standard error of the mean. * denotes statistical significance\atlagp<0.01using

a two way ANOVA (C) Representative images at 40X magnification of bortezomib
induced stress granulermation in HeLa scramble and PRMT6 shRNA cell lines using
TIA-1 as a marker. DAPI was used to stain the nucleus.
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Figure 4.2 Depletion of PRMT6 Results in aReduction in Bortezomib-Induced
Stress Granules in HeLa Cells usinggMRP as Marker for Stress Granules

(A) HelLa scramble or two pools of PRMT6 shRNA expressing stable cell lines were
treated for 1, 2, 3, 4, and 5 h with 10 uM bortezomib and immunofiaernee was
performed using FMRRBs a marker for stress granule formation. The percentage of cells
containing stress granules was determined by counting at least 300 cells per coverslip.
Data is the mean from three independent experimenteerstandard error of the mean.

* denotes stiastical significance at a-palue <0.0lusing a two way ANOVA(B)
Representative images at 40X magnification of bortezendbced stress granule
formation in HeLa scramble and PRMT6 shRNA celeB using FMRRs a marker.

DAPI was used to stain the reas.
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Figure 4.3 Depletion of PRMT6 Resuls in a Reduction in Bortezomibinduced
Stress Granules in HeLa Cells using DDX3 as Wtker for Stress Granules

(A) HeLa scramble or two pools of PRMT6 shRNA expressing stable cedl \were

treated for 1, 2, 3, 4, and 5 h with 10 uM bortezomib and immunofluorescence was
performed using DDX3 as a marker for stress granule formation. The percentage of cells
containing stress granules was determined by counting at least 300 cellsguslitov

Data is the mean from three independent experimenteerstandard error of the mean.

* denotes statistical significance at-ague <0.0lusing a two way ANOVA(B)
Representative images at 40X magnification of bortezendbced stress granule

formation in HeLa scramble and PRMT6 shRNA cell lines using DDX3 as a marker.
DAPI was used to stain the nucleus.
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39.6%, and 37.8% in one PRMT6 shRNA expressing cell population, and 4.1%, 10.3%,
17.4%, 20.9% and 20.2% in an additional cell populatmmtained bortezomimduced
stress ganules. With both FMRP and DDX3 a statistically significant result was
observed using avo way ANOVAwith a pvalue less than one percent

To confirm that PRMT6 depletion results in a decrease in borteziowohiiced
stress granules, an additional cell line was examined. MCF7 cells are a bortezomib
resistant cell line and form stress granules upon treatment with borte@dambet al.,
2007; Fournier et al., 2010%table MCF7 PRMT6 shRNA expressirajls were
established (Figure 43 and the formation of bortertib-induced stress granules was
investigated 4 h post bortezomib treatinesing the same stressagule markers: TIAL,
FMRP, and DDX3 (Figure 4.4B & 4Q). 4 h post bortezomib treatment was selected, as
in HelLa cells the highest percentage of scramble shRNA expressing cells contained stress
granules. Using TIAL, 4 h post baezomib treatment, 60.4% of scramble shRNA
expressing cells contained stress granules, while in two PRMT6 depleted MCF7 cell
populations 18.2% and 15.8% of cells contained stress granules, respectively. In FMRP
stained cells, 63.3% of scramble shRNA exgirgg cells and only 30.6% and 30.1% of
PRMT6 shRNA expressing cells contained stress granules. Utilizing DDX3, 23% of cells
PRMT6 depleted cell population compared to 60.4% of scramble shRNA expressing cells
contained stress granules. Usingng way ANOVA with all three stress granule
markers, TIA1l, FMRP, or DDX3, a statistically significant difference with-agtue less
than ongercent betweewas observed.

In contrast to MCF7 cells, MDA MB 231 cells are bortezomssnsitive cells and
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Figure 4.4 Depletion of PRMT6 Results in a Reduction irBortezomib-Induced
Stress Granules in MCF7 llIs

A) Western Bot depicting knockdown of PRMT6 in MCF7 cells. Tubulin was used as a
loading control. b) MCF8&cramble and PRMT6 shRN&xpressingells were treated for

4 h with 10 uM bortezomib and immunofluorescence was performed using,TIA
FMRP, or DDX3 as markers for stress granule formation. The percentage of cells with
stress granules was determined byntimg at least 300 cells per coverslip. Data
represents the average of three independent experimettie standard error of the
mean. * denotes statistical significance at\ajue <0.0lusing a one way ANOVA(B)
Representative images at 40X magntiiima of bortezomikinduced stress granule
formation in MCF7 scramble and PRMT6 shRiE#pressingell lines wsing TIA-1,

FMRP, and DDX3 amarkes. DAPI was used to stain the nucleus.
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dondt form stress gr anul @snget@lg 2012 Fo@eraet me n t
et al., 2010) Therefore, in contrast to both HeLa and MCF7 cells where PRMT6

depletion had a significant effect on stress granule formation, no effect should be
observed. MDAVIB 231 PRMT6 shRNA stablexpressing ells were established

(Figure 4.%\) and treated with bortezoimfor 4 h, withFMRP was used asstress

granule marker. In both scramble and PRMT6 shRNAesging cells, less than 58élls

formed stress granules uptaament with bortezomib (Figure 4.5B & 4£2%. No

statistical difference was observed between scramble and PRMT6 shRNA expressing cell
lines using a one way ANOVA.

