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 Tyrosyl DNA-phosphodiesterase 2 (TDP2) is a multifunctional protein that has 

been implicated in a myriad of cellular pathways. While most well-known for its 

phosphodiesterase activity removing stalled topoisomerase 2 from DNA, TDP2 has 

been shown to interact with both survival and apoptotic MAP kinase signaling 

cascades, facilitate enterovirus replication, and has been genetically linked to 

neurological diseases ranging from Parkinson's to dyslexia. To accurately evaluate 

TDP2 as a therapeutic target, it is important to understand how TDP2 acts in these 

disparate settings. Here we show that TDP2 expression is regulated at the 
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translational level by the use of an internal ribosomal entry site (IRES) that initiates 

translation at codon 54, the second in-frame methionine of the TDP2 coding 

sequence. This IRES drives expression of a shorter, N-terminally truncated isoform of 

TDP2, ∆N-TDP2, which omits a nuclear localization sequence rendering it diffusely 

located throughout the cell. ∆N-TDP2 retains phosphodiesterase activity and is 

protective against etoposide-induced cell death, but co-immunoprecipitates with 

fewer high-molecular weight ubiquitinated species, suggesting partial loss-of-function 

of TDP2's ubiquitin association domain. 

 
 
 



1 
 

Chapter 1: Introduction 

 Tyrosyl DNA-phosphodiesterase 2 (TDP2) is a multifunctional protein that has 

been reported to intersect with both growth and apoptotic pathways. Structurally, 

human TDP2 is 362 amino acid (a.a.) residues long and consists of an unstructured 

N-terminus, an N-terminal lobe (a.a. 23-80), a linker (a.a. 80-108), and a C-terminal 

lobe (a.a. 108-362) (1, 2). The N-terminus of TDP2 harbors a nuclear localization 

sequence (NLS) and a ubiquitin-association (UBA) domain (3), while the C-terminal 

lobe of TDP2 contains TDP2's phosphodiesterase catalytic site (4). The C-terminus 

of TDP2 is also capable of binding small ubiquitin-like modifier (SUMO), through what 

was originally thought to be a canonical SUMO-interaction motif (SIM) (5), but was 

later found to consist of five distinct SUMO-binding (SB) elements (6). 
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Figure 1. Diagram of the key sites and domains of TDP2. Ubiquitylation sites are 
putative and obtained from PhosphositePlus (7). Residue numbers for the 
unstructured N-terminus and α-helical bundle were derived from sequence alignment 
of human TDP2 to the characterized Caenorhabditis elegans TDP2 (1) using Clustal 
Omega (8). Documentation of ERK3 phosphorylation of S60 (9), ALK4/ACVR1BA 
phosphorylation of T88 and T92 (10), the potential caspase-3 cleavage site (11), the 
UBA domain (3, 12, 13), TAK1/TGFRβ binding (14), TRAF6 binding (14, 15), DJ-
1/PARK7 binding (16), ETS-1 interaction (17), NF-κB suppression (14, 15), the 
residue numbers for the catalytic domain (2) and key catalytic residues (4), the 
putative SIM1 (18) and the putative SIM2 (5) were derived from literature. The 
nuclear localization signal (NLS) is based off of literature (3) and our own 
observations (see Chapter 3.3). 
 

1.1 Historical characterization of TDP2 by independent groups 

 TDP2 was independently discovered by two different groups, publishing their 

characterizations in 2000 (15) and 2003 (17). Several years later, TDP2 was notably 

described as a phosphodiesterase that removes covalently attached, stalled 

topoisomerase 2 complexes from DNA (19) and the VPg protein from enterovirus 

RNA (20). Together, TDP2 has four aliases: TRAF and TNF receptor associated 

protein (TTRAP), ETS-1 associated protein 2 (EAP2), VPg unlinkase, and tyrosyl-
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DNA phosphodiesterase 2 (TDP2). For conciseness, the remainder of this thesis will 

use the latter name, TDP2.  

 

 1.1.1 Interaction with TRAF proteins and inhibition of NF-κB 

 In 2000, Pype and colleagues first identified TDP2 as TRAF and TNF receptor 

associated protein (TTRAP) after it was discovered to coimmunoprecipitate (co-IP) 

with CD40, TRAF3, TRAF5, and most strongly TRAF6, but not TRAF2 (15). 

Stimulation with the CD40 ligand (CD40L) significantly increased the amount of TDP2 

that co-IPed with CD40L. In addition to these interactions, they also found that TDP2 

overexpression could inhibit activation of NF-κB by CD40L, and to a lesser extent, 

TNFα, TRAF2, and TRAF6, while not affecting NF-κB activation by NIK or IKKα. This 

suggested that TDP2 acts upstream of NIK and IKKα but downstream of the TNF 

receptors. 

 At the time, the canonical vs. non-canonical NF-κB activation pathways were 

not clearly distinguished. However, Pype et al.'s studies have led us to hypothesize 

that TDP2 may preferentially inhibit non-canonical NF-κB activation by CD40L rather 

than canonical activation via TNFα (see Chapter 3.7). 

   

 1.1.2 Inhibition of transcription factor ETS1 

 Subsequently in 2003, Pei et al. independently published their characterization 

of TDP2 as ETS-1 associated protein 2 (EAP2) for its ability to bind to and repress 

the transcriptional activity of the transcription factor, ETS-1. TDP2 overexpression 

was also shown to inhibit the cooperative transcriptional activities of ETS-1 
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expressed with AP-1 on the metalloproteinase 1 (MMP1) promoter and reduce cell 

migration in DU145 prostate cancer cells (17). 

 

 1.1.3 Resolution of topoisomerase 2 cleavage complexes 

 TDP2's most well-known function was first suggested in 2001, when sequence 

analysis categorized TDP2 as a Mg(2+)/Mn(2+)-dependent phosphodiesterase 

closely related to APE1 (21). Then in 2009, TDP2's primary phosphodiesterase 

substrate was identified when it was discovered to remove stalled topoisomerase 2 

(TOP2) cleavage complexes (TOP2cc) from the 5'-ends of DNA (19). During TOP2's 

normal catalytic cycle, the active site tyrosine in the two TOP2 moieties that 

constitute a homodimer each form a covalent bond with the 5' phosphate on a DNA 

strand, creating a double-stranded break (DSB). This allows TOP2 to unwind DNA to 

relieve torsional stress or pass another strand of DNA through the gap. 

 TOP2, on its own, has a low failure rate, during which the active site tyrosine 

fails to release the 5' phosphate of DNA at the end of its catalytic cycle, forming 

TOP2ccs which prevents religation of DNA. A major class of chemotherapeutic 

drugs, called TOP2 poisons (e.g. etoposide), capitalizes on this mechanism by 

stabilizing TOP2 in its mid-catalysis state resulting in DNA-damage and RNA and 

DNA polymerase stalling and fork collapse. 

 Resolution of TOP2ccs require the removal of the remaining TOP2 peptide 

from the 5' end of DNA before DNA religation can occur. One pathway utilizes 

MRE11 and CtIP to chew back the DNA strand, allowing homologous recombination 

(HR) or non-homologous end-joining (NHEJ) to then repair the break (Figure 2) (22). 
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However, TOP2 cleaves DNA with a 4 bp overhang on the 5' end, so unless the cell 

is actively undergoing division allowing for HR, NHEJ of the two ends will result in an 

8 bp deletion (4). TDP2 circumvents this 8 bp deletion by directly severing the 5'-

phosphodiester bond, allowing for error-free NHEJ at any phase of the cell cycle (22). 

 Physiologically, transcription frequently requires TOP2 to unwind DNA to allow 

access by polymerase complexes, and therefore highly transcribed regions of DNA 

have been shown to harbor significantly more TOP2 cleavage sites and also be more 

susceptible to genome-compromising translocations. The significance of TDP2's 

ability to removed TOP2ccs was demonstrated to be key in preserving genome 

integrity when cells deficient for TDP2 displayed higher rates of DSBs and 

translocations even at endogenous TOP2 abortive rates, which was rescued with 

reintroduction of catalytically active TDP2 (23) 
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Figure 2. Diagram of the TDP2 and MRE11/CtIP pathways involved in the repair of 
TOP2 cleavage complexes. Adapted from Caldecott 2012 (22). 
 
 
 The ability for TDP2 to remove and resolve TOP2ccs has led to significant 

interest in whether TDP2 can convey tumor resistance to etoposide and in targeting 

TDP2 in conjunction with TOP2 poisons  (22-29). This has spurred the identification 

of several classes of specific, small-molecule inhibitors of TDP2 phosphodiesterase 

activity (30-33).  

 

 1.1.4 TDP2 in enterovirus replication  

 In 2012, another major function for TDP2 was described by Virgen-Slane et al. 

who showed that TDP2 was synonymous with the previously-identified but poorly-
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characterized protein, VPg unlinkase (20). VPg unlinkase was thought to facilitate 

picornavirus replication, including that of poliovirus (infection by which causes 

poliomyelitis), rhinovirus (the common cold) and cardiovirus (encephalomyocarditis).  

 Picornaviruses are non-enveloped, positive-strand RNA viruses that utilize a 

small protein, viral protein genome-linked (VPg), at the 5'-end of nascent viral RNA 

as a primer for RNA synthesis. However, VPg remains covalently attached to the new 

positive-strand RNAs that are then incorporated into new viral particles via a tyrosine-

5'-phosphate-RNA bond. Upon secondary infection, VPg was formerly thought to 

inhibit translation of the viral RNA, and thus needed to be removed by TDP2/VPg 

unlinkase before the replication cycle could continue. This was later disputed, with 

groups showing that non-cleavable VPg-RNA could still be efficiently translated and 

did not prevent viral replication (34). The original group that identified TDP2 as VPg 

unlinkase, however, has been reestablishing TDP2's role in picornavirus replication 

by demonstrating that, while lack of TDP2 does not completely inhibit the viral 

lifecycle, loss of TDP2 reduces the proliferation rate and highest-achievable titer of 

poliovirus, coxsackie B virus, rhinovirus and encephalomyocarditis virus by several 

orders of magnitude (35, 36).  

 Regardless, the discovery that TDP2 could also cleave tyrosine-RNA 

phosphodiester bonds and potentially facilitate viral replication greatly expanded the 

range of possible functions and substrates of TDP2, and also made TDP2 a potential 

target for anti-viral therapeutics (20, 37). 
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1.2 TDP2 in signaling and cancer 

 In addition to the studies that denominated TDP2/TTRAP/EAP2/VPg 

unlinkase, TDP2 has also been implicated in multiple signaling pathways, from 

embryonic zebrafish development to neurological impairment and disease to 

apoptotic signaling and cancer. 

 

 1.2.1 SMAD3 signaling and development 

 Morpholino knockdown of TDP2 in zebrafish embryos resulted in heart looping 

and gastrulation defects that led TDP2 to be classified as an essential gene in 

zebrafish development (10, 11). The group that conducted the study subsequently 

looked at TDP2-Nodal signaling interactions and found that TDP2 co-IPed SMAD3 

and ALK4/ACVR1BA, with ALK4 phosphorylation of T88 and T92 on TDP2 being 

essential for proper embryogenesis. The effects of TDP2 knockdown were also 

rescued with co-depletion of SMAD3, suggesting that TDP2 facilitates embryo 

development by inhibiting hyperactivation of SMAD3 (10). The TDP2-SMAD3 

interaction may be specific for zebrafish, however, since TDP2 was not able to co-IP 

SMAD3 in mammalian cell lines in other studies (14). 

  Contrary to the phenotype seen in zebrafish, TDP2 knockout mice were viable 

and independently generated by multiple groups (11, 23, 38). The mice were quoted 

as phenotypically normal but displayed sensitivity to DNA-damaging agents such as 

the TOP2 poison, etoposide (23, 28). 
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 1.2.2 Neurological disorders 

 Previously published genome-wide association studies linked the TDP2 locus 

and the first four exons of its neighboring gene, KIAA0319, to dyslexia and reading 

impairment (39-44). The link between TDP2 and neurological function was further 

solidified when Goméz-Herreros et al. genotyped three siblings with progressive 

ataxia, epilepsy, and intellectual impairment and found a splice-site mutation in TDP2 

that resulted in complete loss of detectable TDP2 activity and hypersensitivity 

specifically to etoposide in lymphoblastoid samples derived from the study subjects. 

Furthermore, Goméz-Herreros et al. linked the loss of TDP2 in mouse embryonic 

fibroblasts to overall impaired transcription of a broad array of genes, with a 

significant bias towards genes related to nervous system development and function 

(45). 

 TDP2 has also been suggested to interact with PARK7/DJ-1 mutants, M26I 

and L166P, two variants associated with early-onset Parkinson's disease (16). 

  

 1.2.3 Proliferation and apoptosis 

 Studies have implicated TDP2 as both pro- and anti-apoptotic. At low doses of 

MG132 proteasomal inhibition, TDP2 overexpression conveyed a survival advantage 

over cells lacking TDP2, correlating with reduced phosphorylation of JNK (16). 

However, as Pype et al. noted, the C-terminus of TDP2 represses NF-κB signaling 

(15), and also associates with TAK1 and TRAF6 to mediate TGFβ-TβR1 directed 

p38-activation and apoptosis (14). 
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 The pro- and anti-apoptotic properties of TDP2 appear to vary between cell 

lines of different origins, as two studies looking at TDP2 specifically in cancer cell line 

proliferation noted opposing effects of TDP2 expression and knockdown in non-small 

cell lung carcinoma (NSCLC) vs. osteosarcoma. TDP2 is overexpressed in up to 80% 

of NSCLC cell lines, and its knockdown correlated with decreased proliferation in cell 

culture, reduced tumor xenograft size, and decreased phosphorylation of the 

ERK/MAPK pathway components, RAF-1, MEK-1/2, and ERK-1/2, whereas 

overexpression of TDP2 by lentiviral vectors correlated with the opposite (46). 

Conversely, in osteosarcoma cell lines, such as U2OS and Saos-2, which normally 

express low levels of TDP2, overexpressing TDP2 caused decreased proliferation in 

culture, reduced colony formation, increased caspase activation, and increased G2/M 

phase cell cycle stalling (47). 

 These data suggest that TDP2 is capable of switching between being pro- and 

anti-apoptotic depending on cellular context or signaling, but the regulation behind 

the switch remains to be elucidated. 

 

1.3 TDP2 isoforms and localization 

 1.3.1 Northern blot transcript identification and RNA-seq tissue distribution 

 In their initial characterizations of TDP2, both Pype et al. and Pei et al. 

analyzed the distribution of TDP2 transcripts across human tissues (Figure 3A/C). 

The two groups found expression of a single, major 2.2-2.3 kb transcript in all 

samples except leukocytes, which expressed none, while Pype et al. also found weak 
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expression of a 1.8 kB transcript exclusively in testis. Between the groups, highest 

expression was observed in tissues of prostate, lung, and kidney origin.  

 In addition, Pei et al. performed Northern blot analysis using a full-length TDP2 

probe on RNA from various cancer cell lines (Figure 3B) and found expression of 

only the major 2.2-2.3 kb transcript in all of them, although transcript levels appeared 

to vary between lines of different tissue origin. Notably, A549 cells, a non-small cell 

lung carcinoma (NSCLC) cell line, exclusively displayed high levels of the major 

transcript (see Chapter 1.3.3). 
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Figure 3. Transcript and expression analysis of TDP2 in various human tissues and 
cancer cell lines. Panel A was adapted from Pype et al. 2001 (15) and panels B and 
C adapted from Pei et al. 2003 (17). (A) Northern blot analysis of TDP2 mRNA from 
human tissue samples found one major transcript at 2.3 kB for TDP2 in all tested 
tissues except the testis, which contained an additional 1.8 kB isoform. The GAPDH 
transcript was used as a loading control (15). (B) Northern blot analysis of TDP2 
mRNA from cancer cell lines also found a single 2.3 kB transcript. The 26S rRNA 
was used as a loading control (17). (C) Dot blot for TDP2 mRNA transcript levels 
from human tissue samples (17). 
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Figure 4. RNA vs. protein expression of TDP2 across different tissues. Image credit: 
Human Protein Atlas (https://www.proteinatlas.org/ENSG00000111802-TDP2/tissue) 
(48, 49). 
 
