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Abstract

PARP1 3 is a RNA-binding and catalytically inactive member of the poly(ADP-
ribose) (PARP) family. PARP13 was first identified as a host antiviral factor that
selectively binds to viral mRNAs and targets them for degradation by mRNA decay
factors. Recently, functions of PARP13 in post-transcriptional regulation of cellular
mRNAs were identified. In this context, PARP13 indirectly regulates the miRNA
silencing pathway, restricts human retrotransposition by regulating LINE-1 mRNA
and downregulates the mRNA levels of TRAIL-R4 -a pro-survival TRAIL ligand
receptor.

Farnesylation is a post-translational lipid modification that causes proteins to
associate to membranes and is required for the activity of some proteins such as
Ras. Farnesyl modification adds a 15-carbon prenyl group to the C-terminus of
proteins, including PARP13, that contain a CaaX motif. Because PARP13 has two
splice isoforms, the full-length PARP13.1 and the C-terminal truncated isoform
PARP13.2, only the full-length isoform PARP13.1 is farnesylated.

Here we show that PARP13.1 localizes to the cytoplasm and the endoplasmic
reticulum and binds RNA at both compartments. Localization to the ER is mediated
by farnesylation of cysteine 899 and to a lesser extent to RNA interactions through its
CCCH zinc fingers. We also identify a set of putative PARP13.1 cellular mRNA
targets by differential expression analysis of PARP1 3-- cells expressing either full
length PARP13.1, a RNA binding mutant (PARP1 3 .1VYFHR) or a farnesylation mutant
(PARP13.1c"99s). Most of the transcripts that are regulated in a PARP1 3.1-dependent
manner are membrane-associated and require the farnesylation of PARP13.1 for
their regulation. These results possibly suggest that localization of PARP1 3.1 to the
ER by farnesylation is important for the regulation of mRNAs that localize there. We
furthermore, validate the regulation of CERK and DNER, two cellular mRNAs targets
by PARP13.1. In addition we determine that the PARP13-dependent regulation of the
transcript DNER affects neurite outgrowth in the human cell line U87-MG, possibly
implicating PARP13.1 in yet another important cellular process such as
neuritogenesis.

Thesis Supervisor: Stephen P. Bell
Thesis Co-Supervisor: Paul Chang
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Poly(ADP-ribose) polymerases: activity and cellular functions

Post-translational modifications are modifications that occur on a protein after

translation by the ribosome. These types of modification include the modification of

amino acid residues, addition of covalent and non-covalent chemical groups, and the

proteolytic cleavage of targeted proteins. Some post-translational modifications occur

due to cellular and extracellular conditions and affect the protein's activity,

localization, stability and interactions with other proteins or molecules. Examples of

post-translational modifications include phosphorylation, ubiquitination, farnesylation

and ADP-ribosylation.

ADP-ribose modification are reversible post-translational modification

synthesized by a family of proteins called poly(ADP-ribose) polymerases (PARPs).

PARPs utilize NAD' as a substrate to covalently attach ADP-ribose units to specific

residues on acceptor proteins, which include the PARPs themselves (Ame et al.,

2004; Gibson and Kraus, 2012; Vyas et al., 2013). The family of human PARPs is

composed of 17 proteins that have been identified via bioinformatics based on

sequence homology to the PARP-1 catalytic domain (Am6 et al., 2004).

PARPs modify proteins with either polymers of ADP-ribose called poly(ADP-

ribose) (pADPr) or monomers called mono(ADP-ribose) (mADPr). The type of

modification generated has important implications on the mechanism of target protein

regulation. Poly(ADP-ribose) modifications regulate protein function through covalent

mechanisms, and also by recruiting the binding of pADPr binding proteins, whereas

mono(ADP-ribose) modifications function like a traditional covalent protein
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modification such as phosphorylation (Figure 1). The primary predictor of the type of

modification generated by each PARP depends on the presence or absence of

specific amino acid residues in the catalytic triad H-Y-E, three amino acids crucial for

its enzymatic activity. Depending on the identity of these three amino acid residues,

PARPs exhibit three exclusive types of activity: poly(ADP-ribosyl)ation, mono(ADP-

ribosyl)ation or no enzymatic activity. Both the histidine and tyrosine are important for

NAD' binding, while the glutamate is thought to be required for poly(ADP-ribose)

synthesis (Hottiger et al., 2010; Kleine et al., 2008). Therefore, PARPs containing the

H-Y-E catalytic triad synthesize poly(ADP-ribose) whereas PARPs containing H-Y-X

triad synthesize mono(ADP-ribose) onto acceptor proteins. PARPs lacking the

histidine residue in their catalytic triad have no ADP-ribosylation activity (Kleine et al.,

2008, Vyas et al., 2014). Specific structural features in each PARP, such as the

donor and acceptor loops, can also affect the enzymatic activity of the protein. The

donor loop shapes the substrate binding pocket and interacts with the substrate

NAD+, whereas the acceptor loop is important in the binding of the acceptor either it

be a protein substrate or a ADP-ribose molecule in the case of pADPr modifications

(Kleine et al., 2008; Walhberg et al., 2012).

The ADP-ribosylation modifications catalyzed by PARPs are reversible.

Mono(ADP-ribose) (mADPr) can be cleaved from the site of attachment by the

enzymatic activity of MacroD1, MacroD2 and terminal(ADP-ribose) glycohydrolase

(TARG) (Rosenthal et al., 2013; Jankevicius et al., 2013; Vyas et al., 2014).

Poly(ADP-ribose) glycohydrolase (PARG) or the less efficient ADP-ribosylhydrolase 3
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mADPr pADPr
PARP PARP

Mono(ADP-ribose) Poly(
Covalent modification Sca
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I

ADP-ribose)
ffold model
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* pADPr binding protein Poly(ADP-ribose)

Figure 1. Mechanism of ADP-ribose modification by PARPs. Depending on their

enzymatic activity, PARPs can synthesize mono or poly(ADP-ribose) onto acceptor

proteins. Mono(ADP)ribose modifications are covalent modifications and like other

posttranslational modifications can alter protein function, localization, structure etc.

Poly(ADP-ribose) modifications, in addition, can act as a scaffold to bind and recruit

poly(ADP-ribose) binding proteins.
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(ARH3) are responsible for the hydrolysis of poly(ADP-ribose) (pADPr) chains into

ADPr units (Lin et al., 1997; Oka et al., 2006; Slade et at., 2011; Vyas et al., 2014).

In addition to the conserved PARP domain, individual PARP family members

contain a variety of domains specify their roles in different cellular processes (Ame et

al., 2004; Otto et al., 2005; Vyas et al., 2013). Based on the identity of these

domains, PARPs have been classified in five subfamilies: DNA-dependent,

Tankyrase, Macro, CCCH-zinc finger and unclassified PARPs (Figure 2) (Am6 et al.,

2004). The DNA-dependent PARPs 1, 2 and 3 contain a proposed nucleic acid

binding domain Tryptophan-Glycine-Arginine (WGR) and function in DNA repair

pathways (reviewed in De Vos et al., 2012). The tankyrases subfamily is composed

of PARP5a (Tankyrase 1) and PARP5b (Tankyrase 2). Tankyrases are characterized

by the presence of 24 ankyrin repeats that mediate protein-protein interactions and

are involved in telomere homeostasis, Wnt/P-catenin signaling and cell cycle

progression (Smith et al., 1998; Chang et al., 2005; Huang et al., 2009).

Macro PARPs 9, 14 and 15 contain macro domains that bind to ADP-ribose

and other related molecules like NAD'. PARP9 has been implicated in B-cell

lymphoma migration and interferon signaling pathways (Aguiar et al., 2000;

Juszczynski et al., 2006) whereas PARP14 has a role in the regulation of interleukin-

4 signaling through Stat6, JNK pro-survival signaling and focal adhesion dynamics

(Goenka et al., 2007; Barbarulo et al., 2013; Vyas et al., 2013). PARP15 function has

not been thoroughly studied but it is enriched in stress granules upon cytoplasmic

stress (Leung et al., 2011). In addition, recent evolutionary analyses of PARP9,

11
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Figure 2. PARP family members. Human PARP family consists of 17 members

classified by their domain homology outside of the PARP catalytic domain. Shown

are the PARP family members divided into subfamilies: DNA-dependent, tankyrases,

Macro domain containing, CCCH zinc-finger containing and unclassified. For

simplification not all isoforms are shown. TM denotes a transmembrane domain in

PARP16.
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PARP14 and PARP15 suggest they could possess antiviral activity (Daugherty et al.,

2014).

Zinc finger PARPs include PARP7, 12 and 13. Each zinc finger PARP

contains at least one RNA-binding CCCH-zinc finger motif and a WWE pADPr

binding domain. PARP7 has been shown to be a transcriptional repressor of the aryl

hydrocarbon receptor (Diani-Moore et al., 2010, MacPherson et al., 2012; Ahmed et

al., 2015) and PARP12 has been implicated in the antiviral response to alphaviruses.

PARP12 is also found enriched in stress granules upon cytoplasmic stress along with

PARP5a, PARP15 and PARP13 (Atasheva et al., 2012; Leung et al., 2011). The

remaining member of the zinc finger PARPs, PARP1 3, is the focus of this thesis and

will be discussed in detail in a subsequent section.

Finally, PARPs 4, 6, 8 10, 11 and 16, grouped as unclassified PARPs, contain

no domain similarity to other subfamilies outside their PARP catalytic domain. PARP4

contains a BRCT domain, von Willebrand factor A (VWFA) domain and a vault inter

alpha trypsin (VIT) domain and localizes to large cytoplasmic ribonucleoprotein

particles known as vault particles, but its role in these particles is still unknown

(Kickhoefer et al.,1999; Berger et al., 2009). PARP10 contains multiple domains,

including a Myc-binding domain, ubiquitin interaction domain and a RNA recognition

motif, regulates c-Myc and NF-KB signaling, and has a role in apoptosis and DNA

damage (Yu et al., 2005; Verheugd et al., 2013; Herzog et al., 2013; Nicolae et al.,

2014). PARP1 1 has an ADP-ribose binding WWE domain and was recently

implicated in nuclear envelope stability and reorganization during spermiogenesis

(Meyer-Ficca et al., 2015). Lastly, PARP6, 8, and 16 have no identified domains

13



outside of their conserved PARP domain, but functions have been identified for all

except PARP8. PARP6 is thought to be a negative regulator of cell proliferation in

colorectal cancer cells (Tuncel et al., 2012) whereas PARP16 is an ER

transmembrane protein involved in the unfolded protein response (Di Paola et al.,

2012; Jwa and Chang, 2012).

The PARP family of proteins is diverse in their domain composition and the

cellular functions they regulate. Some of these functions require their mono or

poly(ADP-ribosyl)ation activity, while others do not require catalytic activity. Because

of this structural and enzymatic activity diversity, it is likely that not all possible

functions of PARPs have been elucidated. Thus as a step towards a deeper

understanding of PARP function, I have focused on the study of one of these PARPs,

the catalytically inactive RNA-binding PARP13.

PARP13

Poly(ADP-ribose) polymerase 13 (PARP1 3), also known as Zinc Finger

Antiviral protein (ZAP), is a catalytically inactive PARP family member capable of

binding and regulating specific viral and cellular mRNAs through its N-terminal

CCCH-zinc fingers (Gao et al., 2002; Kleine et al.,2008; Guo et al., 2004; Vyas et al.,

2014; Todorova et al., 2014). Two experimentally verified PARP13 isoforms exist in

human cells, the full length PARP13.1 and the truncated PARP13.2, which lacks a

PARP domain (Figure 3) (Kerns et al., 2008; Vyas et al., 2013). In addition to the

regulation of mRNAs, PARP13 has been shown have roles in other cellular

processes such as miRNA silencing, translational repression and retrotransposition

14



inhibition (Leung et al., 2011; Zhu et al., 2012; Moldovan and Moran, 2015; Goodier

et al., 2015). In the next sections, I will focus on PARP13's structure and functions.

PARP13 functional domains and structure

PARP domain

The human PARP13 gene encodes two protein isoforms that result from

alternative splicing of the carboxy-terminal PARP domain. Full-length PARP13

(PARP13.1) and the shorter isoform PARP13.2 have identical N-terminal sequences

that contains four CCCH-zinc fingers, a WWE domain and nuclear export and

localization sequences. However, the isoforms differ at the C-terminus, where the

shorter isoform lacks the PARP domain (Figure 3) (Kerns et al., 2008). Analyses of

molecular evolution suggest that PARP1 3 is most closely related to PARP1 1,

PARP12 and PARP7 and that the PARP domain-containing isoform PARP1 3.1 dates

back to the origin of vertebrates. Evolutionary analyses also reveal evidence of

positive selection of the PARP domain of PARP13 throughout primate evolution

(Am6 et al., 2004; Kerns et al., 2008). Despite the presence of a PARP domain,

PARP13.1 is unable to synthesize mADPr or pADPr (Kleine et al., 2008; Leung et al.,

2001; Vyas et al., 2014). As previously mentioned, catalytic activity in the PARP

family is largely dictated by the catalytic triad HYE (Hottiger et al., 2010). In

PARP13.1, this motif deviates from the conserved HYE to YYV. Structural analysis of

PARP1 3's PARP domain revealed that the lack of ADP-ribosylation activity is due to
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Figure 3. PARP13 isoforms and mutants used in this study. (A) Schematic

representation of PARP13 isoforms. Both isoforms have four RNA-binding CCCH

zinc fingers and a WWE domain each, but only PARP13.1 contains a PARP catalytic

domain and C-terminal farnesylation site. (B) Schematic representation of the

mutants used in this study. RNA-binding mutant PARP13.1 VYFHR was described

previously (Todorova et al., 2014). PARP13.1c 899s has a serine in place of the

cysteine required for farnesylation modification, and the double mutant

PARP13.1VYFHR,C899S contains both RNA-binding and farnesylation mutations.
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inhibited substrate binding ability. Karlberg and colleagues crystallized the PARP

domain of PARP1 3 and demonstrated that the estimated volume of the NAD+ binding

pocket was three times smaller compared to the pockets in PARP12 and PARP15

(Karlberg et al., 2015). Furthermore, the structure revealed that the NAD+ binding

cleft of PARP1 3 has a closed conformation due to an interaction between Tyr8 26 and

His810 that seals off the NAD+ pocket, complemented by a stabilizing interaction from

Tyr7 87 and Glu8 08 (Figure 4) (Karlberg et al., 2015). Despite the lack of PARP13 ADP-

ribosylation activity, mutational analysis conducted by Gl8sker and colleagues

suggested that the integrity of the YYV catalytic triad motif of PARP13 is important for

the protein's antiviral activity against Sindbis virus (Gl8sker et al., 2014). This

contrasts with other studies that show that the presence of the PARP domain, and

thus the catalytic triad motif, is not required to inhibit the replication of viruses such as

Hepatitis B or Xenotropic Murine Leukemia virus (Mao et al., 2013; Wang et al.,

2012). The discrepancy between the two studies might be due to the different binding

requirements of the different viral targets of PARP1 3.

CCCH-Zinc fingers

CCCH-zinc fingers (or Cys 3H zinc fingers) are an RNA-binding subclass of

zinc finger motifs that coordinate one zinc ion with three cysteines and a histidine.

Proteins typically contain one to five CCCH-zinc finger motifs, which are

characterized by the Cx5.8Cx4.5Cx 3H consensus sequence (Font and Mackay, 2010).

Since the first description of this motif by Gomperts and colleagues in 1990, much

progress has been made in studying its function in organisms ranging from yeast to

18
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Figure 4. Structure of the PARP domain of PARP13. (A) Structure of the PARP

domain of PARP13 (PDB: 2X5Y) rendered in MacPyMOL. Blue area represents the

canonical NAD' binding site. (B) Zoomed-in view of the NAD+ binding cleft in (A)

depicting its closed conformation due to an interaction between Tyr826 and His8l 0.

Interaction between Tyr787 and Glu808 further stabilizes the closed conformation.

Blue area represents the canonical NAD+ binding site. Structure solved and published

by Karlberg and colleagues (Karlberg et al., 2015).
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mammals (Gomperts et al.,1990). Genome-wide surveys of CCCH-containing

proteins in mice revealed that the majority (77%) of genes with known functions were

involved in RNA metabolism processes like splicing, localization, stability and

degradation, whereas a smaller subset (23%) were involved in transcription,

ubiquitination and poly(ADP-ribosyl)ation (Liang et al., 2008). The best-characterized

function of the CCCH-zinc finger motif comes from the study of tristetraprolin (TPP).

