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Abstract

A homozygous H493R mutation in the active site of tyrosyl-DNA phosphodiesterase (TDP1) has
been implicated in hereditary spinocerebellar ataxia with axonal neuropathy (SCAN1), an autosomal
recessive neurodegenerative disease. However, it is uncertain how the H493R mutation elicits the
specific pathologies of SCANL. To address this question, and to further elucidate the role of TDP1
in repair of DNA end modifications and general physiology, we generated a Tdp1 knockout mouse
and carried out detailed behavioral analyses as well as characterization of repair deficiencies in
extracts of embryo fibroblasts from these animals. While Tdp1 ™~ mice appear phenotypically
normal, extracts from Tdp1~~ fibroblasts exhibited deficiencies in processing 3’-phosphotyrosyl
single-strand breaks and 3'-phosphoglycolate double-strand breaks, but not 3'-phosphoglycolate
single-strand breaks. Supplementing Tdpl~~ extracts with H493R TDP1 partially restored
processing of 3'-phosphotyrosyl single-strand breaks, but with evidence of persistent covalent
adducts between TDP1 and DNA, consistent with a proposed intermediate-stabilization effect of the
SCAN1 mutation. However, H493R TDP1 supplementation had no effect on phosphoglycolate
termini on 3' overhangs of double-strand breaks; these remained completely unprocessed. Altogether,
these results suggest that for 3’-phosphoglycolate overhang lesions, the SCAN1 mutation confers
loss of function, while for 3'-phosphotyrosyl lesions, the mutation uniquely stabilizes a reaction
intermediate.
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1. INTRODUCTION

A homozygous mutation in the active site of tyrosyl-DNA phosphodiesterase (TDP1) has been
identified as the causative mutation in hereditary spinocerebellar ataxia with axonal neuropathy
(SCANL). SCANL1 is inherited as an autosomal recessive disorder that becomes apparent at
adolescence; clinical features in these individuals include distal muscle weakness, absence of
deep tendon reflexes, gait disturbances, and mild brain atrophy [1].

TDP1 has primarily been characterized as resolving trapped topoisomerase | cleavable
complexes (Toplcc) by hydrolyzing the normally transient tyrosyl linkage that forms between
the active site of topoisomerase | (Topl) and the 3' DNA terminus; this occurs during DNA
relaxation that facilitates replication and transcription [2—4]. TDP1 can also process protruding
3'-phosphoglycolate (PG) termini on DNA double-strand breaks (DSBs) [5,6] that are formed
in response to oxidative stress [7], ionizing radiation [8], and specific chemotherapeutic agents
such as bleomycin [9].

Because the H493R TDP1 mutation associated with SCAN1 (hereafter referred to as SCAN1
TDP1) retains partial activity, SCAN1 cells do not provide a true null model of TDP1
deficiency. Moreover, it is uncertain how the mutation elicits the specific pathologies of
SCANL1, and in particular whether unresolved TOPI-linked breaks, unrepaired PG-terminated
breaks, or covalent TDP1-DNA intermediates are the critical toxic lesions. As reported below,
we generated a Tdpl knockout mouse, carried out detailed behavioral analyses, and derived
embryo fibroblast cell lines from these mice. These cells provided an in vitro system that
permitted investigation of end-processing of these candidate DNA lesions.

2. MATERIALS AND METHODS

2.1 Generation of Tdpl1 knockout mice

To generate both constitutive and conditional Tdp1 knockout (Tdp1~~) mice, a Tdp1 targeting
vector was constructed using pKO NTKV-1901 (Stratagene). This vector was modified by the
insertion of loxP sites on either side of the PGK/neo/BGH cassette. A 4.8-kb region of the
Tdpl gene containing exons 5-7 (with 3.2 kb of intron 6 deleted) was generated by PCR from
a 129/Sv BAC cloneg, and a third loxP site (with an associated Nhel site) was inserted into
intron 5 (Figure 1, panel ii). This arm was then inserted between the Bglll and Xhol sites of
NTKV-1901. A 4.7-kb Xmal/Smal BAC clone fragment containing Tdpl exons 8-12 was
inserted into the NTKV-1901 Smal site. The Tdpl targeting vector was linearized with Smal
and electroporated into 129/SV embryonic stem (ES) cells. To identify the desired homologous
recombinants, genomic DNA from ES cell clones resistant to both G418 and gangcyclovir was
screened by long-range PCR and Southern blotting. To delete the neo gene in the targeted
Tdp1 allele and generate knockout and conditional knockout alleles (as shown in Figure 1
panels iv and v), ES cells from a correctly targeted clone were electroporated with an MC1-
cre expression vector and G418-sensitive clones selected. Knockout recombinants were
identified by PCR and injected into blastocysts that were implanted into pseudopregnant
females. Tdp1*/~ mice were then generated from the resulting chimeras and were interbred to
generate homozygous knockouts, as verified by PCR and Southern blotting (see Supplemental
Methods and Supplemental Figure 1 for additional details). These mice were subjected to a
variety of behavioral tests, also described in detail in Supplemental Methods. In addition to a
functional observational battery assessment [10], assays were employed to assess specific

DNA Repair (Amst). Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hawkins et al.