 More contemporary RNA-seq and protein expression analyses from the 

Human Protein Atlas (48, 49) have corroborated that TDP2 mRNA is ubiquitously 

expressed across all tested tissue types, with highest transcript levels detected in 

gastrointestinal (GI) tract tissues, such as the duodenum, small intestine, rectum, and 

colon; kidney; and male tissues, such as the testis and prostate (Figure 4). The 

correlation with protein expression is imperfect, and while the tissues listed above as 

having high transcript levels also express moderate to high amounts of TDP2 protein, 

the appendix (under "Bone marrow and immune system", Figure 4) expresses low 
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levels of TDP2 transcript but high levels of TDP2 protein, and the majority of other 

tissues express low levels of TDP2 transcript but little to no TDP2 protein. 

 

 1.3.2 Cellular localization of TDP2 

 Wild-type full-length TDP2 protein localizes primarily to the nucleus as 

consistently reported by several groups (3, 5, 17, 50) and by our own observations 

(see Chapter 3.3), where it sometimes associates with PML nuclear bodies including 

the specific proteins, PML, Sp100, Daxx, and SUMO (51). Since TDP2's most well-

characterized substrate, TOP2, acts primarily in the nucleus, TDP2's residence in the 

nucleus is unsurprising. 

 However, certain conditions have been able to trigger TDP2 relocalization to 

the cytoplasm. Low dose MG132 proteasomal inhibition, where TDP2 is thought to 

play a protective role, caused TDP2 to shift from the nucleus into juxtanuclear 

cytoplasmic aggregates (16, 52). During later stages of poliovirus infection, TDP2 is 

also sequestered into cytoplasmic aggregates, presumably to prevent it from cleaving 

VPg off of newly-transcribed viral RNA (20). TDP2 is also relocalized to the 

cytoplasm during encephalomyocarditis virus (EMCV) infection (36). Interestingly, a 

positive correlation between NSCLC stage and cytoplasmic TDP2 staining was also 

observed in immunohistochemical staining of patient-derived tumor samples (46). As 

TDP2 has been shown to also act as a potentially key signal transducer in many 

pathways at the receptor/plasma membrane level, its nuclear vs. cytoplasmic 

localization may be a possible mechanism for distinguishing TDP2 functions in 

different situations.  



15 
 

 The N-terminus of TDP2 contains a strong, monopartite nuclear localization 

sequence (NLS) (3) (which I also independently identified, see Chapter 3.3), and a 

ubiquitin-association (UBA) domain that preferentially binds K48- and K63-linked 

polyubiquitin chains (3). The C-terminus of TDP2 binds SUMO2/3 through five unique 

SUMO-binding (SB) elements (53). The NLS is self-explanatory, and the UBA and 

SBs have been demonstrated to be important in the recruitment of TDP2 to TOP2ccs 

in the nucleus, but how TDP2 relocalizes to the cytoplasm has not yet been 

explained. 

 

 1.3.3 Mitochondrial TDP2 

 Recently, a second transcriptional isoform of TDP2 was characterized that 

lacks canonical exons 1 and 2 and instead incorporates a novel first exon encoding a 

mitochondrial-targeting signal (MTS), generating a 304 amino acid residue-long 

mitochondrially targeted TDP2 (MTS-TDP2) (54). Both full-length canonical TDP2 

and MTS-TDP2 were found to be targeted to the mitochondria of cells, where they 

protect against mitochondrially-targeted doxorubicin. The group claimed that MTS-

TDP2 is synonymous with a shorter TDP2 protein isoform previously reported to be 

highly expressed in several NSCLC cell lines (46), including A549 cells. However, 

while transcript levels are known to have poor correlation with protein levels, this 

contradicts existing Northern blot data (see Chapter 1.3.1) that show only one main 

TDP2 transcript in A549 cells and A549 RNA-seq data that do not show any reads 

mapping to the MTS-containing, non-canonical exon 1 (see Chapter 4.2.1). 
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Furthermore, we also have competing evidence that directly disputes the identity of 

the shorter protein isoform seen in NSCLC cell lines (see Chapter 3). 

 

 1.3.4 Proteolytic cleavage of TDP2 during EMCV infection 

 In addition to being relocalized from the nucleus to the cytoplasm during 

poliovirus and EMCV infections, Maciejewski et al. also verified a EMCV 3C 

proteinase cleavage site in the phosphodiesterase domain of TDP2 ([253]ES[254) 

that results in TDP2 being cut into an N-terminal 28.6 kDa and C-terminal 12.3 kDa 

product during the later stages of infection (6 hr and onwards) (36). This cleavage is 

also thought to be the mechanism by which EMCV can utilize TDP2 in early infection, 

but then prevent TDP2 from interfering with virion assembly during late infection. 
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Chapter 2: Evaluating SUMO-interacting motifs in TDP2 

2.1 Introduction to SUMO and SUMO-interacting motifs 

 Small ubiquitin-like modifiers (SUMO) are 12 kDa moieties covalently added to 

lysine residues through a E1-E2-E3 system similar to ubiquitin. Humans have four 

known SUMO isoforms (SUMO-1-4). This reversible post-translational modification 

has been implicated in a diversity of cellular processes ranging from the DNA-

damage response to starvation to cellular division (18).  

 Notably, a SUMOylated lysine in one protein can be recognized by other 

proteins containing SUMO-interaction motifs (SIMs). This allows for conditional, 

rapidly inducible and reversible recognition of protein binding partners, similar to 

ubiquitin-UBA or pTyr-SH2 associations. SUMO can also modify itself, most 

frequently on K11, to form a poly-SUMO chain, or several lysine residues on a 

protein can be SUMOylated in series that then recruit binding partners with tandem 

SIMs (55). The distance and spacing between tandem SIMs and SUMOylated 

residues and chains has also been proposed to facilitate binding specificity during 

protein-protein interactions (18). 

 Canonical SUMO-SIM interactions consist of a β-strand on SUMO bonding 

with a β-strand within the SIM, forming an intramolecular β-sheet, with the SIM 

adopting a consensus sequence defined as a stretch of three to four hydrophobic 

residues (I/V/L) with one acidic residue interspersed, flanked by additional negatively 

charged amino acids or threonines that are often phosphorylated (5).   
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2.2 Potential SIMs in TDP2 and SUMOylation of TOP2 cleavage complexes 

 In 2006, Hecker et al identified TDP2 as a SUMO-binding protein through a 

yeast two-hybrid screen, with weak binding to SUMO-1 and strong affinity for SUMO-

2. The SIM in TDP2 was mapped using sequence motif analysis to [280]I-V-D-V[283] 

in the C-terminal lobe of TDP2 (5). 

 Similarly, Sun and Hunter conducted a proteome-wide computational motif 

search looking for variants of the RNF4 SIM (V/I/L/F/Y-V/I-D-L-T), and found a 

related sequence [84]YVDLT[88] in TDP2 (18). The last threonine in the predicted 

sequence, T88, and a threonine just downstream, T92, are also the two threonines 

predicted to be phosphorylated by ALK4 in zebrafish during development (10), 

consistent with the idea that phosphorylated threonines frequently flank SIM 

sequences and aid in the ionic bonding with SUMO. 

 SUMO-SIM-mediated recruitment of DNA repair enzymes to sites of DNA 

damage is one of the most well-documented functions of SUMOylation, and 

examples have been described  in a multitude of publications (56-65). Notably, both 

TOP1 and TOP2 cleavage complexes (TOP2cc) are SUMOylated soon after stalling 

(66-69), and it was hypothesized that SUMOylation may aid repair enzymes in 

differentiating topoisomerase moieties that have stalled vs. ones that are progressing 

normally through their catalytic cycles. Therefore, we hypothesized that SUMOylation 

of TOP2ccs may recruit TDP2 through one or more of its SIMs. 
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2.3 Generation and characterization of SIM mutants of TDP2 and TOP2cc 

 2.3.1 SUMO-binding assays  

 To verify the abilities of the YVDLT-SIM (SIM1) and IVDV-SIM (SIM2) to bind 

SUMO, we generated [84]YVDL[87] to [84]AAAA[87] (mSIM1) and [280]IVDV[283] to 

[280]AAAA[283] (mSIM2) mutants. Of note, the mSIM2 we used is the same that 

Hecker et al. used as their TDP2-SUMO binding mutant in their publication that 

characterized the IVDV SIM (5). 

 Initially, I purified GST-tagged wild-type TDP2 (WT-TDP2), mSIM1-TDP2, 

mSIM2-TDP2 and mSIM1/2-TDP2 from BL21 DE3 bacteria and tested their abilities 

to bind HA-tagged 3xSUMO1 and 3xSUMO2 chains in vitro. Unfortunately, I was 

unable to obtain consistent results, and while WT-TDP2 bound 3xSUMO2, and to a 

lesser extent, 3xSUMO1, and the positive-control SUMO-binding protein, Arkadia, 

consistently pulled-down both SUMO1 and 2, the TDP2 SIM mutants frequently 

displayed no decrease in SUMO-binding (data not shown). 

 SIM1 is flanked downstream by two potentially phosphorylated threonine 

residues, as previously mentioned. SIM2 is not in proximity of any serine, threonine 

or tyrosine, although E285 provides a slightly negative charge. Therefore, we 

hypothesized that at least for SIM1, perhaps a difference in protein phosphorylation 

between bacterially-purified TDP2 and cellularly-expressed TDP2 was causing 

aberrant binding to SUMO in vitro, so we co-expressed FLAG-tagged WT-TDP2 and 

the mSIM-TDP2 mutants with HA-2xSUMO2 in 293T cells and IP-ed for FLAG. 

However, we were still unable to obtain a consistent binding phenotype for either 

SIM1 nor, surprisingly, SIM2. We also tested T88[A/D] and T92[A/D] mutations both 
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in the context of WT- and mSIM1-TDP2, but none of these changes affected TDP2-

SUMO binding in a consistent manner (data not shown). 

   

 2.3.2 In vitro catalytic assay of TDP2 SIM mutants  

 Because the binding assays gave variable results, we wanted to verify the 

integrity of the bacterially-purified GST-tagged TDP2 proteins I was using in the 

binding experiments. An in vitro assay for TDP2 phosphodiesterase activity had 

recently been reported using the compound, p-nitrophenyl-thymidine-5'-phosphate 

(T5PNP) (70). TDP2 cleaves T5PNP into thymidine-5'-monophosphate and p-

nitrophenyl, which absorbs at 415nm (Figure 5). 

 
 

Figure 5. Cleavage of p-nitrophenyl-thymidine-5'-phosphate (T5PNP) by TDP2 
produces p-nitrophenyl. Adapted from Adhikari et al. 2011 (70). 
 
 To test the activity of our GST-TDP2 proteins on T5PNP, 1 ug purified protein 

was incubated with 4 mM substrate as described (70), and absorbance was 

measured at timepoints over the course of 1-2 hr. Surprisingly, while WT-TDP2 and 

all of the 4A-mSIM1 mutants produced robust levels of p-nitrophenol, the 4A-mSIM2 

and 4A-mSIM1/2 mutants did not (Figure 6). Two catalytically inactive mutants, 

E152A- and D262A-TDP2, and the Arkadia SUMO-binding domain (SBD), were 

included as negative controls and behaved similarly to the 4A-mSIM2 and 4A-



21 
 

mSIM1/2 mutants. This experiment was conducted multiple times with different lots of 

purified GST-fusion protein.  

 This led us to rationalize that the [280]IVDV[283] to [280]AAAA[283] mSIM2 

mutation, falling in the middle of the C-terminal catalytic lobe of TDP2, might be 

causing general disruption of the phosphodiesterase domain leading to altered 

binding of SUMO, rather than targeted loss of a SUMO-interaction motif. 

 

 
 

Figure 6. Catalytic activity of TDP2 SUMO-binding mutants (A/B) Bacterially-
expressed GST-tagged TDP2 proteins were purified and incubated with T5PNP as 
previously described (70) and absorbance at 415 nm was measured at various 
timepoints over 1-2 hr. (A) WT-TDP2, 4A-mSIM1, 4A-mSIM2, 4A-mSIM1 T88A, 4A-
mSIM1 T88A T92A, and two catalytically inactive mutants E152A and D262A were 
compared. (B) Same experiment as in A) but with only WT-TDP2, 4A-mSIM1 and 4A-
mSIM2 graphed. (C) A different lot of purified protein used in the same assay 
including 4A-mSIM1, 4A-mSIM2 and 4A-mSIM1/2 TDP2 mutants. The GST-tagged 
SUMO-binding domain (SBD) of an unrelated protein, Arkadia, was used as a 
negative control for T5PNP cleavage. Error bars are +/- SD of the experiment 
conducted with three or more replicates. 
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 2.3.3 TOP2α is modified following treatment with etoposide 

 TOP2α becomes depleted from the soluble fraction of 293T cell lysates 

following 100 μM etoposide treatment (Figure 7A), while benzonase, a potent DNase, 

treatment of the corresponding pellet fractions and digestion of DNA released 

increasing amounts of TOP2α, showing that TOP2α stalls rapidly in the presence of 

etoposide and remains DNA-bound. Consistently, we also saw that the TOP2α freed 

from the DNA of etoposide-treated 293T cells showed higher molecular weight 

smears that increased with treatment time, likely consisting of SUMOylated TOP2 as 

previously reported (69). 

 I also optimized a comet assay to visually measure DNA breaks following 

etoposide treatment where the DNA tails become increasingly smeared over time, 

with significant recovery within 45 min of etoposide removal (Figure 7B). My next 

steps would have been to verify SUMO-modification of TOP2α (treating the pellet-

released TOP2 with a SUMO protease, immunoprecipitating TOP2 and co-

immunoblotting for SUMO1/2/3) and to generate SUMOylation-deficient mutants, and 

test these in combination with WT- or mSIM-TDP2 and measure their kinetics in 

comet tail formation and recovery in response to etoposide. 

 However, since our mSIM1- and mSIM2-TDP2 mutants were unable to 

consistently bind or not bind SUMO, and mutation of the published IVDV-SIM also 

destroys TDP2's phosphodiesterase activity, we questioned the validity of TDP2's 

ability to bind SUMO via the two putative SIMs and did not further pursue this project. 

 



23 
 

 
 
Figure 7. Etoposide sequesters TOP2α on DNA and induces DNA fragmentation in 
293T cells (A) Depletion of TOP2α from the soluble fraction of lysates upon 
etoposide treatment and (B) comet assay showing increasing DNA fragmentation 
over 15 min of etoposide exposure. 
 

2.4 Current status of TDP2 SUMO-binding  

 Recently, TDP2's C-terminal SIM was reevaluated. Instead of the previously 

proposed [280]IVDV[283] sequence mediating SUMO2/3 binding, Schellenberg et al. 

showed via x-ray crystallography that TDP2 actually possesses five separate non-

canonical SUMO-binding (SB) elements that contact the surface of SUMO-2 (53).  

 Moreover, they showed that the SUMO-ligase ZNF451/ZATT preferentially 

SUMOylates stalled TOP2 but not free TOP2, and that the interaction between the 

SB elements on TDP2 and SUMO-2 on TOP2cc was key for TDP2 recognition and 

recruitment. Furthermore, while TDP2 alone cannot remove TOP2cc from DNA ends 

since the active site tyrosine is shielded by the rest of the TOP2 protein, its 

association with ZATT or prior partial degradation of TOP2 by the 26S proteasome 

(66, 68) opens up the tyrosine-phosphate bond to allow access by TDP2 (53). 
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Chapter 3: Characterization of a shorter isoform of TDP2 

3.1 TDP2 isoforms in cancer cell lines 

 Previously published studies have shown that certain cancer cells lines 

express a shorter isoform of TDP2 (46). Full-length-TDP2 (FL-TDP2) runs at 49 kDa 

by SDS-PAGE separation and immunoblotting, while the shorter isoform runs around 

6 kDa smaller at 43 kDa. This isoform is particularly prevalent in NSCLC cell lines, of 

which nearly 80% overexpress FL-TDP2, and stoichiometrically, more of the shorter 

isoform (46). The shorter isoform is also barely detectable in the prostate cancer cell 

line, PC-3 (46) by immunoblot. 

