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Compound heterozygous PMP22 deletion mutations
causing severe Charcot—Marie-Tooth disease type 1
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We present a 3%—year—o|d girl with severe Charcot-Marie-Tooth disease type 1 (Dejerine-Sottas disease), who was a compound
heterozygote carrying a deletion of the whole peripheral myelin protein 22 (PMP22) and a deletion of exon 5 in the other
PMP22 allele. Haplotype analyses and sequence determination revealed a 11.2 kb deletion spanning from intron 4 to 3’-region
of PMP22, which was likely generated by nonhomologous end joining. Severely affected patients carrying a PMP22 deletion

must be analyzed for the mutations of the other copy of PMP22.
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Keywords: Charcot-Marie-Tooth disease type 1; Dejerine-Sottas disease; hereditary neuropathy with liability to pressure palsies;
multiplex ligation-dependent probe amplification; peripheral myelin protein 22

INTRODUCTION

Peripheral myelin protein 22 (PMP22) is a major constitutional
protein of the peripheral myelin, mutation of which causes Charcot—
Marie-Tooth disease type 1 (CMT1) or hereditary neuropathy
with liability to pressure palsies. Most CMT1 patients associated
with PMP22 have about 1.5Mb duplication in chromosome 17p11.2
including PMP22; some have point mutations of PMP22 causing
a gain of function (http://www.molgen.ua.ac.be/CMTMutations/
default.cfm).> CMT1 is a clinically heterogeneous peripheral neuro-
pathy. Its clinical manifestations range from slowly progressive distal
muscle weakness and atrophy with late onset to severe phenotype with
early onset, designated as Dejerine-Sottas disease.’™ In contrast,
hereditary neuropathy with liability to pressure palsies presents mild
symptoms and is due to PMP22 haploinsufficiency.® Most hereditary
neuropathy with liability to pressure palsies patients have about
1.5Mb deletion in chromosome 17p11.2 including PMP22 and
some have PMP22 mutations leading to loss of function.” However,
when patients with PMP22 deletion have a point or deletion mutation
of PMP22 on the other chromosome, they present severe symptoms.5?
Herein, we describe a severe CMT1 (Dejerine-Sottas disease) patient
carrying a deletion of the whole PMP22 and a deletion of exon 5 in
other PMP22.

CLINICAL REPORT

The patient, a 3é-year—old girl (IlI-1), was born by vacuum-extractor
delivery at 38 weeks gestation. She showed hypotonia after neonatal
period and delay in motor development: rolling over at 5 months of

age, head control at 7 months and standing with support at 1 year
6 months with knees locked in hyperextension.

On physical examination at 2% years, the patient stood with
support, but could not walk without support. The musculature of
the limbs was hypotonic. Deep tendon reflexes were diminished in the
upper limbs and absent in the lower limbs. Cranial nerve functions
and mental development was normal. Her brain magnetic resonance
imaging was not remarkable. Cerebrospinal fluid examination
revealed protein elevation: 74 mg 100ml 1.

Her mother (1I-2) did not walk until 3 years of age and had not
been good at exercise since childhood. She had frequent episodes
of foot numbness, paresthesia and decrease in deep tendon reflexes
of lower limbs, but with no muscle atrophy. Her maternal grand-
mother (I-1) also had similar symptoms. Her father (II-1) and
younger brother (III-2) developed normally, reporting no subjective
symptoms.

Peripheral nerve conduction velocity study revealed that the com-
pound muscle action potential was markedly decreased in the patient
and somewhat low in the mother (Supplementary Table 1). The
sensory nerve action potential was not induced in the patient’s median
nerve and slightly reduced in the mother’s median nerve. Her father
showed normal results of nerve conduction velocity.

GENETIC ANALYSIS

The ethics committee of the Yamagata University School of Medicine
approved this study. Analyses of PMP22 dosage were performed by
fluorescence in situ hybridization and multiplex ligation-dependent
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probe amplification.!%!3 Sequence of PMP22 was directly determined
using genomic DNA. For determination of the haplotype and the
deletion range of PMP22, small nucleotide polymorphisms and
uniSTS (RH118519) were analyzed using sequencing.'