Page 3

differences in motor performance and possible ataxia, including rotarod performance and
general locomotor activity measured in standard activity chambers.

All animal studies were approved by the Institutional Animal Care and Use Committee at
Virginia Commonwealth University, and were conducted in accordance with the Animal
Welfare Act, the PHS Policy on Humane Care and Use of Laboratory Animals, and the U.S.
Government Principles for the Utilization and Care of Vertebrate Animals Used in Testing,
Research, and Training.

2.2 Generation and culture of embryonic fibroblasts

For generation of Tdp1*/*, Tdp1*~, and Tdp1~/~ mouse embryonic fibroblasts, males and
females of the same or opposite genotype were mated, and 14-day embryos were dissociated,
trypsinized and plated on 0.1% gelatin. Cells were immortalized by continuous culture for 6
months in DMEM with 10% fetal bovine serum. A single Tdp ™~ clone was expanded and
infected with a lentivirus expressing FLAG-tagged TDP1, and stable integration was verified
by PCR. This infected clone was subsequently passaged as a separate cell clone, Tdp1MP,
and screened for expression of hTDP1 by anti-TDP1 western blotting and an enzyme activity
assay, described below. (See Supplemental Methods for further details.)

2.3 Preparation of Tyrosyl and 3' PG DNA Substrates

The 3'-PG-terminated 17-mer 5-CGAGGAACGCGAAAACG-3'was prepared by bleomycin-
mediated cleavage of 5-CGAGGAACGCGAAAACGCCC-3', and purified by
polyacrylamide gel electrophoresis and HPLC [11,12]. The 3'-PG oligomers and a 3'-pTyr 18-
mer (obtained from Midland Certified Reagents) and unmodified marker oligomers were
5'-32p |abeled with [y-32P]ATP and T4 polynucleotide kinase, then annealed to complementary
unlabeled oligos to create single strand-break substrates (SSBs) [13]. A plasmid substrate
containing a DNA double-strand break (DSB) with PG-terminated ACG 3’ overhang was
constructed as described [14]. The substrate containing a DNA DSB with one 3'-PG-terminated
blunt end and one recessed 3'-PG end [15] was constructed similarly.

2.4 Site-Directed Mutagenesis and Enzyme purification

A pET plasmid expressing His-tagged human TDP1 was kindly provided by Howard Nash,
NIMH. Mutants were generated using the QuickChange site directed-mutagenesis kit from
Stratagene and primers selected by the QuickChange Primer Design Program. Wild-type or
mutant plasmids were freshly transformed into E. coli BL21(DES3) strain and cells were grown
in 1 L LB medium supplemented with 100 pg/ml ampicillin. When the ODgq reached 0.4—
0.5, 1 mM IPTG was added for induction. After 4 h, cells were harvested and dry pellets were
stored at —80°C.

Cell pellets were re-suspended in 12 ml lysis buffer (50 mM NaH,PQOy,, pH 8.0, 0.3 M NaCl,
10 mM imidazole, 1 mg/ml lysozyme, 1 mM phenylmethylsulphonyl fluoride). After 30 min
on ice, cells were sonicated 6x15s using a sonicator on 30% power from Ultrasonic Inc. Crude
extracts were centrifuged at 14000xg at 4°C for 30 min. Soluble cell proteins were mixed with
1.5 ml Ni-NTA Superflow (Qiagen) and gently stirred 1h at 4°C. The suspension was then
added to a chromatography column and washed with 25 ml of wash buffer (50 mM
NaH,POy4, pH 8.0, 0.3 M NaCl, 20 mM imidazole 1 mM phenylmethylsulphonyl fluoride).
Bound proteins were then eluted four times with the same buffer containing 0.5 M imidazole.
All four fractions were analyzed by SDS-PAGE electrophoresis and peak fractions were
dialyzed against 2 L 20 mM Tris-HCI pH 8.0 overnight, passed through a 0.22 um filter, loaded
on a Pharmacia MonoQ FPLC column at 22°C and eluted with a 15-min gradient of 0-0.8 M
NaCl in20 mM Tris-HCI pH 8.0. Fractions were collected and analyzed by SDS-PAGE. Protein
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concentration was determined using a Pierce BCA assay (Thermo Fisher Scientific Inc.).
Proteins were stored in 50% glycerol at —20°C.

