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Thymidine phosphorylase (TP) regulates intracellular and plasma thymidine levels. TP deficiency is hy-

pothesized to (i) increase levels of thymidine in plasma, (ii) lead to mitochondrial DNA alterations, and (iii)
cause mitochondrial neurogastrointestinal encephalomyopathy (MNGIE). In order to elucidate the physiolog-
ical roles of TP, we generated mice deficient in the 7P gene. Although TP activity in the liver was inhibited in
these mice, it was fully maintained in the small intestine. Murine uridine phosphorylase (UP), unlike human
UP, cleaves thymidine, as well as uridine. We therefore generated TP-UP double-knockout (TP~'~ UP™/7)
mice. TP activities were inhibited in TP~'~ UP~/~ mice, and the level of thymidine in the plasma of TP/~
UP ™/~ mice was higher than for TP~'~ mice. Unexpectedly, we could not observe alterations of mitochondrial
DNA or pathological changes in the muscles of the TP~ UP~/~ mice, even when these mice were fed
thymidine for 7 months. However, we did find hyperintense lesions on magnetic resonance T, maps in the brain
and axonal edema by electron microscopic study of the brain in TP~'~ UP~'~ mice. These findings suggested
that the inhibition of TP activity caused the elevation of pyrimidine levels in plasma and consequent axonal
swelling in the brains of mice. Since lesions in the brain do not appear to be due to mitochondrial alterations
and pathological changes in the muscle were not found, this model will provide further insights into the causes

of MNGIE.

In most mammalian cells, there are two different pyrimidine
nucleoside phosphorylases, uridine phosphorylase (UP) (EC
2.4.2.3) and thymidine phosphorylase (TP) (EC 2.4.2.4), which
catalyze the reversible conversion of pyrimidine (deoxy)ribo-
side to pyrimidine base and (deoxy)ribose-1-phosphate. The
substrate specificity of mouse UP is different from that of
human UP. Human UP cleaves uridine but not thymidine or
deoxyuridine. Mouse UP cleaves both thymidine and uridine
(5). Fukushima et al. reported that phosphorolysis of the thy-
midine analogue, 5-trifluoromethyl-2'-deoxyuridine (F;dThd)
in mouse liver but not mouse small intestine was inhibited by
the TP inhibitor that specifically inhibits TP activity. They
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therefore suggested that phosphorolysis of F;dThd in the
mouse small intestine is catalyzed mainly by UP (7).

In cancer patients and tumor-bearing animals, the level of
TP in plasma is elevated (26), and its expression in various
solid tumors is higher than in the adjacent nonneoplastic
tissues (23, 33, 37). In 1992, we demonstrated that TP is
identical to platelet-derived endothelial cell growth factor
(18, 32, 35; T. Furukawa, A. Yoshimura, T. Sumizawa, M.
Haraguchi, S. Akiyama, K. Fukui, M. Ishizawa, and Y.
Yamada, Letter, Nature 356:668, 1992). Both TP itself and
the degradation product of thymidine, 2-deoxy-p-ribose, had
chemotactic and angiogenic activities (1, 15, 19, 30; M.
Haraguchi, K. Miyadera, K. Uemura, T. Sumizawa, T. Fu-
rukawa, K. Yamada, S. Akiyama, and Y. Yamada, Letter,
Nature 368:198, 1994), and the enzymatic activity of TP was
required for its angiogenic activity (17). TP was expressed
mainly at the invasive edges of tumors (28), and TP expres-
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sion was associated with the extent of invasion of gastric and
colorectal carcinoma (28, 34).