RESULTS

Fluorescence in situ hybridization analysis revealed a large deletion of
PMP22 of the patient. Considering the severe symptoms of the patient,
we analyzed other PMP22 allele and could not amply exon 5. Multi-
plex ligation-dependent probe amplification analysis revealed that the
patient was a compound heterozygote with a deletion of the whole
PMP22 and a deletion of PMP22 exon 5 on the other chromosome
(Figure 1). We also confirmed that the father and mother were
heterozygous for a deletion of the whole PMP22 and a deletion of
PMP22 exon 5, respectively.

Haplotype analyses confirmed the inheritance of each mutation and
showed that the 5'-breakpoint was located between rs3785653 and
RH118519, and the 3"-breakpoint was extended over the 3’-untranslated
region and located between 15230936 and rs192046 (Figures 2 and 3).
The sequence analysis showed that the deletion was about 11.2 kb in size,
with a 4-bp overlapping sequence (microhomology) at the breakpoint.

DISCUSSION

We present a 3%—year—01d girl with severe CMT1 (Dejerine-Sottas
disease), who was a compound heterozygote carrying a deletion of the
whole PMP22 and a deletion of exon 5 in the other PMP22 allele. The
deletion of exon 5 shows the features of nonhomologous end joining:
a lack of extensive homology and the presence of microhomology at
the breakpoints.}*

a
Normal control
li-1 Father
Cc
1I-2 Mother
1li-1 Patient
Exon 2 4 1A 3 5
Figure 1 Multiplex ligation-dependent probe amplification analysis

(MLPA) of PMP22 exons 1A-5. We developed a screening system for
peripheral myelin protein 22 (PMP22) dosage using MLPA with specific
probe sets (available on request) designed on the basis of genomic
information. (a) Normal control; (b) proband’s father; (c) proband’s mother;
(d) proband. Arrows indicate exons 1A-5 of PMP22. The dye signal intensity
reveals only a single copy of each exon of PMP22 in the father and a single
copy of exon 5 of PMP22 in the mother. The patient has a single copy of
exons 1A-4 and no copy of exon 5 of PMP22.

Journal of Human Genetics

The father was a heterozygote carrying a deletion of the whole
PMP22, but he did not have any symptoms with normal nerve
conduction velocity. The mother carrying exon 5 deletion had a
delay in motor development and frequent episodes of pressure palsies.
Nerve conduction velocity studies indicated that the mother had mild
axonal damage. By RT-PCR analysis, a small amount of mRNA from
exon 5 deletion allele was amplified (data not shown), suggesting that
the transcription of exon 5 deletion allele would escape from non-
sense-mediated decay and produce mutant PMP22. Mutant PMP22
might damage the axon in a manner of a gain of function and be
associated with her symptoms. It is well known that some MPZ
mutations cause axonal damage probably by the disruption of
Schwann cell-axonal interactions.'> PMP22 has been suggested to
interact with MPZ to enforce adhesive interactions and the mutant
PMP22 might cause axonal damage through interaction with
MPZ.‘G’N

Recently, Al-Thihli et al® reported on a patient with a severe
phenotype of Dejerine—Sottas disease who was a compound hetero-
zygote with a 1.5Mb deletion in chromosome 17p11.2 and a deletion
of exons 2 and 3 of PMP22. Severely affected patients carrying a
PMP22 deletion must be analyzed for the mutations of the other copy
of PMP22. Multiplex ligation-dependent probe amplification analysis

1-2
11-1
R
)
11-1 -2
T telomere -1 -1 -2
rs230929 T N N T T T
rs230930 gl - -1lg gila
rs192046 al - -t tla
rs230936 gl - - - -y
rs230938 gil - - - -lg
rs3785653 cil - -l c cllc
162070863 gil - - g g9
rs231020 al - -1l g gilg
IS | BN (S | I B M | M