2.5 Analysis of DNA End Processing and Repair

Organ homogenates were prepared by sacrificing mice of each genotype and dissecting the
liver and brain, which were then flash frozen. Tissues were thawed and minced, then
resuspended in lysis buffer (10 mM Hepes pH 7.8, 60 mM KCI, 1 mM EDTA, 0.5% NP 40,
0.5mM DTT, 100 mM PMSF, and Sigma protease and phosphatase inhibitor cocktails
(catalogue numbers P8340 and P5726)) and homogenized with a Polytron tissue homogenizer
(Kinematica). Extracts of MEFs were prepared according to procedures described previously
[16]. Protein concentrations of both tissue lysates and cell extracts were assessed with a BCA
Assay (Pierce). Organ homogenates were diluted in buffer containing 50 mM Tris pH 8.0, 5
mM DTT, 100 mM NaCl, 5 mM EDTA, 10% glycerol, and 500 pg/mL BSA. A 0.5 uL aliquot
of each dilution was allowed to react with 50 fmol of a radioactive 3'-pTyr oligomer substrate
(see Figure 2B), synthesized by Midland Certified Reagent Co. by a procedure described
previously [17], in 5 uL of reaction buffer containing 50 mM triethanolamine pH 7.5, 1 mM
DTT,5mM EDTA, 100 uM dNTPs, and 1 mM ATP. Following incubation at 37°C for 1 h,
samples were diluted in an equal volume of formamide containing 20 mM EDTA and denatured
at 90°C for 5 min. For determining activity toward a pTyr nick substrate (see Figure 3A),
whole-cell extracts were serially diluted and incubated with 50 fmol of the substrate in the
same reaction buffer described above, with the exception of 10 mM Mg(OAc), substituting
for 5 mM EDTA. Typically, 3 -5 pL of extract was added to a total reaction volume of 5 - 10
pL, for 1 h unless otherwise noted. In some cases, serial dilutions of FLAG-tagged TDP1
purified from 293T cells was added to Tdp1~~ extracts [6]. To test the temporal requirements
for pTyr processing, 50 ng of human TDP1 produced in E. coli was added to Tdp1 ™/~ extracts
in 5 pL reaction buffer and incubated with the radiolabeled substrate from 1 — 60 min, as
indicated (Figure 3D).

To assess activity toward PG nick and gap substrates, 20 ug of Tdp1*/* and Tdp1~~ whole cell
extract was incubated with 50 fmol of either substrate in 5 pL of reaction buffer containing 50
mM triethanolamine pH 7.5, 1 mM DTT, 100 uM dNTPs, and 1 mM ATP, and either 5 mM
EDTA, 2, or 10 mM Mg(OAc),. For the DSB substrates, extracts were incubated in 32 uL
reaction buffer containing 50 mM triethanolamine pH 7.5, 1 mM DTT, 100 pM dNTPs, and 2
mM ATP, and 1.3 mM Mg(OAc), with substrate for 6 h, unless otherwise noted. Some
Tdp1~/~ extracts were supplemented with 25 or 125 ng of wildtype, SCAN1, or H493N TDP1
protein purified from E. coli as noted. Samples were deproteinized with proteinase K, extracted
with phenol and chloroform, nucleic acids were precipitated, and then treated with BstXI and
Taql [18]. Samples were analyzed on a denaturing 20% polyacrylamide gel, wet gels were
frozen and exposed on Phosphorimager screens for 1-2 days at —20°C. Phosphor images were
developed with the Typhoon 9410 (General Electric) and analyzed with ImageQuant 3.3
software (Molecular Dynamics).

For fibroblast extract repair assays, unpaired two-tailed t tests were performed on triplicate
data points using GraphPad Prism 3.0 (GraphPad Software, Inc). P values are indicated as; *
<0.05, ** < 0.01, ***<0.001.

2.6 Western blotting

Extracts used in the DNA repair assays were separated by SDS-PAGE and transferred to PVDF
membranes. Membranes were exposed to anti-FLAG antibody from Sigma at a dilution of
1:1000, AbNova anti-human TDP1 (cat no. HO0055775-A01) at a dilution of 1:2500, or Santa
Cruz B-actin (cat no. sc-1615) antibody. Specific protein bands were detected using infrared
emitting conjugated secondary antibodies; anti-mouse 680 Alexa (Invitrogen), or anti-goat
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IRDYE 800 (Rockland Immunochemicals), using the Odyssey infrared imaging system (LI-
COR Biosciences).

3. RESULTS

3.1 Generation of Tdpl-deficient mice

To assess the function of Tdpl in vivo and to provide a source of Tdp1-deficient cell lines, we
disrupted the endogenous mouse Tdp1l gene in ES cells by deleting exons 6 and 7, which also
causes a frame-shift in translation of sequences encoded in the downstream exons (Figure 1).
The Tdp1 protein contains two HKD sequence motifs, encoded in exons 6—7 and 13-14, which
together comprise the single active site of the enzyme [19]. Thus, the predicted truncated
protein product of the targeted allele, which should contain only the first 253 amino acids of
Tdp1 plus 10 out-of-frame amino acids, completely lacks the catalytic site. Our initial targeting
vector also allowed for the generation of conditional Tdpl knockout mice in which a loxP site
has been inserted into both introns 5 and 7 (Figure 1, panel v), allowing for cell type-specific
deletion of exons 6 and 7 upon interbreeding to lines of mice expressing Cre recombinase in
specific tissues. However, only the conventional knockout mice (hereafter referred to as
Tdp1~'~ mice) were used in the studies described below. Tdp1~~ mice were born in the
expected Mendelian ratio upon interbreeding of Tdp1*/~ mice, indicating that Tdp1 deficiency
does not result in embryonic or neonatal lethality. In addition, Tdp1™~ mice were fertile and
had a normal lifespan. Reverse transcriptase-real-time PCR confirmed the presence of Tdpl
mRNA encoding exons 3-5 and exons 13-14, but not exons 67, in brain and liver tissue from
Tdp1~'~ mice (Supplemental Figure 1C).