TPP contains two tandem CCCH-zinc fingers that bind to AU-rich elements (ARE) in

mRNA, leading to the removal of the poly(A) tail and increased rates of mRNA

turnover (Lai et al., 2000; Carballo et al., 1998; Carrick et al., 2004). Unlike in TPP,

PARP13's four CCCH-zinc fingers do not bind to consensus motifs but rather to a

specific combination of nucleotide sequence and RNA conformation (Huang et al.,

2010). X-ray crystallography studies have uncovered the basis of the interaction

between PARP13's zinc fingers and its RNA substrate (Chen et al., 2012). Chen and

colleagues determined that the zinc finger domain contains two cavities as well as a

large RNA binding surface composed of positively-charged residues. The positive

residues interact with the negatively-charged phosphate backbones of the substrate

RNA, whereas the residues located in the cavities are involved in interactions with

base groups of the RNA (Figure 5). Alanine substitution of residues along the cleft

disrupt viral RNA-binding in in vitro experiments (Chen et al., 2012). Determining the

structure of PARP13's CCCH zinc fingers has allowed the generation and analysis of

the activity of PARP13 RNA-binding mutant. Our lab generated an RNA-binding

mutant for human PARP13, PARP1 3.1VFHR, which harbors alanine mutations in

residues present in the two RNA-binding cavities (Figure 3).
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FIGURE 5
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Figure 5. Structure of the CCCH zinc fingers of rat PARP13. Crystal structure of

the N-terminus of rat PARP1 3 including the four CCCH zinc fingers (PBD: 3U9G)

rendered in MacPyMOL. Depicted are the residues involved in RNA binding

according to the study of Chen and colleagues (Chen et al., 2012). Positively

charged residues important in interaction with phosphate groups of RNA are depicted

in blue. Cavity residues important in base group interaction are depicted in yellow for

cavity 1 and green for cavity 2. Figure adapted from (Chen et al., 2012).
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WWE domain

The WWE domain, another feature of PARP1 3 structure, is a globular domain

that contains two conserved tryptophan (W) residues and a glutamic acid (E) residue

and occurs in a family of proteins associated with ubiquitination and poly(ADP-

ribosyl)ation (Aravind, 2001). The mechanistic relationship between ubiquitination

and poly(ADP-ribosyl)ation was not evident until Zhang and colleagues demonstrated

that the E3 ubiquitin ligase RNF146 directly interacted with poly(ADP-ribose) through

its WWE domain, promoting the ubiquitin-dependent degradation of the ADP-

ribosylated protein (Zhang et al., 2011). This finding suggested that poly(ADP-

ribosyl)ation of proteins might act as a mechanism for tagging proteins for ubiquitin-

mediated degradation. Further analysis by Wang and colleagues showed that the

WWE domain of RNF146 binds specifically to poly(ADP-ribose) but not to

mono(ADP-ribose), suggesting that WWE domains recognize a select type of ADP-

ribose modification (Wang et al., 2012). In this context, NMR perturbation

experiments have revealed differences in ADP-ribose recognition modes of several

WWE-containing proteins that correlate with their individual biological activities (He et

al., 2012). Studies from our lab have shown that PARP13 is highly modified by

poly(ADP-ribose) during cytoplasmic stress, and unpublished results suggest that the

WWE domain in PARP13 binds poly(ADP-ribose) (Leung et al., 2011 and

unpublished results). Although not thoroughly studied, the presence of a WWE

domain in PARP13 suggests that binding to poly(ADP-ribose) could regulate

PARP13 function.
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Nuclear export and nuclear localization sequences

PARP13 also contains a nuclear export and localization sequence that allows

it to shuttle between the cytoplasm and nucleus in a CRM 1-dependent manner (Liu

et al, 2004). Although all currently known PARP13 functions are in the cytoplasm, the

presence of nuclear export and localization sequences suggests that PARP13 could

have a yet unidentified nuclear function.

CaaX motif: site of farnesyl modification of PARP13

Another structural feature that influences PARP13's localization is the CaaX

motif at the C-terminus of the protein (absent in the PARP1 3.2 isoform). The motifs

name, CaaX, represents the four amino acid sequence at the C-terminus of proteins

that harbor it (a is any aliphatic amino acid and X is M, S, Q, A, C, L or I, Zhang and

Casey, 1996; Hougland et al., 2010). CaaX motifs are targeted by prenyltransferases

that attach either a farnesyl (15-carbon) or a geranylgeranyl (20-carbon) isoprenoid to

the cysteine residue of the motif (Zhang and Casey, 1996). The last residue in the

CaaX motif (X) determines which lipid modification, farnesyl or geranylgeranyl, will be

added. Farnesylation, the addition of a farnesyl group to the cysteine, occurs when

the last residue is methionine, serine, alanine, cysteine or glutamine, while

geranylgeranylation occurs when leucine or isoleucine occupy the position (Moores

et al., 1991). The protein prenylation process includes 3 steps: polyisoprenylation,

proteolysis, and carboxyl methylation. During polyisoprenylation, either

farnesyltransferase (FTase) or geranylgeranyltransferase (GGTase), depending on

24



the identity of the last residue in CaaX, attaches the corresponding isoprenoid to the

cysteine. Next, -aaX residues are proteolysed by prenyl protein peptidase Ras

converting CaaX endopeptidase 1 (RCE1), and subsequently the enzyme isoprenyl-

cysteine carboxyl methyltransferase (Icmt) methylates the exposed carboxy terminus

(Figure 6) (Gao J. et al., 2009). These modifications are critical for their localization to

the plasma membrane or other intracellular membranes (Gao J. et al., 2009; Gelb et

al., 2006). In the case of PARP13, the CaaX motif is CVIS, and thus the protein is

farnesylated (Charron et al., 2013).

Bioinformatics analysis predicts that hundreds of eukaryotic proteins are

targets of farnesylation, but only a small subset has been experimentally validated

(Maurer-Stroh and Eisenhaber, 2005). Known farnesylation targets are mostly G

proteins (H-Ras, K-Ras, RhoA, etc.), nuclear membrane proteins (prelamin A, lamin

B1/B2) and intracellular membrane proteins (HDJ2, CENP-E, etc.) (Philips et al.,

2005; Roberts et al., 2008; Barrowman et al., 2008; Maske et al., 2003; Hussein and

Taylor, 2002; Hata and Ohtsuka, 2000). These proteins are involved in important

cellular functions such as differentiation and carcinogenesis. Given its oncogenic

nature, Ras is one of the best-studied farnesylated proteins. Ras is a small G-protein

involved in many signal transduction pathways that requires membrane association

through farnesyl and/or geranylgeranyl modification for its signal transduction activity

(Willumsen et al., 1984; Hancock et al., 1989; Jackson et al., 1990). Because lipid

modifications are required for Ras to induce malignant transformation, invasion and

metastasis, many FTase and GGTase inhibitors have been developed and studied

as anticancer drugs (Jackson et al., 1990; Cox and Der, 1997; Downward, 2003;
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FIGURE 6
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Figure 6. Mechanism of protein farnesylation. Schematic representing the

farnesylation of a protein (represented in green) bearing a farnesylation CaaX motif.

In the cytoplasm, farnesyltransferase (FTase) attaches a 15-carbon farnesyl group to

the cysteine of the CaaX motif. The farnesylated protein is trafficked to the

endoplasmic reticulum where the tripeptide aaX is cleaved by the Ras converting

CaaX endopeptidase 1 (RCE1). Subsequently, the enzyme isoprenyl-cysteine

carboxyl methyltransferase (Icmt) methylates the exposed carboxy terminus. The

modified protein is finally targeted to membranes. Also shown is the inhibitor FTI-277

which inhibits FTase activity.
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Gibbs and Oliff, 1997). One specific farnesylation inhibitor, FTI-277, acts as a

structural analogue of the CaaX tetrapeptide (Lerner et al., 1995; Bernhard et al.,

1998). FTI-277 is a potent inhibitor (IC 50= 0.5nM) and inhibits H-Ras and K-Ras

farnesylation at IC50 values of 0.1 and 10pM, respectively, in whole cells (Lerner et

al., 1995b; Sun et al., 1999).

The farnesyl modification of PARP13 was first described by Charron and

colleagues. Famesylated PARP13 was identified by prenylome profile analysis in

mouse macrophages using the isoprenoid chemical reporter alkynyl-farnesol (alk-

FOH) (Charron et al., 2013). The group mapped the farnesyl modification to cysteine

993 of mouse PARP13 and demonstrated that the modification targeted PARP13.1 to

membranes by the analysis of a PARP1 3 mutant that lacked the cysteine required for

the farnesyl modification. Interestingly, Charron and colleagues also discovered that

farnesylation enhanced PARP13's antiviral activity against Sindbis virus (Charron et

al., 2013). In this context, the authors suggested that farnesylation of PARP13 might

direct the protein to endocytic membranes, where it could encounter the viral RNA

upon entry. Consistent with this model, the long PARP13 isoform (that can be

farnesylated) shows enhanced antiviral activity against certain viruses relative to the

shorter unfarnesylated PARP1 3 isoform, suggesting that the farnesyl modification.

PARP13 functions

Since the discovery of its antiviral activity 13 years ago, studies of PARP13

functions have establish it as a bona fide cellular posttranscriptional mRNA regulator
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in physiological and stress conditions. Below I will discuss some of these functions in

detail.

MicroRNA silencing pathway regulation

PARP13 has been shown to have a role in microRNA silencing during

cytoplasmic stress conditions (Leung et al., 2011). MicroRNAs (miRNAs) are -22

nucleotide short noncoding RNAs that mediate RNA interference (RNAi) (Fabian et

al., 2010). During RNAi, the RNA-induced silencing complex, or RISC, incorporates

one strand of a miRNA or small interfering RNA (siRNA) that acts as a template for

the RISC complex to recognize mRNA transcripts. Transcript recognition by the RISC

complex results in posttranscriptional repression by translation inhibition or

degradation of the target mRNA (Bartel, 2009; Pratt and MacRae, 2009). The

endonuclease Argonaute 2 (Ago2) is responsible for the cleavage of recognized

mRNAs, which leads to their subsequent degradation. Ago2 activity, and thus miRNA

cleavage-mediated silencing, can be modulated by multiple mechanisms including

post-translational modifications (Meister, 2013).

Ago2 is poly(ADP-ribosyl)ated during cytoplasmic stress, leading to a

significant decrease in Ago2-mediated miRNA silencing (Leung et al., 2011). It is not

known which PARP poly(ADP-ribosyl)ates Ago2, but the catalytically inactive

PARP13 facilitates pADPr modification of Ago2 through a yet unknown mechanism.

Leung and colleagues showed that overexpression of PARP13 increased the pADPr

modification on Ago2, resulting in inhibition of its activity and concomitant decreased

miRNA cleavage (Leung et al., 2011). In addition, PARP13-dependent poly(ADP-
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ribosyl)ation of Ago2 has also been shown to inhibit miRNA-cleavage upon viral

infection, during which miRNA pathways are usually suppressed (Seo et al., 2013).

PARP1 3 is thought to anchor the activity of the catalytically active PARPs to Ago2

through its mRNA-binding domains, and thus serve to target Ago2 for poly(ADP-

ribosyl)ation. By regulating Ago2 activity, PARP1 3 establishes itself as a

posttranscriptional regulator of cellular RNAs.

Retrotransposition inhibition by PARP13

Recent studies show that PARP13 inhibits retrotransposition in human cells

(Goodier et al., 2015; Moldovan and Moran, 2015). Retrotransposons are mobile

DNA elements that replicate and integrate themselves into the genome using an

RNA intermediate. Long INterspersed Element-1 (LINE-1 or LI) is the only active

autonomous retrotransposon left in the human genome and its retrotransposition

poses a threat to genome integrity and appropriate cell function (Lander et al., 2001).

Therefore, the cell has evolved mechanisms to limit replication of mobile DNA. For

example, PARP13 inhibits retrotransposition of LI in human cells (Goodier et al.,

2015; Moldovan and Moran, 2015). HeLa or 293T cells expressing PARP13 show

decreased LI retrotransposition and, consistent with a mechanism where PARP1 3

binds to LI RNA to inhibit it, the zinc-finger domain of PARP1 3 alone was sufficient to

elicit the same inhibitory effects (Goodier et al., 2015; Moldovan and Moran, 2015). In

addition, PARP1 3 co-localizes with both L1 RNA and LI's protein product, ORF1 p, in

cytoplasmic stress granules. Although the exact mechanism is currently unknown,
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this finding suggests that the inhibition by PARP1 3 could take place at these foci rich

in cellular factors involved in RNA metabolism.

Antiviral response

PARP13's most studied function is its antiviral activity. The first account of its

antiviral activity was described by Gao and colleagues, who screened a cDNA library

to identify mammalian genes that prevented retroviral infection. Expression of

PARP13 or its N-terminus, which contains CCCH RNA-binding zinc fingers, caused a

significant loss of viral mRNA in the cytoplasm (Gao et al., 2002). It was later

demonstrated that PARP13 requires its RNA-binding zinc fingers to bind viral mRNA

and thus for its antiviral activity (Guo et al., 2004). This first account of PARP13's

antiviral activity led to the discovery of many other viruses that are downregulated by

PARP13, including Sindbis virus (SINV), Semliki Forest virus (SFV), Ross River virus

(RRV), Venezuelan Equine Encephalitis virus (VEEV), Ebola virus (EBOV), Marburg

virus (MARV), Human Immunodeficiency virus 1 (HIV-1), Xenotropic Murine

Leukemia virus (XMRV), Murid herpesvirus 68 (MHV-68) and Hepatitis B virus (HBV)

(Bick et al., 2003; MOller et al., 2007; Zhu et al., 2011; Wang et al., 2012; Xuan et al.,

2013). Although expression of PARP13 resulted in the decreased infectivity of many

viruses, Bick and colleagues showed that PARP13 expression did not inhibit all

viruses, because vesicular stomatitis virus, herpes simplex virus and yellow fever

virus were not affected by PARP13 expression (Bick et al, 2003).

One important tool to study PAPR13's antiviral activity is to determine where

PARP13 binds to its mRNA viral targets. Studies aimed at identifying RNA-binding
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sites on viral mRNAs determined that PARP13 binds to the 3' long terminal repeat of

MMLV, the 5' UTR of multiply spliced HIV-1, the 3' UTR of XMRV, the gene coding

for the filovirus L protein in EBOV and the terminal redundancy sequences of HBV

(Guo et al., 2004; Mao et al., 2013; Miller et al., 2007; Zhu et al., 2011). Given that

there is no sequence homology between these RNA-binding sites and the shortest

target sequence is 500 nucleotides, it was suggested that PARP1 3 recognizes a

secondary or tertiary RNA structure (Guo et al., 2004). Consistent with this idea, X-

ray crystallization studies of PARP13's CCCH-zinc fingers demonstrated that

PARP1 3's target RNA contains specific secondary or tertiary structure in order to

interact with residues in two RNA-binding cavities (Chen et al., 2012). As a result,

PARP13 binding has to be tested experimentally for each putative RNA target.

PARP13's antiviral activity was shown to take place in the cytoplasm,

suggesting that viral transcription initiation and elongation are not affected by

PARP13 (Gao et al., 2002). This observation along with the fact that PARP13 has no

exo- or endonuclease activity suggested that PARP1 3 is a trans-acting factor that

regulates the decay of viral mRNA in the cytoplasm.

Most cytoplasmic mRNAs are degraded by exonucleases acting at their 3' or

5' end. Exonuclease decay starts with shortening of the poly(A) tail of the transcript

by PARN, CCR4-NOT or PAN2/3 deadenylases. After poly(A) removal, the exposed

3' end of mRNA can be degraded by the cytoplasmic exosome complex. For 5'-3'

mRNA degradation, decapping enzymes DCP1 a and DCP2 remove the 5' cap of the

target mRNA and subsequently the exoribonuclease XRN1 degrades the transcript in

the 5'-3' direction (Figure 7) (reviewed in Schoenberg and Maquat, 2012).
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FIGURE 7
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Figure 7. Exonuclease-mediated cytoplasmic mRNA decay pathway. Depiction

of the major factors involved in the exonuclease mRNA decay. mRNA degradation

begins by the removal of the poly(A) tail of transcripts by deadenylases PAN2/3

complex, PARN and the CCR4-NOT complex. Once deadenylated exosome complex

can degrade the mRNA from 3' end. For 5'-3' mRNA decay, first decapping enzymes

DCP1, DCP2 and/or NUDT16 remove the m7G cap from the 5' end of the followed by

degradation by the exonuclease XRN1 in the 5'-3' direction. Figure adapted from

(Schoenberg and Maquat, 2012).
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PARP13 binds directly to viral targets and recruits both the poly(A) specific

ribonuclease PARN to remove the poly(A) tail and the 3'-5' exosome complex to

degrade the mRNA body from the 3' end (Guo et al., 2004,2007; Zhu et al., 2011).

PARP13's antiviral function requires the activity of the p72 RNA helicase, which

unwinds mRNA structures for efficient degradation (Chen et al., 2008). RNA helicase

p72 also recruits decapping enzymes DCP1 a and DCP2 to remove the 5' cap of the

target transcript, and subsequently, XRN1 is able to degrade the mRNA from 5' end

(Zhu et al., 2011). The RNA helicase DHX30 has also been identified as a cofactor

required for PARP13's antiviral activity, although it is unclear how it is involved (Ye et

al., 2010).

PARP13 has also been implicated in translational repression of the HIV-1 viral

mRNA (Zhu et al., 2012). PARP13 was shown to interact with eukaryotic initiation

factor eIF4A and thus interfere with the interaction between eIF4A and eIF4G that is

required for translation initiation (Zhu et al., 2012). Zhu and colleagues hypothesized

that PARP13 interferes with the interaction between eIF4A-eIF4G that are associated

with the target mRNA, therefore affecting viral mRNA translation only. Further studies

with other viral targets have not been performed. Thus, it is still unclear if the

translational repression by PARP13 is an antiviral response to all mRNA targets.