 Unlike the U2OS and Saos-2 osteosarcoma cell lines (47), several NSCLC 

lines (H460, H522, H1975) demonstrated decreased proliferation and increased 

apoptosis upon TDP2 knockdown by shRNA (46). Interestingly, all three of these cell 

lines that showed a growth defect also heavily express the shorter isoform of TDP2, 

whereas U2OS and Saos-2 do not. This led us to hypothesize that the shorter 

isoform may potentially be an oncogenic driver in a subset of NSCLCs and that 

characterizing the shorter isoform would be important in evaluating TDP2 as a 

chemotherapeutic target. 

 As mentioned in Chapter 1.3, only one major transcript of TDP2 is present in 

most tissues and cancer cell lines. However, a mitochondrial isoform of TDP2 has 

been reported by proteomics screens (71) and has recently been characterized by 

Huang et al. as a product of an alternative transcription initiation event generating a 

new mRNA species lacking exons 1 and 2, while appending a novel first exon 
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containing a mitochondrial targeting sequence (MTS-TDP2) (54). Huang et al. claims 

that the identity of the shorter band in these NSCLC cell lines is MTS-TDP2, 

however, we have data that contradicts their claims, as documented below. 

  

3.2 Expression of the shorter isoform is dependent on M54 

 3.2.1 Mass spectrometry peptide coverage analysis of TDP2 

 immunoprecipitated from A549 cells 

 To identify the composition of the shorter TDP2 isoform, I immunoprecipitated 

both species from A549 cells with a rabbit polyclonal antibody, separated the 

isoforms by SDS-PAGE (Figure 8B) and silver-stained the gel. I cut out 6 bands 

ranging from 37-50 kDa and Dr. Aaron Aslanian (a post-doc in the Hunter lab) 

digested and ran the peptides through mass spectrometry coverage analysis. The 

resulting identified tryptic peptides from the upper band mapped to the entirety of 

TDP2, whereas the lower band lacked peptide sequences mapping to exon 1 of 

TDP2 (Figure 8C), suggesting that the shorter isoform is N-terminally truncated.  

 

 3.2.2 CRISPR/Cas9 targeted to exon 2 but not exon 1 knock out ∆N-TDP2 

 I then tested the ability of Cas9 to disrupt TDP2 expression with guide RNAs 

targeted to either exon 1 or exon 2 of TDP2 in 293T and A549 cells. 293T and A549 

cells both express the shorter isoform of TDP2 in addition to FL-TDP2, although 

A549 cells express higher levels of the shorter isoform compared to 293T. When 

Cas9 was targeted with a sgRNA to exon 1 of TDP2 ([4]gagttggggagttgcctgga[23]), 

only FL-TDP2 expression was selectively reduced (Figure 8D and 9A). In contrast, 
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when Cas9 was targeted towards exon 2 of TDP2 ([182]ctccaccggaggctcgaagt[201]), 

all of the clones that lost expression of FL-TDP2 also lost expression of the shorter 

isoform (Figure 8D and 9A). This suggested that expression of the shorter isoform is 

independent of exon 1 and frameshifts in exon 1, but requires an intact exon 2 to be 

produced, consistent with the shorter isoform being an N-terminal truncation variant 

of TDP2. 

 

 3.2.3 Mutation of M54 abrogates expression of ∆N-TDP2  

 Transient expression of wild-type FL-TDP2 cDNA in 293T cells produced both 

isoforms (Figure 8E/F), as previously observed (46). I took advantage of this to test 

mutations that might disrupt expression of the shorter isoform. Various mutant TDP2 

sequences were cloned into either an N-terminal 3xFLAG tag construct (Figure 8E) 

or a C-terminal 6xHis tag construct (Figure 8F), and transfected into 293T cells and 

assayed by immunoblot for the TDP2 isoforms they could produce. As expected for 

an N-terminal truncation isoform, samples introduced with N-terminally 3xFLAG-

tagged FL-TDP2 cDNA (Figure 8E FL) generated a separate band above 

endogenous FL-TDP2, corresponding to FL-TDP2 tagged with 3xFLAG, but no 

separate band above the shorter isoform. Instead, the band intensity of the 43 kDa 

band increased, suggesting that the shorter isoform was still expressed from the 

cDNA but without the tag. When tagged at the C-terminus, both isoforms being 

translated from the introduced cDNA retained their tags (Figure 8F FL) and four 

distinct TDP2 bands were produced.  These results were consistent with the mass 
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spectrometry and Cas9 disruption data, and led us to name the shorter band, ∆N-

TDP2. 

 The second in-frame methionine of TDP2 is codon 54. Omission of the first 53 

amino acids would be consistent with the size difference between the isoforms seen 

by immunoblot, and so I hypothesized that the shorter isoform might be an 

alternatively translated product beginning from the second methionine. Silent 

mutations changing the Kozak sequence, which aids ribosomal recognition of a 

translation-initiating codon in the canonical cap-dependent process, flanking M54 had 

no effect on the increases in ∆N-TDP2 bands (Figure 8E G-1A M54); however, M54A 

(Figure 8E M54A) or M54L (Figure 8E/F M54L) mutations abolished expression of 

∆N-TDP2 from the introduced cDNA constructs, indicating that expression of ∆N-

TDP2 was dependent on the second in-frame AUG codon. Directly omitting codons 

1-53 of the C-terminally 6x-His tagged TDP2 produced a ∆N-TDP2 product running at 

the same size by immunoblot as that being translated from full-length TDP2 cDNA 

(Figure 8E/F ∆N).  

 

 3.2.4 CRISPR/Cas9 mediated introduction of the M54L mutation to 293T 

 cells selectively knocks out ∆N-TDP2 

 To extend these findings, I also generated a 293T M54L-TDP2 cell line using 

Cas9 and the sgRNA targeted towards exon 1 of TDP2 co-transfected with a 

segment of donor DNA containing the M54L mutation (Figure 9B). The resulting cell 

line exclusively expressed FL-TDP2 (Figure 8G). PCR amplification and sequencing 

of the TDP2 locus from genomic DNA using primers 97 bp upstream and 111 bp 
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downstream of the introduced donor DNA (black arrows, Figure 9B) returned a 

single, clean sequence containing the expected M54L mutation (Figure 9C). There is 

a noted decrease in expression of also FL-TDP2 from the 293T M54L cell line. 

Quantification of band intensities showed that 293T M54L expresses roughly a third 

of the FL-TDP2 that unmodified 293T cells express. 293T cells are also hypotriploid, 

so it is likely that two alleles of TDP2 were knocked out by Cas9, while only one allele 

integrated the M54L mutation from the donor DNA via homologous recombination. 
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Figure 8. Characterization of the shorter isoform of TDP2 (A) Schematic of TDP2 
exons. Numbers indicate nucleotides. Arrows indicate primer sets used in (Figure 28) 
for qPCR to assay exon expression ratios. (B) Both isoforms of TDP2 were 
immunoprecipitated from A549 cells using either no antibody (-) or a polyclonal rabbit 
antibody (+), and input, flow-through (FT) and elution (IP) samples were 
immunoblotted with TDP2 4-2c. (C) The two major antibody-reactive bands were 
excised from a corresponding silver-stained gel and digested for mass spectrometry 
coverage analysis. Highlighted regions indicate tryptic peptides detected. (D) TDP2 
and tubulin co-immunoblots of clones isolated from 293T cells transfected with Cas9 
and a sgRNA targeting either exon 1 ([4]gagttggggagttgcctgga[23]) or exon 2 
([182]ctccaccggaggctcgaagt[201]) of TDP2. (E/F) Mutational analysis by 
overexpression of the TDP2 coding sequence (CDS) and the second in-frame 
methionine codon using (E) an N-terminal 3xFLAG tag construct and (F) a C-terminal 
6xHis tag construct. Constructs include empty vector (ev), wild-type full-length TDP2 

(FL), TDP2 omitting codons 1-53 (∆N), TDP2 with its N-terminal nuclear localization 

signal mutated (mNLS) (see Chapter 3.3), silent mutation of the guanine in the -1 
position relative to the second in-frame methionine codon to adenosine (G-1A M54), 
TDP2 with the first methionine codon mutated to leucine (M1L), TDP2 with the 
second in-frame methionine mutated to either alanine (M54A) or leucine (M54L) and 
two catalytically inactive mutants (E152A and D262A). (G) Immunoblots of whole-cell 
lysates from unmodified 293T cells and a 293T clone genetically modified by Cas9 to 
harbor the TDP2 M54L mutation. All immunoblots include anti-Tubulin blots as 
loading controls. MW = molecular weight marker. 
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Figure 9. Cas9-modified cell lines characterizing ∆N-TDP2 (A) TDP2 immunoblots of 

clones isolated from A549 cells transfected with Cas9 and a sgRNA targeting either 

exon 1 ([4]gagttggggagttgcctgga[23]) or exon 2 ([182]ctccaccggaggctcgaagt[201]) of 

TDP2. MW = molecular weight marker. (B) Diagram of donor DNA containing the 

M54L mutation used in conjunction with exon 1 targeted Cas9 to modify 293T cells to 

exclusively express FL-TDP2. Black arrows indicate primers used to amplify genomic 

region for verification sequencing. (C) Alignment of the sequencing results from 

genomic PCR of the 293T M54L cell line using primers indicated in (B). 

 
 

3.3 ∆N-TDP2 omits a nuclear localization sequence in the N-terminus of TDP2 

and is diffusely nuclear and cytoplasmic 

 Investigating the functional differences between FL- and ∆N-TDP2, I 

independently discovered a nuclear localization signal (NLS) in the N-terminus of 

TDP2 (recently described in (3)) using cNLS Mapper (72-74). The algorithm predicted 

a strong monopartite NLS sequence, [18]GEPEVKKRRLLCVEF[32], with a score of 

10.5. Scores are described by the cNLS mapper as 8-10 being entirely nuclear, 7-8 
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partially nuclear, and 3-5 both cytoplasmic and nuclear. The pattern of the core basic 

NLS residues ([23]KKRR[26]) followed by the second in-frame methionine in TDP2 is 

conserved from humans through mice (Figure 10A).  

 To verify the NLS in TDP2, I mutated the core [23]KKRR[26] NLS motif to 

[23]AAAA[26] to generate mNLS-TDP2. FL-TDP2, ∆N-TDP2, and mNLS-TDP2 were 

tagged with N-terminal eGFP and imaged by fluorescence microscopy (Figure 10B). 

While FL-TDP2 was predominantly nuclear, ∆N-TDP2 and mNLS-TDP2 were 

localized diffusely throughout the cytoplasm and nucleus. The incomplete exclusion 

of ∆N-TDP2 and mNLS-TDP2 from the nucleus is expected since both proteins are 

smaller than the nuclear pore diffusion limit of 60 kDa. 

 

3.4 ∆N-TDP2 is catalytically active 

 Since the catalytic domain of TDP2 is in its C-terminus (residues 114-358 

(13)), I expected ∆N-TDP2 to retain its phosphodiesterase activity. To test this, I 

purified GST-tagged TDP2 from bacteria and measured the ability of the different 

isoforms to cleave p-nitrophenyl-thymidine-5'-phosphate (T5PNP), as previously 

described (70). FL-, ∆N-, and mNLS-TDP2 were all able to cleave T5PNP, while the 

catalytically inactive mutants, E152A and D262A, were not (Figure 10C). 
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Figure 10. ∆N-TDP2 lacks an N-terminal nuclear localization signal and is both 
cytoplasmic and nuclear but retains its phosphodiesterase activity (A) An NLS was 
independently discovered in the N-terminus of TDP2 using cNLS Mapper (72-74) and 
aligned using Clustal Omega (8). The pattern of NLS (red) followed by the second in-
frame methionine (green) is conserved from humans through mice. (B) N-terminal 
eGFP-tagged TDP2 constructs were transiently transfected into U2OS cells and 
visualized using confocal fluorescence microscopy. eGFP-mNLS-TDP2 had the red 
highlighted KKRR sequence mutated to AAAA. Scale bars = 50 µM. (C) 
Representative results of GST-tagged TDP2 incubated with p-nitrophenyl-thymidine-
5’ phosphate (T5PNP) (70) to assay phosphodiesterase catalytic activity. Data points 
are average +/- SD of duplicates. 
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3.5 Generation and characterization of TDP2 knockdown and knockout cell lines 

 3.5.1 shRNA mediated TDP2 knockdown 

 I obtained multiple human cancer cell lines including OVCAR5 (ovarian 

cancer), U2OS (osteosarcoma), HT29, HCT116 (colorectal cancer), and A549, H358, 

H1299, and H460 (non-small cell line carcinoma (NSCLC)) and confirmed by 

immunoblotting that a subset of NSCLC lines expressed the shorter isoform of TDP2 

(Figure 11A). Consistent with previously published data (46), A549 and H460 cells 

expressed a band recognized by the 4-2c monoclonal antibody against TDP2 at ~43 

kDa, while H358 and H1299 cells did not. Both bands were depleted upon stable 

knockdown of TDP2 by shRNA (Figure 11B). 

 Proliferation assays on cells stably expressing scrambled shRNA (scr) or 

TDP2 shRNA (shTDP2) indicated that the A549 and H460 NSCLC lines, which 

express the shorter isoform, consistently had a growth defect upon TDP2 

knockdown, whereas another NSCLC line, H1299, and the U2OS osteosarcoma line 

did not (Figure 11C). Within this small sample, expression of the shorter isoform of 

TDP2 correlated with decreased proliferation upon TDP2 knockdown. This suggested 

that proliferation in certain NSCLC cell lines may be dependent on, or driven by the 

shorter isoform of TDP2. 

 



35 
 

 
 
Figure 11. Different cancer cell lines have varied responses to TDP2 knockdown by 
shRNA. (A) Several cancer cell lines immunoblotted with a mouse monoclonal 
antibody (46) (TDP2 4-2c) with Tubulin control show that NSCLC lines, A549 and 
H460, express a shorter isoform of TDP2 in addition to full-length TDP2 (FL-TDP2). 
(B) Representative immunoblots of A549 and U2OS cells stably expressing 
scrambled shRNA (scr) or shRNA against TDP2 (shTDP2) in A549 and U2OS cells. 
(C) Proliferation of uninfected cells (-), scrambled shRNA infected cells (scr), and 
shTDP2 infected cells (shTDP2) was measured using crystal violet staining for 
multiple cell lines over two week periods. Data points are average number of 
doublings when normalized to day 1 of the assay +/- SD for quadruplicates. 
 

 The proliferation defect is transient, however, and as few as three passages 

after puromycin selection is sufficient time for A549 and H460 cells to revert to their 

original growth rates.  

 

 3.5.2 CRISPR/Cas9 knockout cell lines 

 I hypothesized that the passage-dependence of the growth defect was due to 

silencing of the shRNA, a common impediment in the use of constitutively expressed 

hairpins. Despite no detectable re-expression of TDP2 by immunoblot, I attempted to 
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circumvent this growth recovery by targeting CRISPR/Cas9 to TDP2 using the exon 2 

sgRNA to generate stable TDP2 knockout cell lines. Surprisingly, the growth defect 

was still passage dependent.  

 At early passages following clonal derivation, homozygous A549 TDP2 

knockout cells (A549-13) grew more slowly while U2OS TDP2 knockout cells (U2OS-

3) did not (Figure 12A left and right). A549 is hypotriploid, and penetrance of Cas9 

seemed to correlate with the growth deficiency in A549 but not U2OS. Clones A549-5 

and -10 appeared heterozygous for Cas9-TDP2 knockout by immunoblot (Figure 

12B), with TDP2 expression levels by immunoblot in the order: A549 unmodified > 

A549-5 > A549-10 > A549-13 (homozygous knockout). Proliferation as quantified by 

crystal violet staining over time showed that these cells had doubling rates that 

positively correlated with TDP2 expression levels (Figure 12A left). This correlation 

was not seen in U2OS cells treated with TDP2-targeted Cas9 (Figure 12A right). 

 I rederived several rounds of clonal A549 TDP2 Cas9 knockout cell lines and 

they consistently displayed a proliferation defect during early passages that 

attenuated in as little as a week (Figure 12C/D). 
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Figure 12. Cas9 knockout of TDP2 produces only a transient growth defect. (A) Early 
passage proliferation assays of clonally-derived A549 (left) and U2OS (right) cell 
lines exposed to TDP2 exon 2-targeted Cas9. (B) Immunoblots against TUB (loading 
control) and TDP2 of the clones used in (A). (C) Comparison of proliferation assays 
of additional early (left) vs. later (right)-passage TDP2 knockout A549 clones. (D) 
Immunoblot of TUB and TDP2 of clones used in (C). Number of doublings was 
measured either by crystal violet staining at the indicated timepoints (see Chapter 6: 
Experimental Procedures) or by trypsinization and manual counting with a 
hemocytometer. Error bars indicate +/- SD of the representative assay shown,  
conducted with at least two experimental replicates. 
 