J, centromere

Figure 2 Haplotype analysis using small nucleotide polymorphisms (SNPs).
Haplotype analysis results clearly illustrate that the patient inherited a
chromosome from her father in which all SNPs had been deleted and
another chromosome from her mother in which the region between
rs230936 and rs230938 had been deleted. The location of all SNPs
is depicted in Figure 3. Open symbols represent unanalyzed persons;
closed and slash symbols represent the persons carrying a deletion of

the whole peripheral myelin protein 22 (PMP22) and a deletion of PMP22
exon 5, respectively.
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Deleted region
11.2kb

PMP22intron 4 --TGTGCTGGAAGTGCAGAATTCCGAATGTAAAAGC GCATGACT,T‘TéTCCTCTTTATCCCCTTTACATCTAGCTGCTI’ --

3' region

--TGGTGCTGGGACAAGTGAAAATCCATAAGCAGAAGAAT GATGTTGGACCCTTATCTAACACCATATACAAAAATTA- -

Exon 5 deletion --TGTGCTGGAAGTGCAGAATTCCGAATGTAAAAGCGCATGATGTTGGACCCTTATCTAACACCATATACAAAAATTA - -~

Figure 3 Scheme of the structure of PMP22 and the deleted region in the patient. Exons are shown as boxes and identified by numbers above boxes. Solid
black boxes and solid white boxes indicate protein coding sequences and untranslated sequences, respectively. The alternate PMP22 transcripts are
tissue specific: exon 1A-containing transcripts are myelin specific and exon 1B-containing transcripts are for nonneural tissues. The breakpoint is located
between rs3785653 and rs192046. The junction fragment containing the breakpoint was sequenced after amplifying using following primers: 5'-
AGCTCAGTGTCTGCCCAAAT-3’ and 5-GCTGAGCTGTTTCGGCTTTA-3". The 4-bp sequence in the box represents the overlapping sequence. The underlined

sequences show a deleted region in the patient and her mother.

is an easy and suitable detection method for a partial or whole
deletion of PMP22.
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Cortical activation pattern during robot-assisted arm training
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Abstract’ The cortical activation of the motor area was measured during robot assisted upper-limb

training

(Bi-Manu-Track arm trainer) using a near-infrared spectroscopic imaging system in stroke

patients. Cortical activation was more strongly enhanced when a subject practiced bilateral forearm

pro-supination in a active training mode than in a passive training mode.

This experimental results indicate that active arm movement is an important factor to induce significant

cortical activation during robot assisted training.

1. HRELEMW
A, BB 24 AEBOBEFTELITIBRIZ
RO+ 2uRy b (UNE U TF— 3
vaRy b UTFYAaRy b)) 2IERATHZE
2, HREHICTRLA LN TWA, Ry b
I aEMOm IV, MBITIE, 7R EfE
WZEB Ao =T A LB FEERE 2o T
Do LU, ZoU Ry FaERGEII
WELOX ICERTZ L, REOREL, H7
RTHEE (M WBIEERITY 2 &) DUEREL
2B OWTIEBA L NIZ 2o TV, HIED
Uora Ry hOEL T, Be iR AEEZEONE
TRLNTARZ S &I, DREHD EEDOND
FERERY AN TEE SN TWAEY, EEXD
PIREMER TE WD HOIEA RV, BEIZ, U
H?“y MZE2EEETTH Z & THEBOAED XL
WAL LT BNZOWTIEHE D o T

W

BT N—71k, 3 3EYUESEHEITT, MEEFOR
FEICBOWTTEMEINEo Ry b FTXEeR
Y bRy A7) ERCTHETIEETo 2, o

Ry b T — ADBEE ALY C TR A RBBAIZE)
L, uRy PABICHEIRICE T LY LEBE
PIEHET A2 L2 RELY, EENZEER, %
R Y ~a Ry MIBREZIT O 11k, EERERT
HbdEEZ LN,