To determine if PRMT6 depletion inhibits stress granule formation upon just
bortezomib tratment, or if the effect is consistent across different cellular stress, HelLa
scramble and PRMT6 shRNA expressing cells were treated with sodium arsenite to
induce oxidative strestlpon cellular treatrent with 500 uM for 30 min, aormaldose
used to indae stress granule formation, no difference in the percentage of scramble and
PRMT6 shRNA expressing cells containing stress granules was observed. This result was
confirmed using the stress granule markers DDX3, FMRP, andl{ippendix |a).

However, whercells werdreated with 100 uM sodium arsenite for 30 min, a significant
reduction in the percentage of PRMT6 shRNA expressing cells containing stress granules
was observed. Using DDX3 as a marker, 44.6% of scramble shRNA expressing cells
compared to 27% and 20.6% of PRMT6 shRNA expressing cells contained stress
granules. Likewise, for FMRPB1.5%, 19.%, and 29.7%and for TIA1, 32.4%, 14.6%,

and 21.6% of scramble shRNA and tRBMT6 shRNA expressing cells, respectively

contained stress granules (Figuyr.6). Results were statistically significant as determined
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Figure 4.5 PRMT6 Depletion does not hfluence Bortezomib-Induced Stress
Granule Formation in MDA MB 231 Cells

(A) Western blot depicting knockdown of PRMiT6MDA MB 231 cells. Tubulin was

used as a loadg control. (B) MDA MB 231scramble and PRMT6 shRN&xpressing

cells were treated for 4 h with 10 uM bortezomib and immunofluorescence was
performed using FMRP as a marker for stress granule formation. T¢enfage of cells
with stress granules was determined by counting at least 300 cells per coverslip. Data
represents the average of three independent experimettie standard error of the

mean. (C) Representative images at 40X magnification of bortezoduced stress

granule formation in MDA MB 231 scramble and PRMT6 shRNA cell lines using FMRP
as a marker for stress granules. DAPI was used to stain the nucleus.
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using a one way ANOVA.
4.2 Relntroduction of PRMT6 Rescues Bortezomibinduced StressGranules
Formation

To confirm that PRMT®6 is instrumental in the formation of bortezeimiluced
stress granules, a rescue experiment was performed where PRMT6imtesdugced in
HeLa PRMTG6 depleted cells. HeLa scramble shRNA cells were mock transfected
(transfection reagent only) or transfected with an empty vector construct; while PRMT6
ShRNA expressing cells were mock transfected, transfected with an empty vector
construct or transfected with a fls@gged PRMT6 construct for 48 h. Transfection of
flag-tagged PRMT6 in PRMT6 depleted cells resulted in an increase of PRMT6 protein
levels above the expression level of PRMT6 indtiramble shRNA cells (Figure AY.
Forty-eight hours postransfection, cells were treated with 10 uM bortezofart4 hto
induce stress granule formation. In scramble shRNA cells, 78.6% and 78.1% of cells
contained stress granules in mock and empty vector transfected cells, respectively. In
contrast, in PRMTG6 depleted cells only 23.1% and 24.7% of mock or empty vector
transfeced cells, respectively contained stress granulesntReduction of PRMT6
resulted in a partial rescue in stress granule formation with 50.8% of cellshaumta
stress granules (Figure 4.7B & €)/ Transfection of scramble and PRMT6 shRNA
expressing cé& with an empty vectatonstructresulted in the same statistical difference
that wa previously observed. Howeyee-introduction d PRMT6 resulted in partial
rescue oktress granule formation in flaggged PRMT6 transfected k=lStatistical
significance was determined using a one W&OVA. The PRMT6 shRNA targets the

3 TR of PRMT6, and therefore should not target the-teagged PRMT6 construct
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Figure 4.6. PRMT6 Depletion Influences Stress Granule Formation upom.ow
Doses of Sodium Arsenite

HeLa scramble or two pools of PRMT6 shRNA expressing stable cell linesreared

with 100puM sodium arsenite for 30 mand immunofluorescence was performed using
DDX3, FMRP, and TIA1 asmarkes for stress granule formatiofA) Graphical
representation depicting a decrease in the percentage of PRMT6 shRNA expressing cells
with stress granule3he percentage of cells containing stress granules was determined
by counting at least 300 cells per coverslip. Data is the mearthirea independent
experiments +/the standard error of the mean. * denotes statistical significance at a p
value <0.0lusing a one way ANOVA(B) Representative images4iX magnification

of sodium arsenitenduced stress granule formation in HeLa sdy@nand PRMT6
shRNAexpressingell lines using DDX3FMRP, and TIAl asmarkes. DAPI was used

to stain the nucleus.
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Figure 4.7: Re-Introduction of PRMT6 in PRMT6 Depleted Cells Partially Rescues
the Effect of Bortezomib-Induced Stress Granules