 3.5.3 Re-expression of mutant TDP2 in CRISPR/Cas9 knockout cell lines  

 Despite the loss of an acute growth defect, I optimistically conjectured that 

there may be inducible phenotypic differences conveyed by loss of TDP2, so I 
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reintroduced several TDP2 mutants into the A549-13 and U2OS-3 TDP2 knockout 

cell lines using a retrovirus vector. I included both the entire infected population of 

cells and clones selected for more even expression of TDP2 (Figure 13A/B) for 

subsequent experiments. 

  The resulting cell lines were tested under numerous conditions. I conducted 

proliferation assays with low FBS and survival assays in the presence of TNFα, since 

TDP2 was demonstrated to inhibit NF-κB activation by TNFα; the proteasomal 

inhibitor, bortezomib (BTZ), because TDP2 was suggested to convey resistance to 

low doses of the MG132 proteasomal inhibitor; a hypoxia-mimicking iron chelator, 

deferoxamine (DFO), since many of the cellular IRESes that have been characterized 

have been in hypoxia-response genes (see Chapter 4); and the TOP2 poison, 

etoposide (VP16) (data not shown). However, only etoposide conveyed a consistent 

response where TDP2 knockout sensitized the cells and resistance was restored with 

reintroduction of catalytically-active TDP2. The other drugs had no appreciable 

differential effects on the cell lines under the dosages and treatment times I tested. 

 Interestingly, A549-13 TDP2 knockout cells displayed increased cleavage of 

caspase-3 by immunoblot, although the increase was not rescued by re-expression 

of any TDP2 isoform. Conversely, U2OS-3 TDP2 knockout cell lines did not have 

basally increased caspase-3 cleavage, but did when TDP2 mNLS was expressed 

(Figure 13). 
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Figure 13. TDP2 exon 2 knockout clones reintroduced with various TDP2 constructs. 
Clones A549-13 and U2OS-3 were reinfected using retrovirus to express a TDP2 
cDNA coupled with an IRES-GFP marker. Constructs included FL, wild-type (WT)-
TDP2, ∆N-TDP2, mNLS-TDP2, M54L-TDP2, and E152A-TDP2. Population indicates 
all infected, GFP+ cells, while clonal indicates single-cell-derived lines from the 
respective GFP+ populations. Untreated whole cell lysates (WCL) were 
immunoblotted for TUB, TDP2, and cleaved caspase-3. 
  

 I also stained samples of all 24 cell lines with propidium iodide and did cell 

cycle analysis by flow cytometry. No consistent difference was seen that was rescued 

by re-expression of TDP2 (data not shown).  

 The A549, A549-13 and population cell lines were also tested for proliferation 

and survival under different drug conditions using an Essen IncuCyte system to 

eliminate the possibility that the lack of difference was due to the crystal violet 

staining method. Still, the only consistent difference seen was with etoposide.  
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 3.5.4 TDP2-/- MEFs 

 The lack of phenotypic difference under conditions other than DNA-damage 

was also observed with mouse embryonic fibroblasts (MEFs). TDP2 knockout MEFs 

where the first three exons of TDP2 had been floxxed out (TDP2∆1-3 referred to as 

TDP2-/- here) were obtained from the lab of Cortés-Ledesma, where they 

characterized the TDP2-/- cells and mice as being viable but hypersensitive to 

etoposide and confirmed that TDP2 plays a key role in resolving TOP2-mediated 

double-stranded breaks (23). I reintroduced various isoforms of TDP2 into these 

MEFs, including FL-TDP2, ∆N-TDP2, mNLS-TDP2, M54L-TDP2, E152A-TDP2 and 

D262A-TDP2 (Figure 14A) and tested cell proliferation under low FBS, BTZ, DFO 

(data not shown), and etoposide conditions (Figure 14B). Consistent with the data 

obtained from the Cas9-knockout cell lines, no reliable difference was seen under 

any condition other than etoposide. 

 

 
Figure 14. TDP2 expression conveys a survival advantage against etoposide. (A) 
Immunoblot of TDP2-/- MEFs (23) reinfected with a retrovirus to re-express TDP2 with 
an IRES-GFP marker. Lysates are from the entire infected, GFP+ population. 
Constructs included FL-TDP2, ∆N-TDP2, mNLS-TDP2, M54L-TDP2, and two 
phosphodiesterase-dead mutants, E152A-TDP2 and D262A-TDP2. (B) The 
reinfected cell lines were treated with the indicated concentration of etoposide for 72 
hr. % survival was determined by crystal violet staining and normalization to 
untreated cells. Data points are mean values of experimental triplicates +/- SD. 
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 3.5.5 Potential compensatory mechanisms 

 Since loss of TDP2 definitively but transiently produced a growth defect in 

certain cell lines, I hypothesized that compensatory mechanisms must quickly arise in 

cells depleted for TDP2. I took cell lysate samples from new Cas9 TDP2 knockout 

cell lines immediately post-clonal derivation (p7 for A549 clones, p8 for U2OS clones) 

and every other passage for 3 total passages (p9/10, p11/12). TDP1, which removes 

TOP1 cleavage complexes, has been shown by multiple groups to have little to no 

function against TOP2ccs (19, 38); however, MRE11 and CtIP are known to also 

process TOP2ccs, so I looked for their expression levels by immunoblot. In addition, 

the most common mechanism of resistance to etoposide is conveyed through 

downregulation of TOP2, so even though the cell lines retained sensitivity to 

etoposide, I proposed that perhaps they had lower basal expression of TOP2, 

leading me to look at both TOP2α and TOP2β levels. I also looked for a general 

increase in DNA damage or apoptosis by blotting for phosphorylated γH2AX and 

caspase 3 cleavage (Figure 15).  

 A slight increase in CtIP levels was seen in the earliest passage lysates 

compared to unmodified A549 or U2OS cells, but compared to later passages it 

became unclear whether it was the knockout cell lines that had increased CtIP or if 

the earliest passage control samples were loaded unevenly. Interestingly, the highest 

passage U2OS knockout line had significantly less p-γH2AX and caspase 3 

cleavage, consistent with previously published studies that showed TDP2 expression 

in U2OS cells reduced proliferation and increased apoptosis in osteosarcoma cell 

lines (47). Otherwise, no significant trend was seen over the different passages and 
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between the U2OS and A549 knockout lines. Note: it is difficult to generate "early" 

passage clones for analysis by immunoblotting, since the process of clonal selection 

requires several cell divisions before enough lysate can be obtained for a gel. 

 

 
 
Figure 15. Immunoblot for potential up- or downregulated proteins that may be 
compensating for TDP2 depletion. TDP2 exon 2-targeted Cas9 A549 and U2OS 
clones were rederived by clonal selection. Three clones were selected in the A549 
background and one from the U2OS background. Whole-cell lysates were harvested 
as early as possible (approximately p7 for A549 and p8 for U2OS) and every other 
passage after for a total of three sets of samples. Lysates were immunoblotted for 
TUB (loading control), MRE11 and CtIP, TOP2α/β, caspase 3 and caspase 3 
cleavage, and phosphorylation of γ-H2AX. MW = molecular weight. 
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 3.5.6 Inducible Tet-ON knockdown models 

 In an attempt to circumvent knockout or stable shRNA lines upregulating 

pathways that compensate for TDP2 depletion, I made several doxycycline-inducible 

TDP2 knockout and re-expression cell lines in the A549 background by using a 

lentivirus vector to integrate a tetracycline response element (TRE)-regulated 

promoter expressing both a TDP2 shRNA-resistant cDNA and an shRNA against 

TDP2 in a miR30 backbone. This pMIR4 inducible construct was a gift from Gerald 

Pao of the Inder Verma lab.  

 I converted the original pLKO.1 U6 promoter-shRNA used in Chapter 3.5.1 

(3073) to a miR30 backbone shRNA as previously described (75). I also evaluated 

several predicted miR30 shRNA sequences for knockdown efficiency of TDP2 by co-

transfecting the shRNA vector with GFP-tagged TDP2 into 293T cells and looked for 

suppression of GFP by fluorescence microscopy (Figure 16). The converted shRNA 

(3073) and best miR30 candidate (391) were cloned into the pMIR4 backbone with 

TDP2 cDNAs containing 7 (3073) or 10 (391) silent mutations in the shRNA target 

sequence. For the shRNA-resistant cDNAs, I included mCherry as a knockdown 

control, FL-TDP2, ∆N-TDP2, mNLS-TDP2, M54L-TDP2, E152A-TDP2, and ∆N-

E152A-TDP2. I also made two variants where the nuclear export signal (NES) from 

HIV-1 Rev (76) was appended to the C-terminus of ∆N- and mNLS-TDP2, generating 

∆N-TDP2-NES and mNLS-TDP2-NES. The latter two variants were more fully 

excluded from the nucleus by confocal fluorescence microscopy (Figure 17). 
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Figure 16. Selection of efficient miR30-based shRNA. 293T cells were co-transfected 
with N-terminally-tagged GFP-FL-TDP2 and a construct containing a doxycycline 
(dox)-inducible candidate shRNA and mCherry cDNA and treated with 0.5 ug/mL dox 
for 24 hr before being imaged using fluorescence microscopy.  
 
 
 

 
 

Figure 17. Addition of a nuclear export signal (NES) to ∆N- and mNLS-TDP2 more 
completely excludes TDP2 from the nucleus. U2OS cells were transiently transfected 
with N-terminally-tagged GFP-∆N-TDP2-NES or GFP-mNLS-TDP2-NES and imaged 
using confocal fluorescence microscopy. 
 
 Unfortunately, the miR30-based shRNAs were highly inefficient. While cDNA 

expression of TDP2 upon doxycycline treatment was evident, knockdown of 

endogenous TDP2 was minimal (Figure 18A). Looking at just the knockdown control 

cell line that re-expresses mCherry in place of a TDP2 cDNA with the 391 shRNA, 
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mCherry fluorescence was seen upon administration of doxycycline, but knockdown 

of TDP2 was insufficient for subsequent evaluation even after 13 days in doxycycline-

containing media (Figure 18B). I also repeated the doxycycline timecourse with the 

second best miR30 shRNA candidate, 389, but obtained comparable, if not less 

efficient, results (data not shown). 

 

 
 
Figure 18. Testing induction of cDNA expression and TDP2 knockdown. (A) The 
pLKO.1 shRNA against TDP2 (3073) used in Chapter 3.5.1 was modified to fit a 
miR30 backbone. The miR30-based shRNA was put under a dox-inducible promoter 
along with either mCherry or an shRNA-resistant TDP2 mutant cDNA and stably 
integrated into A549 cells using lentivirus. Cell lines were treated with or without 1 
ug/mL dox for 24 hr and harvested for immunoblot to look for expression and 
knockdown. Note: the cell line re-expressing M54L-TDP2 is not shown. (B) A second 
miR30 predicted shRNA against TDP2 (391) was put under a dox-inducible promoter 
with mCherry and stably integrated into A549 cells. Cells were treated with 1 ug/mL 
dox for the indicated number of days (0-13) then imaged by fluorescence microscopy 
to look for mCherry induction (right) and immunoblotted to look for TDP2 knockdown 
(left). 
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 I hypothesized that integration copy number might have affected knockdown 

efficiency, since mCherry expression varied significantly within the populations, so I 

clonally selected the mCherry-391 cell line for clones that expressed low, mid, and 

high levels of mCherry (Figure 19). However, no correlation between shRNA 

efficiency and mCherry expression was seen, and maximum knockdown was only 

around 40% (Figure 20). 

 

 
 
Figure 19. The mCherry-miR30 391 cell line was clonally selected for different levels 
of mCherry expression.  
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Figure 20. Knockdown efficiency does not correlate with mCherry expression. (A) 
The clones isolated in Figure 19 were treated with 1 ug/mL dox for the indicated 
number of days and immunoblotted for TDP2 to look for shRNA knockdown 
efficiency. (B) Quantification of the immunoblot bands in (A). Average band intensity 
of the FL- or ∆N-TDP2 band was normalized to the TUB band of the respective 
sample, then normalized to untreated to obtain % residual protein. 
 
 miR30 shRNAs are known to be less efficient that their Pol III promoter driven 

counterparts (77), and since I tested the top two predicted miR30 shRNA sequences 

and was unable to get efficient knockdown, I am currently attempting to clone a 

construct that expresses Cas9, the exon 2 sgRNA, and a sgRNA-resistant TDP2 

cDNA upon treatment with doxycycline (see Chapter 5.1) to generate an inducible 

TDP2 knockout and re-expression cell line. 
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3.6 Evaluating differences in binding partner affinities between FL-TDP2  

 and ∆N-TDP2 

 Since all attempts at generating cell lines to characterize the effects of ∆N-

TDP2 expression failed, I took a more targeted approach and looked for binding 

differences between FL-TDP2 and ∆N-TDP2 for known interacting signaling proteins. 

TDP2 has been reported to bind to TRAF3, TRAF5, TRAF6 (15), TAK1 (14) and 

ERK3 (9). I cloned the cDNA of these proteins into the C-terminal His-tagged vector 

and the N-terminal FLAG-tag vector and conducted co-immunoprecipitations in both 

directions.  

 I first verified that all of these proteins could pull down TDP2 by co-transfecting 

the FLAG-tagged target proteins with His-tagged FL-, wild-type TDP2 (Figure 21). I 

used an empty FLAG-tag and FLAG-RNF4 as negative controls. All of the target 

proteins could IP TDP2 to some degree, although Pype et al. characterized TRAF6 

as the strongest TRAF interactor, while under my conditions TRAF3 bound more 

strongly than TRAF6. 
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Figure 21. TRAF3, TRAF5, TRAF6, ERK3, and TAK1 can co-precipitate TDP2. 
FLAG-tagged TRAF3/5/6, ERK3, TAK1 and negative control RNF4 were co-
expressed with His-tagged FL-TDP2 and immunoprecipitated for FLAG. (Left) input 
samples were blotted for TDP2 (left top) and FLAG (left bottom). (Right) 
Immunoprecipitated (IP) samples were blotted for TDP2 (right top) and FLAG (right 
bottom). 
  