ARG TIX, Hesse, S D ASBA% L7z BRI
a2 R b (AT ; Bi-Manu-Track robotic arm trainer,
X 1)@ %AW REEERNSIEER T, EEE

X (REBD. fLED) OEFEVIINZET AR O MRS I
BB 2 5002\ T Preliminary RRFEEIT

277,

2. W&EEFIE
WRMEMOMETRFFRERE 3 4 (F1) 268

& Ulz, AT Z RV HieRI AR 21TV, RS
DRWE LT % o R VEARIMESCEHAERE (B LA
7 4 =, ETG-100)\Z CREM L7z, AT 1%, AT EHE
FRICERNANT B L 20X IcdbE TRl E 2

—A A= VI THBIBIZEINAT 5 Z E B FETH
5. 22T, 3WMEOESHHEN (1LEAFZE &
HIFSZH), 2. BUTES—SBRFEE GESETH



RMINZEE) , 3. =FrE® — AR FZE) (A L=
) 122\, 30 B OZE: & 60 B ORikEE Py
SEBNOBREY 2 [HgEVIELE (K2)

1 ERAIEe R b

A B c
1451 F M M
FE (%) 43 61 42
¥l GR) 4 3 4
242 AOHEHN GMCAEE HEikHMm
Br.stage
(F-Lkf) 0O-I I-1I o-1

#£1 #HBEEIOI—NL

| o
L (e0®)

M2 7noba—bEREE

3. fak

RUFEE-BMEZHTIE, BOIREE D
EVHONRNE,  RRE B I BT R
REB)— U T E C, 2B KT B R 0 %
BT, HEERMIC LRSS b0 (K
3). %7z, ZORMFOEBNLEE LEELE
BB X 2 BAFICNEZ D & —fhB J
R OTEE L DAV TR S

niovem

[ dtAEIFEVOL.20 2010

4. Z52

KRB 72T F OB L, BFE AN OIER & FOER)
HEEZ 51 & R, (Summers, 1995) . FMZEH Fr AR
BLEE TIE, BB OEBOEESCHIE S 2 lET
L2 ENRHEEINTVWA (Cunningham  2002), AT
. MFEDI T —A A—TUOEBBEZFA LTz
TR T DBEREIEIE 2 BT 5 Ilikes L L CBIR &
nTna®, '

AMFEOBRTIE,  BREEEICE T ES
AT, BRlEXE T2 sRosknd, B
EMORIT b —FRRWIE S A b, fRE L EE) L5
B2 AIBR 2N 2 B L BEE LER O BMIRTE O B A W
K&L Ipotz., ERIZOWTH TREABIZaR Y k
FFRIZB W TIE, sEE e BB M OB LI
BRTHY, FRERMOMBINSEBZINZ 5 &% 0%
REETEHEIND.

RAIF R — BRI FEZEOES I, BRFE
ZEEBEIICEINZ O LT A EENAV AN D
D, TORERFITHALERLD EBEZObND, &
%, BIOEGIE S UFEIZHRE 21TV 20,

5. ¥&®

ERAIE e Ry S &2 B BTBRE P AR
T, EEEREC (BBEh, MhB) OB\VVNZET AR
HOMRIEICE X BB ONTHINRIT T 7+ %
HAWTHREEZ T - 7=,

TR > BEEN 9 7 SEB) 23 564 B ORI D — BRI A D
HEMHEACIZA T, BOEM oS L2 hB8 0 ES 200 %
D EEMELEETEmICH - -

6. M 3CER

(DA, EETH, K E—ERIF) ST
LD PRTE OBEN—BITXE o Ay FOFAE—It
ME TFEME#EEE, 17, 27-28, 2007

(2)Hesse S, Schulte-Tigges G, Konrad M, et al.:
Robot-assisted arm trainer for the passive and
active ‘prgctiq’e_ i 'gféral forearm and wrist
ts i ' c subjects. Arch Phys
0.2003




CHAPTER 7

Spinocerebellar Ataxia with Axonal

Neuropathy

Cheryl Walton, Heidrun Interthal, Ryuki Hirano, Mustafa A.M. Salih,
Hiroshi Takashima and Cornelius F. Boerkoel*