3.2 Tdp1~~ mice are phenotypically and behaviorally indistinguishable from Tdp*/*

littermates

Visual inspection of the mice did not reveal any notable differences between genotypes. At
each age, average weights were similar across genotype for each sex, as were average body
temperature and reflex sensitivity to a thermal stimulus (Supplemental Table 1). Similarly,
phenotypic differences were not seen in average stride length or in any measure within the five
domains of the functional observation battery, including CNS excitability, CNS activity,
muscle tone/equilibrium, autonomic effects or sensorimotor effects (data not shown). Figure
2A shows motor activity and latency to fall from the rotarod in male and female mice of each
genotype and at each age. Statistical analyses of these data revealed that Tdp1~/~ female mice
(but not male mice) were significantly less active than Tdp1*/* mice at the 3-month assessment
[F(2,12)=4.1, p<0.05]. However, this difference was transient, as a difference in motor activity
across genotype was not observed at later assessment times. In addition, although rotarod
performance declined markedly with age, rotarod latencies were not significantly different
across genotype at any age in either sex. Microscopic examination of brains sections did not
reveal any overt differences between mice of any genotype. In particular, both granule cells
and Purkinje cells in the cerebellum were present in equal numbers and appeared
morphologically similar in brains of wild-type and Tdp1 knockout mice, both at 12 and 22
months of age (not shown). Altogether, under normal conditions, Tdp1~~ mice had no
detectable behavioral phenotype.

3.3 Tdp1~~ cell extracts cannot process 3'-pTyr linkages

To confirm that Tdp1 activity was abolished by disruption of the Tdp1 allele, Tdpl enzymatic
activity was measured in tissue homogenates from Tdp1~~ mice (Figure 2). Brain (Figure 2B,
Supplemental Figure 2B) and liver (Supplemental Figure 2C and D) tissue homogenates from
a Tdp1*/* and Tdp1*/~ mouse efficiently converted a 3'-pTyr terminus on an 18 nucleotide
oligomer (Figure 2B) to a 3'-phosphate, while liver and brain homogenates from a Tdp1 ™~
mouse failed to process the oligomers at any detectable level. This 18-base 5'-labeled 3'-pTyr
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substrate mimics the covalent DNA-protein linkage that would be formed between a tyrosine
in TOP1 and DNA at sites of torsional stress; these linkages must be resolved and effectively
rejoined by DNA ligase to prevent these sites from converting to DSBs. All the above reactions
were performed in the presence of 5 mM EDTA, which prevents 3'-phosphate removal by
PNKP, a magnesium-requiring enzyme.

To assess 3'-pTyr processing in the context of SSB repair, the nicked duplex shown in Figure
3A was constructed and incubated in whole-cell extracts of MEFs derived from mice of each
genotype. Accurate repair of this break would require cleaving the tyrosine-DNA linkage,
removing a phosphate group, and ligating the reformed 3’ hydroxyl group to the 5’ phosphate.
Ligated repair products can be seen in samples treated with +/+ and +/— extracts, and these
products display several distinct mobilities, possibly due to slight 3’ resection at the end of the
duplex (Figure 3B; +/— extract shown in Supplemental Figure 3A). No such repair products
were generated in —/— extracts; instead these samples showed only a single band corresponding
to the unprocessed 3'-pTyr 18-mer. Reactions with the SSB substrate were performed in buffer
containing 10 mM Mg**, sufficient for Apel and PNKP activity. Thus, the band migrating
slightly faster than the untreated substrate in the +/+ and +/— reactions is likely a 3'-hydroxyl
18-mer, generated by the combined action of Tdpl and PNKP.

To verify that the lack of processing in —/— MEFs was due to Tdp1 deficiency, the MEFs were
stably transduced with a lentivirus expressing FLAG-tagged hTDP1 (Supplemental Figure 3B).
Asexpected, only cells infected with the FLAG-hTDP1 vector expressed FLAG at the expected
molecular weight of TDP1, uninfected cells or cells infected with control viruses (LVTHM-
DsRed, LV-IRES-DSRed) gave no signal. These same FLAG-TDP1 infected cells were
subsequently shown to overexpress TDP1 in comparison to MEFs of other genotypes (lanes
‘—/—comp’ in Figure 3C). Additionally, there was no evidence of any expression of a full-
length or truncated Tdpl protein being expressed from the targeted knockout allele in —/—
MEFs. The ectopic TDP1 expression rescued both 3’ processing and formation of repair
products from the tyrosyl-modified SSB substrate (Figure 3B). Lower concentrations of the
complemented cell extract (5 and 10 ug of extract in a 10 uL reaction volume) produced bands
that migrated just above the pTyr; these are likely the result of displacement synthesis after
removal of the pTyr from the SSB substrate. Supplementing —/— MEF extracts with purified
hTDP1 protein also effectively reinstated the ability to process and repair a 3'-pTyr SSB (Figure
3B). Quantitative analysis of a reaction timecourse for the supplemented extract showed that
the hydroxyl intermediate appeared almost immediately, substantial repair product was visible
within 10 min, and repair appeared complete at 60 min (Figure 3D). It is notable that under
these conditions, a low level of slow processing and conversion to the repair product occurred
in the unsupplemented —/— MEF extracts. This small amount of processing was seen in two
independent experiments and may indicate an alternate, though less efficient, pathway of
processing tyrosyl modifications in the context of SSBs. In summary, rescuing the TDP1
deficiency either by lentiviral infection or simply adding exogenous protein to cell lysates
effectively reinstates TDP1-dependent 3'-pTyr processing.