 I then co-expressed various FLAG-tagged TDP2 constructs including FL-

TDP2, ∆N-TDP2, mNLS-TDP2, M54L-TDP2, and E152A-TDP2 with each of the His-

tagged target proteins. FLAG-FL-TDP2 expressed both isoforms in the FLAG-tagged 

vector, but previous experiments (see Chapter 3.2.3) demonstrated that only FL-

TDP2 retained N-terminal tags, making FLAG-FL-TDP2 redundant with FLAG-M54L-

TDP2. I included both constructs, however, to see if expression of both isoforms in 

the same sample would affect binding (e.g. through competition). I also blotted all of 

the IP samples for ubiquitin, since TDP2 contains an N-terminal ubiquitin association 

(UBA) domain (residues 27-63 (12)) that is partially truncated in ∆N-TDP2, and the 

TRAF proteins are known to autoubiquitinate (Figures 22-25). ERK3 was the weakest 

interactor based on the previous IP, and I was unable to pull down any detectable 

amounts with TDP2 over the empty FLAG vector (data not shown). 
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Figure 22. TDP2 mutants can pull down TRAF3. FLAG-tagged TDP2 mutants, 
including FL-TDP2, ∆N-TDP2, mNLS-TDP2, M54L-TDP2, and E152A-TDP2 were co-
expressed with His-tagged TRAF3 and immunoprecipitated for FLAG. A 3xFLAG-
empty vector (ev) was used as a negative control. (Left top) Input samples were 
blotted for TDP2 with a rabbit polyclonal TDP2 antibody (red) and a FLAG antibody 
(green). Yellow bands indicate FLAG-tagged TDP2 while red bands indicate 
endogenous untagged TDP2. (Left bottom) Input samples were blotted for TRAF3 
(red) and ubiquitin (green). (Right) Immunoprecipitated (IP) samples were blotted for 
TDP2 and FLAG (right top), TRAF3 and ubiquitin (right middle), and the TRAF3 
channel was also exported separately (right bottom). 
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Figure 23. TDP2 mutants can pull down TRAF6. FLAG-tagged TDP2 mutants, 
including FL-TDP2, ∆N-TDP2, mNLS-TDP2, M54L-TDP2, and E152A-TDP2 were co-
expressed with His-tagged TRAF6 and immunoprecipitated for FLAG. A 3xFLAG-
empty vector (ev) was used as a negative control. (Left top) Input samples were 
blotted for TDP2 with a rabbit polyclonal TDP2 antibody (red) and a FLAG antibody 
(green). Yellow bands indicate FLAG-tagged TDP2 while red bands indicate 
endogenous untagged TDP2. (Left bottom) Input samples were blotted for TRAF6 
(red) and ubiquitin (green). (Right) Immunoprecipitated (IP) samples were blotted for 
TDP2 and FLAG (right top), TRAF6 and ubiquitin (right middle), and the TRAF6 
channel was also exported separately (right bottom). 
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Figure 24. TDP2 mutants can pull down TAK1. FLAG-tagged TDP2 mutants, 
including FL-TDP2, ∆N-TDP2, mNLS-TDP2, M54L-TDP2, and E152A-TDP2 were co-
expressed with His-tagged TAK1 and immunoprecipitated for FLAG. A 3xFLAG-
empty vector (ev) was used as a negative control. (Left top) Input samples were 
blotted for TDP2 with a rabbit polyclonal TDP2 antibody (red) and a FLAG antibody 
(green). Yellow bands indicate FLAG-tagged TDP2 while red bands indicate 
endogenous untagged TDP2. (Left bottom) Input samples were blotted for TAK1 
(red) and ubiquitin (green). (Right) Immunoprecipitated (IP) samples were blotted for 
TDP2 and FLAG (right top), TAK1 and ubiquitin (right middle), and the TAK1 channel 
was also exported separately (right bottom). 
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Figure 25. TDP2 mutants can pull down TRAF5. FLAG-tagged TDP2 mutants, 
including FL-TDP2, ∆N-TDP2, mNLS-TDP2, M54L-TDP2, and E152A-TDP2 were co-
expressed with His-tagged TRAF5 and immunoprecipitated for FLAG. A 3xFLAG-
empty vector (ev) was used as a negative control. (Left top) Input samples were 
blotted for TDP2 with a rabbit polyclonal TDP2 antibody (red) and a FLAG antibody 
(green). Yellow bands indicate FLAG-tagged TDP2 while red bands indicate 
endogenous untagged TDP2. (Left bottom) Input samples were blotted for TRAF5 
(red) and ubiquitin (green). (Right) Immunoprecipitated (IP) samples were blotted for 
TDP2 and FLAG (right top), TRAF5 and ubiquitin (right middle), and the TRAF5 
channel was also exported separately (right bottom). 
 

 TDP2 was consistently able to pull down ubiquitin smears, although no 

specific interaction with ubiquitinated TRAFs or TAK1 was detected. ∆N-TDP2 and 

mNLS-TDP2 both had weaker affinity for ubiquitin compared to FL-, M54L- and 

E152A-TDP2, which is expected as the UBA domain spans residues 27-63 and is 

partially omitted in ∆N-TDP2. 

 ∆N- and mNLS-TDP2 appeared to pull down slightly more TRAF3 compared 

to M54L-TDP2 (13% and 28% more, respectively) (Figure 22), and slightly more 
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TRAF5 (Figure 25), while no consistent difference in binding to TRAF6 between the 

isoforms was detected (Figure 23). Interestingly, TDP2 selectively pulled down higher 

molecular weight bands reactive with the TRAF6 antibody but not the ubiquitin 

antibody, suggesting that TDP2 binds non-ubiquitin modified TRAF6. Lastly, ∆N-

TDP2, and interestingly, E152A-TDP2, appeared to have higher affinity for TAK1, 

despite higher background noise (Figure 24). 

 The TAK1 interaction region on TDP2 was previously mapped to residues 1-

123 (14) and I had hypothesized that ∆N-TDP2 would have reduced binding to TAK1. 

However, since ∆N-TDP2 retains binding to TAK1, our IPs have now narrowed the 

binding site to residues 54-123. The slight increase in TRAF3 and TRAF5 binding by 

∆N-TDP2 and mNLS-TDP2 can also be explained by increased colocalization in the 

cytoplasm. 

 

3.7 TDP2 and non-canonical NF-κB activation 

 Since the C-terminus of TDP2 has been suggested to inhibit NF-κB activation 

by CD40 more so than by TNFR, and ∆N-TDP2 has slightly higher affinity for TRAF3 

than M54L-TDP2, I hypothesized that ∆N-TDP2 might specifically inhibit non-

canonical NF-κB signaling. I rederived the A549 FL-WT, ∆N, and M54L clones for 

even expression (Figure 26A) and treated them with ectopic CD40L/CD154 from 

Peprotech and looked for differences in the kinetics of NF-κB inducing kinase (NIK) 

stabilization compared to unmodified A549, A549-13, and three additional A549 Cas9 

knockout clones (A549 2-4, 2-6 and 2-19) (Figure 26B). No significantly visible 

difference was observed. 
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Figure 26. A549 cell lines expressing different isoforms of TDP2 do not display 
differences in NIK stabilization upon non-canonical NF-κB stimulation by 
CD40L/CD154. (A) Immunoblot of TUB and TDP2 of the A549-13 clones reinfected 
with retrovirus to express variants of TDP2. Unmodified indicates untreated A549 
cells. (B) A549, A549-13, three other A549 TDP2 exon 2-Cas9 knockout lines (A549-
2-4, 2-6 and 2-19), A549-13 FL-TDP2, A549-13 ∆N-TDP2, and A549-13 M54L-TDP2 
were treated with 100 ng/mL CD40L for the indicated amount of time and harvested 
for immunoblot against TUB, TDP2, and NIK. MW = molecular weight. 
 
 Concomitantly, I co-transfected 293T cells with a 5x-κB binding site-luciferase 

reporter construct (gift from Suneer Verma of the Inder Verma lab) and various His-

tagged TDP2 constructs and stimulated with either TNFα or CD40L (Figure 27). 

Renilla luciferase was used as a transfection efficiency control. Expression of TDP2 
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basally repressed NF-κB regardless of which ligand was used, consistent with 

literature (15), however, the increase in luciferase expression by CD40L under all 

conditions was minimal. Interestingly though, TDP2 repression of TNFα-induced NF-

κB appeared to be independent of its phosphodiesterase function, as expression of 

E152A-TDP2 still suppressed NF-κB to levels comparable to that of FL-TDP2. 

E152A-TDP2 was not tested with CD40L, so it remains to be determined whether this 

phenomenon is specific to TNFα-induced NF-κB signaling. 

 Note: the 500 ng/mL CD40L treatment was repeated for 18 hr but still only 

achieved a maximum 1.38 fold change in luciferase expression measured by relative 

light units (RLU) (data not shown). 293T cells express very low levels of CD40, so 

these experiments should be repeated with co-transfection of CD40 cDNA in a 

mammalian expression vector. 
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Figure 27. TDP2 suppression of NF-κB activation by TNFα and CD40L. 293T cells 
were co-transfected with Renilla luciferase, a 5x-κB-luciferase reporter and the 
indicated TDP2 cDNA and stimulated with either the indicated dosage of TNFα for 24 
hr (A) or 500 ng/mL CD40L for the indicated amount of time (B). Error bars indicate 
+/- SD of a representative experiment conducted in at least triplicate. 
 

 

 Portions of Chapter 3, in part, are included in a completed manuscript that is 

being finalized for submission. Chou, Annie; Aslanian, Aaron; Sun, Huaiyu; Hunter, 

Tony. The dissertation author was the primary investigator and author of this paper.
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Chapter 4: Characterization of an internal ribosomal entry site in the coding sequence 

of TDP2 

4.1 Introduction to internal ribosomal entry sites 

 Internal ribosomal entry sites (IRES) are structured regions of mRNAs that are 

capable of directly recruiting the ribosome to initiate translation in a cap-independent 

manner. This allows the host to continue producing key stress-response proteins 

whose functions are essential during situations that otherwise suppress cap-

dependent translation, such as HSP70 following heat shock (78), and p53 after DNA 

damage (79, 80). 

 While the existence of cellular IRESes is a highly contentious field, IRESes are 

common and well-documented in positive-strand RNA viruses. First characterized in 

picornavirus, most viral IRESes are located in the 5' untranslated region (UTR) of the 

viral RNA and direct translation of the main viral polypeptide. These IRESes are 

broadly categorized into four major classes based off of the structure of the IRES and 

the cofactors required to initiate translation from the IRES (81, 82).  

 Class 1 and class 2 IRESes share strongly conserved primary sequences and 

secondary structures within their respective groups with the core IRES spanning 

approximately 450 nucleotides. The 3' end of class 1 and 2 IRESes harbor an 

essential polypyrimidine tract followed by an AUG codon. For most class II IRESes, 

the ribosome assembles directly onto this AUG which frequently also serves as the 

translation initiation codon, while for class I IRESes, it is almost always the second 

AUG further downstream that initiates protein synthesis (81). The immediate 3' AUG 
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to the polypyrimidine tract in class I IRESes has thus been denominated as a 

"cryptic" AUG, hypothesized as being essential for recruitment and assembly of the 

ribosomal subunits, but is then followed by ribosomal scanning downstream to the 

actual initiation codon (82). These two need classes all the eIFs to initiate translation 

except eIF4E. Class 1 IRESes also frequently require the IRES transactivating factor 

(ITAF) polyC-binding protein 2 (PCBP2) (82). 

 Class 3 IRESes are structurally distinct from class 1 and 2 IRESes and are 

exemplified by the well-characterized hepatitis C virus (HCV) IRES. The HCV IRES 

has a functional core around 330 nucleotides long and can directly recruit the 40S 

ribosomal subunit, requiring only eIF2, eIF3, and eIF5 to initiate translation (82). 

 Class 4 IRESes are the smallest and most self-sufficient and have thus far 

been described only in Dicistroviridae. Unlike class 1-3 IRESes, which are generally 

located in the 5' UTR of viral transcripts, class 4 IRESes fall between two open-

reading frames (ORFs) on the Dicistroviridae genome, driving translation of the 

downstream ORF. These IRESes require none of the eIFs nor Met-tRNA, can initiate 

translation at non-AUG codons and are only around 200 nucleotides long (82). 

 In contrast, the paltry hundred or so cellular IRESes that have been 

experimentally reported share very little primary sequence or secondary structural 

similarity. A recent study screened several thousand human and viral 5' UTRs and 

159 complete human transcripts in 210 bp fragments for IRES function and 

conducted mutagenesis on 100 segments that were positive for activity. They 

proposed that IRESes, including cellular ones, can be categorized into two broad 

categories: "local" IRESes, where IRES activity is dependent on a short, specific 
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sequence, such as an IRES transactivating factor (ITAF) binding site; or "global", 

where IRES activity is dependent on the secondary structure of a larger section of 

RNA (83). 

 Since expression of the ∆N-TDP2 isoform is dependent on the M54 codon, I 

hypothesized that ∆N-TDP2 may be a product of alternative translation initiation start, 

which led me to investigate how the second in-frame Met codon is recognized by 

ribosomes. 

 

4.2 Evaluating TDP2 mRNA transcripts 

 4.2.1 Analysis of previously published RNA-seq datasets and qPCR do not 

 suggest ∆N-TDP2 in A549 cells is a product of alternative transcription 

 Exon 1 of TDP2 encodes amino acids 1-55, making it unlikely that ∆N-TDP2 is 

a product of an alternative mRNA transcript lacking exon 1, as that would omit both 

the M1 and M54 codons. However, to investigate the possibility of ∆N-TDP2 being a 

product of a second mRNA species lacking exon 1, I downloaded and mapped 

previously published RNA-seq datasets of A549 and U2OS whole cell mRNA from 

NCBI GEO (84). I analyzed two U2OS samples from separate studies and two A549 

samples also from separate studies (85-88) for reads mapping to the TDP2 locus 

(Figure 28). There were no observable differences in the number of reads mapping to 

exon 1 of TDP2 in the A549 samples when compared to the U2OS samples, despite 

A549 cells expressing significantly more ∆N-TDP2 than U2OS. Sashimi plots 

mapping exon-exon junction reads also did not suggest exon 1 skipping or the 

inclusion of alternative exons (Figure 28A). Of note, no reads to Huang et al.'s 
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alternative exon 1 containing a mitochondrial-targeting sequence were detected in 

U2OS and A549 cells.  

 Additionally, I made multiple primers targeting exon 1 and downstream exons 

of TDP2 (Figure 8A, arrows) and utilized these in qPCR analysis of U2OS and A549 

whole RNA-derived cDNA (Figure 28B). No consistent decrease was observed in the 

ratio of exon 1 normalized to any downstream exon in the A549 samples compared 

to the U2OS samples (Figure 28C/D), demonstrating that it is unlikely that there are 

any major alternative mRNA species of TDP2 lacking exon 1 in these cell lines. 
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Figure 28. RNA-seq and qPCR comparison of exon ratios of TDP2 in A549 and 
U2OS and ribosomal scanning-inhibiting constructs. RNA-seq datasets were 
downloaded from NCBI GEO (84). Two A549 samples from two different experiments 
((87), accession GSE40218, sample GSM988513) ((88), accession GSE42006, 
sample GSM1030554) and two U2OS samples from two different experiments ((85), 
accession GSE44672, sample GSM1231610) ((86), accession GSE68416, sample 
GSM1671332) were processed using STAR (89) and Samtools (90). (A) Sashimi 
plots of the RNA-seq reads looking at the TDP2 locus were generated using 
Integrative Genomics Viewer (IGV) (91, 92). (B-D) QPCR measuring ratios of TDP2 
exons in A549 vs. U2OS cells. Primers are diagrammed in (Figure 8A). (B) 

Calculation of ∆∆Ct was modified such that quantity of exon 1 was normalized to a 

downstream exon instead of a housekeeping gene, and A549 and U2OS cells were 
taken as the treated and untreated conditions, respectively, so that the fold change 

(2^∆∆Ct) calculation reflects the ratio of exon 1 to a downstream exon in A549 cells 

compared to U2OS. (C/D) Two different primer sets for exon 1 were used to verify 
consistency. Error bars are +/- SD. Experiment was representative of two biological 
replicates with experimental quadruplicates. 
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 4.2.2 The pcDNAv5HisA-FL-TDP2 construct is not spliced to omit the M1 

 codon 

 Both isoforms of TDP2 are expressed from the C-terminal His-tag construct 

(pcDNAv5HisA) containing FL-, wild-type TDP2 cDNA. The Human Splicing Finder 

(v3.1) (93) did not predict any cryptic splice acceptor site within the 5' CDS of TDP2 

before the M54 codon, so it is unlikely that splicing occurs between the 5' UTR and 

TDP2 coding sequence (CDS) region between the M1 and M54 AUGs to omit M1. To 

verify this, I made 4 sets of forward primers (F1-F4) in the putative 5' UTR of the 

pcDNAv5HisA vector and a reverse primer that spans TDP2 CDS nucleotides 404-

421 (Figure 29A) and PCR amplified cDNA reversed-transcribed from whole-cell 

RNA extracted from 293T cells transfected with pcDNAv5HisA FL-TDP2 (Figure 

29B). All primer sets produced one major product of the expected size. A faint, 

smaller band was seen in primer set F3, but is likely to be non-specific since F3 was 

the shortest primer (15 nucleotides) and shorter products were not seen in any of the 

other primer sets. This suggested that both FL-TDP2 and ∆N-TDP2 are expressed off 

of the same mRNA transcript. 
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Figure 29. pcDNAv5HisA-FL-TDP2 is not aberrantly spliced. (A) Diagram of the 
putative full mRNA produced from pcDNAv5HisA-FL-TDP2. Arrows indicate primers 
used in (B). (B) 293T cells were transfected with pcDNAv5HisA-FL-TDP2 and whole 
cell RNA was extracted and reverse-transcribed into cDNA with or without reverse 
transcriptase (RT). No RT serves as a control for genomic contamination during the 
RNA-extraction process. The resulting cDNA was PCR amplified using F1, F2, F3 or 
F4 with the R primer, run on a 1% agarose gel and stained with ethidium bromide for 
UV visualization. 
 