Abstract

pinocerebellar ataxia with axonal neuropathy (SCAN1) is an autosomal recessive disorder
S caused by a specific point mutation (c.1478A>G, p.H493R) in the tyrosyl-DNA phos-

phodiesterase (TDPI) gene. Functional and genetic studies suggest that this mutation,
which disrupts the active site of the Tdp1 enzyme, causes disease by a combination of decreased
catalytic activity and stabilization of the normally transient covalent Tdp1-DNA intermediate.
This covalent reaction intermediate can form during the repair of stalled topoisomerase I-DNA
adducts or oxidatively damaged bases at the 3’ end of the DNA at a strand break. However, our
carrent understanding of the biology of Tdp1 function in humans is limited and does not allow
us to fully elucidate the disease mechanism.

Introduction

Disorders of DNA repair can result in multiple pathological phenotypes, depending on the
nature of the defect."” One of the most common features is neurological disease,? which can
manifest as a developmental malformation or more commonly as a degenerative disorder during
later life (Table 1).

Predisposing to these neurological manifestations are the poor renewal of neural tissues and

 therequirement that.the tissue function. for decades of life. As a consequence of their high oxygen
requirement, neurons must cope with the DNA damage from oxidative and merabolic stress®” and
consequently require efficient DNA strand-break surveillance and repair mechanisms. Consistent
with these observations, many studies link aging with a decline in DNA repair activity®'2 Also,
individuals who incur genetic mutations inactivating these repair pathways show accelerated
neuronal death, !

Spinocercbellar ataxia with axonal neuropathy (SCAN1) is an autosomal recessive disorder of
DNA repair that clinically only affects the nervous system. Its neurodegenerative features include
cerebellar atrophy with ataxia and axonal loss with peripheral neuropathy. The absence of affects
on other tissues suggests that it is a good model for understanding the role of DNA repair in the

nervous system." SCANT s very rare and has only been reported for one extended family in
Saudi Arabia.!

*Corresponding Author: Cornelius F. Boerkoel—Provincial Medical Genetics Program,
Department of Medical Genetics, Children’s and Women'’s Health Centre of BC, 4500 Oak St.,
Rm. C234, Vancouver, British Columbia, V6H 3N1 Canada. Email: boerkoel@interchange.ubc.ca

Diseases of DNA Repair, edited by Shamim 1. Ahmad. ©2010 Landes Bioscience
and Springer Science+Business Media.




Table 1. DNA processing disorders with prominent neurological features

Disorder

Disease Gene Neurological Signs

Other Symptoms

Nucleotide excision repair

Xeroderma pigmentosum

Cockayne syndrome

Trichothiodystrophy

Cerebro-oculo-facio-skeletal
syndrome

DSB repair

Ataxia telangiectasia

Ataxia telangiectasia-like
disorder

XPA, ERCC3, ERCC2, ERCC4, Microcephaly
ERCC5, POLH, XPC, DDB2 Neurodegeneration
Peripheral neuropathy

ERCC3, ERCC2, ERCCS,
ERCCS, ERCC6

Microcephaly
Neurodegeneration
Peripheral neuropathy

ERCC3, ERCC2, GTF2HS5, Microcephaly
TTDNI1

ERCC6, ERCC2, ERCCS, Microcephaly
ERCCT Microphthalmia

ATM Ataxia
Neurodegeneration
Oculomotor apraxia
Choreoathetosis
Peripheral neuropathy

MRETIA Ataxia
Neurodegeneration
Oculomotor apraxia
Choreoathetosis
Peripheral neuropathy

Photosensitivity; skin cancer; poikiloderma; hearing
loss; cognitive impairment

Photosensitivity; growth retardation; hearing loss;
cognitive impairment; progeria

Photosensitivity; short brittle hair; cognitive impair-
ment; ichthyosis; decreased fertility; short stature