Similar experiments were performed with duplexes that contained model free-radical-mediated
SSBs, i.e., bearing 3'-PG and 5'-phosphate termini, either with or without a 1-base gap
(Supplemental Figure 4). There was no deficiency in repair of PG-terminated SSBs in
Tdp1~/~ cells, presumably reflecting processing of these lesions by Apel [20]. However, the
results also indicated that Tdpl could process 3' termini at these lesions when Apel activity
was suppressed by Mg++ chelation (Supplemental Figure 4B and C).

3.4 Tdplis required for processing PG modifications on a subset of DNA DSBs

To assess whether Tdp1 status affects processing of PG-modified ends on DSBs, model DSBs
were constructed (Figure 4, A and B). These substrates were designed to mimic breaks that
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would commonly result from DNA sugar damage induced by either bleomycin [9],
neocarzinostatin, or radiation [8], in which the deoxyribose fractures, a base is lost, and a 3'-
PG group remains. Accurate repair of a break with a 3’ overhang (Figure 4A) would require
annealing the complementary CG sequences in each overhang, filling in the 1-base gap using
the opposite overhang as a template, removal of the PG, and ligation. Substrates were
constructed such that they were labeled with 32P either 14 (Figure 4A) or 11 (Figure 4B) bases
from the 3’ termini. These substrates were incubated in whole-cell extracts and then digested
with restriction enzymes, which released short fragments that were analyzed on sequencing
gels. The proposed accurate repair would therefore generate fragments of 42 nucleotides in the
case of the 3’ overhang DSB substrate, and 38 nucleotides in the case of the blunt-end DSB
substrate.

When extracts from +/+, +/—, —/— and —/— comp MEFs were incubated for 6 h with the 3’
overhang substrate, the +/+, +/—, and —/— comp extract all produced shorter products that
represented processing and resection of the 3'-PG 14-mer (Figure 4C), and longer products of
16 and 34 nucleotides that represent repair of the DSB substrate (Figure 4C and 5B), whereas
no processing or repair could be observed in the —/— extract. In contrast, when extracts of all
aforementioned genotypes were incubated with a radiolabeled plasmid substrate constructed
to mimic a blunt-ended DSB, reactions of all genotypes formed processed intermediates and
repair products (Figure 4D). However, the —/— extract reactions uniquely exhibited a significant
fraction of persistent unprocessed PG after 6 h of incubation, (Figure 4D — 4F), indicating a
deficiency of DNA blunt-end processing in the —/— MEFs.

The longer repair product shown in Figure 5B was seen in three independent experiments with
the 3’ overhang substrate and always migrated at approximately 34 bases, 8 bases shorter than
the expected accurate repair product that dominates repair reactions in human cell extracts
[14]. This result suggests that in MEF extracts a resection-based end joining pathway is utilized
instead. Both the 3’ overhang and blunt-ended substrate can be converted by 3’ resection to an
intermediate with self-complementary CGCG 5'-overhangs, the alignment of which would
result in a 34-base repair product [14] containing an Mlul cleavage site (ACGCGT). This
scenario was confirmed by treating the DNA from these repair reactions with Mlul, which
completely eliminated the 34-base product, thus confirming its identity (data not shown).

Together, these results indicate that TDP1 is required for processing 3'-PG on overhangs, and
also processes 3'-PG on blunt ends. In the absence of TDP1, other enzymes can process 3'-PG
on blunt ends, but less efficiently than TDP1.

3.5H493R (SCANL1) or H493N TDP1 cannot effectively rescue the deficits in processing either
3'-pTyr SSBs or 3'-PG DSBs

The mutant H493R TDP1 enzyme associated with SCANL1 has at least 25-fold lower activity
than wild type, but it can under certain conditions cleave 3'-pTyr linkages and form a persistent
(t1/2~13 min) TDP1-DNA adduct intermediate [21]. In yeast, it has been shown that under
conditions of elevated TOP1, H432N TDP1 (the yeast equivalent of H493N human TDP1
mutation) confers greater cytotoxicity than SCAN1 TDP1 [22]. To examine the action of
mutant TDP1 in the presence of other DSB/SSB repair proteins, wild-type, SCAN1, and H493N
forms of human TDP1 were generated in bacteria and purified. Since deficits had been
identified in both 3'-pTyr and 3’ overhang PG processing in Tdp1 ™~ extracts, these assays were
repeated in order to compare the effects of SCAN1 TDP1 and H493N TDP1 to that of complete
Tdp1 deficiency.

As shown previously in Figure 3B, supplementing —/— extract with wild-type TDP1 reinstates
the processing and repair of the pTyr nick substrate depicted in Figure 3A. However,
supplementing —/— extract with SCAN1 TDP1 leads to an accumulation of radioactive signal

DNA Repair (Amst). Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hawkins et al.