4.3 Disruption of ribosomal scanning from the 5'-cap does not affect expression of 

∆N-TDP2 

 To test whether ∆N-TDP2 is initiated from the second in-frame methionine due 

to read-through of the M1 ATG during ribosomal scanning from the 5' cap, I 

introduced either three out-of-frame AUG codons flanked by Kozak residues in the +1 

reading frame relative to the M1 AUG (3xATG) or a 30 bp (30 bp HP) or 34 bp (34 bp 

HP) hairpin (as previously described (94)) immediately upstream of the M1 start 

codon in the pcDNAv5HisA backbone. Initiation of any of the three out-of-frame 

AUG's in the 3xATG construct would result in early termination at [60]UGA[62] 



66 
 

generating a 21-25 amino acid peptide product. Expression of these constructs in 

293T cells demonstrated that 3xATG selectively eliminates expression of FL-TDP2 

while the 30 bp HP and 34 bp HP selectively decrease expression of FL-TDP2 

(Figure 30), suggesting that expression of ∆N-TDP2 is not dependent on ribosomal 

scanning from the cap at the 5' mRNA end. 

 

 
Figure 30. Blockage of ribosomal scanning from the 5' end of the pcDNAv5HisA-

TDP2 transcript selectively disrupts expression of FL-TDP2 but not ∆N-TDP2. 

pcDNAv5HisA-FL-TDP2 was modified to include sequences that disrupt ribosomal 

scanning upstream of the M1 start codon and tested for expression of FL- and ∆N-

TDP2. Constructs include adding three out-of-frame ATG codons upstream of M1 

(3xATG) and introducing a 30 bp (30 bp HP) or 34 bp (34 bp HP) hairpin as 

previously described (94). 293T cells were transfected with the indicated construct 

and harvested for immunoblot. 

 

4.4 Bicistronic constructs suggest IRES activity in the 5' CDS of TDP2 

 Secondary structure prediction using RNAfold (95) (Figure 31A and 33A) and 

∆G values predicted by Mfold (96) (Table 1) suggested that the 5’ coding sequence 

(CDS) of TDP2 between the first and second methionine codons falls in a highly 
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structured region, so I hypothesized that translation of ∆N-TDP2 may be driven by an 

internal ribosomal entry site (IRES).  

 To test this, I obtained a bicistronic Renilla and firefly luciferase construct (a 

gift from the lab of Dr. Richard Lloyd (97)) and inserted the 5' CDS of TDP2 between 

the Renilla and firefly luciferase coding regions, to test for IRES activity. Renilla 

luciferase (RL) is driven by a CMV promoter, followed by a linker region and a 

downstream firefly luciferase (FFL). The expression level of FFL measures the ability 

of the linker region to directly recruit ribosomes to initiate translation. I used a 

construct with no linker region as a negative control (pRL-FFL) and the hepatitis C 

virus IRES in the linker region as a positive control (pRL-HCV-FFL) (gifted by the lab 

of Dr. Richard Lloyd (97)). The 5’-most (pRL-TDP2 2-100-FFL) and an internal (pRL-

TDP2-101-200-FFL) 297 nucleotide/99 codon segment of TDP2 were cloned into the 

linker region to test for IRES activity (Figure 31B). Dual luciferase assays and the 

resulting ratio of FFL to RL expression suggested that the 5’-most 297 nucleotides of 

TDP2’s CDS possessed potential IRES activity (Figure 31C).   

 

Table 1. ∆G values for the predicted structures of the nucleotide sequences listed 

were predicted using Mfold (96). ∆G for the 5’ CDS of TDP2 is comparable to the ∆G 

of a region containing the ‡published p53 IRES sequence (79, 80). 

 

Gene Nucleotides ∆G 

p53 1-134 -57 ⱡ 

Tdp2 1-162 -57.5 

Tdp2 458-619 -21.3 

Tdp2 928-1089 -39.8 

Tdp1 1-162 -40.3 
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Figure 31. The 5' CDS of TDP2 contains an internal ribosomal entry site (IRES) (A) 
RNAfold secondary structure prediction for full TDP2 mRNA. Box indicates 5' region 
of the mRNA. (B) Schematic of the bicistronic renilla luciferase (RL), firefly luciferase 
(FFL) construct and insertions used to test for IRES activity (97). A construct lacking 
a linker between RL and FFL was used as a negative control, and the hepatitis C 
virus IRES (HepC IRES) was used as a positive control. TDP2 2-100 contains 
codons 2-100 of TDP2’s CDS, and TDP2 101-200 contains codons 101-200. Arrows 
indicate primers used to verify RNA integrity in (Figure 32). (C) The bicistronic 
constructs indicated were transfected into 293T cells and assayed for dual-luciferase 
activity. Bars are mean FFL divided by RL +/- SD of a representative experiment with 
5 replicates *p=1.0e-3, **p=5.5e-5, ***p=4.2e-4. 
 
 Note: while ∆N-TDP2 expressed from FL-TDP2 cDNA appears to be driven by 

scanning-independent internal ribosomal entry, ∆N-TDP2 from the pCDNA-∆N-TDP2-

6xHis and pCMV3xFLAG-∆N-TDP2 constructs is likely a product of cap-dependent 

ribosomal scanning, since the majority of the tested TDP2 IRES is omitted with 

deletion of codons 1-53. This would also explain the variability in band intensity seen 

between the ∆N-TDP2 bands being produced off of pCDNA-FL-TDP2-6xHis vs. 

pCDNA-∆N-TDP2-6xHis: the band is significantly stronger in pCDNA-∆N-TDP2-6xHis 

potentially because cap-dependent translation is generally more efficient than cap-

independent IRES translation. 
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 4.4.1 Validating mRNA integrity of the bicistronic reporter 

 Two major pitfalls of using a bicistronic reporter construct to test for IRESes 

that may result in artefactually high FFL expression are due to either 1) introduction 

of a splice site that joins the CMV promoter into the region directly upstream of FFL, 

or 2) introduction of a cryptic promoter in the linker region that produces a 

monocistronic mRNA containing only FFL (97). Both would uncouple translation of 

FFL from RL and significantly increase expression of FFL. The former was shown to 

be the situation with several purported IRESes, including those of eIF4G, XIAP, NRF, 

and Rbm3 (98, 99). In all four cases, the putative IRES sequence introduced into the 

linker region between the two reporter cistrons contained a splice acceptor that 

activated an upstream cryptic splice donor (98). This artefact was originally thought to 

be exclusive to the pRL-FFL construct (99), but was later seen with other bicistronic 

reporter constructs as well, including GLuc-GFP (98). 

 To verify the integrity of the bicistronic mRNA being generated from the pRL-

FFL construct, I made the primers denoted in (Figure 31B, black arrows) and 

conducted RT-PCR on cDNA generated from 293T cells transiently transfected with 

the constructs as described (97). I confirmed that pRL-TDP2-2-100-FFL generated 

only one major band of the expected intact size (Figure 32A), strongly suggesting 

that there was no splicing of the CMV promoter to FFL.   

 Additionally, to rule out the presence of a cryptic promoter in the linker region 

or uncoupling of FFL expression from RL expression, 293T cells were co-transfected 

with the indicated pRL-FFL construct and shRNA against the upstream RL (shRL, gift 
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from Gerald Pao of the Inder Verma lab) as described (97) (Figure 32B). If a cryptic 

promoter were present and able to generate monocistronic RNA products containing 

FFL, shRL should disproportionately repress expression of only RL. However, both 

RL and FFL were proportionally suppressed in each construct, suggesting that the 

pRL-TDP2-2-100-FFL construct produced an intact bicistronic mRNA. 

 Another characteristic of the previously described IRESes that are now under 

contention was that they all expressed the downstream reporter at significantly higher 

levels than that of even the positive control virus IRESes, which could be explained if 

a monocistronic mRNA species were present with the downstream reporter since 

cap-dependent translation is decidedly more efficient than IRES-mediated translation. 

XIAP was first reported to generate 250 fold more FFL than the HCV IRES used as a 

positive control (100). TDP2, however, expressed FFL consistently at a level 

comparable to that of the HCV IRES, ranging from 0.81-1.25 fold as measured by 

RLU. 
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Figure 32. pRL-TDP2 2-100-FFL produces an intact bicistronic mRNA (A) RT-PCR of 

293T cells transfected with either no plasmid or the pRL-x-FFL construct indicated 

using primers spanning the 3’ end of the CMV promoter to the 5’ end of FFL, as 

diagrammed in Figure 31B, indicate a single major product for pRL-TDP2 2-100-FFL. 

(+) and (-) denote inclusion or exclusion of reverse transcriptase in the cDNA 

preparation. PCR products were run on a 1.5% agarose gel and visualized with 

ethidium bromide staining and UV illumination. (B) pRL-x-FFL constructs were co-

transfected with either shRNA against RL (+) or GFP (-) into 293T cells. Dual-

luciferase assays on cell lysates were conducted 24 hr later and normalized to β-

galactosidase levels to control for transfection efficiency, and demonstrated 

corresponding decreases in both RL and FFL values upon treatment with shRL. Data 

are plotted as average RLU +/- SD from a representative experiment done in 

triplicate. 
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4.5 Mutating secondary structures in the TDP2 IRES 

 4.5.1 Silent mutations disrupting secondary structure in TDP2 mRNA 

correspondingly alter translation of downstream ORF 

 In viruses, IRESs are categorized into four major structural and regulatory 

categories (81); in contrast, eukaryotic IRESs have been poorly classified and no 

consensus motifs or structures have been reported (101, 102). I attempted to identify 

the active structures or motifs in the TDP2 IRES by making several silent mutations 

in key stem-loops in the secondary structure as predicted by RNAFold (95) and 

RNAStructure (103) (Figure 33A, numbered arrows, and Table 2). I also selectively 

mutated a putative RBM4 binding motif, [38]CGGCGG[43], to [38]CAGCAG[43] 

(mutation set 4) (104).  

 The new secondary structure predictions for these mutated IRESs suggested 

that a few nucleotide changes can produce significant effects on the configuration of 

stem-loops in the minimum free energy fold (Figure 34). The silent mutations were 

introduced into either a construct containing the full cDNA of TDP2 tagged with C-

terminal 6xHis and assayed for ∆N-TDP2 expression relative to FL-TDP2 expression 

by immunoblot (Figure 33B) and the band intensities quantified (Figure 33C), or to 

the pRL-TDP2 2-100-FFL construct and assayed by dual-luciferase for FFL 

expression relative to RL expression (Figure 33D). Mutation sets 2, 2.1 and 4 

increased while mutation set 1 decreased the ability of the IRES to initiate translation 

of both ∆N-TDP2 from the TDP2 cDNA and FFL from the bicistronic RL-FFL 

construct, mutation set 2.2 produced no obvious change in expression of either 
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downstream ORF, and mutation sets 3 and 5 decreased expression of ∆N-TDP2 but 

made little difference in FFL expression. 

 With the exception of mutation sets 3 and 5, the majority of these silent 

mutations that are predicted to alter secondary structure produce corresponding 

effects on the expression of downstream open-reading frames in two separate 

constructs. This strongly supports the idea that the 5' CDS of TDP2 contains an IRES 

and that expression of FFL from the bicistronic luciferase vector is not simply an 

artefact of that particular construct. 
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Figure 33. Silent mutations in the TDP2 IRES can increase IRES activity (A) RNAfold 

(top) (95) and RNAStructure (bottom) (103) secondary structure prediction of the 5' 

region of TDP2 mRNA. Symbols indicate the †first and ⱡsecond methionine codons. 

Numbers 1-5 indicate structures targeted for mutational analysis in (B-D). (B) The 

mutations diagrammed in (A) and listed in (Table 2) were introduced into a C-terminal 

6xHis tag construct containing FL-TDP2 and transfected into 293T cells. Lysates 

were assayed by immunoblotting with antibodies against TDP2 and tubulin. (C) 

Quantification of the immunoblot in (B); bars represent band intensity of tagged-∆N-

TDP2 normalized to band intensity of tagged-FL-TDP2 for each construct normalized 

to the tagged-∆N-TDP2 to tagged-FL-TDP2 ratio of wild-type TDP2. Results are 

representative of 2 biological repeats. (D) The same mutations were introduced into 

pRL-TDP2 2-100-FFL and transfected into 293T cells. Dual-luciferase activity was 

measured 24 hr post-transfection. Bars are plotted as average FFL divided by RL +/- 

SD of a representative experiment with duplicates. 
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Table 2. List of 5’ CDS mutations made in TDP2 to disrupt IRES activity in (Figure 

34B-D). Bold indicates mutated residue.  

 

Mutation Unmodified Sequence Mutated Sequence 
Number 

Mutations 

IRES 1 [61]GAGGUG[66] [61]GAAGUA[66] 2 

IRES 2 [111]CUGCGAUGCCGCAG[124] [111]CUGUGACGCUGCCG[124] 4 

IRES 2.1 [111]CUGCGAUGCCGCAG[124] [111]CUGUGACGCCGCAG[124] 2 

IRES 2.2 [111]CUGCGAUGCCGCAG[124] [111]CUGCGAUGCUGCCG[124] 2 

IRES 3 [146]AGAACGA[152] [146]AGAAUGA[152] 1 

IRES 4 [37]GCGGCG[42] [37]GCAGCA[42] 2 

IRES 5 [169]GCTCTG[174] [169]GCCCUC[174] 2 

 

 

 

 

 

 
Figure 34. RNAfold secondary structure predictions of IRES mutants. Predicted 

secondary structures of the 5’ region of FL TDP2 mRNA and various silent mutations 

(1, 2, 2.1, 2.2, 3, 4, and 5) introduced to alter the IRES. Structural predictions were 

made with RNAfold (95). ∆G values were obtained using Mfold (96) for the first 300 

nucleotides of the whole mRNA sequence of TDP2. 
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 4.5.2 Correlation of ∆G values of mutated secondary structures to expression 

of ∆N- TDP2 from the pcDNA vector and FFL from the bicistronic vector 

 Since silent mutation of no individual hairpin dramatically decreased 

expression levels of ∆N-TDP2 and since some of the secondary structure predictions 

showed unanticipated changes to more than just the targeted hairpins, it remained 

ambiguous as to which structures were key in recruiting the ribosome to initiate 

translation at M54. I attempted to correlate the overall stability of the mutated mRNA 

secondary structures to the expression levels of FFL and normalized ∆N, since low 

∆G values and highly stable structures are a defining characteristic of viral IRESes 

(105), albeit not necessarily of cellular IRESes (Table 3).  

Table 3. Correlation of ∆N-TDP2 expression changes from the pcDNA expression 
vector and FFL expression changes from the bicistronic pRL-FFL vector to ∆G values 
of the mutated mRNA secondary structure. The immunoblot quantifications from 
Figure 33C and the FFL/RL values from Figure 33D were correlated to the Mfold ∆G 
value predictions for the mutated RNA sequence. 
 

Mutation 
set 

Mutant ∆N band/TUB 
band normalized to 
WT ∆N/TUB band 

Mutant FFL/RL 
normalized to WT FFL/RL ∆G 1-162 ∆G 1-300 

WT 1 1 -57.5 -108.6 

IRES 1 0.792892011 0.913460497 -54.7 -111.1 

IRES 2 3.150082862 1.497018533 -58.4 -109.6 

IRES 2.1 3.695085235 1.49389876 -57.1 -109.2 

IRES 2.2 1.020379372 1.183478616 -57 -108.4 

IRES 3 0.568850925 1.140289244 -56 -109.5 

IRES 4 1.508088195 3.26159111 -57.2 -106.7 

IRES 5 0.626245876 1.151435301 -57.5 -111.5 

 

 ∆G values were generated using Mfold (96) for both the entire 1-300 

nucleotide region used in the pRL-FFL construct and for just the 1-162 nucleotide 
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region spanning the M1 and M54 codons. No correlation was obvious between the 

expression trends and ∆G values. 