Spasticity; neurological impairment; growth
retardation

Infections; immune defects; malignancy

continued on next page
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Table 1. Continued

Disorder

Disease Gene

Neurological Signs

Other Symptoms

Nijmegen breakage syndrome

ATR-Seckel syndrome

Primary microcephaly
LIG4 syndrome

Immunodeficiency with
microcephaly

SSB repair
Spinocerebellar ataxia with
axonal neuropathy Type 1 (scan 1)

Ataxia and oculomotor apraxia

NBS1

ATR

MCPH1

LIG4

NHEJT

TDFPI

APTX

Neurodegeneration
Microcephaly

Microcephaly

Microcephaly
Neural migration defect

Microcephaly

Microcephaly

Ataxia
Peripheral neuropathy

Ataxia
Neurodegeneration
Oculomotor apraxia

Short stature; cognitive impairment; premature ovarian
failure; infections; immune defects; malignancy; short
stature

Dwarfism

Short stature

Infections; immune defects; malignancy; cognitive
impairment

Immune defects; malignancy; growth retardation

Hypoalbuminemia
Hypercholesterolemia
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Symptoms of SCAN1 _

SCANTI is a progressive neurodegenerative disorder that begins in late childhood with the
gradual onset of ataxic gait and loss of touch, pain and vibration sensation in the extremities.
As the disease progresses patients develop areflexia, gaze nystagmus, cerebellar dysarthria and pes
cavus. This leads to decreased foot dorsiflexion, a steppage gait and eventually loss of independent
walking. Additional features identified by Takashima et al included mild hypercholesterolemia,
borderline hypoalbuminemia and seizures." Unlike many diseases caused by deficiencies in DNA
repair, patients with SCAN1 do not develop ncoplasia, immunodeficiency, or photosensitivity
and have normal intellect, fertility and longevity.

Genetic Basis of SCAN1

SCANI was associated with a mutation in the TDPI gene by linkage analysis and positional
cloning.'* The TDPI mutation identified in SCAN1 patients is the missense change H493R that
disrupts the active site of Tdp1.'¢ As explained below, the unusual properties of this mutation
likely account for the rarity of SCANT and the absence of detectable 7DPI mutations among
other diseases associated with ataxia and peripheral neuropathy.!4!”

Tdp1 Function

TDPI encodes the enzyme tyrosyl-DNA phosphodiesterase 1 (Tdp1) that participates in the
resolution of DNA damage caused by stalling of topoisomerase I (Topo I).2¢*¥ It can also process
protruding 3'-phosphoglycolate termini that form in response to oxidative stress, ionizing radia-
tion and specific chemotherapeutic agents such as bleomycin, 23

Topo I is an essential enzyme that cleaves supercoiled DNA in order to relieve the torsional
stress generated by key nuclear processes such as replication and transcription.® The active site of
Topo I contains a tyrosine residue which cleaves one strand of the DNA by a nucleophilic attack
upon a phosphodiester bond in the DNA backbone. Normally the result is a transient DNA single
strand break with the Topo I covalently bound to the 3’ phosphate terminus of the break via its
nucleophilic tyrosine.**2¢ Afrer DNA relaxation has occurred a nucleophilic attack by the 5 hy-
droxyl group on the phosphotyrosyl linkage berween Topo I and the 3 end of the DNA at the nick
usually religates the DNA and the topoisomerase dissociates. The anticancer drug camptothecin
(CPT) or endogenous DNA damage, such as abasic sites, nicks and mismatched base pairs, can
prevent removal of Topo I from the DNA, often by causing a misalignment of the 5" hydroxyl end
of the DNA and preventing it from acting as a nucleophile. %%

Importantly, collision of the DNA replication machinery or RNA polymerase with the Topo
I-DNA covalent intermediate can cause irreversible DNA breaks. In the former case, the collision
results in replication fork arrest and formation of a double-strand DNA break,?* whereas in the
latter case, collision of RNA polymerase with a Topo I-DNA complex on the template strand
results in transcription arrest at single-strand DNA breaks.™