Evidence suggests that PARP1 3 works in concert with other host factors, like

interferon-stimulated genes, to confer maximal protection against certain viral

infections. Interferon proteins are secreted in response to pathogen-associated

molecular patterns and trigger a signaling cascade that stimulates antiviral responses

(reviewed in Samuel, 2001). In this context, PARP13 expression is induced by
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treatment with interferons (IFN)-a/p/A and also by viral infection (Ryman et al., 2005;

Marcello et al., 2006; DeFilippis et al., 2006). Knockdown of PARP13 during IFN-a/P

treatment decreases the interferon response to create an antiviral state against SINV

virus (MacDonald et al., 2007). Furthermore, interferon regulatory factor 3 (IRF-3)

induces PARP13 expression and the short isoform of PARP13, PARP13.2, interacts

with retinoic-acid inducible gene-I (RIG-I) to increase RIG-I activity and thus

activation of downstream antiviral response (Hayakawa et al., 2010). Taken together,

these results suggest that PARP13 is also involved in the initiation of a host immune

response during viral infections.

Overall, PARP13 is a key component in the cell's antiviral response, playing

roles in the degradation of viral mRNA, the repression of viral mRNA translation, and

the activation of the host antiviral state.

Cellular mRNA regulation

Recent studies from our lab show that PARP1 3 can also regulate cellular

mRNAs in the absence of viral infection (Todorova et al., 2014). Both knockdown and

knockout of PARP13 in several cell lines causes a significant upregulation of ER-

translated transcripts, including TRAIL-R4. The upregulation of TRAIL-R4 was shown

to be dependent on the lack of PARP13 and its RNA binding activity, suggesting that

inhibition of TRAIL-R4 requires PARP13 RNA-binding activity. Consistent with this

hypothesis, PARP13 was shown to bind to TRAIL-R4's 3' UTR and target it for

degradation in an exosome complex and Xrnl exoribonuclease dependent manner.
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TRAIL-R4 is a plasma membrane receptor involved in TRAIL-mediated cell

death. TNF-related apoptosis-inducing ligand (TRAIL) is a protein functioning as a

ligand that induces cellular apoptosis upon binding to corresponding death receptors

(Wiley et al., 1995; Pitti et al., 1996). Two of the four TRAIL receptors in humans,

TRAIL-R1 and TRAIL-R2, are apoptosis-inducing receptors. In contrast, the other two

receptors, TRAIL-R3 and TRAIL-R4, lack functional domains necessary for apoptotic

signaling. They thus act as pro-survival receptors by sequestering TRAIL ligand away

from apoptotic receptors and/or by the formation of an impaired TRAIL-R4/TRAIL-R2

signaling complex (LeBlanc and Ashkenazi, 2003; Merino et al, 2006). Consistent

with TRAIL-R4's role in the apoptotic response, PARP13 depletion in several cell

lines demonstrated resistance to TRAIL-mediated apoptosis by disrupting the death-

inducing signaling complex (DISC) assembly and consequently its caspase-8

activation (Todorova et al., 2014). This study provided evidence of PARP13's

regulation of mRNA independent of viral infection and demonstrated that the

mechanism of downregulation of cellular transcripts could be similar to that of viral

mRNAs. More importantly, this study proved the biological significance of PARP13's

mRNA regulation and highlighted the importance of identifying other cellular targets

of PARP13.

In my thesis, I identify new cellular targets of PARP13 in HeLa cells and focus

on one of them for further functional assays. In the section below I provide

background information about its gene product.

35



Delta/Notch-like epidermal growth factor-related protein (DNER)

The DNER gene encodes a transmembrane protein with 10 EGF-like repeats

that is strongly expressed in neuronal cells, where it localizes to the plasma

membrane and endosomes (Eiraku et al., 2002). DNER was identified as a non-

canonical ligand of Notch and regulates many Notch-dependent functions. DNER has

been shown to promote the development of Bergmann glia, regulate glioblastoma-

derived neurosphere cell differentiation and tumor propagation (Eiraku et al., 2005;

Sun et al., 2009). Notch signaling-independent functions of DNER include neural

progenitor proliferation in zebrafish and modulation of adipogenesis of human

adipose tissue-derived mesenchymal stem cells (hAMSC) (Hsieh et al., 2013, Park et

al., 2010).

In Bergmann glial differentiation, the Notch receptor binds to its ligands,

triggering the cleavage of the Notch intracellular domain, NICD. NICD then enters the

nucleus, where it interacts with DNA-binding proteins to activate transcription of

target genes (Louvi and Artavanis-Tsakonas, 2006). Eiraku and colleagues showed

that DNER trans-activated Notch1 signaling, in turn regulating Bergmann glial

development in vitro and in vivo. DNER-1- mice demonstrated abnormal glial

development, suggesting that DNER regulates morphogenesis of glia during normal

development of the cerebellum in vivo (Eiraku et al., 2005). Validating these results,

recent studies have also demonstrated the same Notch-dependent role of DNER in

zebrafish glial development (Hsieh et al., 2013). In addition, the same zebrafish study

also showed that overexpression of DNER inhibited the proliferation of neural
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progenitors through a Notch-independent mechanism (Hsieh et al., 2013). Thus,

DNER has Notch-dependent and Notch-independent roles in neural development.

Notch signaling is not only essential in neuronal development, but also in

pathogenesis of cancer and genetic disorders (Roy et al., 2007). Sun and colleagues

identified DNER as a histone deacetylase inhibitor (HDAC)-induced gene that acts as

a tumor suppressor and differentiating factor in glioblastoma-derived neurosphere

cells (Sun et al., 2009). It was also determined that these functions of DNER were

dependent on non-canonical Notch signaling through transcription factor Deltex-1

(Sun et al., 2009). The tumor-suppressive effects of DNER in this study contrast with

the well-documented oncogenic role for classical Notch signaling in certain cancers.

However, Notch has also been reported as a tumor suppressor in certain cell types.

Therefore, it is possible that DNER acts as a tumor suppressor through the less-

studied non-canonical Notch pathways (Ayaz and Osborne, 2014; Nicolas et al.,

2003).

Park and colleagues identified a function for DNER in human cells by studying

its role in the differentiation of human adipose tissue-derived mesenchymal stem

cells (hAMSC) (Park et al., 2010). The group determined that knockdown of DNER

altered cell morphology, inhibited proliferation and increased frequency and efficiency

of adipogenesis in hAMSC (Park et al., 2010). The mechanism behind DNER's

Notch-independent role in adipogenesis has yet to be identified (Park et al., 2010).

Lastly, DNER has been implicated in the regulation of neuritogenesis through

the signaling of Protein Tyrosine Phosphatase ( (PTP) and its ligand Pleiotrophin

(PTN) (Fukazawa et al., 2008). PTP4-PTN signaling has been previously shown to
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control neurite extension and migration processes (Maeda et al., 1996; Maeda and

Noda, 1998). Fukazawa and colleagues demonstrated that PTP4 associates with

DNER and regulates the endocytic trafficking of the protein by showing that

overexpressed DNER in Neuro-2A cells was actively endocytosed and inhibited

neurite outgrowth, whereas PTN stimulation suppressed DNER's endocytosis and

allowed neurite extension (Fukazawa et al., 2008). The authors speculate that DNER

overexpression might activate Notch1 signaling and inhibit differentiation by cis-

interaction (Fukazawa et al., 2008). Overall, studies of DNER function have

implicated the protein in important cellular signaling pathways controlling

development, differentiation and cancer pathogenesis; therefore, it seems imperative

that the cell should have a mechanism to regulate its levels.

Conclusion

Recent studies of PARP13's functions under physiological conditions clearly

demonstrate the biological relevance of PARP1 3 in mRNA regulation. Therefore,

there is an increasing need to understand the mechanism by which PARP13

regulates mRNAs in the cell. My thesis seeks to identify the key PARP13 cellular

targets and expand the knowledge of the requirements for their regulation in human

cells. Furthermore, the appendix of this thesis presents another important aspect of

PARP13 function, a novel role of the protein during endoplasmic reticulum stress.

Together, these data will contribute to build a network of PARP1 3 targets and

determine how PARP1 3 regulation affects the function of the transcripts' gene

products.
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INTRODUCTION

PARP1 3, also known as zinc finger antiviral factor, is a member of the

poly(ADP-ribose) polymerase (PARP) family of human proteins. PARPs synthesize

ADP-ribose modifications onto acceptor protein targets using NAD' as substrate and

their function is important in many cellular processes (Vyas et al., 2013). PARP13

has two splice isoforms, the full length PARP13.1 and the short isoform PARP1 3.2.

Both isoforms of PARP13 have the same N-terminal sequence, which includes four

CCCH RNA-binding zinc fingers, a poly(ADP-ribose)-binding WWE domain and a

nuclear localization and export sequence (Gao et al., 2004, Guo et al., 2004). This

nuclear localization sequence allows PARP13 to shuttle to the nucleus, but its

steady-state localization is to the cytoplasm and endoplasmic reticulum (Gao et al.,

2004, Vyas et al., 2013; Todorova et al., 2014). Interestingly, both isoforms of

PARP1 3 lack ADP-ribosylation activity due to the absence of key catalytic residues in

the PARP domain of PARP13.1 and the lack of a PARP domain in PARP13.2. The

PARP domain also contains a CaaX motif that targets PARP1 3.1 for farnesylation

(Charron et al., 2013).

Farnesylation is the addition of a 15-carbon farnesyl group to a conserved

cysteine residue in a C-terminal CaxX motif by the enzyme farnesyltransferase.

Farnesylation modification of proteins is critical for their localization to the plasma

membrane or other intracellular membranes and is essential for the function of

proteins such as Ras (Gao J. et al., 2009; Gelb et al., 2006).
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PARP13 was initially identified as a host antiviral factor (Gao et al, 2002).

PARP13 binds to several viral mRNAs through its CCCH zinc fingers, and targets

them for degradation by the cytoplasmic mRNA decay machinery (Bick et al., 2003,

Guo et al., 2007; Zhu et al., 2011). Structural and functional studies have shown that

PARP1 3 binds selectively to mRNA targets that have a certain secondary structure

and does not recognize a particular linear sequence (Chen et al., 2012).

Later studies of PARP13 function in the absence of viral infection

demonstrated that PARP13 also regulates cellular mRNAs. Thus far, it has three

such known roles: (i) regulating miRNA silencing by targeting Argonaute2 for ADP-

ribosylation; (ii) inhibiting the retrotransposition of the LINE-1 human retrotransposon

by reducing LI RNA levels and (iii) binding to the cellular mRNA TRAIL-R4 and

targeting it for degradation (Leung et al., 2011; Goodier et al., 2015; Moldovan and

Moran, 2015; Todorova et al., 2014). In this last study, depletion of PARP13 caused

an upregulation in membrane-associated mRNAs (including the membrane receptor

TRAIL-R4), suggesting that PARP13 could be preferentially regulating membrane-

associated transcripts.

In this chapter, I demonstrate that PARP13 localizes to the endoplasmic

reticulum through RNA and farnesylation-dependent interactions and show that the

farnesylation of PARP13.1 is important for the regulation of its cellular mRNA targets.

Furthermore, I validate the regulation of CERK and DNER, two membrane-

associated mRNAs identified in this study, and confirm that PARP13-dependent

regulation of DNER mRNA affects one of its functions in human U87-MG cells.
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RESULTS

PARP13 localizes to the membrane, where it binds RNA

Previous work from our lab showed that both isoforms of PARP1 3 localize to

the cytoplasm as well as to the membranes of HeLa cells. Furthermore,

transcriptome analysis using microarrays demonstrated an enrichment of membrane-

associated and secreted transcripts that are significantly upregulated upon PARP1 3

knockdown in HeLa cells. To determine if PARP1 3 localization is both cytoplasmic

and membrane-associated, HeLa cells attached to coverslips were pre-permeabilized

with digitonin, fixed with 4% formaldehyde, stained with antibodies against PARP13

or organelle markers and immunofluorescence analyzed by confocal microscopy.

The mild digitonin treatment permeabilized the plasma membrane, extracting all

cytoplasmic proteins from the cell but leaving membrane-bound organelles intact.

The release of all cytoplasmic content was confirmed by staining of the cytoplasmic

protein GAPDH (Figure 1A, top left panel). In contrast, membrane-bound proteins

were not released by the digitonin treatment, since membrane-bound organelles

such as mitochondria (MTCO2), endoplasmic reticulum (calnexin) and Golgi

apparatus (p230) were not affected by the treatment (Figure 1A). Although a subset

of the PARP13 signal was extracted by digitonin treatment, significant residual signal

overlapped with several membrane markers in the digitonin-treated samples. This

finding suggests that PARP13 is both a cytoplasmic and a membrane-localized

protein. PARP13 overlapped strongly with calnexin signal (Figure 1A top right panel),
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Figure 1. PARP13 isoforms localize to cytoplasm and membranes in Hela cells. 

(A) Untransfected Hela cells were extracted with 80µM digitonin for 90 seconds or 

mock treated and stained for PARP13 (green) and the different organelle markers 

(red) GAPDH (cytoplasm), calnexin (endoplasmic reticulum), p230 (Golgi) and 

MTC02 (mitochondria). Nuclear staining by Hoechst (blue). (B) lmmunoblot of 0.05% 

digitonin extracted (cytoplasm), 0.5% Triton X-100 extracted (membrane) and pellet 

of detergent extracted (insoluble) fractions of untransfected Hela cells. 
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in agreement with our previous results, which identified PARP13 as an endoplasmic

reticulum (ER)-localized protein.

To validate the immunofluorescence results, cells were treated with digitonin

and the cytoplasmic and membrane fractions analyzed using immunoblot (Figure

1B). In addition to the cytoplasmic and membrane-associated fractions of PARP13, a

subset of both PARP13.1 and 13.2 were found in the insoluble fraction, suggesting

that PARP13 also localizes to the nucleus. This localization is consistent with

previously published results that identified a nuclear localization sequence in

PARP13 (Liu et al, 2004).

The antiviral function of PARP1 3 requires exosome complex activity to

degrade RNA (Guo et al, 2007, Ye et al, 2010). Since we had shown that PARP13

binds to and regulates cellular mRNAs, with a strong enrichment for those that

encode membrane-bound or secreted transcripts such as TRAIL-R4 (Todorova et al,

2014), we sought to determine if membrane-associated PARP13 binds RNA. We

therefore overexpressed PARP13.1 and 13.2 as streptavidin binding protein (SBP)-

tagged proteins in HeLa cells and performed cross-linking immunoprecipitation

(CLIP) analysis of cytoplasmic and membrane-associated fractions. As shown in

Figure 2A, both isoforms of PARP13 bind RNA in the cytoplasm and membrane

fractions, as demonstrated by the incorporation of 32P at the molecular weight of each

protein. A mock transfection control suggests that the assigned bands denoted by

arrows are due to the binding of RNA to PARP13 isoforms and not to non-specific

binding to the streptavidin beads. Immunoblot analysis of the samples with antibodies

against PARP13 shows that these bands are SBP-PARP13 (Figure 2A, bottom).
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Figure 2. PARP13 binds RNA in the cytoplasm and at the membranes of HeLa

cells. (A) CLIP assays were performed on cytoplasmic and membrane fractions of

13.1-SBP, 13.2-SBP or mock transfected HeLa cells. Immunoprecipitates containing

PARP13-RNA complexes were loaded on 10% SDS PAGE and the incorporation of

32p was assayed by autoradiogram (top). PARP13 immunoblot (IB) for the same

samples shown below. (B) Immunoblots for lysates used in part (A) showing

localization of PARP13.1-SBP and PARP13.2-SBP and cytoplasmic extraction.
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Interestingly, anti-SBP immunoblots of the extracted fractions suggest that

overexpressed PARP13.1-SBP is enriched at the membrane fraction, whereas

overexpressed PARP13.2-SBP is enriched in the cytoplasm of HeLa cells (Figure

2B). This localization is consistent with a possible function of the PARP13.1 PARP

domain in membrane localization by posttranslational modifications or interactions

mediated through the domain. Furthermore, PARP13.2, which lacks the PARP

domain, localizes mainly to the cytoplasm but also to the membrane fraction,

suggesting that membrane localization is not entirely dependent on the presence of a

PARP domain. Given that both PARP13 isoforms bind RNA in membranes, we

hypothesize that RNA-binding could play a role in targeting PARP13 to membranes.

PARP13 association with membranes is dependent on farnesylation and RNA
binding

To test the possibility that RNA binding targets PARP13 to membranes, we

determined the subcellular localization of endogenous PARP13 by a fractionation

assay in which cells were mechanically homogenized and the cytoplasm and

membrane fractions were sequentially isolated by high-speed centrifugation. To

determine if PARP13 association with membranes was RNA-dependent,

homogenized cell fractions were split in half and either treated with 20pg/ml RNAse A

or mock treated for 20 minutes and subsequently subjected to high-speed

centrifugation to separate the membrane and cytoplasmic fractions. RNase A is an

endoribonuclease that specifically cleaves single-stranded RNA at pyrimidine

nucleotides (Raines, 1998) and thus should degrade any RNA tethering PARP13 to

the membrane. Immunoblot analysis of the samples shows that upon treatment with
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RNAse A, PARP1 3.1 and PARP1 3.2 are released from the membrane fraction into

the cytoplasm, suggesting that the PARP13 membrane localization is RNA-

dependent (Figure 3). Interestingly, a subpopulation of PARP13.1 remained

associated with membranes upon RNAse A treatment, suggesting this pool of

PARP13.1 is targeted to the membrane by another mechanism. Alternatively, it is

possible that insufficient amounts of RNAse A were used to untether all the PARP1 3

protein from the membrane. Overall, this result suggests that PARP13 isoforms can

localize to the membrane through a RNA-mediated interaction.