Page 8

in the wells of the gel, consistent with the presence of a protein-DNA adduct too large to migrate
into the gel (Figure 5A). Extract supplemented with SCAN1 TDP1 also shows more pTyr
processing and more repair product than the unsupplemented —/— extract, and there is an
additional novel band running beneath the wells and above the repair bands, which may
represent a proteolyzed form of the protein(TDP1)-DNA adduct (denoted by the asterisk in
Figure 5A). A smaller increase in the repair product is seen when —/— extract is supplemented
with H493N TDP1, consistent with this less conservative amino acid change. However, there
is little or no increase in the band representing 18-hydroxyl, the product of the removal of the
pTyr group. Thus, the H493N mutant retains a low level of pTyr-processing activity but does
not form a persistent DNA adduct like SCAN1 TDP1.

Supplementing —/— extract with wild type TDP1 also reinstates the processing and repair of
the 3’ overhang PG DSB substrate, with the addition of more TDP1 resulting in greater
conversion of the 14-PG to its processed intermediates, 14-hydroxyl, as well as repair products
(Figure 5B). Supplementing —/— extract with either SCAN1 TDP1 or H493N TDP1 does not
lead to the appearance of either processed intermediates or repair bands; as in the —/— extract
by itself, the unprocessed 3'-PG persists for at least 6 h of incubation in the extract.

DISCUSSION

While there is little doubt that an H493R TDP1 mutation confers SCAN1 [1], it is still unclear
how the mutation elicits symptoms of the disease, and why symptoms are largely neurological.
In an attempt to address these questions, we generated a Tdpl knockout mouse. However,
extensive behavioral analysis of Tdp1 ™~ mice up to 12 months of age did not reveal any
detectable deficits in experimental correlates of human SCANL, such as grip strength (muscle
weakness), stride length or rotarod latency (ataxia), and indeed did not show any behavioral
differences from wild-type mice (Figure 2). A similar lack of overt behavioral symptoms was
noted in two other independently derived Tdp1~/~ mice, although in neither case were
quantitative data reported [23,24]. In one of these studies [23], there was a progressive age-
dependent reduction of cerebellar size in Tdpl~~ mice when compared to their wildtype
littermates. When comparing brain mass and gross brain histology, no differences were
observed between genotypes in our studies, corroborating the results of Hirano et al.. However,
no attempt was made to quantify the cerebellar to whole brain ratio as was performed by Katyal
et al., who noted small differences in brain mass, but also that cerebellar morphology and
foliation was indistinguishable between genotypes. Katyal et al. also observed in vivo
hypersensitivity of the Tdp1™~ mice to the effects of the Topl inhibitor topotecan, displaying
significant weight loss due to intestinal progenitor cell hypersensitivity after six daily doses
[23]. Hirano and colleagues found similar in vivo Tdp1 ™~ hypersensitivity to both
camptothecin and the camptothecin derivative topotecan, and in both cases the sensitivity
required repeated doses in a relatively short amount of time to manifest [24]. In either study,
even lethal treatments with Topl inhibitors still failed to elicit any SCAN1-like symptoms.
Indeed, rapidly proliferating cells in the gut, liver, and spleen, rather than postmitotic neurons,
appeared to be particularly sensitive. Thus, overall, the Tdpl—/— mouse phenotype bears little
resemblance to human SCANL1.

While fundamental differences between human and mouse phenotypes of a given gene are not
unusual, it is possible that rather than the simple loss of TDP1 function, the symptoms of
SCAN1 are dependent on the unique features of the H493R mutant enzyme. In particular, it
has been proposed that the residual activity of this mutant enzyme may be sufficient to process
many if not most TopZlcc that fail to religate, converting them to persistent TDP1-DNA adducts
that may be more toxic and/or less amenable to alternative repair pathways than the initial
Topl-DNA adducts [21]. On the other hand, there is evidence that the initial Topl-DNA adducts
are also more persistent in SCAN1 than in normal cells, and that the difference is comparable
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to the overall deficit in SSB repair [4]. In either scenario, the neuronal-specific phenotype can
be explained by the paucity of alternative repair pathways in terminally-differentiated, non-
replicating neuronal cells, the high levels of oxidative stress in neuronal tissue [25], and
elevated levels of transcription in neuronal cells. Furthermore, it has been shown that in yeast
the toxicity of SCAN1 TDPL1 is dependent upon elevated levels of Topl [22] and that Topl is
particularly highly expressed in Purkinje neurons of adolescence human brain [26,27].
Although there have been to date no autopsy studies on SCAN1 patients, other
neurodegenerative disorders that feature ataxia among their symptoms have specific Purkinje
neuron pathology [28,29]. Thus, the ataxia seen in SCAN1 patients may be directly caused by
Purkinje neuron pathology that results from the interaction of SCAN1 TDP1 in the presence
of high levels of Top1.