Processing of stalled Topo I-DNA complexes likely requires proteolytic degradation of the
stalled Topo 1, removal of the peptide remnant from the DNA by Tdp1 and then repair of the
break by the DNA single strand break repair complex.”? Processing of dead-end Topo I'DNA
complexes at double strand breaks is less well understood. Tdpl has two modified conserved
HxKx4Dx6G(G/S) motifs, known as the HKD mortifs'>** and these two HKD mortifs together
form a single active site.®® In the human enzyme, amino acids 263 and 493 are the conserved
histidines of the HKD motifs.'** In removal of the Topo I peptide from DNA, H263 acts as
a nucleophile attacking the phosphotyrosyl bond between the topoisomerase and the 3’ end of
the DNA. H493 acts as a general acid to protonate the leaving group tyrosine. In this reaction
intermediate, Tdp1 is covalently bound to the DNA via H263; H493 then acts as a general base
and activates a water molecule to hydrolyse the bond between H263 and the DNA 3’ phosphate
releasing Tdp1 from the DNA 15353940
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Molecular Basis of SCAN1

Since the SCANT1-associated mutation of Tdp1 (c.1478 A>G) changed histidine 493 to arginine
(H493R) disrupting the active site, the hypothesis was that loss of functional Tdp1 gave rise to
the neurodegenerative disease. To test this, three groups analyzed mouse models.'”!#2 None of
these Tdp1 null mice recapitulated the SCANT phenotype.!”4!#? These results suggested that mice
may have redundant pathways for stalled Topo L or other Tdp1 substrates similar to yeast,** or that
SCANT1 does not arise simply from loss of Tdp1 enzymatic activity as suggested earlier by Interthal
etal This hypothesis was based on biochemical analysis of the murant Tdp1 (Tdp17%) associated
with SCAN1. Although Tdp1™%*® showed an approximately 25-fold reduction in catalytic activity
for its phosphotyrosyl substrate, it became trapped on the DNA as a covalent reaction intermedi-
ate and had an extended half-life of approximately 13 min.'6?7# Thus, Tdp1"**® essentially just
replaced the stalled topoisomerase. Consistent with the autosomal recessive inheritance of SCANT1,
the only identified enzyme capable of resolving this covalent Tdp1"#**-DNA intermediate was
wild type Tdp1.'%* This suggested that SCANI might arise, at least in part, from stabilization of
the Tdp1-DNA reaction intermediate (Fig. 1).1¢174

An alternative and less considered possibility is that Tdp1 has a function in humans that is not
conserved in mice. In the comparative profiling of Tdp1 expression in mice and humans, Tdpl
always exhibited nuclear expression in the mice, whereas it had cyroplasmic expression in some
human cell types."” Interestingly, the cell types with the most cytoplasmic expression are those most
likely affected in SCAN 1, namely spinal anterior horn motor neurons, cerebellar Purkinje cells and
dentate nucleus neurons.” As precedent for a cytoplasmic function, Glatkir, the Drosophila homolog
of Tdp1, has only been detected in the cytoplasm. During Drosophila embryogenesis, glaikit was
essential for epithelial polarity and for ncuronal development; it localized proteins to the apical
lateral membrane of epithelial cells and its deficiency led to a severe disruption of central nervous
system architecture.* In contrast to Drosophila, however, Tdp1 does not have a major role in hu-
man neurodevelopment becanse SCAN1 patients have normal neurodevelopment. "7 Therefore,
if human Tdp1 has a cytoplasmic function in human neurons analogous to that of glaikit, it is likely
a maintenance funcrion that leads to neurodegeneration when disrupted.

Current and Future Research

Current and future research on Tdpl focuses on four areas: (1) the DNA repair processes
interacting with and dependent on Tdp1, (2) Tdp1 as a cancer therapeutic targer, (3) the role of
Tdp1in biological processes other than DNA repair and (4) further delineation of the mechanism
underlying SCANT. Each of these areas is rapidly advancing and should open new understanding
of neurodegencrative diseases, aging, cancer and fundamental human biology.