Mitochondrial neurogastrointestinal encephalomyopathy
(MNGIE) is a unique autosomal-recessive disorder exhibiting
mitochondrial DNA (mtDNA) alterations. The disease is char-
acterized clinically by ptosis, progressive external ophthalmo-
paresis, gastrointestinal dysmotility, cachexia, peripheral neu-
ropathy, and leukoencephalopathy. Muscle biopsies typically
revealed ragged-red fibers and focal cytochrome ¢ oxidase
(COX) deficiency (2, 11, 24). Nishino et al. mapped the disease
locus and identified TP as the causative gene. TP activity in
peripheral leukocytes of 15 MNGIE patients was severely re-
duced. These authors therefore concluded that the loss-of-
function mutations in the 7P gene led to an increase in the
thymidine level in plasma, causing mtDNA abnormalities and
MNGIE (12, 20-22).

To assess the physiological functions of TP and to ascertain
whether the pathogenic mechanism of MNGIE is related to
aberrant thymidine metabolism, we generated mice deficient in
the TP gene. TP~/ mice are apparently normal, and neither
pathological nor biological features of MNGIE were observed
for up to 21 months after birth. We noted that TP activity in
the small intestine was retained in TP~/~ mice. We therefore
generated mice lacking both 7P and UP genes in order to
completely inhibit the TP activity. TP/~ UP~/~ mice appear
to be healthy and survive for up to 16 months, suggesting that
other factors might contribute to MNGIE pathology. Muta-
tions in SCO2, a COX assembly gene located on chromosome
22, have recently been reported in patients with fetal infantile
cardioencephalomyopathy associated with severe COX defi-
ciency in heart and skeletal muscle. The SCO2 protein is
thought to function as a copper chaperone in the assembly of
COX subunits I and IT (4, 16, 25, 31). Nishino et al. performed
genetic linkage study to find 7P as the candidate of causative
gene for MNGIE (20). We found that the mouse 7P gene
overlaps with the SCO2 gene and that the human 7P gene
(exon 10) is located next to the SCO2 gene. Although COX
activity was not decreased in TP/~ UP /" mice, magnetic
resonance imaging (MRI) abnormalities in the cerebra were
consistently found in these mice. Ultrastructural observation
revealed that the myelin sheaths of the enlarged fibers in
TP/~ UP /" mice have segmental dilatation in the tangential
view and uneven protrusion in the transverse view. This mouse
model provided new insights into the histological basis of the
MRI abnormalities. Furthermore, we found alteration in the
pharmacokinetics of administered drugs in TP~/~ and TP/~
UP~/~ mice. This model is useful for elucidating the extent of
involvement of the 7P gene in the features of MNGIE and for
predicting the efficacy of medical treatment for MNGIE pa-
tients who have lost TP activity.

MATERIALS AND METHODS

Generation of mice with a targeted deletion in TP. Genomic clones encoding
fragments of the murine 7P gene were obtained from the Mouse ES BAC
Genomic Library (INCYTE, St. Louis, Mo.) by screening it with the full-length
human 7P c¢cDNA as a probe. Two overlapping BAC clones spanning the full-
length murine TP gene were identified. An 11.5-kb Spel-Spel fragment of the
clone containing all exons of the TP gene was inserted into the pPGEMSZ vector.
A targeting vector was designed by replacing a 1.6-kb genomic TP fragment that
included the sequence coding for the phosphate- or deoxyribose-binding site with
a neomycin resistance cassette. A diphtheria toxin A cassette was blunt-end
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ligated into the 5’ end of the targeting construct. The targeting vector was
linearized with AarIl and electroporated into embryonic stem (ES) cells from
129/sv] mice. After selection with G418, homologous recombinants were iden-
tified by Southern blotting according to standard protocols. Clones heterozygous
for the targeted mutation were injected into C57BL/Swiss blastocytes to generate
chimeric mice. Chimeric mice were crossed into C57BL/Swiss strains to produce
heterozygous mutant mice. Germ line transmission of the mutation was verified
by PCR analysis of tail DNA. The presence of the wild-type allele and the
disrupted allele was determined by allele-specific PCR analysis. The primer
upstream of the disruption site, GAGCGCTGTAACCCGACCCT (oligonucle-
otide TPf), and the primer downstream of the disruption site, TATCACCGCG
TGCACGAAGTTTC (oligonucleotide TPr), were used for amplification of the
wild-type allele. The sequence of the primer derived from the neo gene was
CCGATTCGCAGCGCATCGCC (oligonucleotide Neo). Oligonucleotides TPf
and Neo were used for generation of the knockout allele.