HeLa scramble shRNA stabbxpressing cells were mock transfected or transfected with
an empty vector while PRMT6 shRNA statelypressing cells were mock transfected,
transfected with an empty vector or transfected with athgged PRMT6 for 48 h and
then treated with 10 pM bortezomib for 4 h. (A) Western Blot analysis showing PRMT6
protein levels (top panel) and Flag expression (middle panel). Tubulin is used as a
loading control (bottom panel). (B) Analysis of the percentage of cells containing
bortezonib-induced stress granules.-Ré¢roduction of PRMT6 resulted in a fifty percent
increase in the percentage of cells with stress granules. (C) Representativeaird@ges
magnification of bortezom#nducedstress granule formation in Hesaramble ad

PRMT6 shRNA cell lines using TIHA as a marker for stress granulB&P| was used to
stain the nucleus.
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illustratingthe specificity of the shRNA and providing confidence that the effect of
PRMT®6 on stres granule formation is realherefore, this resuimplicates PRMT6 as
functioning in the formation of bortezomibduced stress granules.
4.3 Overexpression of PRMT6 does not Alter Bbezomib-Induced Stress Granule
Formation

PRMT®6 depletion results in reduced stress granule formation in bortezomib
resigant cell lines. Therefore, the potential of PRMT6 overexpression to induce stress
granule formation, and the effect of this overexpression to influence borterainited
stress granule formatipwas investigated. HelLa cells were transfected with atflgged
empty vector or flagagged PRMT6 for 48 h and then treated with 10 uM bortezomib for
4 h. Cells were catained with a flag antibodyp identify cells expressing exogenous
PRMT6and the stress granule marker DDX3. Rliagged PRMT®6 localized
predoninantly to the nucleus, consistent with localization of endogenous PRMT6
(Frankel et al., 2002Alone, PRMT6 overexpression did not inducessrgranule
formation (Figure 4.8). Furthermoreno difference in streggranuleformation was
observed in flagagged PRMT6 expressing cells comparednpty vector transfected
cells upon bortezomib treatmefixty-five percent of cells coained stress granules
(Figure 4.8A & 4.8). Statistical analysis with a Studentdd showed no difference in
stress granule formatian flagtagged empty vector dlag-tagged PRMT6 transfected
cells. Therefore, these results suggest didtough PRMT6 depletion does have an
effect on stress granule formation, at leasti@éha cells PRMT6 overexpression doast

impact stress granule formation.
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Figure 4.8 Overexpression of PRMT6 does not Influence Bortezomibnduced
Stress Granule Formation

HelLa cells were transfected with fls@gged empty vector or flaggged PRMTG6 for 48

h and then treated with 10 uM bortezomib for 4 h. (A) Representative irabgéX
magnification ofuntreated or bortezomib treatment cells in HeLa cell lines using DDX3
as a marker for stress granulB®\P| was used to stain the nucle(B) Graphical

analysis showing approximately 65% of filapged empty vector or flaggged PRMT6
transfected cells with stress granules upon 10 uM bortezomib treatment. Results are the
average + the standard error of the mean of three independent experiments counting at
least 300 cells per coverslip.
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4.4 PRMT6 Protein Expression is hduced upon Bortezomib Treatment

To gain insight into the potential mechanism by which PRMT6 functions
bortezomibinduced stress granule formation, PRMT6 protein and mRNA expression
levels were examined. HeLa scramble and PRMT6 shRNA expressing cells were treated
with 10 uM bortezomib for 4 h and 10 h. These time points were selected as 4 h post
treatmenis thetime point where the higist percentage of cells contaitness granules;
stress granules disassemble upon prolonged treatment wiglzdrorb, and 10 h post
treatmentstress granules hadesassembled in cell lines examin@aurnier et al.,

2010) In untreated cells, PRMT6 protelievels are undetectableRRMT6depleted

cells compared tecramble shRNA expressing cells. Upon treatment with bortezomib, a
3-fold induction in PRMT®6 protein levels 4 h pdstatment, and a 3®ld increase 10 h
post treatment is observed in scramibliBNA expressing cells (Figure 4.9A & 83 In

both PRMT6 depleted cell populations, no detectable PRMTG6 protein expression was
observed 4 h or 10 h pelsortezomib treatment.

To determine if the increase in PRMTG6 expression is transcriptionally or
translationally regulated upon bortezomib treatment, PRMT6 mRNA levels were
investigated. Similarly, as above, HeLa scramble and PRMT6 shRNA expressing cells
were treated with 10M bortezomib for 4 h and 10. In scramble shRNA expressing
cells, upon bortezomib treatment a 40% reduction in PRMT6 mRNA expression is
observedFigure 4.10A & 4.18). In untreated PRMT6 shRNA expressing cdblasal

PRMT6 mRNA levels ard0%lower compaed to scramble shRNA expressing cells.
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Figure 4.9 PRMT6 Protein Expression is hduced upon Treatment with
Bortezomib