Emerging data in mammalian systerns and earlier studies in yeast suggest that Tdp1 interacts
with many DNA repair processes. 7 Understanding of the distribution and function of these
redundant pathways in the human brain may shed light on the peculiar sensitivity of the human
nervous system to expression of Tdp1"#*** 17 Additionally, if transgenic mice expressing human
Tdp17*** recapitulate the SCANT phenotype, this will suggest that it is the specific H493R mu-
tation that is responsible for disease and not solely the loss of functional Tdp1. In this situation,
SCANI is potentially treatable by directed inhibition of Tdp17+%%,

Besides its role in neural maintenance, Tdp1 has been regarded as a promising therapeutic
target for cancer. Tdp1 is a promising cotarget of Topo 1 in cancer therapy as it counteracts the
effects of Topo Iinhibitors, such as camptothecin (CPT) and its clinically used derivatives.® Also,
resistance to CPT is frequently encountered in nonsmall cell lung cancer and has been attributed
to overexpression of Tdp1.% It is hypothesized therefore that Tdp1 inhibitors can augment the
anticancer activity of Topo linhibitors by reducing the repair of Topo I-DNA lesions.”#*59 The
DNA double strand breaks caused by replication forks that encounter CPT-trapped Topo I are
considered to be the major cyrotoxic lesion caused by CPT based cancer therapy® Additionally,
since Tdpl deficiency increases sensitivity to radiation, bleomycin, oxidative DNA damage and
radiation, Tdp1 is also a promising cotarget for several other cancer therapies.
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Figure 1. A model for the molecular basis of SCAN1T. DNA breaks with blocked 3" ends (e.g., Topo | or phosphoglycolate) undergo Tdpl-facilitated DNA
repair via both DNA single-strand break repair and double-strand break repair mechanisms. With loss of functional Tdp1 (Tdp17), there is sufficient
redundant activity for adequate DNA repair by alternative pathways (e.g., endonuclease-dependent pathways) unless the system is further stressed as
by DNA damaging agents such as radiation, oxygen free radicals, or chemotherapy. In contrast, when Tdp1 carries the H493R mutation, it not only
has a quantitative reduction in overall activity, but also a qualitative change resulting in accumulation of Tdp1-DNA complexes. These complexes are
efficiently removed from the DNA by wild-type Tdp1 in all tissues of heterozygotes, whereas they are only removed in replicating cells of homozy-
gotes by alternative DNA strand break repair mechanisms. Accordmg to this model, the transcriptional interference and/or apoptos:s resulting from
the Tdp1-DNA complexes in nondividing neurons causes SCANT via neurodegeneration.
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Based on these precedents as well as the association of differences in Tdpl expression with
outcome in breast cancer,* identification of Tdp1 inhibitors is being actively pursued in order to
treat cancers resistant to Topo Iinhibitors and bleomycin as well as to predict outcome. A number
of Tdp1 inhibitors have been described, including vanadate,’** rungstate, the aminoglycoside
ncomycin,* NSC 305831, NSC 118695, NSC 88915% and furamidine.5®

Conclusion

In summary, the discovery of the association of SCAN1 with a specific mutation of Tdp1 has
spurred understanding of DNA repair in human biology and suggested a novel mechanism of
human disease. SCANT may be the first example of a human genetic disease that resules from a
failure to repair DNA-protein covalent complexes. SCANT likely arises not only from a quantita-
tive change in Tdp1 activity but also from a qualitative change that renders the enzyme different
from wild type Tdp1 causing it to become covalently trapped on the DNA.'¢17# Additionally, the
absence of detectable acute effects of Topo I inhibitors and bleomycin treatment on the nervous
system of mice deficient for Tdpl suggests that nonproliferating cells of the nervous system are
sufficiently insensitive to Topo I-DNA complexes and 3 phosphoglycolate-DNA damage that
short-term administration of these chemotherapeutic agents is unlikely to induce neurological
disease even in the absence of functional Tdp1.”
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