The use of animals in this research complied with all relevant guidelines of the
Japanese government and Kagoshima University.

Generation of mice with targeted deletions of both TP and UP. TP~/~ mice
were crossed with UP*/~ mice to generate TP/~ UP*/~ mice. These mice were
subsequently intercrossed to generate TP/~ UP™/~ mice. Mice were routinely
genotyped by PCR analysis of tail DNA.

The primers for UP were UPG2 (CAAAGCTGAGGCCCAACTGCCATGG)
and UPG3 (CCTTGGACTTCCATTCACAGCTGCG) for the wild-type allele
and PGK3 (CCTGAAGAACGAGATCAGCAGCCTC) and UPG4 (AGCTCT
TGCTCCTTCGCCTGCTTGC) for the mutant allele.

Enzyme assays. TP activity was assayed by measuring the conversion of
[**C]thymidine to ['*C]thymine as described previously (6). TP activity was
expressed as nanomoles of thymidine catalyzed to thymine per minute per mil-
ligram of protein.

Determination of the plasma concentration of pyrimidine nucleoside. Five
mice at 5 weeks of age were sacrificed and exsanguinated, and the blood was
centrifuged to obtain plasma. The levels of thymidine, uridine, and cytidine were
measured as described previously (7).

Determination of the concentration of F3dThd in plasma. F;dThd in doses of
100 mg/kg were administered orally to wild-type and TP/~ mice. The mouse
blood was collected at the indicated times and centrifuged to obtain plasma. The
concentration of F;dThd in plasma was measured as described previously (7).

Measurement of pentobarbital anesthetic effect. Five female wild-type, TP~/
and TP/~ UP™/~ mice at 5 months of age were injected intraperitoneally with
50 or 55 mg of pentobarbital/kg of body weight. The time during which their
postural reflex was lost was measured.

Effect of supplementation of the diet with high doses of thymidine. Five
wild-type and TP~/~ UP™/~ mice at 3 months of age were fed 5 g of of thymi-
dine/kg of body weight/day. Thymidine was mixed at a 1:30 (wt/wt) ratio with a
CE-2 diet (CLEA Japan, Inc.). After a 7-month feeding period, the muscles,
brain, and blood were removed and subjected to phenotype analysis.

Southern blot and PCR analysis of mtDNA. Total cellular DNA (8 to 10 ng)
extracted from the muscles and brains of wild-type mice, TP/~ UP ™/~ mice, and
high-dose thymidine-fed mice (wild-type and TP/~ UP~/~ mice) was digested
with the restriction enzyme (EcoRI) and Southern blotted as previously de-
scribed (14). To measure the level of mtDNA in TP~/~ UP~/~ mice, the total
cellular DNA (0.5 pg) was used as a template for the PCR analysis. The nucle-
otide sequences from positions 15495 to 15511 and from positions 15713 to 15697
were used as oligonucleotide primers (14).

Muscle biopsies. The soleus and extensor digitorum longus (EDL) muscle
were obtained by dissection. A portion of the muscle specimens was immediately
frozen in isopentane, cooled with liquid nitrogen, and then prepared for histo-
chemical examination. Serial frozen sections were stained as described previously
(10).

COX activity assays. COX activities were determined spectrophotometrically
in postnuclear supernatants of fresh frozen muscle biopsy specimens as described
previously (8). COX activity was expressed as nanomoles of ferrocytochrome ¢
oxidized per minute per milligram of protein.

Determination of the concentration of lactic acid in plasma. The concentra-
tion of lactate in plasma from three mice at the age of 2 months was measured
as described previously (27).