Previous work demonstrated that farnesyl modification of the C terminus of

PARP13.1 targets the protein to membranes, including endolysosomes (Charron et

al., 2013). To determine if PARP13 localization to the membrane is mediated

primarily by binding to membrane-localized RNAs or by farnesylation, we analyzed

the localization of several PARP13.1 mutants. These include an RNA-binding mutant,

PARP1 3 .1VYFHR, a newly cloned farnesylation mutant of PARP13.1 (PARP13.1c 899s)

that alters the human farnesylation site equivalent to that previously found in mouse

PARP13.1, and a double mutant containing both mutations (PARP1 3 .1VYFHR,C899S)

(Todorova et al., 2014; Charron et al., 2013). Clones were generated as both SBP

fusions and untagged cDNAs. SBP-tagged proteins were expressed in PARP13-'-

HeLa cells and their localization assayed by immunofluorescence after either

cytoplasmic extraction or cytoplasmic extraction combined with RNAse A treatment

(Figure 4). Digitonin extraction of cells expressing each of the wild type SBP-PARP13

isoforms suggests that SBP-PARP13.1 and 13.2 localize to both the cytoplasm and

the membrane in HeLa cells. Cytoplasmic extraction together with
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Figure 3. PARP13.1 localizes to the membrane through RNA-dependent and

RNA-independent interactions. Immunoblots of input, membrane or cytoplasm

fractions obtained from sequential subcellular fractionation of HeLa cells pretreated

with or without RNAse A (20pg/ml) suggest PARP13.1 associates with cellular

membranes through both RNA-independent and dependent interactions.
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Figure 4. PARP13.1 localizes to the membrane through farnesylation and RNA-

dependent interactions. {A) SBP-tagged PARP13 constructs were overexpressed 

in PARP13-1
- cells. Cells were either mock treated (top row), extracted with 80µM 

digitonin for 90s (middle row) or treated with digitonin and subsequently RNAse A 

(1 Oµg/ml) (bottom row). lmmunofluorescent analysis was performed using SBP 

antibody (green) and Hoechst nuclear staining (blue). Confocal microscopy at 60X. 
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RNAse A treatment demonstrates that SBP-PARP13.2 localization to membranes is

completely RNA-dependent, whereas SBP-PARP13.1 localization to membranes is

only partially RNA-dependent, confirming our previous results (shown in Figure 3).

Analysis of the RNA-binding mutant PARP1 3.lVYFHR also suggests that localization to

the membrane is not completely dependent on RNA binding, since under conditions

of digitonin extraction, a portion of SBP-PARP13.1VYFHR associates with the

membrane. A subset of farnesylation mutant PARP13.1c8 99s still localized to

membranes upon cytoplasmic extraction. However, RNAse A treatment released

nearly all of the PARP13.1c8 99s membrane-associated signal, suggesting that

PARP13.1 membrane localization is dependent on RNA binding. This was further

confirmed by analysis of the double mutant SBP-PARP13.1VYFHR,C 899 S, which

displayed predominantly cytoplasmic localization, as digitonin extraction resulted in

little to no membrane signal after treatment. Taken together, these data suggest that

PARP13.1 localizes to membranes via both RNA and farnesylation-dependent

interactions.

Expression of PARP13.1 and PARP13.1VYFHR resulted in the appearance of a

vesicle-like localization pattern in a subset of cells expressing high amounts of the

protein. Previous work describing the farnesylation of murine PARP13.1 reported that

overexpression of HA-tagged PARP13.1 in mouse embryonic fibroblasts resulted in

localization to lysosomes and late endosomes. This localization was not observed

when cysteine farnesylation was abrogated by mutation to serine, suggesting that

localization to the lysosomes and late endosomes is due to farnesylation (Charron et

al, 2013). Our analysis of highly overexpressed PARP13.1 mutants containing an
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intact CaaX sequence (PARP13.1 and PARP1 3 .1VYFHR) displayed a similar lysosome

and late endosome localization, as shown by co-staining of PARP13 (green) and

lysosomal protein LAMP2 (red) (Figure 5, top two rows). In contrast, the PARP13

farnesylation mutants (PARP13.1 C899s and PARP13.1 VYFHRC899S) showed no such

localization (Figure 5, bottom two rows), further suggesting that the lysosomal

localization was due to the farnesylation modification on cysteine 899 of PARP13.1.

Our immunofluorescence analysis suggests that PARP1 3 localization to the

membrane is at least in part dependent on farnesylation. We confirmed this

biochemically using two approaches: 1) expression of PARP13.1 mutants and 2)

treatment with a farnesylation inhibitor, both followed by cytoplasmic extraction using

digitonin and immunoblot analysis. The digitonin extractions performed in this study

isolate cytoplasmic proteins away from membrane-bound organelle and nuclear-

localized proteins. Thus, we determined the de-localization of PARP13.1 mutants

from membranes by comparing the amount of cytoplasmic-localized mutant protein to

cytoplasmic-localized full length PARP13.1. Immunoblot analysis of input,

cytoplasmic and membrane fractions of expressed PARP13.1, PARP13.1c8 99s, and

PARP1 3 .1VYFHR mutants showed that all proteins localize to both cytoplasm and

membranes, although the cytoplasmic-associated signal of the farnesylation mutant

PARP13.1c8 99s is higher relative to the other constructs (Figure 6, left). Since the

levels of GAPDH (cytoplasmic protein) and calnexin (ER protein) are very similar

between all samples, this disparity suggests that the farnesylation mutant

PARP13.1c8 99s did not localize as well to the membrane, and that farnesylation of

expressed PARP13.1 drives membrane targeting. Mutant PARP1 3.1 VYFHR does not
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Figure 5. A subset of exogenous PARP13.1 and PARP1 3 .1VYFHR localizes to

lysosomal vesicles. SBP-tagged PARP13.1 mutant and wild type constructs were

expressed in PARP1 3-1- cells and immunofluorescent analysis was performed with

antibodies against SBP (green), lysosomal protein LAMP2 (red) and nuclear staining

with Hoechst (blue).
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Figure 6. Farnesylation mutant SBP-PARP13.1c899s or untagged PARPI3.1c899s

show increased cytoplasmic localization. HeLa cells expressing SBP-tagged (left)

or untagged (right) PARP13.1 constructs were extracted with 0.05% digitonin and the

cytoplasm (supernatant) and membrane fraction (pellet) recovered by centrifugation.

Immunoblot for each fraction was performed against PARP13, GAPDH (cytoplasm

marker) and calnexin (ER marker).
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show the same degree of release from membrane in this particular assay, suggesting

that the subset of RNA-dependent localization to membrane is smaller than the

farnesylation-dependent pool. Expression of untagged versions of each mutant yields

the same result, suggesting that the small SBP tag does not interfere with PARP13.1

localization (Figure 6, right).

To inhibit farnesylation we used FTI-277, a potent farnesyltranferase inhibitor

that acts as mimetic of the CaaX peptide, the recognition sequence for the enzyme.

FTI-277 binds to the enzyme and inhibits the farnesylation of substrates such as pre-

lamin A (Adjei et al, 2000). Lamin A is first synthesized as the precursor protein pre-

lamin A, which must be targeted to the membrane by farnesylation at its C-terminal

CaaX domain prior to maturation (Beck et al, 1990, Hennekes and Niggs, 1994). FTI-

277 inhibits farnesylation of pre-lamin A and, as a consequence, unprocessed and

higher molecular weight pre-lamin A accumulates (Adjei et al, 2000). We determined

the inhibitory activity of FTI-277 in HeLa cells by treating cells with different

concentrations of the drug for 24 hours and assaying the accumulation of pre-lamin A

by immunoblot (Figure 7A). Treatment of HeLa cells with 10pM FTI-277

demonstrated -50% accumulation of unprocessed pre-lamin A, whereas 20pM and

50pM treatment for 24 hours showed a -92% and 98% accumulation of pre-lamin A

respectively, suggesting that FTI-277 is capable of inhibiting farnesylation in HeLa

cells at these concentrations. Since a complete inhibition of global cellular

farnesylation could cause deleterious effects, we used 20pM FTI-277 for 24 hours to

inhibit farnesylation in our experiments.
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Figure 7. Farnesyltransferase inhibitor FTI-277 inhibits farnesylation and

releases PARP13.1 from the membrane. (A) HeLa cells were treated with

farnesylation inhibitor FTI-277 at 0, 2.5, 5, 10, 20 and 50pM for 24 hours. Lysates

were then probed against Lamin A by immunoblot to assay the accumulation of

unfarnesylated pre-lamin A (blue arrow). (B) Untransfected HeLa cells were either

mock or 20pM FTI-277 treated for 24hrs. Cells were extracted with 0.05% digitonin

and the cytoplasm and membrane fractions were recovered by centrifugation.

Immunoblots of each fraction were probed with antibodies against PARP1 3, GAPDH,

calnexin and lamin A.
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We next performed digitonin extraction of HeLa cells with or without the

addition of 20pM FTI-277 for 24 hours. The immunoblot of extracted fractions in

Figure 7B demonstrates a strong enrichment of cytoplasmic PARP13.1 after FTI-277

treatment that was not seen in mock-treated cells (lane 2 vs. lane 5). Quantification of

PARP13.1 protein normalized to total cytoplasmic GAPDH by ImageJ software

analysis demonstrates a -2.8-fold enrichment of PARP13.1 in the cytoplasm upon

FTI-277 treatment compared to untreated fractions. Together with our mutation

analysis, this result suggests that the localization of endogenous PARP13.1 to

membrane is in part farnesylation-dependent.

To further confirm these results, we assayed the localization of expressed

PARP13.1 and PARP13.1c 899s upon treatment with FTI-277. PARP1 3.1 or

PARP13.1c 899s were expressed in PARP1 3-- cells and then treated with 20pm FTI-

277 for 24 hours. Cells were then analyzed by cytoplasmic extraction or

immunofluorescence assays. Cytoplasmic extraction of cells using digitonin

demonstrated an increased cytoplasmic SBP-PARP13.1 signal upon FTI-277

treatment, whereas no appreciable enrichment of cytoplasmic PARP1 3.1 C899S was

identified (Figure 8A). This supports the hypothesis that the effect of FTI-277 on

PARP13.1 membrane localization is due to the inhibition of PARP13 farnesylation at

Cys899. Furthermore, and consistent with the above results, the cytoplasmic

proportion of PARP13.1c 899s is higher than that of full-length PARP13.1 in untreated

samples (Figure 8A, lane 2 vs. lane 8).

To confirm that the PARP13 localization to lysosomal vesicles observed upon

PARP13.1 overexpression was due to farnesylation modification, we assayed its
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Figure 8. Farnesyltransferase inhibitor FTI-277 releases exogenous PARP13.1

from membranes and lysosomal vesicles. (A) (Left) PARP1 3-- cells expressing

either SBP-tagged PARP13.1 or farnesylation mutant PARP13.1c8 99s were either

mock treated or treated with 20pM FTI-277 for 24hrs. Cytoplasmic and membrane

fractions were isolated by centrifugation after 0.05% digitonin treatment. Samples

were probed by western blot against PARP13, tubulin, calnexin and lamin A. (Right)

Quantification of the cytoplasmic signal of PARP1 3 normalized to tubulin signal in

either FTI-277 treated or mock treated cells. (B) (Left) Immunofluorescence analysis

of HeLa cells expressing SBP-tagged PARP13.1 either mock or treated with 20pM

FTI-277 for 24hrs were stained for PARP13 (green), SBP (red) and nuclear staining

Hoechst (blue). White arrows mark cells with vesicle localization. Images taken at

40X. (Right) Quantification of cells with vesicle localization upon PARP1 3.1

expression from either mock or FTI-277 treatment (n=2, two-sided t-test * p-

value<0.05, error bars represent S.D.)
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localization by immunofluorescence. HeLa cells expressing SBP-PARP13.1 treated

with 20pm FTI-277 inhibitor for 24 hours or mock treated were stained for PARP1 3

(green) or SBP (red) and cells showing PARP1 3 lysosomal vesicle localization were

counted (Figure 8B). Farnesylation inhibition significantly reduced the number of cells

exhibiting vesicular localization of PARP1 3 relative to untreated cells (two tailed t-

test, * p-value<0.05, n=2) (Figure 8B, right), confirming that farnesylation of

overexpressed PARP13.1 causes lysosomal vesicle localization. We predict that a

subset of farnesylated endogenous PARP13.1 also localizes to these structures.

However, wild type cells stained for PARP13 do not exhibit significant localization to

lysosomal vesicles. This observation, taken together with the fact that overexpressed

HA-tagged PARP1 3.1 also showed a similar overexpression-related localization

(Charron et al: 2013), suggests that the lysosomal localization observed when

PARP13.1 is exogenously expressed is likely to be an overexpression artifact.

Given the lysosomal localization of overexpressed PARP1 3.1, we sought to

use biochemical methods to confirm the presence of PARP13 at the endoplasmic

reticulum (ER), as suggested by previous cell staining experiments. To enrich for ER

membranes, we followed a well-established ER microsome isolation protocol

(Stephens et al, 2008). Briefly, HeLa cells were mechanically homogenized and ER

membranes were separated by density centrifugation using a discontinuous sucrose

gradient. The isolate of ER membranes from HeLa cells was enriched in ER

transmembrane proteins such as calnexin and devoid of cytoplasmic proteins like

GAPDH as assayed by immunoblot (Figure 9A). Furthermore, the ER membrane

fraction was devoid of proteins found in other membrane-bound organelles, such as
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Figure 9. PARP13.1 localizes to ER through farnesylation and RNA-dependent

interactions. (A) ER microsomes were prepared from untransfected HeLa cells by

density centrifugation of discontinuous sucrose gradients and the input (IN) and ER

fractions were probed for the purity of the ER isolation by organelle markers: Lamin A

(nucleus), calnexin (ER), GAPDH (cytoplasm), EEA1 (endosomes), LAMP2

(lysosomes) and mannosidase II (Golgi apparatus). (B) ER microsomes were

prepared in the same manner as A from PARP1 3-' cells transfected with SBP tagged

PARP13 mutants.
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the nuclear protein lamin A, Golgi apparatus protein mannosidase 11, the endosomal

protein EEA1, and the lysosomal protein LAMP2 (Figure 9A), suggesting that the ER

membrane fraction consisted of highly purified ER microsomes. Consistent with cell

staining, these ER microsomes contained a significant amount of PARP13,

confirming an ER membrane localization for PARP13.

ER microsomes were then isolated from cells expressing SBP-PARP13.1 and

PARP13.1 mutants to identify the molecular requirements for localization to the ER

(Figure 9B). Similar levels of PARP13.1 and the RNA-binding mutant PARP1 3 .1VYFHR

were isolated from ER microsomes, whereas the farnesylation mutant PARP13.1c 899S

demonstrated a significantly decreased localization to ER microsomes. The ER

microsome signal of PARP13.1c 899s and double mutant PARP1 3 .1VYFHR,C8 99 S was

only -40% and -15%, respectively, of full-length PARP13.1, as normalized by

calnexin signal. Decreased localization of PARP13.1c 99s to the ER microsomes

suggests that farnesylation of expressed PARP13.1 is important for ER membrane

targeting and the main targeting mechanism to the ER compared to RNA-binding.

Double mutant PARP13.1 VYFHRC899S showed less ER localization than

PARP13.1 C899S confirming that a subset of ER-localized PARP13.1 is due to RNA-

dependent interactions. Given that the expression of double mutant

PARP1 3 .1VYFHR,C899S showed considerable but not complete reduction in ER

localization, we hypothesize that it is possible that other factors such as protein-

protein interactions could localize PARP13.1 to ER membranes.
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Farnesylation is important for PARP13-dependent downregulation of
transcripts

Charron and colleagues have previously shown that farnesylation is important

for regulation of Sindbis viral mRNA by PARP13 (Charron et al., 2013). We therefore

sought to determine if farnesylation is also important for the regulation of cellular

RNAs by PARP1 3. To do so, we performed next-generation sequencing of total

cellular mRNA in wild type HeLa cells and in PARP13-'- HeLa cell lines we previously

generated (Todorova et al., 2014). To identify the transcripts that are regulated by

PARP13 activity, specifically those that require PARP13's RNA binding activity,

farnesylation activity, or both, we sequenced total RNA purified from PARP1 3-- cells

expressing wild type PARP13.1, PARP1 3 .1VFHR, PARP13.1C899s or

PARP1 3 .1VYFHR,C899s. To avoid sequencing untransfected cells, cells were co-

transfected with GFP and sorted for GFP signal using fluorescence-activated cell

sorting (FACS). Wild type HeLa cells and PARP1 3-- HeLa cells that were either

mock-transfected or GFP-transfected were used as RNA sequencing controls. Prior

to cDNA sequencing, we verified that each of the GFP sorted PARP13 -- HeLa cells

expressed similar amounts of PARP13.1 protein via immunoblot (Figure 1OA) and

that TRAIL-R4 mRNA was regulated in a manner consistent with PARP1 3 RNA

binding using real-time quantitative polymerase chain reaction (RT-qPCR) (Figure

10B).