(A) HeLa scramble and PRMT6 shRNA stabklypressing cells were treated with 10 uM
bortezomib for 4 and 10 h. Western blot analysis showing increased PRMT6 protein
levels in scramble shRNA cells upon treatment with bortezomib. PRMT6 protein levels
were undetectable in PRMT6 shRNA stabipressing cells in untreated cells and upon
treatment with bortsomib. Tubulin was used as a loading control. (B). Densitometry
analysis of PRMT®6 protein levels in scramble shRNA with PRMT6 protein levels
normalized to tubulin levels. A-Bld increaseand a 3.8old increaseth andl10 h post
bortezomib treatmentesgctivelyin PRMT6 protein levels were observed. Data
represents the average from three independent experimetiie standard error of the
mean.
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Figure 4.10 PRMT6 mRNA Expression Decreases upon Treatment with
Bortezomib

(A) HeLa scramble and PRMT6 shRNA stabklypressing cells were treated with 10 uM
bortezomib for 4 h and 10 h. PCR analysis of cDNA generated from total RNA with
PRMT®6 primers shows a decrease in PRMT6 mRNA levels in both scramble and PRMT6
shRNA stably-expressing cells upon treatment with bortezomib. GAPDH was used as a
loading control. (B) Densitometry analysis of PRMT6 mRNA expression in scramble and
PRMT6 stablyexpressing cells normalized to the loading control GAPDH (C) Data was
normalizedto 1 to allow for a direct comparison between PRMT6 mRNA expression in
the scramble and PRMT6 shRNA staklpressing cell lines. In both scramble and
PRMTG6 shRNA cells, a 40% reduction in PRMT6 mRNA levels is observed 4+ post
bortezomib treatment and shilecrease continues 10 h post treatment. Data present in (B)
and (C) is the average mRNA expression for three independent experimehes +/
standard error of the mean.
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Upon bortezomib treatment, in PRMT6 shRNA expressing ceB8%&decrease in

MRNA expression occurs relative to untreated PRMIRNA expressing cells (Figure
4.10A & 4.1®). To allow for a direct comparison between scramble and PRMT6 shRNA
expressing cells, PRMT6 mRNA expression was normalized to one. Upon norroalizati
in both scramble and PRMT6 shRNA expressing cal#0% reduction in PRMT6

MRNA levels was observed 4plost treatmentand persisted throadLO h post treatment
(Figure 4.1@).

Since PRMT6 mRNA levels could have initially increased and then decréas
account for the increased PRMT6 protein levels, PRMT6 mRNA levels were examined at
earlier time points. Both HeLa scramble and PRMT6 shRNA expressing cells were
treated with 10 uM bortezomifor 1, 2, 3, and 4 h (Figure 4.11A & 4R}l Upon
normalizdion of the data, in both scramble and PRMT6 shRNA expressing cells a
gradual decrease in PRMT6 mRNA levels is observed thraudth post treatment
(Figure 4.1TC).

Since bortezomib is a chemotherapeutic drug that inhibits the proteasome, it was
examin& whether the observed induction of PRMT6 protein exgiwasvas due to
cellular stress, or if PRMT6 is a potential target of the proteasome, and therefore
accumulates upon its inhibition. HeLa scramble shRNA expressing cells were treated for
1, 2, 3, and} h with 10 uM bortezomib, 50 uM of the proteasome inhibit@ M2, or
500 uM sodium arsenit@n inducer of oxidative stress that additionally promotes the
formation of stress granules. Upon bortezomib treatment, a gradual induction of PRMT6

protein leve$ is observed up to 4 h post treatment (Figui&). A similar increase in
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Figure 4.11 PRMT6 Expression is Not Transcriptionally Regulated upon
Treatment with Bortezomib

(A) HeLa scramble and PRMT6 shRNA staklpressing cells were treated for 1, 2, 3,

and 4 h with 10 uM bortezomib. PCR analysis of cDNA generated from total RNA with
PRMT®6 primers shows a decrease in PRMT6 mRNA levels in both scramble and PRMT6
shRNA stablyexpressing cells upon treatment with bortezomib. GAPDH was used as a
loading control. (B) Densitometry analysis of PRMT6 mRNA expression in scramble and
PRMT6 stablyexpressing cells normalized to the loading control GAPDH (C) Data was
normalized to 1 to adw for a direct comparison between PRMT6 mRNA expression in
the scramble and PRMT6 shRNA stakbypressing cell lines. In both the scramble and
PRMTG6 shRNA stabhexpressing cells a similar gradual decrease in PRMT6 mRNA
expression was observed upon treattrwith bortezomib. Data present in (B) and (C) is
the average mRNA expression for three independent experimetite standard error of

the mean.
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Figure 4.12 PRMT®6 is not a Target of the 26S Proteasome

HeLa scramble shRNA stabbxpressing cell lines were treated with 10 uM bortezomib,