 

 4.5.3 Correlation of ∆G of mutated secondary structures generated by exon 

1-targeted Cas9 to expression of ∆N-TDP2 

 Cas9 targeted to exon 1 of TDP2 selectively knocks out FL-TDP2. However, 

expression levels of ∆N-TDP2 are also reduced, but not completely lost. I isolated 

several exon 1 Cas9 (ex1) clones in the A549 and U2OS background, which are 

hypotriploid and hypertriploid, respectively, and cloned out the individual alleles by 

PCR amplifying the TDP2 exon 1 locus, inserting the products into a bacterial 

plasmid, and clonally isolating bacteria clones. I sequenced 5-8 of the resulting 

plasmids for each derived clone to identify the mutations introduced by Cas9 and 

attempt to identify the secondary structure changes they created (Figure 35). 
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Figure 35. Mutation analysis of TDP2 exon 1-targeted Cas9 clones. Four U2OS (A) 
and two A549 clones (B) were derived from the respective parent cell line treated 
with TDP2 exon 1-targeted Cas9 and immunoblotted for TUB and TDP2 (top). MW = 
molecular weight. The TDP2 locus was PCR amplified from genomic DNA from each 
clone and inserted into bacterial plasmids allowing clonal isolation of individual alleles 
sequences. The bacterial plasmids were sequenced and mutations introduced by 
Cas9 identified (bottom). 
 

 The ∆G values for the mutated alleles were again generated using Mfold for 

the variable length region between the M1 and M54 codons and compared to 

expression intensity of the ∆N-TDP2 band normalized to the ∆N-TDP2 band of either 

unmodified U2OS or A549 (Table 4). All bands were normalized to the intensity of the 

corresponding TUB band for each lane. Note: several of the clonal cell lines had 

alleles with different mutations, however, making it difficult to correlate multiple ∆G 



79 
 

values to a combined ∆N-TDP2 band intensity. Furthermore, it is possible that not all 

alleles were picked up by PCR amplification and cloned into vectors, or likely some 

alleles were preferentially amplified compared to others, so the ∆G representation for 

an individual line might not be complete. No correlation was obvious. 

 

Table 4. Correlation of ∆N-TDP2 expression changes from TDP2 exon 1 targeted 
Cas9 clones to ∆G values of the mutated mRNA secondary structure. The ∆N-TDP2 
bands from the immunoblots in Figure 35 were quantified and normalized to the 
respective FL-TDP2 band in each lane and correlated to the Mfold-predicted ∆G-
values of the mRNAs containing the corresponding identified mutations. 
 

cell line sequence 
∆G M1-M54 

codons 
Cas9-modified ∆N band/TUB band 

normalized to WT ∆N band/TUB band 

U2OS unmodified -57.5 1 

U2OS 1 T insertion -58.4 1.026228355 

U2OS 2 T insertion -58.4 0.995418232 

U2OS 3 G deletion -57.5 0.755220856 

U2OS 3 T deletion -57.4 0.755220856 

U2OS 5 T insertion -58.4 1.20551096 

U2OS 5 13bp deletion -51.5 1.20551096 

A549 unmodified -57.5 1 

A549 1 T insertion -58.4 1.744690546 

A549 2 CC del T->G mut -58 1.201669641 

 
 

4.6 Evaluating conditions that induce translation from the IRES of TDP2 

 Having characterized the composition of ∆N-TDP2 and having data that 

suggests ∆N-TDP2 is a product of internal ribosomal entry and translation from an 

alternative start codon, I wanted to find physiological conditions where expression of 

∆N-TDP2 can be induced. Since ∆N-TDP2 is differentially expressed between 

NSCLC and osteosarcoma cell lines, it implies that expression of ∆N-TDP2 can be 

actively regulated. Furthermore, because ∆N-TDP2 is overexpressed in NSCLC 
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patient samples and its increasing cytoplasmic localization is correlated to disease 

stage, it suggests that the signaling pathway regulating TDP2 expression may be a 

key oncogenic driver in NSCLC. 

 

 4.6.1 Stressors and cytokines  

 Several cytokines have been reported via microarray data to increase 

transcript levels of TDP2, including interleukin-4 (IL-4), interleukin-19 (IL-19), 

interleukin-24 (IL-24), granulocyte-macrophage colony-stimulating factor (GM-CSF), 

TNF-related apoptosis-inducing ligand (TRAIL) (51), and interferon-gamma (IFNγ) 

(106). All six peptides were purchased from Peprotech. 

 Additionally, IRESes are considered a mechanism by which cells can continue 

translating key proteins under stress conditions when cap-dependent translation is 

inhibited, such as starvation, hypoxia, and DNA-damage. I obtained chemical 

mimetics of these conditions in the form of rapamycin, an mTORC1 (and mTORC2 at 

high concentrations) inhibitor; deferoxamine mesylate, an iron chelator; and 

etoposide, the TOP2 poison associated with TDP2. I also attempted a 30 minute 42 

°C heat shock treatment. 

 Moreover, the C-terminus of TDP2 has been reported to inhibit NF-κB 

activation and interact with TGFβR1/TAK1/TRAF6 to activate p38, so I tested tumor-

necrosis factor alpha (TNFα) for canonical NF-κB activation, CD40L/CD154 for non-

canonical NF-κB activation and transforming growth factor beta (TGFβ). Low-dose 

proteasomal inhibition has also been suggested to relocalize TDP2 to the cytoplasm, 

so I tested bortezomib. 
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 Unfortunately, none of these signaling molecules or drug treatments appeared 

to induce expression of ∆N-TDP2 in A549 or U2OS cells under the dosages and 

treatment times tested (Figure 36 and 37). It is possible that ∆N-TDP2 can only be 

upregulated in the presence of other specific co-factors or RNA-binding proteins (see 

Chapter 5.2) or that the cell lines used were not sensitive to the tested cytokines. I 

am currently testing different dosages/treatment times and cell lines. 
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Figure 36. Cytokine and stress induction of ∆N-TDP2. A549 and U2OS cells were 
treated with the indicated cytokine or drug for the indicated number of hours and 
harvested for immunoblot against TUB and TDP2. Heat shock was done at 42 °C for 
30 min as previously described (107), followed by a 3-6 hr recovery. Concentrations 
for TNFα were first verified using an NF-κB luciferase reporter; CD40L by NF-κB 
inducing kinase (NIK) stabilization; IFNγ by STAT-1 phosphorylation; deferoxamine 
and bortezomib by cell death; and etoposide by comet assay (see Chapter 2.3.3). 
TGFβ concentrations were as previously described (14), IL-4 and GM-CSF as 
previously described (108), and IL-19 and 24 as previously described (109). sTRAIL 
concentrations were based off of specifications provided by Peprotech. MW = 
molecular weight. 
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Figure 37. Rapamycin does not induce usage of the TDP2 IRES in A549 or U2OS 
cells. Low doses of rapamycin (0.5 nM-100 nM) reportedly inhibits mTORC1, while 
higher concentrations (200 nM-20 uM) inhibits mTORC2 (110). U2OS and A549 cells 
were exposed to a saturating range (indicated) of rapamycin for 48 hr before being 
harvested for immunoblot. 
 

 4.6.2 Poliovirus infection 

 TDP2 plays an important role in the picornavirus lifecycle cleaving the VPg 

protein off of the 5' end of the infecting viral RNA genome and facilitating replication 

(20, 35, 36). Poliovirus (PV) and encephalomyocarditis virus (EMCV) have been 

documented to regulate TDP2 activity, with PV relocalizing TDP2 to the cytoplasm 

during early infection and later to the periphery of the nucleus and cytoplasm (20) 

and EMCV cleaving TDP2's C-terminal phosphodiesterase domain during late 

infection (36). IRESes were also first discovered in picornaviruses, since the main 

polypeptide encoded by the viral genome is translated from an IRES, and many 

picornaviral genera express a 2A proteinase that specifically cleaves cellular eIF4G, 

inhibiting cap-dependent translation and diverting more of the host translation 

machinery to viral transcripts (111, 112). 
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 Therefore, I tested whether poliovirus infection of HeLa and U2OS cells could 

increase IRES expression of ∆N-TDP2. Attenuated human poliovirus 1 was 

purchased from ATCC and propagated and titered in HeLa cells as previously 

described (113). A final working stock of PV1 with a titer of 1.28*10^9 PFU/mL was 

used in all subsequent experiments. 

 I did the initial infections in HeLa cells with multiplicity of infection (MOI) that 

ranged from 10-100 particle-forming units (PFU)/cell and harvested lysates 0-8 hours 

post-infection (HPI). Cytopathic effect (CPE) was clearly visible in all cells under a 

light microscope at 50 and 100 MOI after 6 hr. I originally hypothesized that PV would 

induce ∆N-TDP2 within 4 hr of infection, since that timeframe is when relocalization 

of TDP2 to the cytoplasm is seen. However, I saw no visible increase in the ∆N-TDP2 

band by immunoblot at 4 HPI vs. uninfected in HeLa cells (Figure 38A, band intensity 

quantification B). Interestingly, at 8 HPI in the 50 MOI and 100 MOI samples, a higher 

molecular weight (MW) band above FL-TDP2 disappeared and a 44 kDa band just 

above ∆N-TDP2 appeared (Figure 38C, band intensity quantification D). Whether this 

band was a cleavage product of modified FL-TDP2 or de novo modification of ∆N-

TDP2 or an entirely new protein product has not been determined.  

 Unpublished ribosome profiling (Ribo-Seq) data from the lab of Alan 

Saghatelian on HeLa cells treated with the translation inhibitors harringtonine and 

lactimidomycin suggests that ribosomes can also initiate translation from the V42 

GUG codon of TDP2. It is unclear whether the 44 kDa band corresponds to a product 

initiating from this alternative start site. 
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Figure 38. Poliovirus 1 (PV1) infection of HeLa cells. (A) Confluent HeLa cells were 
infected with 10 MOI PV1 for the indicated number of hours and harvested for 
immunoblot against either TDP2 or TUB. (B) Quantification of average band intensity 
of (A). (C) Confluent HeLa cells were infected with 50 or 100 MOI for the indicated 
number of hours and harvested for immunoblot against TDP2 and TUB. (D) 
Quantification of the band intensities in (C). (D left) ∆N quantification excludes new 
44 kDa band. (D right) ∆N quantification includes new 44 kDa band. 
 
 U2OS cells normally express less ∆N-TDP2 than HeLa cells, so I attempted 

the same infections in U2OS with the rationale that differences in the ∆N-TDP2 band 

intensity would be more obvious. PV replicates slightly slower in U2OS cells 

compared to HeLa (114) so infections were done with 20 and 50 MOI for 0-12 hr. 

CPE was visible at both concentrations after 8 hr. Interestingly, no difference in the 

banding profile of TDP2 was seen at any dose or timepoint (Figure 39). 
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Figure 39. Poliovirus 1 infection of U2OS cells. (A/B) Confluent U2OS cells were 
infected with either 20 or 50 MOI of PV1 for the indicated number of hours before 
being harvested for immunoblot. (A) 0-6 hr timecourse. (B) 0-12 hr timecourse. 
 
 I also infected 293T cells transfected with pRL-FFL, pRL-HCV-FFL, or pRL-

TDP2 2-100-FFL the day prior with 20 MOI of PV1 for 0-10 hr and conducted dual-

luciferase assay with the lysates, but saw no clear trend that suggested increased 

usage of the TDP2 IRES (data not shown). 

 Portions of Chapter 4, in part, are included in a completed manuscript that is 

being finalized for submission. Chou, Annie; Aslanian, Aaron; Sun, Huaiyu; Hunter, 

Tony. The dissertation author was the primary investigator and author of this paper.
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Chapter 5: Discussion and Current/Future Directions 

 Here I have presented data supporting the existence of a potential IRES in the 

5' coding sequence of TDP2. Our results suggest that the IRES drives expression of 

a shorter, N-terminally truncated isoform of TDP2, ∆N-TDP2, from an alternative 

translation initiation start site, the second in-frame methionine (M54) (Figure 40). 

Mutation of M54 causes loss of ∆N-TDP2 expression both from transiently 

transfected cDNA and in 293T cells. ∆N-TDP2 differs from FL-TDP2 in that it lacks an 

N-terminal NLS, causing it to remain diffuse throughout the cell, whereas FL-TDP2 is 

predominantly nuclear. Furthermore, while ∆N-TDP2 retains catalytic activity and 

conveys protection against etoposide, its relocalization may give it different 

preferences for certain TDP2 interacting proteins. 

 Recently, Huang and colleagues (54) described characterization of a shorter 

isoform of TDP2 present in select NSCLC cell lines, specifically A549 cells, and 

concluded that it was a product of an alternative transcription initiation event 

generating a new mRNA species lacking exons 1 and 2, while appending a novel first 

exon containing a mitochondrial targeting sequence (MTS-TDP2) (54). Their isoform 

and the IRES isoform we describe are 304 and 309 residues in length, respectively. 

The negligible size difference would make it difficult to distinguish the two possible 

shorter proteins by SDS-PAGE separation and immunoblotting. However, our mass 

spectrometry data strongly suggest that the shorter isoform present in A549 cells 

contains peptides mapping to exon 2 of TDP2, and our CRISPR/Cas9-modified 

knockout cell lines also demonstrate that expression of the shorter isoform is 

dependent on exon 2 sequences remaining in-frame. Analysis of RNA-seq datasets 
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from A549 and U2OS cells also did not reveal a significant number of reads mapping 

to Huang et al.'s alternative exon 1, despite the shorter isoform being the dominant 

TDP2 protein species expressed in A549 cells. In addition, we have shown that 

expression of the shorter product is dependent on the M54 codon both in 293T cells 

and from transfected FL-TDP2 cDNA, since mutation of the M54 codon is sufficient to 

abrogate ∆N-TDP2 expression. It is possible that the shorter isoform detected by 

immunoblot is a mixture of MTS-TDP2 and ∆N-TDP2, or that certain cell lines 

express one or the other predominantly. Regardless, our data demonstrating that ∆N-

TDP2 is expressed from FL-TDP2 cDNA strongly suggest the existence of an IRES 

in the coding sequence of TDP2, as it is highly unlikely that MTS-TDP2 can be 

expressed from FL-TDP2 cDNA by splicing in an alternative first exon. 

 IRES elements are generally associated with expression of stress-response 

proteins, as a mechanism for cells to maintain expression of key survival genes even 

when cap-dependent translation is inhibited, such as expression of p53 following 

DNA damage (79, 80). TDP2 is well documented as a DNA-damage preventing 

phosphodiesterase, and has been reported to interact with both growth and apoptotic 

pathways (10, 11, 16, 46, 51) in different contexts. In NSCLC, TDP2 facilitates 

proliferation and tumor growth (46), whereas overexpression of TDP2 in 

osteosarcoma cell lines such as U2OS and Saos-2 correlate with decreased 

proliferation and increased apoptosis (47). A key question to ask would be how TDP2 

can switch between these opposing functions. Here I have presented data 

suggesting that a subset of NSCLC that respond negatively to TDP2 knockdown by 

shRNA concomitantly express ∆N-TDP2, a shorter, cytoplasmic isoform of TDP2 by 
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use of an IRES in the 5' CDS of TDP2 mRNA. Combining this observation with 

previously reported data that increased cytoplasmic TDP2 staining positively 

correlates with disease stage in NSCLC patient samples (46) leads to the speculation 

that ∆N-TDP2 is potentially oncogenic and facilitates proliferation in certain cell lines, 

whereas FL-TDP2 does not. However, our analyses thus far have not revealed a 

distinct function for ∆N-TDP2 compared to FL-TDP2 that would convey a proliferation 

advantage. The next step will be to identify conditions under which the utilization of 

the TDP2 IRES can be induced, and determine how much the nuclear-cytoplasmic 

redistribution contributes to the regulation of TDP2's potential growth-inducing and 

growth-inhibiting functions.  

 
 

Figure 40. Diagram of the different modes of TDP2 translation and their products. 

Recruitment of the 43S ribosome to either the 5' cap or IRES of TDP2 mRNA initiates 

translation of different protein products. Cap-dependent translation produces FL-

TDP2, which contains an N-terminal nuclear localization sequence (NLS) and 

ubiquitin association (UBA) domain, while IRES-mediated translation produces ∆N-

TDP2. Both isoforms retain phosphodiesterase activity. 

 

 I have made a multitude of attempts at characterizing the functional 

differences between FL-TDP2 and ∆N-TDP2 and the conditions that regulate usage 

of the TDP2 IRES; however, no clear, significant, and consistent difference has yet 
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been identified under the treatments and conditions I have tested. The next two 

sections propose future directions with which this project can be continued.  