In vitro complementation studies showed that extracts from Tdp1 ™~ mouse fibroblasts largely
could not process a tyrosyl-DNA substrate; these results correlated with previous observations
made in extracts from SCANL1 lymphoblasts [30], astrocyte and cerebellar extracts [23], and
mouse neurospheres [24]. When supplemented with wild-type TDP1, processing of the tyrosyl-
DNA substrate was reinstated, as also shown by Katyal et al. [23]. The generation of products
of extremely low mobility in Tdpl ™~ extracts supplemented with TDP1-H493R (Figure 5A),
similar to the results seen by Interthal, et al. [21], under conditions where the wild-type enzyme
promotes SSB repair, suggests that substantial amounts of persistent TDP1-DNA adducts
would be formed during attempted repair of Topl lesions in SCANL cells. Cosedimentation of
TDP1 protein with DNA in CsCl-fractionated extracts of SCAN1 but not normal fibroblasts
[24] suggests that such complexes form in vivo.

Extracts of Tdp1~~ cells are also completely deficient in processing of protruding 3'-PG DSB
termini, and recombinant TDP1 can rescue that deficiency (Figure 5). Previously, we showed
similar lack of processing of PG-terminated 3’ overhangs in extracts of TDP1-mutant human
SCAN1 cells [6], but due to low ligation efficiency in those extracts, generation of ligated
products was not demonstrated. However, in contrast to the tyrosyl lesion, there is no evidence
that the mutant enzyme can form covalent adducts at 3'-PG termini (Figure 5). Thus,
presumably because the 3'-PG lesion is a much less favorable substrate than a 3'-pTyr [5],
SCAN1 TDP1 displays a hypomorphic or perhaps even a null phenotype in PG processing.
Tdpl1~~extracts also show partial deficiency in processing blunt 3'-PG DSBs, but no deficiency
in processing 3'-PG SSBs. Inasmuch as bleomycin induces almost exclusively 3'-PG SSBs and
(predominantly blunt-ended) 3'-PG DSBs [31], it appears likely that unrepaired DSBs are
responsible for the previously reported bleomycin sensitivity of Tdpl~~ mice and Tdp1 ™/~
MEFs [24]. While neither Tdp1~~ astrocytes, Tdp1 ™~ cerebellar granule cells [23], nor SCAN1
lymphoblasts [32] show any detectable deficit in repair of radiation-induced DSBs, a recent
mass spectral analysis suggests that the fraction of radiation-induced breaks with 3'-PG termini
may be as small as 10% [33], much lower than the previous estimate of ~50% [34]. Although
SCANL1 cells have an apparent defect in repair of radiation-induced SSB [32], this deficit may
reflect persistence of Topl-mediated lesions formed at sites of base damage [35,36], rather than
failure to process direct free radical-mediated, PG-terminated SSBs.

At present, the most likely etiology of SCANL1 is that oxidative lesions in DNA promote

transcription-mediated formation of trapped Toplcc that are then converted to persistent SSBs
with a unique covalent 3’ linkage between DNA and the TDP1-H493R enzyme. These lesions
could lead to cytotoxicity either by promoting apoptosis or simply by inhibiting transcription.
If this is the case, however, the SCAN1 phenotype may not be very informative with respect
to the normal function of human TDP1. The finding that a mouse Tdp1~/~ phenotype is only
seen under conditions of severe genotoxic stress suggests that there are redundant repair

pathways for the major functions of Tdpl, as is likely the case for the human enzyme as well.
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DSB double-strand break

HRR homologous recombination repair

IR ionizing radiation

MEFs mouse embryonic fibroblasts

NHEJ Non-Homologous End-Joining

PG phosphoglycolate

pTyr phosphotyrosyl

SSB single-strand break

TDP1 tyrosyl-DNA phosphodiesterase

Topl Topoisomerase |

Toplcc Topoisomerase | cleavage complex
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Figure 1. Generation of pol"‘ mice

Tdpl targeting strategy. (i) Structure of the mouse Tdpl gene, exons 5-12. (ii) Targeting vector
for generation of both conditional and total knockout of the Tdp1 gene. (iii) Structure of the
initial targeted Tdp1 allele prior to Cre expression. Structure of the knockout (iv) or conditional
knockout (v) allele of Tdp1l following transient expression of Cre in the targeted ES cells.
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Figure 2. Behavior of pol_/_

Single-strand 18 nt 3'-phosphotyrosine
5' *pTCCGTTGAAGCCTGCTTTp-Tyr 3'

mice and deficiency in 3’ tyrosyl processing

(A) Motor activity and latency to fall from the rotarod was determined for male and female
mice of each genotype and at each age: 3, 6, and 12 months in top, middle and bottom panels,
respectively. Asterisk indicates that at the 3 month assessment, Tdp1~~ female mice were
significantly less active than Tdp1*/* mice, p < 0.05. (B) A radiolabeled (*) 3'-pTyr oligomeric
substrate was treated with four-fold serial dilutions of brain tissue homogenates from a
Tdp1*/*, Tdp1*/~, or Tdpl~~ mouse for 1 h, subjected to denaturing gel electrophoresis, and
phosphorimaged. The percent conversion from the tyrosyl substrate to its phosphate product