50 uM MG132, or 500 uM sodium arsenite for 1, 2, 3 and 4 h. Western blot analysis
shows that PRMT6 protein levels gradually increase upon treatment with bortezomib, and
increase 1 h post sodium arsenite expression. However, upon treatment with MG132,
PRMT6 protein levels stay constant (top panel). p21 protein levels increase upon
treatment with bortezomib and MG132, and decrease with sodium arsenite (middle
panel). Tubulinvas used as a loading control.
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PRMT®6 protein levels was observed upon sodium arsenite treatment; albeit PRMT6
protein levels reached their maximum level 1 h post treatrardtpersisted at this level
until 4 h. However, cellular treatment with MG132i dicd induce PRMT®6 protein levels
suggesting that PRMT®6 is not a target of the proteasome. Protein expression of p21, an
established proteasome target was examined to confirm inhibition of the proteasome
(Bloom et al., 203). Additionally, decreased p21 protein expression is observed upon
treatment with sodium arsenitieian and Gallouzi, 2009)while increased p21 protein
expression is induced upon treatment with bortezantbMG132Gareau et al., 2011)
These results suggest that upon bortezomib treatment PRMT6 expression is
translationally regulated, and that at least upon cellular treatment with bortezomib and
sodium arsenite conctations which promote stress granule formation that PRMT6
protein expression is induced.
4.5 PRMTG6 Depletion Inhibits Formation of the elFAEelF4G1 Complex

elFdEpl ays a cruci al role in transd ati
MRNA cap sructure (Fme t hy | G(506)ppp(506) X, where X
(Muthukrishnan et al., 19757 his interaction between elF4E and thénRNA cap is
stabilized by elF4Gthus promoting translation initiatigientze, 1997)Moreover, it
has been observed that the rattion between elF4E and elF4&equired for the
formation of stres granules in manmalian target of rapaycin complex ImTORC1}
dependent manner. mTOR@hosphoylates 4EBP1resulting in dissociation of 4BP1
from elF4E, allowingdr elF4E association with elF4Gnderstress conditions, elF4E
elF4Gcomplexes may function as scaffolding proteins for the recruitment of yet

unidentified proteins in an mTARL-dependent manner to stress gran(ffesirnier et

157

on

S



al., 2013) Therefore, it was investigated whether depletion of PRMT6 could abrogate the
interaction between elF4&F4G thus inhibiting stress granule formation

HelLa scramble and PRMT6 shRNA expressing cells were untreated or treated
with 10 pM bortezomib for 4 h and cell lysate was incubated wiB T#-Sepharose
beads, a mi mi c ioVitro.tUhoa PRM3GdRple#on, tess@IF4E protein
binds to the rRNA cap inunstressed condition (Figure 4)&iddle panel, compare
lanes 5 & 6). This is likely a result of the decreased elF4E protein levels observed in
PRMTG6 depleted cells (compare lanes 1 & 2). Interestingly, treatment of either scramble
or PRMT6 siRNA expresing cells with bortezomib yietda further decrease in elF4E
binding to the cap (scramble shRNA compare lanes 5 & 7; PRMT6 shRNA compare
lanes 6 & 8). The decrease of elF4E binding to the cap in PRMT6 depleted cells
coincides with a decrease @F4Gbinding in untreated cellgop panel, comparahes 5
& 6). Upon bortezomib treatent, a further reduction in elF4G binding to the mRNA cap
is observedin contrast, DDX3, a protein which associates with elF4E at the mRNA cap
binds equally to the mIRA cap in both scramble and PRMT6 shRNA expressing cells
(compare lanes 5 & 6). Though upon treatment with bortezomib, there is an increase in
DDX3 binding to the mRNA cap in scramble shRNA expressing cells (compare lanes 5
& 7)), whi ch do &shRHNA expressing cellsi Theseréslilts suggest that
PRMT6 mediatethe elF4EelF4Ginteraction through regulation of elF4E.

To confirmthatthe results observed in the cap binding assay are attributed to a
reduction in elF4E protein levels in PRMT6 déaptecells, elF4E protein levels were
examined in two additional pools of PRMT6 shRNA expressing cell lines. Consistently,

elF4E protein levels were decrease®RMT6 depleted cells (Figure 4A% This result
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Figure 4.13 PRMT6 Depletion Inhibits Formation of the elF4E-elF4G1 Complex

HeLa Scramble shRNA or PRMT6 shRNA expressing cells were untreated or treated

with 10 pM bortezomib for 4 h and the cell lysate was incubated wigiTitSepharose

beads. elF4E bound prats were eluted from the beads and resolved$-BAGE and

Western blotting. Five perceatf t he cel | | y s aattie wawased ake pt f o
loading control and to show specificity of binding to th&mP-Separose beads. PRMT6

depletion resultg an inhibition of formation of the elF48IF4G1 complex at the

MRNA cap likely due to decreased elF4E protein expression in PRMT6 depleted cell

lines.
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Figure 4.14 PRMT6 Regulates elF4E Protein Expression