Expression of full-length PARP13.1 in PARP13-1- cells significantly reduced the

levels of TRAIL-R4 transcript compared to PARP1 3-'- cells, whereas expression of

the RNA-binding mutant PARP13VYFHR did not (two tailed t-test, * p-value<0.05 ** p-
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Figure 10. RNAseq of PARP13.1 mutants. Full-length PARP13.1 and the mutants

PARP13.1c 8 99s, PARP1 3 .1VYFHR and' PARP13.1VYFHR,C899S were expressed in

PARP1 3-'- cells along with GFP. Cells were sorted by GFP expression and RNA was

extracted from each and sequenced. (A) Immunoblot of samples from two replicates

of PARP13 mutants after GFP sorting. Numbers below blots represent normalization

to tubulin. (B) Samples for RNASeq were tested for PARP13 rescue by assaying the

levels of TRAIL-R4 mRNA by RT-qPCR. Shown are Log2 fold change TRAIL-R4

mRNA levels compared to PARP1 3-1- cells for each expressed construct (n=3, two-

sided t-test, * p-value<0.05, ** p-value<0.001, error bars represent S.D.) (C) Two

biological replicates of PARP13.1 mutants as well as controls expressing GFP or

mock transfected were submitted for RNASeq. Shown are the total number of reads

for each replicate and the percent of reads that mapped to human genome Hg19.
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value<0.01, n=3). Interestingly, expression of the farnesylation mutant PARP1 3 c899S

also significantly reduced TRAIL-R4 transcript levels, suggesting that farnesylation

modification on PARP1 3 is not required for the downregulation of TRAIL-R4.

However, the double mutant PARP13VYFHR,C899S was unable to rescue TRAIL-R4

levels, further confirming an RNA-binding requirement for PARP1 3 in TRAIL-R4

mRNA regulation. Taken together these results confirm that TRAIL-R4 is regulated

by the RNA-binding activity of PARP13 and reveal that the mechanism of PARP13

regulation of TRAIL-R4 does not require the farnesylation of PARP13.

Samples that exhibited similar expression levels of the PARP13.1 proteins and

rescue of PARP13 activity were used to purify total RNA. Following these controls,

RNA from two biological replicates of the following samples were submitted for

sequencing: WT mock transfected, PARP13-- mock transfected, WT + GFP,

PARP13-'- + GFP, PARP13-' + GFP + PARP1 3.1, PARP1 3-'- + GFP + PARP1 3 C899

PARP 13-- + GFP + PARP1 3VYFHR and PARP1 3-- + GFP + PARP1 3VYFHRC899S. cDNAs

were sequenced using Illumina's HiSeq 2000 system. As shown in Figure 10C,

samples contained between 1.7 and 3.2 x107 total reads, with 84-85% of reads

mapping to human genome Hg19. This is sufficient to carry out differential expression

analysis.

We used DESeq software to test for differential expression among our

samples. From the list of genes generated by DESeq, we focused on transcripts that

were differentially expressed by Log2FC(fold change)>0.5 or Log2FC<-0.5 when

compared to the two sets of controls: mock wild type HeLa cells to mock PARP13-1-

cells, and GFP transfected wild type HeLa to GFP transfected PARP13-'-. This cutoff,
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which includes both GFP and mock-transfected cells, allows us to discard genes that

are differentially expressed due to GFP transfection alone. We found 2,816

differentially expressed genes using this selection criterion. Of these, 1,432 genes

were upregulated and 1,384 were downregulated in PARP1 3-- cells as compared to

wild type (Figure 1 1A). To distinguish only the significantly up- and downregulated

genes, we set our significance threshold at adjusted p-value<0.05. The use of this

stringent selection criterion yields 247 significantly upregulated and 382 significantly

downregulated genes in PARP13-' cells relative to control cells (shown as orange

dots in Figure 11 B). To focus on PARP13 function in regulating the stability of cellular

mRNAs, we examined the 247 transcripts that were significantly upregulated upon

PARP13 depletion more carefully. The presence of downregulated transcripts in our

study suggests that PARP1 3 could have a role in mRNA stabilization, or that their

downregulation results from the misregulation of direct PARP13 targets.

To identify transcripts that are likely to be regulated by PARP13 RNA-binding,

we selected those whose expression levels were rescued by expression of wild type

PARP13.1 but not by expression of the RNA-binding mutant PARP1 3 .1VYFHR

(downregulated in PARP1 3'- vs. PARP1 3.1, adjusted p-value<0.05). Although we

note that PARP1 3 could have RNA-independent functions, we chose to focus

specifically on RNA-binding dependent transcripts. By implementing this stringent

cutoff, we identified 16 transcripts that are likely to be directly regulated by PARP13.

These are represented as blue dots in Figure 11 B. One of these transcripts is the

known PARP1 3 target TRAIL-R4 providing confidence in the validity of our analyses.
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FIGURE 11
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Figure 11. Genes are differentially expressed in wild type and PARP1 34- cells.

(A) Number of differentially expressed transcripts in PARP13 knockout cells at

different thresholds. (B) Volcano plot of -Log 10 adjusted p-value vs Log2 fold

change between wild type cells and PARP1 3-'- cells (both GFP and mock transfected)

differential expression analysis. Green dots represent all non-significant differentially

expressed transcripts. Orange dots denote transcripts with a Log2 fold change > 0.5

(upregulated) or Log2 fold change < -0.5 (downregulated) with adjusted p-

value<0.05. Blue dots represent the 16 significantly upregulated genes that are

rescued upon exogenous expression of full length PARP13.1 but not by RNA-binding

mutant PARP1 3 .1VYFHR. Blue dot representing TRAIL-R4 is labeled.
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To determine if the 16 PARP13-regulated transcripts are influenced by

farnesylation, we examined the Log2FC and adjusted p-values of each transcript

when rescued by the various PARP13 mutants. These values are listed in Figure 12A

and depicted in Figure 12B, where the Log2FC for each mutant is plotted in bar

graphs and asterisks represent an adjusted p-value<0.05. Interestingly, TRAIL-R4 is

the only transcript significantly rescued by farnesylation mutant PARP13.1c899s in this

group. This result suggests that farnesylation of PARP13.1 is not required for the

regulation of TRAIL-R4 transcript. In addition, given that the other 15 transcripts are

not rescued by PARP13.1c8 99s, it suggests that farnesylation of PARP13 is important

to regulate the stability of the majority of its RNA targets.

We sought to identify the function of the additional transcripts regulated by

PARP1 3, and to determine if there is an enrichment for those that are targeted to the

membrane. To do so, we performed MetaCore and GO localization analyses.

MetaCore TM uses manually curated databases to perform enrichment analysis for

high-throughput data. Shown in Figure 13A are the cellular process network

enrichment categories for the set of 247 significantly upregulated genes with an

adjusted p-value<0.05. The top hit was for inflammation, with enrichment in

complement immunity. Regulation of genes involved in the immune response is

expected, since PARP13 is involved in the innate antiviral immune response

(reviewed in Todorova et al, 2015). Other enriched cellular categories were in cell

adhesion, cytoskeletal rearrangement and development suggesting that PARP13

could affect these cellular processes. When we performed the same enrichment
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Figure 12. Sixteen significantly upregulated PARP13-dependent genes. (A)

Table showing the significantly upregulated genes rescued by wild type PARP1 3.1

but not PARP13.1VYFHR expression. Listed are the Log2 fold change values and p-

adjusted values for comparisons between: wildtype vs PARP13-'~, PARP13-- vs

PARP13.1, PARP13-'- vs PARP13.1 VYHFR, PARP 13-'- vs PARP13.1 C899s and PARP13-'

vs PARP13.1VYHFR,C8 99S. Asterisks denote gene products that localize to membranes.

(B) Graphical representation of information depicted in table in part (A) (* adj p-

value<0.05).
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analysis on the subset of 16 genes, however, we did not find any significantly

enriched cellular processes.

We also performed enrichment analysis for GO localization terms with

adjusted p-value<0.05 (Figure 13B). As with previous microarray data (Todorova et

al., 2014) we found that most of the GO localization terms for the 247 upregulated

genes were membrane-related, such as secreted (extracellular region) and

membrane associated (vesicle, cell periphery, plasma membrane, lysosome) (Figure

13B, top). Similarly, localization enrichment analysis of the set of 16 RNA binding

competent PARP13-dependent upregulated genes was significantly enriched for

membrane-related GO localization terms, particularly for endosomal localized gene

products (Figure 13B, bottom). Furthermore, upon inspection of the annotated

localization of each gene we found that 11 out of 16 (69%) have membrane-related

localizations, including plasma membrane, Golgi, secreted, endosomal and

lysosomal localizations (Figure 13C).

Taken together, the enrichment analyses of genes upregulated upon PARP1 3

knockout suggest that PARP1 3-regulated transcripts are more likely to be regulated

based on their localization than their functional activity in the cell. Furthermore, it

confirms that a considerable subset of PARP13-regulated transcripts is associated to

membranes.

Validation of two farnesylation-dependent PARP13 regulated transcripts: CERK
and DNER

We next validated a subset of the putative PARP1 3 regulated transcripts by

RT-qPCR. We focused on transcripts that demonstrated high Log2FC in wild type
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Figure 13. Enriched cellular process and localization terms in upregulated

genes in PARP13' cells suggest role of localization in regulation by PARP13.

(A) Significantly (adj p-value<0.05) enriched cellular process terms for the 247

significantly upregulated transcripts in PARP13~'- cells. No cellular process terms

were enriched for the set of 16 PARP1 3 rescued transcripts. (B) Same analysis as in

(A) except for GO localization terms. (C) Graphical representation of the localization

of the gene products of the 16 transcripts significantly rescued by PARP13.1

expression but not PARP1 3 .1VYFHR.
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vs. PARP13-/- cells, minimal Log2FC change upon PARP13VYFHR mutant expression,

robust expression levels in HeLa cells (count > 200), and had known biological

significance. Based on these criteria, we tested ceramide kinase (CERK) and Delta

and Notch-like epidermal growth factor-related (DNER), both of which are involved in

important cellular functions. CERK phosphorylates ceramide, generating the

signaling lipid ceramide 1-phosphate (reviewed in Bornancin, 2011), and DNER

induces glial development and regulates neuroblast outgrowths (Eiraku et al., 2005;

Fukazawa et al., 2008).

To validate the upregulation of CERK and DNER mRNAs, transcript levels

were measured by RT-qPCR. For this assay we used the same two sets of GFP-

sorted samples submitted for RNAseq along with a third set to yield three biological

replicates. RT-qPCR analyses of these samples for CERK and DNER transcripts

confirmed our RNAseq results. Both transcripts are only significantly rescued (One

way ANOVA, ** p-value<0.01, *** p-value<0.001) by full-length PARP1 3.1 and not by

the farnesylation, RNA-binding or double mutants when compared to PARP1 3-'- cells

(Figure 14).

To confirm the farnesylation requirement for transcript regulation by PARP1 3,

we tested the effect of the farnesylation inhibitor FTI-277 on the regulation of CERK,

DNER and TRAIL-R4 (as control) transcript levels. Wild-type PARP13.1 or

farnesylation mutant PARP13.1c8 99s were expressed in PARP13-'~ cells that were

treated with 20pm FTI-277 or mock treated for 24 hours. RT-qPCR was performed

for each sample and results of two independent experiments are shown in Figure 15.

Consistent with RNASeq results, TRAIL-R4 transcript levels are rescued by
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Figure 14. RT-qPCR validation of PARP13 regulation of CERK and DNER

transcripts. PARP13-'- cells were expressed with SBP-tagged PARP13.1 or mutants

PARP1 3 .1VYFHR, PARP13.1c8 99s or PARP1 3.1VYFHRc899S along with GFP. Wild type

and PARP13-' cells transfected with GFP were used as controls. All samples were

GFP sorted by FACS and RNA was extracted for RT-qPCR. Shown are the results

for qPCR for CERK (A) and DNER (B) transcripts. (n=3, mean Log2FC compared to

PARP1 3-'-. One way ANOVA with Bonferroni posttest, ** p=value <0.01, *** p-

value<0.001, error bars denote S.D.)
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expression of both full-length PARP13.1 and PARP13.1C 899S, irrespective of

treatment with FTI-277 (Two way ANOVA, Bonferroni posttest, ** p-value<0.01). In

contrast, CERK and DNER transcript levels in PARP1 3.1-expressing cells are only

significantly rescued in the absence of the farnesylation inhibitor and not in either

treated or untreated PARP13.1c8 99s expressing cells (Two way ANOVA, Bonferroni

posttest, ** p-value<0.01). This experiment confirms the results of our differential

expression analysis of the RNASeq data for these transcripts and is consistent with

the hypothesis that farnesylation of PARP1 3.1 is important for the regulation of 15

out of 16 of its targets, including CERK and DNER.

Upregulation of DNER mRNA upon PARP13 depletion causes astrocytic
outgrowth inhibition in U87-MG cells

To determine if PARP13 plays a role in regulating the function of transcripts

that are regulated by farnesylation, we assayed DNER function. Overexpression of

DNER in the mouse neuroblastoma cells line Neuro-2A, results in the decreased

neurite outgrowth and causes a rounder cell morphology compared to mock

transfected cells, even in the presence of the known neurite growth inducer retinoic

acid (Fukazawa et al., 2008). Based on this result, we assayed the morphology of

PARP13 knockdown cells in the human glioblastoma cell line U87-MG. Since DNER

mRNA levels are upregulated upon PARP13 depletion, we expected to see a

phenotype similar to DNER overexpression. First, we assayed the knockdown

efficiency of PARP1 3 in U87-MG cells. As shown in Figure 16A, PARP1 3 siRNA
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Figure 15. Treatment with farnesyltransferase inhibitor FTI-277 prevents the

rescue of farnesylation-dependent PARP13.1 regulated transcripts. PARP13--

cells were mock, PARP1 3.1 or PARP13.1C 899S transfected and either mock treated or

treated with 20pM FTI-277 for 24hrs. RNA was extracted and used for RT-qPCR to

determine the levels of TRAIL-R4 (A), CERK (B) and DNER transcripts (C). (n=2,

Two way ANOVA with Bonferroni posttest, mean Log2FC compared to treated or

untreated PARP13~'-, error bars show S.D. ** p-value<0.01)
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knockdown in this cell line showed 70% reduction in PARP13 levels compared to

control siRNA transfected cells. Furthermore, PARP13-depleted U87-MG cells

showed a significant upregulation of -1.8 fold increase (-0.8 Log2FC) in DNER

mRNA levels (Figure 16B). To correlate the increase of DNER mRNA levels to

protein levels, we performed immunoblot analysis with 3 different commercial

antibodies raised against DNER. However, we identified no specific reactivity towards

the protein in either U87-MG or HeLa cells. As an alternative, we assayed protein

level by immunostaining of DNER in control, PARP13 or DNER siRNA transfected

cells using wide-field quantitative microscopy. We found increased DNER

immunostaining upon PARP13 knockdown and reduced signal in DNER siRNA

knockdown cells as compared to control knockdown (Figure 16C). Additionally, RT-

qPCR of the samples confirmed that both PARP13 and DNER mRNA levels were

significantly decreased upon their respective knockdowns. Furthermore, a co-

knockdown of PARP13 and DNER showed a similar magnitude of mRNA

downregulation compared to PARP13 or DNER knockdown alone (Figure 16D).

Taken together, these results suggest that knockdown of PARP1 3 in U87-MG cells

results in increased DNER mRNA and protein levels.