was calculated by densitometry.
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Figure 3. Fibroblast cell lines derived from embryos of each genotype possess corresponding
capacities for 3’ tyrosyl processing and can be biochemically or genetically complemented
Whole cell extracts from mouse embryonic fibroblast cell lines derived from Tdp1*/* or
Tdp1~~ mouse embryos were incubated with a substrate mimicking a SSB with a 3-pTyr end
modification. Processed and unprocessed forms of the substrate are indicated. (A) Diagram of
3'-pTyr SSB substrate; asterisk represents the radioactive 5’ tag on the 3'-pTyr 18-mer. There
is no gap between the tyrosyl modification and the adjoining 25-mer. The substrate was treated
with (B) 40, 20, and 10 pg of whole cell extracts from Tdp1*/* and Tdp1~~ cell lines, and 40,
20, 10, and 5 pg of whole cell extract from the complemented Tdp1 ™~ cell line for 1 h. Lanes
7-9 contain reactions with 40 pg of Tdp1~/~ extract, and 5, 1, and 0.2 ng of affinity-purified
FLAG-TDP1, respectively. Presence of Tdpl was also determined in MEF lysates from all
three Tdpl genotypes, as well as MEFs stably complemented by LV-FLAGhTDP1-Red
transduction (“—/—comp”), by western blotting with anti-nTDP1 antibody (C). The gel contains
15 and 30 pL of each MEF lysate, and an identical membrane was loaded and probed with

DNA Repair (Amst). Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hawkins et al.

Page 16

anti-p-actin as a loading control. The SSB substrate was treated from 1 to 60 min with 35 pug
Tdp1~/~ MEF extract, with (filled symbols) and without (open symbols) supplementation with
50 ng of purified wild-type His-TDP1. The percent conversion from the tyrosyl substrate to
its hydroxyl intermediate and repair products was calculated by densitometry (D).
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Figure 4. pol‘/‘ fibroblasts are deficient in processing PG on DSBs

Plasmid substrates mimicking DSBs with either partially complementary 3’ overhang (A) or
blunt (B) DNA ends bearing PG modifications were incubated with whole-cell extract (or
boiled extract) from Tdp1*/*, Tdp1*/~, and Tdp1~~ and Tdp1¢®™P MEF cell lines for 6 h.
Reactions were deproteinized, nucleic acids were precipitated, digested with BstXI and Taq],
and subjected to denaturing gel electrophoresis (C and D). In (C), the overhang substrate was
incubated with 2.5 or 5 pg extract per pL reaction volume. In (D), the blunt ended substrate
was incubated with 5 pg (or 10 pg *) extract per uL reaction volume. In (D), rightmost lane
contains radiolabeled marker of 35 bases. The blunt-end DSB substrate was also incubated for
15 min, 1 h, 3 h, or 6 h with 7 ug of Tdp1*/* or Tdp1~/~ cell extract per pL reaction volume,
then deproteinized, precipitated, and digested (E). Rightmost lane contains radiolabeled marker
of 11 bases. After a 6 h incubation of the 3'-PG blunt end DSB substrate with extract, the
percent of PG remaining in the lane was calculated by densitometry (F). Graph on left includes
data from 4 independent experiments, performed with multiple preparations of cell extract per
genotype; error bars indicate standard error and *** indicates p<0.001. Rightmost graph shows
quantification of (E), time course of PG processing with Tdp1*/* or Tdp1~~ cell extract. The
6-h time point, conducted in triplicate, includes error bars that are contained within the symbols.

DNA Repair (Amst). Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hawkins et al.

Page 19
A We”S-°..°.?m... 2 B af =
=
* % =
KO extract o 2 k)
=R =z - & g
purified TR o pE i =
protein = g 3 extract |2 29 O 2 T
i S BRIk =
Eien
i GRS
re;()jalrt_ P =5 as purified w T
produc protein | 7 T T T <l ol el -
161 =
14-OHT S
14PGT 5 -
A ‘
H 1T™ =
] el el timeE e

Figure 5. Complementation with either SCAN1 or H493N mutant Tdpl1 fails to restore the wild-
type phenotype for processing either pTyr or PG end modifications

The pTyr substrate mimicking a SSB depicted in Figure 3A was treated with 30 ug of whole-
cell extract from Tdp1*/*, Tdpl~/~ MEFs for 5, 10, and 20 min (A). The substrate was also
treated with 30 pg of Tdpl~~ MEF extract that had been supplemented with 50 ng of either
wild type purified TDP1, the SCAN1 mutant form of TDP1, or the mutant H493N TDP1.
Processed (OH), unprocessed (pTyr), and repaired forms of the substrate are indicated. The
radioactivity remaining in the SCAN1 wells presumably represents an unresolved DNA-TDP1
adduct; bands running beneath the wells and above the repair bands may representa proteolyzed
form of the adduct (*). The substrate mimicking a DSB with partially complementary 3’
overhangs as depicted in Figure 4A was treated with 60 pg whole-cell extract from Tdp1*/*,
Tdp1*/~, and Tdpl~~ and Tdp1°™MP MEFs for 6 h (B). The substrate was also treated with
Tdpl~/~ MEF extract that had been supplemented with either 25 ng (1X) or 125 ng (5X) of
either wild type purified TDP1, the SCAN1 mutant form of TDP1, or the mutant H493N TDPL1.
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