Protein (A) or mRNA (B) was isolated from HelLa scramble or PRMT6 shRNA
expressing cell lines. (A) Western blot depicting decreased elF4E protein expression in
PRMT6 depleted cell lines. Tubulin was used as a loading contrdP@B)analysis of
cDNA gereraed from total RNA with elF4E primers showing no difference in elF4E
MRNA levels in both scramble and PRMT6 shRNA stadtpressingGAPDH was used

as a loading control.
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confirms that PRMT6 regulates elF4AE expression. To determine if this regulation is at the
transcriptional or translation level, elF4AE mRNA levels were examined. In PRMT6
depleted cells, elF4AE mRNA wasaffected in comparison to scrambeR&A
expressing €lls (Figure 4.1B), suggesting that PRMT6 regulas§4E post
translationally
4.6 PRMT6 Depletion Results in Decreased Cellular Survival in Bortezomib
Resistant Cancer Cells
Cancer cells form stress granules as a means of promoting cell supowal u

induction of cellular stress€Baguet et al., 2007; Mazroui et al., 2007; Arimoto et al.,
2008; EisingeiMathason eal., 2008; Fournier et al., 201(RMT6 depletion in MCF7
cells, a bortezomib resistant cell line resulted in a decrease in stress granules formation.
Therefore, the effect of PRMT6 depletion on cell survival was investigated to determine
if there is acorrelative link between a reduction in stress granule formation and cell
survival. An equal number of MCF7 scramble and PRMT6 shRNA statgyessing
cells were plated and treated with 10 uM bortezomib or DMSO as a control for 24 h and
a MTT assay was prmed. Cell viability values were normalized to the DMSO control,
with cell viability upon treatment with DMSO set to 1. Upon 10 uM bortezomib
treatment of scramble shRNA stal@dypressing cells, 24 h peseatment81% cell
viability was observed (Fige 4.1%\). In contrast, upon PRMT6 depletion, 64% cell
viability was observed. These results are statistically signifieé#h a pvalue less than
one percentising a one way ANOVA.

MDA MB 231 cells are bortezomibensitive cells and formminimal numter of

stress granulagpon bortezomib treatment. Therefore, PRMT6 depletion should have no
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effect on cell viability. An equal number of MDA MB 231 scramble and PRMT6 shRNA
stablyexpressing cells were plated and treated with 10 uM bortezomib or DMSO for 24
h and a MTT assay was performed. 35% cell viability was observed in the scramble
ShRNA expressing cells uptortezomib treatment (Figure 4Bp Likewise, in the

PRMTG6 shRNA expressing cell lines, a similar percentage of cells were viable 24h post
bortezomib treatment. These results yielded no statistical difference in cell viability
between the scramble and PRMT6 shRNA stahgressing cellihes. These results

show that PRMT6 depletion affects cell viability in MCF7 cells, a bortezomib resistant

cell line while having no effect in bortezomib sensitive MDA MB 231 cells.
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Figure 4.15 Depletion of PRMT6 affects Cell Viability in Bortezomib-Resistant
MCF7 Cells but not in Bortezomib-Sensitive MDA MB 231 Cells

An equal number ofA) MCF7 or (B) MDA MB 231 scramble and PRMT6 shRNA
stablyexpressing cells were plated and treated with 10 uM bortezomib for 24 h and MTT
assays were performed. Cell viability data upon treatment with bortezomib was
normalized to the data for DMSO treated cuelith the cell viability for DMSO treated

cells set to 1. PRMT@epletion resulted in about a%ecrease in viability in (A)

MCF7 cells, while having no effect on cell viability in (B) MDA MB 231 cells. Data is

the average +the standard error of the mrefor four independent experiments with six
internal replicates per experiment. * denotes statistical significance wittala@ less

than 0.01 between scramble and PRMT6 shRNA expressing cells determined using a one
way ANOVA.
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Chapter 5 Arginine Methylation of DEAD-box RNA Helicase DDX3

DDX3 has been implicated in the development and progression of a number of
cancers including breast can¢€hao et al., 2006; Chang et al., 2006; Huang et al., 2004;
Wu et al., 2011; Botlagunta et al., 2008; Miao et al., 20DB)X3 overexpressiom
normal mammary epithelial celtesultsin increased motility and invasion, along hvit
downregulation of Ecadhemn. Thesephenotypesireindicative of an epithelial to
mesenchymal transitiofBotlagunta et al., 2008FurthermoreH | F ttabscriptionaly
regulatedDDX 3 upon induction of hypoxic conditions in breast cancer ¢Bliglagunta
et al., 2011)Similarly to DDX3, aberrant regulation of a number of PRMTs has been
observed in breast cand&oulet et al., 2007; Mathioudaki et al., 2011; Yoshimatsu et
al., 2011; AlDhaheri et al., 2011; Thomassen et al., 2088)DDX3 and a number of
PRMTs are Bnormally expressed in breast cancer, and DBof&ains a number of GAR
motifs, motifs charactestic of PRMT substrates, it waypothesized that methylation of
DDX3 by PRMT(s) may contribute to breast cancer etiokagy/or progression
5.1 DDX3 is anArginine Methylated Protein

The methylation status of DDX8as determined by performing anvivo
methylation assay. ¢lLa cells were treated withanslation inhibitors cycloheximide and
chloramphenicol, and then labelled withi-methonine for 3 h, owith **S-methionineas
a controlto demonstrate inhibition ofanslation. Posincubation with®H-methionine,
DDX3 was immunoprecipitated from the cell lysate; Yé&s Blotting was performed
andthe PVDF membraneassubjecedto fluorography. DDX3 waseatermined to be
methylatedin vivo (Figure5.1), although the poadf methylated DDX3 relative to the

amountof DDX3 immunoprecipated seemed low under normal growth conditions
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Figure 5.1 DDX3 is an Arginine Methylated Protein, In Vivo