To determine if upregulation of DNER in PARP13 knockdown U87-MG cells

results in a phenotype similar to the one observed under DNER overexpression in

Neuro-2A cells, we examined the morphology of PARP13 knockdown, DNER

knockdown and PARP13-DNER co-knockdowns in U87-MG cells using differential

phase contrast microscopy. Figures 17A and 17B (a higher magnification view of
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Figure 16. PARP13 regulates DNER mRNA levels in U87-MG cells. (A)

Immunoblot for U87-MG cells transfected with control and PARP13 siRNA. (B)

PARP13 knockdown in U87-MG cells shows increased levels of DNER mRNA

compared to control siRNA as assayed by RT-qPCR (n=2, two-sided t-test, * p<0.05,

error bar represent S.D.) (C) Immunofluorescent staining of DNER (green) and

nucleus by Hoechst (blue) in U87-MG cells upon transfection of control, PARP13 or

DNER siRNA. (D) RT-qPCR analysis of relative mRNA levels of PARP13 (white bars)

and DNER (grey bars) in PARP13, DNER, and both PARP13 and DNER

knockdowns in U87-MG cells. (n=2, average Log2FC relative to control siRNA, two-

sided t-test, error bars show S.D. * p-value<0.05, ** p-value<0.01).
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17A) show representative images of each siRNA transfection. U87-MG cells that

were depleted of PARP13 by siRNA transfection displayed a rounder cell morphology

and shorter astrocytic outgrowths than control siRNA cells. In contrast, DNER-

depleted cells showed no appreciable change in outgrowth length relative to those

transfected with control siRNA. To determine if the phenotype seen in PARP13

knockdown cells was due to the increase in DNER mRNA and protein levels, we

performed a double knockdown of PARP13 and DNER to assay the morphology of

the cells. Double knockdown cells displayed similar morphology to control siRNA

cells, suggesting that the phenotypic change seen in PARP1 3 knockdown cells is

due to the increase in DNER levels, not the possible misregulation of other PARP13

targets. To determine the significance of the morphological change, we used the

microscopy analysis software Nikon NIS-Elements to measure the length of

astrocytic outgrowths from each knockdown experiment. We measured the length of

outgrowths extending from the cell body to the end of the outgrowth (as shown by the

colored lines in Figure 17C). Statistical analysis by two-tailed t test of two

independent experiments demonstrates that astrocytic outgrowths from PARP13

knockdown (mean=13.1pm 0.8, p-value=0.01) cells are significantly shorter than

that of control knockdown (mean=24.4pm 0.9). The mean length of outgrowths in

DNER knockdown (mean=23.5pm 0.4) and PARP13 and DNER co-knockdown

(mean=24.3pm 0.2) are not significantly different from control knockdowns. Taken

together, these results suggest that PARP13-dependent regulation of DNER

transcript levels affects at least one of its biological roles in human U87-MG cells.
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Figure 17. Upregulation of DNER upon PARP13 knockdown causes shorter

astrocytic outgrowths in U87-MG cells. (A) PARP13, DNER and PARP13 together

with DNER were knocked down with specific siRNAs in U87-MG cells. Cells were

imaged with phase contrast microscopy at 20X and images were taken to assess

morphological changes upon knockdown. (B) Magnified images of cells in (A) with

colored lines (red= control siRNA, blue=PARP13 siRNA, pink=DNER siRNA,

green=PARP13/DNER siRNAs) representing examples of the outgrowth lengths

quantified in (C). (C) Outgrowth lengths from each knockdown were measured using

Nikon NIS Elements software. Plotted are the raw measurements from two

independent experiments for each treatment. Statistical significance of two

independent experiments was measured by comparing mean length of control siRNA

to mean length of knockdowns (n=2, two-sided t test, * p-value<0.05).
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DISCUSSION

In this study we used rescue analysis of PARP13- cells to identify 16

PARP13-regulated transcripts, the majority of which encode proteins translated at the

ER. In addition, we demonstrate the requirement of a farnesylation modification for

the PARP1 3-dependent regulation of cellular mRNA targets. Furthermore, we show

that PARP13-dependent regulation of Delta/notch-like EGF-related receptor (DNER)

mRNA results in the regulation at the protein level and affects DNER activity in

human U87-MG cells.

A previous report found that farnesylation of murine PARP13.1 C terminus

targeted the protein to membranes and enhanced its antiviral activity towards Sindbis

virus (Charron et al., 2013). Similarly, our results suggest that farnesylation of human

PARP13.1 targets the protein to membranes, particularly to the endoplasmic

reticulum. In addition, our results show that a smaller subset of PARP13.1 localizes

to the ER through RNA-dependent interactions, suggesting that the ER localization is

primarily dependent on the farnesylation of PARP13.1 and to a lesser degree to its

RNA-binding activity. Although the exact mechanism of RNA-dependent localization

of PARP13 to the ER is not known, PARP13 could be interacting with mRNAs on

their way to being translated at the ER and thus targeting the protein there, and/or

PARP13 could be binding to mRNAs that are already tethered to the ER.

Interestingly, our data shows that farnesylation of PARP1 3.1 plays an

important role in PARP13's physiological function of mRNA regulation. In fact, 15 out

of 16 of the putative mRNAs targets identified in this study, require the farnesylation
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of PARP1 3.1 for their regulation. This result, combined with previous data showing

that most PARP13 targets are ER-translated, suggest that PARP13 localization to

membrane is important for the regulation of membrane-associated mRNA transcripts

by PARP13 (Todorova et al., 2014). Our result does not preclude the possibility that

non-farnesylated PARP13.1 can regulate the stability of membrane transcripts, as

demonstrated by the regulation of TRAIL-R4 by the farnesylation mutant

PARP13.1c 99s in our rescue experiments. However, TRAIL-R4 seems to be the

exception rather than the rule, because it is the only transcript identified in our set of

16 to be rescued by PARP13.1c 99s. Why farnesylation of PARP13 is not required

for the regulation of the membrane-associated TRAIL-R4 transcript is currently

unknown. However, it is possible that the interaction of PARP13 with TRAIL-R4

mRNA is robust enough that direct membrane targeting of PARP1 3 via farnesylation

is not required for its regulation.

Although our set of putative PARP1 3 targets are enriched for membrane-

associated transcripts, there are five that do not encode secreted or membrane

proteins. Our results show that PARP13 binds RNA at membranes, but we and

others have shown that PARP13 also binds RNA in the cytoplasm (Gao et al., 2002;

Leung et al., 2011; Goodier et al., 2015). Thus, it is possible that PARP1 3 regulates

cytoplasmic-translated transcripts as well. Another possibility is that some of the

PARP1 3 targets found in this study might not necessarily be direct targets of

PARP13, but rather misregulated as a downstream consequence of the regulation of

a direct PARP1 3 target. Validation of binding of PARP1 3 to these mRNAs is required

to prove they are indeed PARP13 targets.
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How PARP13 regulates transcripts at the membrane is still unknown. Since

the regulation of both viral mRNAs and the cellular transcript TRAIL-R4 is mediated

by 3'-5' degradation by the exosome complex and 5'-3' action of XRN1 exonuclease

(Guo et al., 2007; Zhu et al., 2011; Todorova et al., 2014), we hypothesize that

PARP13 most likely downregulates the newly identified transcripts by serving as a

trans-acting factor in a similar manner. An emerging body of evidence demonstrates

that RNA-binding proteins, translational regulators, and ribonucleases localize to the

ER to carry out their functions (reviewed in Reid and Nicchitta, 2015). For example,

recent studies suggest that both miRNA- and siRNA-mediated mRNA silencing take

place in association with the ER membrane (Stalder et al., 2013; Li et al., 2013).

Furthermore, XRN1 5'-3' exonuclease was also shown to localize to the ER and

degrade cleaved mRNA there (Stalder et al., 2013). Therefore, it is plausible that the

downregulation of mRNA targets of farnesylated PARP1 3.1 occurs in association

with the ER membrane and is carried out by mRNA decay factors that are localized

there, such as XRN1.

How PARP13 recognizes mRNAs targeted to the ER is not known. Structural

analysis of PARP1 3's CCCH zinc fingers shows that RNA binding to PARP1 3

requires key nucleotides spread along secondary or tertiary RNA structure (Chen et

al., 2012). Another study suggested that G-rich aptamers with predicted stem-loop

structures containing "GGGUGG" and "GAGGG" motifs in the loop region (also

known as Zap responsive elements ZRE) bound to PARP13 (Huang et al., 2010).

However, these motifs failed to confer sensitivity against PARP1 3's antiviral activity,

suggesting that they are likely not sufficient for PARP13 binding (Huang et al., 2010).
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Recently, work from our lab mapped the binding site of PARP13 to cellular mRNA

target TRAIL-R4 to a 600 nucleotide sequence in its 3'UTR that contains two ZREs

and one AU-rich element (ARE). Inspection of the 3'UTR of our two validated

PARP1 3-dependent targets CERK and DNER shows that CERK contains 6 ZREs

and multiple AREs, whereas DNER's 3'UTR has only AREs. Inspection of the rest of

the transcripts shows that 11 of them have both ZREs and AREs in their 3'UTR, 1

(SH3BGRL) has only AREs, and another (IFITM3) contains neither (Gruber et al.,

2010). Given that the exact sequence/structural feature of the 3'UTR fragment of

TRAIL-R4 that PARP13 binds is not known, it is not possible to predict if ZREs or

AREs elements have any role in PARP13 binding. However, we hypothesize that

putative PARP13 targets might share a structural feature (which may or may not be

related to their membrane association) that is recognized by PARP13. In addition, the

targeting of PARP1 3 to the ER could be an important factor in mRNA recognition.

The increase in local concentration of PARP1 3 at the ER could drive recognition of

the mRNAs located there.

Delta/Notch-like EGF-like receptor (DNER) is a non-canonical Notch ligand

that regulates the development of glial cells (Eiraku et al., 2005). DNER

overexpression in Neuro-2A inhibits neurite outgrowth, resulting in a round cell

phenotype (Fukazawa et al., 2008). Our results show that upregulation of DNER

mRNA and protein levels upon PARP13 knockdown results in a similar phenotype

and shorter outgrowths. The reversion to a wildtype phenotype upon co-knockdown

of PARP13 and DNER suggests that the PARP13-dependent regulation of DNER

mRNA affects DNER function and implicates PARP13 in neurite outgrowth in U87-
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MG cells. This novel regulation of DNER expands the cellular mRNA regulatory

function of PARP13 and suggests that the activity of PARP13 can be implicated in a

different array of cellular processes largely depending on the gene product of the

mRNAs it regulates.

METHODS

Reagents

Digitonin was from Acros Organics. RNAse A was purchased from Fermentas.

Hoechst 33342 from Invitrogen. All qPCR primers were pre-designed from Sigma

(KiCqStart SYBR Green Primers). Farnesylation inhibitor FTI-277 was from Sigma.

Antibodies used: PARP13 (In house HM928 or Genetex, GTX1 20134), SBP

(Millipore, MAB10764), Tubulin (Thermo Scientific, MAI-80017), GAPDH (Genetex,

GTX282445), Calnexin (BD Biosciences, 610523), BiP (Cell Signaling, C50B12),

MTCO2 (Abcam, ab3298), Lamp2 (Abcam, ab25631), DNER (Abcam, ab113251),

Lamin A/C (Abcam, ab8984) and p230 (BD Biosciences, 611280).

Cell lines and transfection conditions

Experiments were performed using HeLa Kyoto cells, U87-MG cells or

PARP13 knockout HeLa Kyoto cell line (PARP13-- A)described in Todorova et al.,

2014. All three cell lines were cultured in Dulbecco's Modified Eagle's Medium

(DMEM) containing 10% Fetal Bovine Serum in 5% CO2 at 370C. Transfections were

performed using Lipofectamine 2000 (Life technologies) as per manufacturer's

instructions for 24 hours prior to assay. Knockdowns by RNAi were performed by
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double 48 hour transfection using Lipofectamine 2000 and 5nM of Silencer Select

siRNAs (Life technologies).

Cloning

SBP-PARP13.1, -13.2 and 13 .1VYFHR were previously described in Todorova et

al., 2014. SBP-PARP13.1c8 99s was generated using GeneString (Invitrogen) flanked

by Sal/BamH1 sites inserted into SBP-PARP13.1. Double mutant SBP-

PARP13.1VYFHR,C899S was generated by Sall/BamHI cuts of SBP-PARP13.1c 899s and

insertion into SBP-PARP13.1FHR. Untagged mutants were generated from

previously cloned untagged PARP1 3.1. Untagged PARP1 3 .1VYFHR was generated

using Xhol/BstXl sites in SBP-PARP1 3 .1VYFHR and inserting fragement into untagged

PARP13.1. Untagged PARP13.1c899s was generated using Sall/BamHl sites to cut

SBP-PARP13.1c 8 99s and inserting fragment into untagged PARP13.1.

Immunofluorescence and confocal microscopy

HeLa cells were split into glass coverslips at least 16 hours prior to imaging.

For cytoplasmic extraction assays, cells were treated with EB buffer (50mM HEPES

pH 7.4, 50mM KCI, 5mM EGTA, 1mM MgC 2 , 1mM DTT) supplemented with 80pM

digitonin for 90 seconds and washed once with EB buffer. For digitonin and RNAse A

treatments, after digitonin treatment EB buffer + RNAse A (1 Opg/ml) was added for 5

minutes at room temperature. Coverslips were washed once with PBS and fixated

with 4% formaldehyde in PBS for 30 minutes at room temperature, rehydrated with

PBS and blocked with Abdil (1X PBS with 4% Bovine serum albumin (BSA) and 0.1%

Triton X-100) for 45 minutes. Primary and secondary antibody staining was
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performed with antibodies diluted 1:300 in Abdil for 1 hour. For U87-MG, cells were

fixed in 4% formaldehyde for 10mins and permeabilized/blocked in 5% BSA and

0.1% Triton X-100 for 1hr. All images were collected on a Nikon TE2000 confocal

microscope using Nikon NIS Elements software.

Digitonin extraction assays

Cells were washed in PBS thrice and cytoplasmic proteins were extracted by

incubation with permeabilization buffer (25mM KHepes pH 7.4, 110mM KOAc,

2.5mM Mg(OAc)2 , 1 mM EGTA, 1 mM DTT, 0.05% digitonin, protease inhibitor

cocktail) for 8 mins at 40C and subsequently centrifuged at 10OOg for 5 mins to

collect cytoplasmic fraction. Pellet was washed thrice with wash buffer

(permeabilization buffer but with 0.013% digitonin) and centrifuged 7600g for 10 mins

to collect membrane fraction. For experiments assaying farnesylation inhibition,

20pM FTI-277 was added to cells 24 hours prior to extraction assay.

Sequential subcellular fractionation

Cells were washed thrice with PBS and homogenized in buffer IB1 (30mM

Tris-HCI pH 7.5, 225mM mannitol, 75mM sucrose, 0.1mM EGTA, protease inhibitor

cocktail) using a Dounce homogenizer. The lysed cells were pelleted at 600g for 5

minutes twice and the supernatant was further centrifuged at 7000g for 10 minutes at

4*C. Supernatant was further pelleted at 20,000g for 30mins. Collected supernatant

was treated with RNAse A (1Opg/ml) for 20mins or left untreated. Both samples were

further centrifuged at 100,000g using a TLA120.1 rotor for 1hr to yield supernatant

(cytoplasm) and pellet (ER membrane).
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CLIP

PARP13.1-SBP and PARP13.2-SBP transfected HeLa cells were UV

crosslinked at 254 nm with 200mJ/cm 2 (Stratagene Stratalinker). Cells were washed

in PBS and cytosolic and membrane fractions were isolated using digitonin (see

method section above). Each fraction was treated with RNAse A at 37*C for 10 mins

and precipitated for 2hrs at 4*C using streptavidin sepharose beads (GE Healthcare).

Beads were washed using wash buffer containing 1 M NaCl and bound RNA was

labeled with 32P using T4 PNK enzyme (NEB) for 10mins at 37*C. Beads were

subsequently washed 5 times and the SBP-tagged protein was eluted using 4mM

biotin.

Microsome isolation

Microsome isolation was performed as described previously (Stephens et al.,

2008). HeLa cells were washed in PBS twice and homogenized in hypotonic buffer

using a Dounce homogenizer (B pestle). Sucrose was added to the homogenate to a

final concentration of 2M, loaded on a discontinuous sucrose gradient and

centrifuged at 259,000g for 16hrs using a TLS-55 rotor. ER microsomes were

manually removed from the 1.3M/1.9M interphase, diluted fourfold and recovered by

centrifugation at 259,000g for 40 mins.

RNASeq

HeLa and PARP13-'- cells were transfected with GFP or mock transfected and

PARP13-/- cells were transfected with GFP and SBP-PARP13.1, SBP-

PARP1 3 .1VYFHR, SBP-PARP13.1c899s or SBP-PARP1 3 .1VYFHR,C8 99 S for 24 hrs. Cells
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were sorted for GFP positive cells at the Koch Institute Flow Cytometry facility using

a MoFlo sorter (Beckman). RNA from sorted cells was extracted using RNeasy Mini

kit (Qiagen) as manufacturer's instructions. RNA libraries were prepared using

Illumina's TruSeq method by the Biomicrocenter at MIT. RNAseq data was aligned

and summarized using bowtie version 1.0.1, rsem version 1.2.15, samtools/0.1.19

and a UCSC known genes annotation file from the hg19 assembly. Differential

expression analysis was done with R version 3.2.0 and DESeq_1.20.0.

RT-qPCR

cDNA was prepared using Prime Script RT reagent (Takara) and random

primers. 500ng of total RNA was used per reaction. RT-qPCR reactions were carried

out with 100ng of cDNA using Sybr Select master mix reagent (Life Technologies)

following manufacturer instructions. RT-qPCR was performed on a Roche 480 Light

Cycler. Data analysis was performed using the AACT method (Livak and Schmittgen,

2001). PCR efficiencies were measured for ACTB (102%), DNER (96%) and CERK

(90%) by serial dilution. Actin-P (ACTB) or GAPDH were used as normalizing

controls.

Astrocytic outgrowth measurement

U87-MG cells were plated at least 16hrs prior to visualization. Phase contrast

images were taken of U87-MG knockdown cells using Nikon Eclipse Ti microscope.