 

 5.1 Inducible Cas9-mediated Tdp2 knockout cell lines 

 The observation that NSCLC cell lines that express ∆N-TDP2 are transiently 

sensitive to TDP2 depletion suggests that ∆N-TDP2 may be an oncogenic driver for 

certain cancers, making it a priority to characterize the effects of its expression 

compared to that of FL-TDP2. I have attempted to knock down/out and re-express 

TDP2 in both the U2OS osteosarcoma and A549 NSCLC backgrounds using stable 

shRNA and Cas9, but have thus far been unable to obtain a reliable cell line model 

due to hypothesized, permanent, compensatory changes that occur upon depletion 

of TDP2. I then tried to make inducible knockdown and concomitant re-expression 

models to eliminate the passaging of cells without TDP2, but was ineffective due to 

limited miR30-based shRNA efficiency. 

 As suggested in Chapter 3.5.6, generating inducible knockdown and re-

expression cell lines would circumvent both of these limitations. I have been 

modifying the pMIR4 lentiviral vector to contain a bi-directional TRE-regulated 

promoter (115) from which one direction expresses a guide RNA (sgRNA)-resistant 

TDP2 mutant cDNA linked to Cas9 by a P2A sequence, and the other direction a 

sgRNA flanked by ribozyme sequences to allow self-processing of the RNA despite 

being transcribed from a Pol II promoter (116) (Figure 41). 
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Figure 41. Schematic of proposed inducible constructs. A bi-directional dox-inducible 
promoter (115) drives expression of Cas9 linked to either mCherry or a TDP2 cDNA 
with a silent PAM site mutation by a P2A sequence on one side, and a ribozyme-
flanked sgRNA on the other (116).  
 

 5.2 RNA-pulldown of the TDP2 mRNA transcript from A549 vs. U2OS to

 identify different RNA-binding protein associations 

 The plethora of cytokines and stressors that I tested to try and upregulate 

usage of the TDP2 IRES all produced little to no difference in both A549 and U2OS 

cells. Poliovirus infection, during which cap-dependent translation is inhibited, also 

had no definitive effect on expression levels of ∆N-TDP2 or on FFL expression from 

the pRL-TDP2 2-100-FFL construct.  

 One possible explanation could be that the TDP2 IRES is not under inducible 

regulation, but instead requires the presence of a specific RNA-binding protein (RBP) 

or subset of RBPs expressed in certain NSCLC cell lines, but not in U2OS. 

Supporting this hypothesis is the observation that A549 cells consistently express an 

additional band running at 25 kDa that is recognized by the TDP2 monoclonal 

antibody (Figure 42, same as top left panel in Figure 36). This band is not seen in 
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U2OS cells. The third in-frame methionine in the TDP2 CDS is M113 (which has a 

Kozak-consensus cytidine in the -1 position), initiation at which would produce a 250 

amino acid long protein product, consistent with the 25 kDa size. This shorter band 

has not yet been verified to be TDP2, as this third product is not seen in transient 

transfection of FL-TDP2 cDNA, but could potentially be IRES-recruited ribosomes 

that have read through M54 codon and instead initiated at M113, suggesting that 

A549 cells have higher basal usage of the TDP2 IRES. 

 

 
 

Figure 42. A549 cells express a 25 kDa band recognized by monoclonal TDP2 
antibody. IL-4 treated A549 and U2OS immunoblot from Figure 36. A549 cells 
consistently express an additional band recognized by the TDP2 monoclonal 
antibody that is not present in U2OS samples. 
 
 An interesting next step would be to identify the RBPs that specifically 

recognize the TDP2 IRES by tagging in vitro transcribed TDP2 mRNA with biotin and 

using the product to pull down RBPs from U2OS vs. A549 lysates. Alternatively, I 

would stably integrate TDP2 cDNA with antisense RNA aptamers at the 3' end into 

either U2OS or A549 cells and purify using the aptamer tag. The resulting protein 
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products can then be analyzed via mass spectrometry to identify RBPs that are 

specifically bound in A549 but not in U2OS cells.  
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Chapter 6: Experimental Procedures 

Cell culture conditions, cell lines, and transfections 

 All cell lines were grown in 10% FBS in DMEM supplemented with 1x pen-

strep: OVCAR5, U2OS, HT29, HCT116, A549, H1299, H460, 293T, TDP2∆ex1-3/∆ex1-3 

MEFs and TDP2-re-expressing derivatives, with the exception of H358, which was 

grown in RPMI with 10% FBS supplemented with 1x pen-strep and 1x NEAA and 

ATCC-recommended levels of sodium pyruvate. All transient transfections were done 

using 1:3 μg DNA:μL 1 mg/mL polyethylenimine (PEI) in OptiMEM. 

 

Constructs 

 CRISPR/Cas9: px458 [Addgene #48138]; N-terminal 3xFLAG-tag: 

pCMV3Tag1a [Agilent]; C-terminal 6xHis-tag: pcDNA6v5HisA [Invitrogen]; N-terminal 

eGFP-tag: peGFP c2 [Clontech]; pRL-FFL, pRL-HCV-FFL: as previously described 

(97); shRL, pMIR4 and β-galactosidase: gifts from the Inder Verma and Clodagh 

O'Shea labs; lentivirus: Mission shRNA [Sigma]; pCAG retrovirus: as previously 

described (117); pBI-MCS-GFP [Addgene #16542]; pRS316-RGR-GFP [Addgene 

#51056]. 

 

Stable cell line generation 

 shRNAs were from the Mission shRNA library [Sigma]. Lentivirus particles 

were generated using 293T cells and infectious media supplemented with 8 μg/mL 

polybrene for subsequent infection followed by puromycin selection (1 μg/mL). 

TDP2∆ex1-3/∆ex1-3 MEFs re-expressing TDP2 variants were generated by cloning the 
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corresponding TDP2 isoform into pCAG-GFP and generating retrovirus for infection 

as previously described (117), followed by FACS to isolate GFP+ cells. Cas9 guide 

RNAs were designed using http://crispr.mit.edu/ and px458 constructs and cell lines 

were generated as previously described (118). Donor DNA used to introduce the 

M54L mutation is documented in Figure 9B. Clones were screened using the MyTaq 

Extract-PCR kit [Bioline] and products digested to check for loss of HaeIII digestion 

indicating incorporation of donor DNA. 

 

Proliferation and survival assays 

 Cells were seeded into 96-well plates at 3,000 cells/well and allowed to adhere 

overnight before being switched to condition media. Proliferation assays were done in 

2% FBS media. Survival was measured using either crystal violet staining (as 

previously described (119)) or by trypsinization followed by counting cells on a 

hemocytometer.  

 

Cytokines and chemicals 

 Etoposide [VP16, Selleckchem S1225], deferoxamine mesylate [SCBT sc-

203331], bortezomib [Huaiyu Sun], TNFα [Peprotech 300-01A], CD40L/CD154 

[Peprotech 310-02], TGFβ [Peprotech 100-21], IFNγ [Peprotech 300-02], IL-4 

[Peprotech 200-04], IL-19 [Peprotech 200-19], IL-24 [Peprotech 200-35], GM-CSF 

[Peprotech 300-03], sTRAIL [Peprotech 310-04], rapamycin [Matt Kohls, LC Labs R-

5000]. 
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Immunoblots and antibodies 

 Primary antibodies are as follows: αTubulin [Sigma T5168]; αFLAG [Sigma 

F3165]; αTDP2 4-2c mouse monoclonal [Caprico Biotech 100101]; αTDP2 H300 

rabbit polyclonal [SCBT sc-135214]; αTDP2 rabbit polyclonal [Bethyl A302-737A], 

αERK3 [Bethyl A302-654A]; αTAK1 [CST #4505]; αTRAF3 [CST #4729]; αTRAF5 

[CST #41658]; αTRAF6 [CST #8028]; α-cleaved caspase3 [CST #9664]. Secondary 

antibodies are as follows: α-rabbit Alexa Fluor 680 [Invitrogen A21109]; α-mouse 

Alexa Fluor 680 [Invitrogen A21058]; α-rabbit Alexa Fluor 800 [Thermo Sci SA5-

35571].  All whole cell lysates were prepared in RIPA buffer with 150 mM NaCl 

supplemented with 1 mM Na2VO3, 10 mM NaF, 10 mM β-glycerophosphate, 1 μg/mL 

pepstatin, 1 μg/mL aprotinin, and 20 μg/mL leupeptin. SDS-PAGE gels were 

transferred onto PVDF membrane and blocked with 0.1% casein in 10% PBS. 

Antibodies were incubated in 0.1% casein in 10% PBS supplemented with 0.1% 

tween-20. All images and quantifications were obtained using the Licor Odyssey 

immunoblot imaging system. 

 

Mass spectrometry 

 Silver stained gel slices were first destained and then reduced and alkylated 

with 10 mM Tris(2-carboxyethyl)phosphine hydrochloride [Roche Applied Science] 

and 55 mM iodoacetamide [Sigma-Aldrich] respectively.  In-gel digestion was 

performed over-night with trypsin [Promega] according to the manufacturer’s 

specifications.  The protein digests were pressure-loaded onto 250 micron i.d. fused 

silica capillary [Polymicro Technologies] columns with a Kasil frit packed with 3 cm of 
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5 micron C18 resin [Phenomenex].  After desalting, each loading column was 

connected to a 100 micron i.d. fused silica capillary [Polymicro Technologies] 

analytical column with a 5 micron pulled-tip, packed with 12 cm of 5 micron C18 resin 

[Phenomenex].  

 Each split column was placed inline with a 1200 quaternary HPLC pump 

[Agilent Technologies] and the eluted peptides were electrosprayed directly into an 

LTQ Orbitrap XL mass spectrometer [Thermo Scientific].  The buffer solutions used 

were 5% acetonitrile/0.1% formic acid (buffer A) and 80% acetonitrile/0.1% formic 

acid (buffer B).  The 120 min elution gradient had the following profile: 10% buffer B 

beginning at 10 min to 40% buffer B at 70 min, 60% buffer B at 90 min and then 

100% buffer B at 100 min continuing to 110 min.  A cycle consisted of one full scan 

mass spectrum (400-1600 m/z) in the Orbitrap at 60,000 resolution followed by five 

data-dependent collision induced dissociation (CID) MS/MS spectra in the LTQ.  

Charge state screening was enabled and unassigned charge states and charge state 

1 were rejected.  Dynamic exclusion was enabled with a repeat count of 1, a repeat 

duration of 30 sec, an exclusion list size of 500 and an exclusion duration of 180 sec.  

Dynamic exclusion early expiration was enabled with an expiration count of 3 and an 

expiration signal-to-noise ratio of 3.  Application of mass spectrometer scan functions 

and HPLC solvent gradients were controlled by the Xcalibur data system [Thermo 

Scientific].  

 MS/MS spectra were extracted using RawXtract (version 1.9.9.2) (120). The 

Integrated Proteomics Pipeline (IP2) [Integrated Proteomics Applications] was used 

to generate and filter peptide-spectra matches.  MS/MS spectra were searched with 
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the ProLuCID (version 1.3.5) algorithm (121) against a human UniProt protein 

database downloaded on 03-25-2014 that had been supplemented with common 

contaminants and concatenated to a decoy database in which the sequence for each 

entry in the original database was reversed (122).  A total of 177,652 protein entries 

were searched.  Precursor mass tolerance was 50 ppm and fragment mass tolerance 

was 600 ppm.  For protein identifications, the ProLuCID search was performed using 

no enzyme specificity and static modification of cysteine due to 

carboxyamidomethylation (57.02146).  ProLuCID search results were assembled and 

filtered using the DTASelect (version 2.1.3) algorithm (123), requiring at least partial 

enzyme specificity (cleavage C-terminal to Arg or Lys residue) and a minimum of two 

peptides per protein identification.  The number of missed cleavages was not 

specified.  The protein identification false positive rate was kept below one percent 

and all peptide-spectra matches had less than 10 ppm mass error.  DTASelect 

assesses the validity of peptide-spectra matches using the cross-correlation score 

(XCorr) and normalized difference in cross-correlation scores (deltaCN).  The search 

results are grouped by charge state and tryptic status and each sub-group is 

analyzed by discriminant analysis based on a non-parametric fit of the distribution of 

forward and reversed matches. 

 

Fluorescence imaging  

 U2OS cells were plated onto glass coverslips and transiently transfected with 

indicated eGFP constructs as described above. 24-48 hr after transfection, cells were 

washed with PBS and fixed in 4% formaldehyde in PBS for 20 min. Slides were 
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washed once in PBS and twice in TBS then blocked and permeabilized in TBS + 3% 

FBS + 0.1% Triton X-100 for 10 min then washed twice again with TBS. Cells were 

then stained with 1 μg/mL Hoechst 33342 [Invitrogen H3570] in TBS for 10 min, 

washed 3 times with TBS, and mounted onto slides with ProLong Gold Antifade 

[Invitrogen P36930]. Slides were imaged using a Zeiss 710 confocal microscope. 

 

T5PNP and dual-luciferase colorimetric assays 

 T5PNP [Sigma T4510] was prepared and assays conducted as previously 

described (70), using 1 μg purified TDP2 protein + 4 mM T5PNP in 50 mM Tris-HCl 

pH 7.5 + 1 mM DTT + 1 mM MgCl2 + 50 mM KCl + 100 mg/mL BSA. Reactions were 

mixed in 96-well plates are read on a Tecan Infinite m1000 Pro at 415 nm 

absorbance. GST-tagged TDP2 protein was bacterially purified from BL21 DE3. All 

dual-luciferase assays were conducted using the Promega dual-luciferase kit 

[Promega E1910] and read on a Berthold Lumat LB 9507. 

 

RNA preparation and qPCR 

 RNA was isolated from cells using the NucleoSpin RNA extraction kit 

[Macherey-Nagel 740955]. All purified RNA products were subjected to an additional 

DNase treatment followed by isopropanol precipitation and 70% ethanol wash to 

ensure removal of genomic contamination. Reverse transcription was done using 

SuperScript III [Invitrogen 18080093]. qPCR was conducted using SYBR Green 

[Thermo Sci]. Control wells with cDNA preparations lacking addition of the reverse 
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transcriptase enzyme were included for all samples to ensure no genomic DNA 

contamination. 

 

Immunoprecipitation and FLAG-pulldowns 

 For mass spectrometry coverage analysis, A549 cells were lysed by 

sonication in 50 mM Tris-HCl pH 8 + 400 mM NaCl supplemented with 1 μg/mL 

pepstatin, 1 μg/mL aprotinin, and 20 μg/mL leupeptin. Cell debris was cleared by 

centrifugation and supernatants precleared with protein A beads before incubating 

with either no antibody or H300 rabbit polyclonal αTDP2 antibody followed by protein 

A bead capture. Beads were washed 4 times in lysis buffer and eluted by boiling in 1x 

SDS buffer. Eluate was run out on a 10% bis-acrylamide gel and silver stained. 

 FLAG-tagged protein constructs were transiently co-transfected with the 

construct of interest into 293T cells. 24 hr post-transfection, cells were switched to 

media containing 0.1 μM bortezomib for 16 hr, after which cells were rinsed in PBS 

and scraped off into 1.1 mL 50 mM Tris HCl pH 8 + 150 mM NaCl + 0.5% CHAPS 

supplemented with 1 mM EDTA, 1 mM EGTA, 1 mM Na2VO3, 10 mM NaF, 10 mM β-

glycerophosphate, 1 μg/mL pepstatin, 1 μg/mL aprotinin, and 20 μg/mL leupeptin. 

Cells were allowed to swell on ice for 15 min and disrupted by trituration with a p1000 

tip 3 times. Cell debris was pelleted in a microcentrifuge. Part of the resulting 

supernatant was taken as an input sample, and 30 μL αFLAG M2 Affinity Gel bead 

slurry [Sigma A2220] added to the remaining and incubated at 4 oC for 2 hr with 

rotation. Beads were washed 4 times with lysis buffer and eluted by boiling in 100 μL 

1x SDS buffer. 
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Poliovirus 

 Attenuated human poliovirus 1 [ATCC VR-1562]. All poliovirus work was done 

as previously described (113) and conducted in the biosafety level 3 (BL3) isolation 

unit at the Salk Institute. 
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