HelLa cells were treated with the translation inhibitors cycloheximide and
chloramphenicol and then labelled with-methionine of°S-methionine. Endogenous
DDX3 was immunoprecipitated from tiie-methionire labelled lysates and run on a
SDSPage gel, transferred to PVDF membrane, sprayed withiENCE and exposed to
autoradiography. The top panel shows the results from the autoradiograpliyerith
labelled signal for DDX3 in lane 5. Lane 1 shot®& mettionine labelled lysate, lane 2
demonstrates inhibition of translation with cycloheximide and chloramphéngol
methionine labelled lysate while lane 3 exhibits cycloheximide and chloramph#&icol
methionine labelled lysate. Ten percent of lysate wadeldan each lane. The bottom
panels show immunoblotting with DDX3 confirming immunoprecipitation of DDX3, and
GAPDH indicating equal loading of proteins in lanes 1, 2, and 3.
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Additionally, data mining oftable Isotope Labelling of Amino Acids in Culture
(SILAC) mass spectrommtexperimentsperformed by Dr. Laura Trinki&ulcahy
allowed for DDX3 arginine methylated siteesbe identified. This ntaod of
identificationwas possible as DDX3 readily binds affinity matrices, dedefore is a
commoncontaminantn these experimen{drinkle-Mulcahy et al., 2008)Six arginine
residues weraentified as being methylatedrginine residues 101, 110, 333, 394 were
characterized as being menwethylated whi residues 121 and 326 were classified as
di-methylated (Figur&.?2).

5.2 PRMT1, CARM1 and PRMT6 Methylate DDX3,In Vitro

Subsequently, the RRT(s) responsible for methylatifgDX3 were determined
by in vitro methylation assay PRMTs 1, 3, 4, 5, 6, andwere tested to determine if they
were capable of methylating DDX® vitro. Purified PRMT protein or a specific PRMT
immunopecipitated from cell lysate wenecubated with either purified DDX3 protein or
DDX3 immunoprecipitated from cell lysate in theepence ofH-SAM.

PRMT1

His-tagged PRMT1v1 was capable of weakly m&tigg GSFtagged DDX3,
however His-tagged PRMT1v2 and PRMT1v3 were wmioider the conditions employed
here(Figure5.3). In contrast, DDX3 immunoprecipitated from cell lysate cowdd b
methylated by both Hisagged PRMT1v1 and PRMT1v2, though #agged PRMT1v1
methylation wasnore robust than PRMT1v2 (Figused). GSTFhnRNPA1 was used as a
positive contrglas hnRNPA1 was previousghown to be a substrateaf PRMT1

isoforms(Lim et al., 2005)
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5.2)

Arginine Methylation Site Methylation Type Peptide Peptide Position
RI01 Methylarion GRSDYDGIGSR 100-110
RII0 Methylation GRSDYDGIGSR 100-110
RI2I Di-methylation FERGGNSRWCDK 19130
R320 Di-methylation GCHLLVATPGRLVDMMERGK 316335
R33 Methylarion GCHLLVATPGRLVDMMERGK 316335
RIY Methylation GVRHTMMESATEPKEIQMLAR 3439
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Figure 5.2 Identification of DDX3 Arginine Methylated Residues

Data mining of results from Stable Isotope Labelling of Amino Acids (SILAC) mass
spectrometrexperiments allowed for sites of methylation in DDX3 to be identified. Six
peptides were identified with the methylated arginine residue indicated in red.
Additionally, the type of methytaon catalyzed was identified
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Figure 5.3: PRMT1v1 Methylates Purified DDX3 Protein

Purified Histagged PRMT1v1, PRMT1v2 or PRMT1v3 were each incubated with GST
empty vector, GShnRNPA1 or GSTDDX3 in the presence 6H-SAM. His-tagged
PRMT1v1 methylates GSDDX3 (lane 3) while Higagged PRMT1v2 and PRMT1v3
were unable to methylate GEIDX3. GST-hnRNPA1 was used as a positive control
while GST empty vector was used a negative confite. bottom panel shows
Coomassie staining of the gel prior to exposure to autoradiography.
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Figure 54: PRMT1 Methylates DDX3 Immunoprecipitated from Cell Lysate

(A) DDX3 was immunoprecipitated from HelLa cell lysate and incubated withagged
PRMT1v1 (lane 4) or PRMT1v2 (lane 7 in the presenc#eBAM. Both Histagged
PRMT1v1 and PRMT1v2 were capable of methylating DDX3. DDX3 alone from cell
lysate (lane 1) was not methted GST-hnRNPA1 was used as a positive control while
empty vector GST was used as a negative control. Coomassie staining (bottom panel)
shows the amunt of proteins present in each reaction. (B) A large scale DDX3
immunoprecipitation was preformed from HeLa cells with the sample equally divided for
each methylation assay reacti Here, a Western blot shomsmunoprecipitation of