Outgrowth length in pm of -85 cells from two independent experiments were

measured using Nikon NIS Elements software and the mean average length for each

experiment was calculated and plotted.
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CONCLUSION AND FUTURE DIRECTIONS

PARP13 functions in cellular processes outside of its antiviral role have only

recently started to be uncovered (Leung et al., 2011; Todorova et al., 2014;

Moldovan and Moran, 2015; Goodier et al., 2015). These studies implicate PARP13

in important cellular processes that involve the post-transcriptional regulation of

mRNAs and include miRNA regulation, retrotransposition and the regulation of

cellular mRNAs. In this thesis, I examined the regulation of cellular mRNAs by

PARP13, one of the physiological functions of PARP13 recently found in our

laboratory (Todorova et al., 2014).

The goals of our study were to expand our understanding of the regulation of

membrane-associated transcripts by PARP13, find new putative cellular PARP13

targets, and determine if PARP13-dependent regulation affects the biological function

of its gene product. We demonstrated requirements of RNA binding and farnesylation

of PARP13 for ER membrane localization, found that farnesylation of PARP13.1 is

required for the regulation of the majority of the cellular targets identified in this study,

and showed that PARP13 regulation is biologically important for one validated target,

DNER. Our study opens the possibility of a membrane-specific mRNA regulatory role

of PARP1 3 and expands the list of possible PARP1 3 cellular targets, thus confirming

the protein's relevance in physiological RNA regulation

Validation of PARP13 binding to targets

Future experiments should validate the direct binding of PARP1 3 to our set of

novel targets. Given that PARP13 recognizes RNAs with a specific secondary or
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tertiary structure and PARP13 targets found thus far do not share a common

nucleotide sequence or regulatory motif, direct binding validation must be performed

for the entire target sequence. One approach to narrow down possible interaction

sites would be to generate fragments of the target sequence, clone them into reporter

vectors and assay each fragment for downregulation by PARP1 3 (as performed in

Todorova et al., 2014). RNA fragments or in vitro synthesized RNA can then be

tested for binding to PARP1 3 by RNA Electrophoretic Mobility Shift Assays (RNA-

EMSA), filter binding assays, or RNA immunoprecipitation (RIP), among other

techniques (Rio, 2012; Yakhnin et al., 2012; Gilbert and Svejstrup, 2006). To identify

other direct PARP13 targets, one could perform CLIPSeq or high-throughput

sequencing of RNA fragments precipitated in CLIP reactions (Ule et al., 2005). This

technique would allow the identification of PARP13 targets as well as their RNA

binding sites, and increase our understanding of how PARP13 recognizes its ER-

translated targets. In addition, data from this experiment would test whether PARP13

targets are mostly ER-translated and/or identify cytoplasmic targets. In this context, it

would be interesting to perform CLIPSeq experiments with either PARP13.1 or

PARP13.2 to address the possibility that only farnesylated PARP13 can interact with

and regulate ER-translated mRNAs.

Functional effects of PARP13 mRNA regulation

It is important not only to identify mRNAs that are regulated by PARP1 3 but

also determine the functional consequence of their regulation in the cell. A clear

example of the importance of PARP13 cellular mRNA regulation is illustrated by the
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downregulation of TRAIL-R4 mRNA, and in turn TRAIL-R4 protein levels, which leads

to increased sensitivity to TRAIL-mediated cell death (Todorova et al., 2014). Based

on our present study, PARP13 regulates cellular mRNAs whose gene products have

roles in different cellular processes such as neurite outgrowth and sphingolipid

metabolism. Unfortunately, this makes the study of the effects of PARP13 regulation

more complicated, as each functional assay would have to be performed and

validated independently. In the particular case of the two transcripts validated in this

study, CERK and DNER, more extensive functional studies are needed to examine

the effects of PARP1 3 regulation. DNER is an important component of the neuron-

glia interaction that promotes differentiation of glial cells through Notch signaling

(Eiraku et al., 2005). In addition, overexpression of DNER is thought to suppress

differentiation of neuroblastoma cells and neurite outgrowth (Fukazawa et al., 2008).

In our study, we tested the latter functional activity of DNER and confirmed that

upregulation of DNER upon PARP1 3 knockdown caused a similar phenotype in U87-

MG cells. In the future it would be important to test both the upregulation of DNER by

PARP13 and its inhibitory effect in neurite outgrowth using non-cancerous neuronal

cell lines such as Purkinje cells. Future experiments should also focus on other

known roles for DNER in cells. For example, it would be of great interest to examine

the effect of PARP13 regulation of DNER in Notchi signaling, which is involved in

many important processes like differentiation, proliferation and apoptotic programs.

One interesting function to assay would be the differentiation of Bergmann glial cells

and determine if, for example, the overexpression of PARP13 causes lower levels of

DNER and thus an abnormal glia development.
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Mechanism of PARP13 mRNA regulation of ER-translated transcripts

Another avenue left to explore is the mechanism by which PARP1 3

downregulates ER-translated transcripts. Both viral and cellular (TRAIL-R4) mRNA

degradation of PARP13 is mediated by 3'- 5' and 5'- 3' degradation factors such as

the cytoplasmic exosome, PARN deadenylase, XRN1 exoribonuclease and

decapping enzymes DCP1a and DCP2 (Guo et al., 2007; Zhu et al., 2011; Todorova

et al., 2014). Thus, future experiments could assay the regulation of PARP13 targets

upon depletion of such decay factors in cells. Quantitative experiments could be

performed measuring reporter activity (i.e. luciferase reporter) or mRNA levels by RT-

qPCR using PARP13 knockout or depleted cells as control. Furthermore, sucrose

density fractionation or ER-microsome preparations would help to elucidate which

mRNA decay factors are localized to ER-membrane and might mediate the PARP13-

dependent post-transcriptional regulation of transcripts.

In summary, future experiments should focus on the validation of direct

transcript-PARP1 3 binding of the targets identified in this study and/or the

identification of new PARP13 targets by CLIPseq. In addition, studies of the

mechanism by which PARP13 regulates these transcripts should be performed.

Mechanistic experiments are of particular interest since we could learn which RNA

decay factors are required and furthermore, if this regulation occurs in association

with the ER membrane. Finally, functional assays of each of the gene products of

PARP1 3 targets should be carefully performed in order to learn the biological

relevance of PARP13's regulation of each transcript in the cell. As a result, these
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studies will to continue to uncover the importance of PARP1 3 function in cellular

mRNA regulation.
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INTRODUCTION

ER stress and the unfolded protein response

The eukaryotic endoplasmic reticulum (ER) is an organelle responsible for the

synthesis, modification and delivery of secretory and transmembrane proteins. It also

controls the proper folding of ER-translated proteins by molecular chaperones and

the degradation of improperly folded proteins by the proteasome (Braakman and

Hebert, 2013). Perturbations such as viral infection, oxygen deficiency, glucose

starvation and changes in the intracellular stores of Ca2 ' disrupt ER homeostasis and

lead to the accumulation of misfolded and unfolded proteins in the ER. This condition

is known as ER stress (reviewed in Chakrabarti et al., 2011). In order to reduce ER

stress and restore ER homeostasis, the cell activates an intricate signaling network

termed the unfolded protein response (UPR). Activation of the UPR leads to pro-

survival mechanisms that attempt to restore ER homeostasis named the adaptive

response. If on the contrary, these attempts fail and the ER stress is unable to be

mitigated, the UPR triggers apoptosis.

The UPR is mediated by the activation of at least three major stress sensors:

inositol-requiring protein 1 (IRE1), activating transcription factor 6 (ATF6) and protein

kinase RNA-like ER kinase (PERK) (Ron and Walter, 2007). The adaptive response

of the UPR includes three initial responses (i) the inhibition of general protein

translation by PERK phosphorylation of eukaryotic translation initiator factor 2a

(elF2a), (ii) the degradation of IRE1 ER-localized mRNA transcripts through

regulated IRE1-dependent decay (RIDD) and (iii) the autophagy of damaged proteins
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through the IRE1-JUN N-terminal kinase (JNK) pathway (Hollien and Weissman,

2006; Harding et al., 2007; Hollien et al., 2009; Kroemer et al., 2010). These events

prevent the influx of proteins to the ER and dispose of structurally compromised

proteins thus allowing repair mechanisms to restore ER homeostasis. The adaptive

response to ER stress also involves the expression of target genes by UPR-activated

transcription factors. Three transcription factors govern this response: activating

transcription factor 4 (ATF4), spliced X-box binding protein 1 (XBPls) and the

cytosolic domain fragment of activating transcription factor 6 (ATF6f). Although each

transcription factor is activated by a unique mechanism and some of their target

genes are stimulus and cell type-dependent, their overall goal is to promote adaptive

responses that restore ER function and maintain cell survival.

In the case that these adaptive mechanisms fail, the cell activates intrinsic and

extrinsic apoptotic pathways to induce cell death (Danial and Korsmeyer, 2004).

Although not all the mediators will be described in detail here, key regulators in this

response include (i) PERK/eIF2a-dependent induction of the pro-apoptotic

transcriptional factor C/EBP-homologous protein (CHOP), (ii) IRE1-mediated

activation of tumor necrosis factor receptor associated factor 2 (TRAF2), which

stimulates the ASK1 (apoptosis signal-regulating kinase 1)/JNK (c-Jun amino

terminal kinase) kinase cascade, and (iii) Ca2 ' release from the ER by the action of

pro-apoptotic proteins Bax/Bcl2 which sensitize mitochondria to activate apoptosis

(reviewed in Sano and Reed, 2013). One of the most important mediators of ER

stress-mediated apoptosis is the transcriptional factor CHOP. CHOP upregulates the

expression of targets such as growth arrest and DNA damage-inducible 34
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(GADD34), trail receptor 2 (TRAIL-R2) and endoplasmic reticulum oxidoreductase-1

(ERO1a). GADD34 activation reverses protein translation inhibition by promoting the

dephosphorylation of elF2a and thus leading to accumulation of unfolded proteins.

TRAIL-R2 receptor upregulation induces apoptosis by activation of caspase-8 and

ERO1 a hyperoxidizes the ER and promotes excessive Ca 2 transport from the ER to

the mitochondria triggering cell death (Li et al., 2009; reviewed in Oyadomari and

Mori, 2004; Lu et al., 2014). As evidenced by the different pathways and players in

the complex ER stress-mediated apoptotic response, more studies are needed to

uncover all the possible regulators. More importantly, the UPR has important

implications in diseases such as cancer, diabetes, and neurodegeneration (reviewed

in Wang and Kaufman, 2012). Therefore, understanding the mechanisms that

integrate the ER stress responses is fundamental for therapy development in many

important human diseases.

TRAIL receptors in ER stress-mediated apoptosis

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a cytokine

that acts as a ligand of TRAIL-receptors to induce apoptosis (Wiley et al., 1995; Pitti

et al., 1996). There are four TRAIL receptors in humans; TRAIL-R1/DR4, TRAIL-

R2/DR5, TRAIL-R3/DcR1 and TRAIL-R4/DcR2. Although all four receptors bind to

TRAIL ligand, only the death domain-containing receptors TRAIL-R1 and TRAIL-R2

are able to induce TRAIL-mediated apoptosis (Sprick et al., 2000; Kischkel et al.,

2000). Upon TRAIL-ligand binding, death receptors recruit proteins to their

intracellular death domain to form a structure known as the death-inducing signaling
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complex (DISC) (Kishkel et al., 1995). The DISC complex subsequently activates the

caspase8/10 cascade that leads to apoptosis (Thorburn, 2004). The denominated

"decoy" receptors TRAIL-R3 and TRAIL-R4 lack the death domain or contain a

truncated non-functional death domain respectively and thus are incapable of

inducing a competent DISC complex formation (Marsters et al., 1997; Mrino et al.,

2006). Decoy receptors act as pro-survival factors by binding TRAIL ligand away

from death signaling receptors and, in addition, TRAIL-R4 is co-recruited with TRAIL-

R2 to the DISC complex where it interferes with TRAIL-R2 multimerization inhibiting

caspase activation (Mrino et al., 2006).

Recent studies have unveiled the importance of TRAIL-R2 receptor in the ER

stress response, by showing that TRAIL-R2 levels are tightly controlled to promote

either adaptation or apoptosis during the unfolded protein response (Lu et al., 2014).

Upon reversible ER stress, transcription factor CHOP upregulates, whereas RIDD

decay suppresses TRAIL-R2 mRNA levels. If ER stress resolves, TRAIL-R2 mRNA

return to basal levels. If the ER stress is unmitigable, IRE1-mediated decay of TRAIL-

R2 transcript subsides but TRAIL-R2 mRNA levels continue to rise by CHOP

upregulation. High levels of TRAIL-R2 trigger its multimerization and assembly of the

DISC complex, which leads to initiation of apoptosis by caspase 8 (Lu et al., 2014).

This study also demonstrates that the expression of death receptor TRAIL-R3, is not

upregulated during the response suggesting that is not essential for ER-stress

mediated apoptosis.

Although the importance of decoy receptors during ER stress has not been

examined as thoroughly as for TRAIL death receptors, studies suggest that the cell-
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type dependent regulation of these receptors during the ER stress response could be

relevant for their apoptotic fate. Work from Condamine and colleagues showed that

upon ER stress induction by thapsigargin, both decoy receptors TRAIL-R3 and

TRAIL-R4 expression is decreased in human polymorphonuclear neutrophils

myeloid-derived suppressor cells whereas death receptors expression remains the

same (Condamine et al., 2014). Interestingly, lower expression of decoy receptors in

these cells correlated with a decreased viability due to ER stress-mediated apoptosis

(Condamine et al., 2014). A different study using human giant cell tumor of bone cells

revealed that upon ER stress the cells were sensitized to TRAIL-mediated death as

compared to TRAIL-treatment alone (Huang et al., 2004). Examination of TRAIL

receptors levels upon ER stress treatment demonstrated that TRAIL-R2 expression

was upregulated whereas TRAIL-R3 was downregulated (Huang et al., 2004).

Together these studies suggest that regulation of TRAIL receptors during ER stress

is cell type-dependent and could have relevant consequences in the ER stress

response. Neither study examined the mechanism the mechanism of regulation of

TRAIL decoy receptors upon ER stress conditions. In this appendix we examine the

mRNA regulation of TRAIL receptors during early ER stress response in HeLa cells

and demonstrate that mRNA levels of decoy receptor TRAIL-R4 are regulated by

PAR13.
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RESULTS

TRAIL-R4 mRNA levels are downregulated during early ER stress response

Our lab previously identified that PARP13 binds and regulates cellular mRNAs

such as the decoy TRAIL receptor TRAIL-R4 (Todorova et al., 2014). In addition,

given that PARP13 functions as a posttranscriptional regulator under physiological

and stress conditions, such as cytoplasmic stress, we sought to determine if PARP13

also regulated TRAIL-R4 mRNA levels under cellular stress. In order to examine if

TRAIL-R4 mRNA levels change under stress conditions, we performed real time

quantitative polymerase chain reaction (RT-qPCR) to measure TRAIL-R4 mRNA

levels in HeLa cells after treatment with different cellular stressors. HeLa cells were

treated with either 1 mM Dithiothreitol (DTT), 100pM sodium arsenite or subjected to

42*C for one hour. DTT is a strong reducing agent that blocks disulfide bond

formation leading to unfolded protein accumulation and thus triggering ER stress

response (Oslowski and Urano, 2011). Sodium arsenite treatment causes oxidative

stress and incubation at 420C leads to heat shock stress. We compared TRAIL-R4

mRNA levels of treated cells to levels in untreated cells and found a significant

change in TRAIL-R4 mRNA levels only after 1 mM DTT treatment (Figure 1). More

specifically, 1 mM DTT treatment caused a significant decrease in TRAIL-R4 mRNA

levels. This decrease could be due to a specific regulation of TRAIL-R4 levels upon

DTT-induced ER stress or due to a secondary effect of DTT treatment.
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FIGURE 1
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Figure 1. TRAIL-R4 mRNA is downregulated upon DTT treatment. HeLa cells

were treated with 1mM DTT, 100pM arsenite or incubated at 420C for 1 hour.

Subsequently, TRAIL-R4 mRNA levels were measured by RT-qPCR and compared

to untreated cells (two-sided t-test, n=2, * p-value <0.05, error bars represent S.D.)
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Downregulation of TRAIL-R4 mRNA during early ER stress is PARP13-
dependent

In order to examine if the downregulation of TRAIL-R4 mRNA was due to a

specific response to ER stress and furthermore, if the downregulation was PARP13-

dependent, we measured TRAIL-R4 mRNA levels after treatment of the specific ER

stress inducers Brefeldin A (BFA), Tunicamycin (Tm) and Thapsigargin (Tg) in

PARP13 siRNA knockdown cells. All three drugs induce ER stress by different

mechanisms but result in protein misfolding and thus lead to activation of the

unfolded protein response. BFA inhibits the transport of proteins from the ER to the

Golgi causing the accumulation of unfolded proteins, Tm inhibits protein N-linked

glycosylation and Tg blocks the ER calcium-dependent ATPase pump (Samali et al.,

2010). Figure 2 shows that consistent with the previous result, TRAIL-R4 mRNA

levels decreased in control knockdown cells upon treatment with all three ER stress-

inducing drugs as compared to mock-treated control knockdown cells, suggesting

that TRAIL-R4 mRNA is downregulated during ER stress. As already characterized

by Todorova and colleagues, PARP1 3 knockdown cells demonstrated upregulation

of TRAIL-R4 mRNA as compared to control knockdown cells (Figure 2). Interestingly,

TRAIL-R4 levels in PARP13 knockdown cells were not affected by the treatment of

any of the ER stress-inducing drugs. Together these results suggest that the ER-

stress-induced downregulation of TRAIL-R4 mRNA is dependent on PAPR13.

TRAIL-R4 mRNA levels were downregulated by eight hours after ER stress

induction thus we assayed the levels of TRAIL-R4 mRNA within eight hours of ER

stress treatments. Wildtype and PARP13- cells were treated with either Tm or BFA
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Figure 2. PARPI3 downregulates TRAIL-R4 mRNA upon ER stress. (A) PARP13

or control siRNA depleted HeLa cells were treated with 5pg/ml BFA, 3pg/ml Tm or

0.2pM Tg for 8 hours. TRAIL-R4 mRNA was quantified by RT-qPCR and compared

to mock treated mRNA levels (two-sided t-test, n=3, * p-value<0.05, ** p-value<0.0,

error bars represent S.D.) (B) Immunoblot of samples in (A) for PARP13 and GAPDH

(loading control). Treatments labeled as (m) mock, (b) BFA, (tm) Tunicamycin, (tg)

Thapsigargin.
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for 0, 2, 4, 6 or 8 hours and TRAIL-R4 mRNA levels were quantified by RT-qPCR

(Figure 3). Both BFA and Tm treated wildtype cells demonstrated a time-dependent

downregulation of TRAIL-R4 mRNA that was not observed in PARP1 3'- cells,

confirming that the downregulation of TRAIL-R4 is PARP13-dependent. BFA and Tm

treatment of wildtype cells demonstrated different TRAIL-R4 downregulation kinetics.

TRAIL-R4 mRNA levels were lowest after 2-4 hours of Tm treatment whether for BFA

treated wildtype cells it was 4-6 hours. This difference suggests that the degree of

downregulation of TRAIL-R4 mRNA is specific to the type of ER stress inducer and/or

concentration of the drug. More importantly, this would suggest that TRAIL-R4

downregulation is specific to the degree of ER stress response being elicited. It is

also important to note that the levels of TRAIL-R4 mRNA increase after 4 hours in the

case of Tm and after 6 hours after BFA treatment. This increase is PARP1 3-

independent as PARP13-'- cells also show an increase in TRAIL-R4 mRNA levels

during the same time frame as wildtype cells.

Additionally, we tested the possibility that PARP1 3 could also regulate other

TRAIL receptors during these early time points of the ER stress response. For this,

we measured the mRNA levels of TRAIL receptors: TRAIL-RI, TRAIL-R2 and TRAIL-

R3 from wildtype and PARP1 3-/- cells treated with BFA or mock treated for 0, 2, 4 and

6 hours. As shown in Figure 4, the mRNA levels for each receptor were not

significantly different between wildtype and PARP13'- cells suggesting that gene

expression regulation of these TRAIL receptors during ER stress is not dependent on

PARP13.
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Figure 3. PARP13 downregulates TRAIL-R4 mRNA upon early ER stress

response. Wildtype or PARP1 3'- cells were treated with either 3pg/ml Tm (A) or

5pg/ml BFA (B) for 0, 2, 4, 6 or 8 hours. TRAIL-R4 mRNA levels were measured by

RT-qPCR and compared to mRNA levels at 0 hours (two-sided t-test, n=3, * p-

value<0.05, ** p-value<0.0, error bars represent S.D.)
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FIGURE 4
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Figure 4. PARP13 does not regulate mRNA levels of other TRAIL receotors

upon early ER stress. Wildtype or PARP1 3-' cells were treated with 5pg/ml BFA for

0, 2, 4, or 6 hours and the mRNA levels of TRAIL-R1 (A) TRAIL-R2 (B) or TRAIL-R3

(C) were measured by RT-qPCR and compared to mRNA levels at 0 hours (two-

sided t-test, n=3, error bars represent S.D.)
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In order to corroborate that BFA and Tm treatments were indeed triggering an

ER stress response, we assayed the XBPI mRNA, which is often used as a marker

for ER stress (van Schadewjik et al., 2012). Splicing assays for XBPI mRNA were

performed with wildtype and PARP13-'- cells treated with BFA for 0, 2, 4 or 6 hours

(Figure 5A). Induction of ER stress response signaling was detected within 2 hours

as evidenced by the splicing of XBPI mRNA, suggesting that the ER stress response

was activated as early as 2 hours after ER-stress-inducing drug treatment.

Furthermore, we measured the levels of ER stress-induced transcription factor CHOP

mRNA of wildtype and PARP13-'- cells after 0, 2, 4, 6 and 8 hours after BFA and Tm

treatment. As expected, CHOP mRNA levels were upregulated in a time-dependent

manner upon ER stress induction by both drugs. In addition, no significant difference

was observed between CHOP mRNA levels in wildtype and PARP1 3-'-, suggesting

PARP13 does not affects CHOP upregulation (Figure 5B). Another hallmark of

unfolded protein response activation is the upregulation of the ER chaperone Binding

immunoglobulin Protein (BiP). We tested BiP protein levels by immunoblot upon

mock or BFA treatment of wildtype and PARP13-'- cells and found that BiP was -1.5

fold upregulated in both cell types (Figure 5C). In addition, an immunoblot against

PARP1 3 demonstrated that BFA treatment did not cause a change in PARP1 3 levels

in wildtype cells as compared to mock treated cells. These results suggest that BiP

upregulation upon ER stress is not affected by PARP13. Given that PARP13

expression levels do not change upon ER stress, this suggests that the

downregulation of TRAIL-R4 by PARP13 could be due to enhanced activity during

ER stress response.
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Figure 5. PARP13 does not affect XBP1 splicing, BiP or CHOP upregulation

during adaptive ER stress response. (A) Wildtype or PARP13 cells were treated

with 5pg/ml BFA for 0, 2, 4, or 6 hours and splicing of XBPI mRNA was examined by

PCR of spliced (s) product on 2.5% agarose gel. (u) denotes unspliced product and

(h) denotes a hybrid band between unspliced and spliced ssDNA (Weinchert et al.,

2011). (B) Wildtype or PARP13 cells were treated with 3pg/ml Tm (top) or 5pg/ml

BFA (bottom) for 0, 2, 4, 6 or 8 hours and TRAIL-R2 mRNA was measured by RT-

qPCR and compared to mRNA levels at 0 hours (two-sided t-test, n=2, error bars

represent S.D.) (C) Immunobiots of PARP13 and BiP in wildtype and PARP13 cells

either treated with 5pg/ml BFA or mock treated for 8 hours using GAPDH immunoblot

as loading control.
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Similar to TRAIL-R4 mRNA regulation under physiological conditions, we

hypothesize that the PARP13 downregulation of TRAIL-R4 during early ER stress

response is also dependent on its RNA-binding activity. In order to confirm this we

perform RT-qPCR to measure TRAIL-R4 mRNA in BFA treated and untreated

wildtype HeLa cells and PARP1 3-- cells transfected with either full length SBP-

PARP13.1, RNA-binding mutant SBP-PARP13.1VYFHR or mock transfected. Figure 6

shows that, as expected, cells expressing endogenous PARP13 (wildtype) or

exogenous PARP13.1 (SBP-PARP13.1) demonstrated downregulation of TRAIL-R4

mRNA upon 6 hours of BFA treatment. On the contrary, cells lacking RNA-binding

competent PARP1 3 or PARP1 3 altogether (PARP1 3'-, mock PARP1 3-'-, PARP1 3-'- +

SBP-PARP13.1VYFHR) did not demonstrate any TRAIL-R4 mRNA regulation as

compared to untreated cells. This result confirms that PARP1 3 is responsible for the

downregulation of TRAIL-R4 mRNA seen upon early ER stress and suggests that

RNA-binding activity is required for the regulation to occur.

PARP13-dependent TRAIL-R4 downregulation does not affect ER-stress
mediated apoptosis

Recently, Lu and colleagues showed that unmitigated ER stress promotes

cell-autonomous apoptosis through the upregulation of death receptor TRAIL-R2 (Lu

et al., 2014). This study further suggests that TRAIL-R2 accumulation and

multimerization at the membrane nucleates the DISC complex which activates

caspase activity that leads to apoptosis (Lu et al., 2014). Given that a previous study

had demonstrated that TRAIL-R4 receptor is able to prevent TRAIL-mediated initiator
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Figure 6. PARP13 RNA binding activity is required for TRAIL-R4

downregulation upon ER stress. Wildtype, PARP13~'- cells, or PARP1 3-' cells

transfected with SBP-PARP13.1, SBP-PARP13FHR, or mock transfected were

treated with 5pg/ml BFA for 0 or 6 hours and the mRNA levels of TRAIL-R4 were

measured by RT-qPCR and compared to mRNA levels at 0 hours (two-sided t-test,

n=3, ** p-value<0.01, error bars represent S.D.).
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FIGURE 7
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Figure 7. PARP13, TRAIL-R4 or PARP13-dependent regulation of TRAIL-R4

does not affect ER stress-mediated apoptosis. HeLa cells were depleted for

PARP1 3, TRAIL-R4 or simultaneously for PARP1 3 and TRAIL-R4 using siRNAs and

treated with 5pg/ml BFA for 24 hours. Viable cells were measured by propidium

iodine and Annexin V staining using fluorescence-activated cell sorting and the

percentage of viable cells was plotted for each knockdown (two-sided t-test

compared to control siRNA, n=3, error bars represent S.D.).
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caspase activation by interacting with TRAIL-R2, we sought to determine if PARP13,

TRAIL-R4 or the PARP 13-dependent TRAIL-R4 downregulation had an effect in ER-

mediated cell death (Merino et al., 2006). To test this we measured the viability of

HeLa cells depleted of PARP13, TRAIL-R4 and of both PARP13 and TRAIL-R4

simultaneously, upon BFA treatment for 24 hours (Figure 7). Depletion of either

PARP13, TRAIL-R4 or the combination of both, showed no difference in cell viability

as compared to control knockdown cells suggesting that the protein levels of

PARP13, TRAIL-R4 receptor o the regulation of TRAIL-R4 mRNA by PARP13 during

the early ER stress response does not ultimately affect ER-stress mediated

apoptosis.

DISCUSSION

Cellular stress responses are generated due to environmental stressors and

are required for the cell to initiate protective or destructive responses depending on

the severity of the stress (Fulda et al., 2010). In this appendix we described that

TRAIL-R4 mRNA is downregulated during ER stress and not in other environmental

stresses such as oxidative or heat stress, and that this ER stress regulation is

dependent on PARP13's RNA binding activity. Treatment with three mechanistically

different ER stress inducers confirms that the TRAIL-R4 downregulation response is

specific to ER stress, although other stresses like DNA damage should also be

tested.

Why is PARP1 3 regulating TRAIL-R4 mRNA under ER stress conditions?

Given that PARP1 3 is a known host antiviral factor and viral infection triggers an ER
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stress response, one possibility is that inducing ER stress in cells triggers an

antiviral-like response that activates PARP13 to regulate its cellular target transcripts.

Although possible, this is unlikely since PARP13's direct binding to the viral mRNA is

what triggers PARP13's antiviral activity but in the case of TRAIL-R4, the mRNA is

constitutively present in the cell and its levels do not increase upon ER stress,

suggesting that only the ability to bind to TRAIL-R4 is probably not sufficient to trigger

its rapid ER stress-dependent downregulation.

Another possibility is that the downregulation of TRAIL-R4 mRNA is not due to

an antiviral-like response but part of the gene regulation required during the early ER

stress response. This possibility is not implausible since it has been shown that gene

expression regulation of TRAIL receptors, such as TRAIL-R2, is essential for the

cellular response to ER stress (Lu et al., 2014). Although we show that PARP13-

dependent TRAIL-R4 mRNA regulation has no effect in the ER stress-mediated

apoptotic response, it is possible that the regulation is important for the

adaptive/survival pathway which, as TRAIL-R4 regulation, also takes place during the

initial phase of the ER stress response. In this context, we have preliminary results

that showed that PARP1 3 activity is not required for ER stress induced BiP

upregulation, CHOP transcriptional activation or XBPI mRNA splicing, thus

suggesting that, if in fact TRAIL-R4 mRNA regulation is part of the ER stress

response, it most likely affects a process downstream of these events.

Alternatively, under ER stress conditions, PARP13 could be regulating the

same set of transcripts it regulates during basal/physiological conditions,

independent of a role the gene product of that transcript might play during ER-stress
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response. Given that during the adaptive phase of the unfolded protein response the

cell tries to restore ER homeostasis by a number of ways, including the degradation

of ER-localized transcripts, this idea would define PARP13 as an important

contributor to ER homeostasis under basal and stress conditions.

METHODS

Reagents

Brefeldin A, tunicamycin, thapsigargin and propidium iodide were from Sigma.

Annexin V (640912) conjugated to Alexa 647 was from Biolegend. Dithiothreitol was

from IBI scientific. Sodium arsenite was from Fluka. All qPCR primers were pre-

designed from Sigma (KiCqStart SYBR Green Primers). Antibodies used: PARP13

(In house HM928 or Genetex, GTX120134), GAPDH (Genetex, GTX282445), BiP

(Cell Signaling, C50B12).

Cell lines and transfection conditions

Experiments were performed using HeLa Kyoto cells or HeLa Kyoto PARP13

knockout cell line (PARP13-/- A) described previously (Todorova et al., 2014). Both cell

lines were cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 10%

Fetal Bovine Serum in 5% CO2 at 370C. Transfections were performed using

Lipofectamine 2000 (Life technologies) as per manufacturer's instructions for 24

hours prior to assay. Knockdowns by RNAi were performed by double 48 hour

transfections using Lipofectamine 2000 and 5nM of Silencer Select siRNAs (Life

technologies).
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RT-qPCR

cDNA was prepared using Prime Script RT reagent (Takara), 500ng of total

RNA and random primers. RT-qPCR reactions were carried out with 1 QOng of cDNA

using SYBR Select master mix reagent (Life Technologies) following manufacturer

instructions. RT-qPCR was performed on a Roche 480 Light Cycler. Data analysis

was performed using the AACT method (Livak and Schmittgen, 2001). Actin-P

(ACTB) was used as normalizing control.

XBP1 mRNA RT-PCR splicing assay

XBP1 splicing assays were carried out as previously described (Stroescu et

al., 2013). PCR using specific XBP1 primers to detect both spliced and unspliced

mRNA was performed with the following program: 4min 94*C, (1Os at 940C, 30s at

65*C and 30s at 72*C) x 35 cycles, 10min at 72'C. PCR products were resolved in

2.5% agarose gel.

Cell viability assays

Cells were washed twice in 1X PBS and stained with Annexin V and propidium

iodide in Annexin binding buffer (10 mM HEPES pH 7.4, 140 mM NaCl and 2.5 mM

CaC 2) for 15 min at room temperature. Fluorescence-activated cell sorting analysis

was performed on a FACScan instrument (BD) and cells negative for both Annexin V

and propidium iodide were considered alive.
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CONCLUSION AND FUTURE DIRECTIONS

PARP13 regulates mRNAs during viral infections (viral mRNA), cytoplasmic

stress (by regulation of Ago2) and under physiological conditions (downregulation of

TRAIL-R4 mRNA) (Gao et al., 2002; Leung et al., 2011; Todorova et al., 2014). In

this brief study we have showed that PARP13 downregulates TRAIL-R4 mRNA

during the first hours of the ER stress response and that this regulation does not

affect the apoptotic outcome of prolonged ER stress exposure.

As demonstrated by previous studies, gene expression regulation of TRAIL

receptors upon ER stress can be cell-type dependent, thus it would be of interest to

analyze PARP1 3's TRAIL-R4 regulation and apoptotic fate in different human cells

lines (Condamine et al., 2014; Huang et al., 2004). In order to better understand how

PARP1 3 regulates TRAIL-R4 transcript under ER stress conditions, it is important to

determine what triggers PARP13 activity during ER stress response. One way to

address this is to determine binding partners of PARP13 upon early ER stress as

PARP13's activity could be triggered by interaction with another protein. This could

be done by mass spectrometry analysis of PARP13 immunoprecipitates with or

without ER stress. Alternatively, activation could be due to posttranslational

modifications such as ADP-ribosylation or phosphorylation. The presence of ER

stress-dependent modifications like these could be easily probed by immunoblots

and phosphatase assays or in more detail by mass spectrometry analysis.

To explore the mechanism of how PARP1 3 downregulates TRAIL-R4 mRNA

upon ER stress, we could determine if, like under physiological conditions, TRAIL-R4
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downregulation is dependent on exosome complex activity for transcript degradation.

In this context, it would also be interesting to investigate if there is any overlap

between PARP13 target downregulation and the regulated IRE1-dependent decay

(RIDD) mechanism under ER stress.

Lastly, it would be of great importance to determine if other PARP13 cellular

targets, such as the ones identified in Chapter 2 of this thesis, are also

downregulated upon ER stress. This study would aid to unveil the specificity of

PARP13 targets during ER stress and help understand why the regulation is

required. For this purpose, known putative targets can be tested individually or could

be identified using RNAseq or CLIPseq protocols in ER stressed or unstressed cells.

Overall, these experimental strategies would help elucidate the importance of

PARP13 in the regulation of cellular mRNAs during the ER stress response, which

could potentially be yet another important function for this RNA-binding PARP.
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