DDX3 with five percenof cell lysate used for input.
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To validate that the observed methylation of DDX3 by PRMT1 was not due to
increased promcuity that PRMT1 exudes vitro (Wooderchak et al., 2008nteraction
studies between DKB and PRMT1 were performed. Myagged DDX3 was transfected
into 293T cellscellswerepret r eat ed wi t hdialddehgde @dg)ance 26, 30
methylthioadenosin@MTA), general methylation inhibitofer 24 h and Mycwas
immunoprecipiated from the celysate. PRMT1 interacted with myagged DDX3n
untreated ells; however the interactiorwas substantially enhanced upon inhibition of
methylation with Adox/MTA (Figuré&.5A). This result was confirmed as an interaction
between endogenous DDX3 and erelogus PRMTlvas observed whedDX3 was
immunoprecipitated from 293T cell lysate (Fig&:BB).

CARM1

GST-CARM1 was incapable of meytating GSFtagged DDX3 oDDX3
immunoprecipitated from cell lysateptvever, whercells wereprereated with 20 uM of
thegeneral methylation inhibitors Adox and MTA for 24 h before lysing, &&jjed
CARM1 was able to methylate DDX3 from these cell lys@&gure5.6). Interestingly,
in this instance when DDX3 was immunoprecipitated from Adox and MTA treated cell
lysate andncubated with justH-SAM alone methylation of DDX3 was observed. This
suggests that a PRMT was immunoprecipitated with DDX3, and thus methylated it upon
addition of*H-SAM. However, pon addition §GST-CARM1, DDX3 methylation is
enhanced. Furthermori¢ appears that other proteins were immunoprecipitated with
DDX3 that are metylated and are potential substraed CARM1. SmB&6, an i

substrate of CARMwas used as a positive cont(@heng et al., 2007)
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Figure 55: PRMTL1 Interacts with DDX3

(A) 293T cells were transfected with miagged DDX3 for 24 h, pretreated with 20 pM
each of Adox and MTA for 24,land myc was immunoprecipitatédm the cell lysate.
Western Botting reveals an interaction between PRMT1 and-tagged DDX3 which is
subsequently enhanced upon treatment with Adox/MTA. (B) DDX3 was
immunoprecipitatedrom HelLa cells, with Westernl&ting showing an interaction
between endogenous PRMT1 and DDXS3.
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Figure 5.6: CARM1 Methylates DDX3 Immunoprecipitated from Cell Lysate

(A) GST-tagged CARM1 was incubated with G#gged DDX3 (lane 4), DDX3
immunoprecipitated from HeLa cells untreated (lane 5) or treated with 20 uM for 24 h in
the presence dH-SAM. GST-tagged CARM1 methylates DDX3 immunoprecipitated
from Adox/MTA treated cells. DDX3 immunoprecipitated from Adox/MTA treated cells
(lane 1) shows the enhancement of DDX3 methylation upon addition ot&sg&d
CARM1.GSFSmB & was u s e abntral,swhile empty gectdr GST was used as
a negative controA Coomassie stained gel shows loading of the pro{@h8Vestern

Blot showing DDX3 immunoprecipitated from 293T cell lysate untreated or treated with
20 uM Adox and MTA for 24 h. Five peroeof cell lysate was used for input. The
remaining cell lysate was used for immunoprecipitation and split in half for the
methylation assay artd check the IP.
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Next, utilizing CARML1 wild type and AUMEF cellular extractas a source of
PRMTs, it was imestigated whether differential methylation was observed. An equal
amount of cell lysate from CARM1 wild type or null MEFs was incubated with 10 or 20
pg of GSTFtagged DDX3 proteiand ann vitro methylation assay was performed. No
methylation of GSTtagged DDX3 was observed using CARM1 wild ¢yBEFs.
However, GSTtagged DDX3vasmethylated when usingARM1 null MEFs as a
source of PRMTs (Figurg.7). No difference inGST-S m Bn@ethylation the positive
control was observed because in addition to being a substrate of CAGh&hg et al.,
2007) SmBO i s al so @onsavezetak, 2008nd alen WBIRIMT 5
CARM1 null MEFs was probably methylated by PRMTHhis result suggests that
CARMZ1 methylation of DDX3 could potentiglinhibit other PRMT(s) from methylating
DDX3.

To confirm an interaction between CARM1 and DDX8-immunoprecipitation
reactions were performed 93T cells werdreated with 20 pMeachAdox and MTA for
24 h and DDX3 was immunoprecipitated from the lysate. CARM1 was only able to
interact with DDX3 upon cellular treatmentith Adox and MTA (Figureb.8). This result
coincides with thosebserved withhein vitro methylation assay, where CARM1 could
only methylate DDX3rom Adox and MTAtreated cells
PRMTG6

Whereas PRMT1 and CARM1 were unable to robustly methylatet&gjed
DDX3, GSTtagged PRMT6 was capal@démethylating itquite readily (Figur&.9).

However, GSTtagged PRMT6 was unable to methylate DDX3 immunoprecipitated from
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