MRI and spectroscopy. Images were obtained on a UNITY-INOVA spec-
trometer (Varian, Palo Alto, Calif.) with a vertical 9.4-T magnet (Oxford, Ox-
ford, United Kingdom). The mice were imaged at the age of 6 to 10 months
under general anesthesia with 50 mg of pentobarbital sodium/kg. Three trans-
verse fat-suppressed spin-echo images were obtained by using the following
parameters: constant repetition time of 3 s and two averages; three different echo
times (TE) of 10, 15, and 25 ms; field of view, 3 by 3 cm; matrix size, 256 by 128;



5214 HARAGUCHI ET AL. MoL. CELL. BIOL.

+/+ +/- +/+ +/-
a
_ 10 kb _
Sln N A nNC s‘la hld T
Tkb K L Wild-type allele
-
TPf: TPr
sn N s Aatl ; 3
—-— —-—
DTA IPGK-neo —m I Nhel Nde'
Targeting vector c
++ [+ +[- #[- -[- |-
TP
sn N s N n Null
[ | ool JHHE I ||
== _Mutant allele
TPf Neo probe d ¥ *= = ==
T - TP

63PoH e ™

FIG. 1. Targeted disruption of the TP gene. (a) Schematic representation of the murine 7P locus (top), the targeting vector (middle), and the
mutated allele (bottom). The closed boxes denote the 10 exons of the 7P gene. The targeting vector was designed to replace an exon encoding
a portion of the phosphate- or deoxyribose-binding site (top [K or L]) with a neomycin resistance gene. The position of the 3’-flanking probe used
for Southern blot analysis is indicated. Positions of the PCR primers for the wild-type allele (TPf and TPr) and the mutant allele (TPf and neo)
are also shown. S, n, N, A, and C represent the Spel, Nhel, Ndel, Aflll, and Clal sites, respectively. (b) Southern blot analysis of wild-type and
mutant ES cell DNA. Genomic DNA from wild-type (+/+) and TP*/~ (+/—) ES cell clones were digested with Nhel (left) or Ndel (right) and
hybridized with the 3'-flanking probe. The 10-kb wild-type fragment (WT) and the 15-kb mutant fragment (MT) obtained after Nhel digestion are
indicated on the left. The wild-type allele produced an 8.5-kb Ndel digestion product, whereas the mutant allele gave rise to an 11-kb hybridizing
product (right). (c) PCR analysis of mouse tail DNA from the wild-type allele (+/+), heterozygous 7P-null allele (+/—), and homozygous 7P-null
allele (—/—). Oligonucleotides TPf and TPr (see panel a) were used as primers for the upstream and downstream disruption sites, respectively.
Oligonucleotides TPf and Neo were used as primers for the knockout allele. The amplified PCR products were analyzed on 1% agarose gels to
separate the 640-bp wild-type (WT) and 400-bp TP-null (Null) targeted allele fragments. (d) Reverse transcription-PCR analysis of TP mRNA in
the livers of wild-type mice (+/+), TP*/~ (+/—) mice, and TP~/~ (—/—) mice. The total RNA was isolated from the liver and reverse transcribed.
The resulting cDNA was used for PCR analysis with specific primers for 7P and for the murine glyceraldehyde-3-phosphate dehydrogenase

(G3PDH) gene. A 300-bp band is amplified by the TP-specific primers (7P), and a 950-bp band represents mRNA for G3PDH.

and thickness, 1 mm. The data set was zero filled to 1024 by 1024 for recon-
struction. Quantitative T, maps were created from the signal intensity of differ-
ent TE images [S(TE)] fitted to a monoexponentially decaying function for each
pixel in Imagebrowser software (Varian): S(TE) = S, exp(—TE/T,).

Histological analysis of the brains. Whole brains from wild-type and TP/~
UP "/~ mice were removed and immediately fixed in 1.5% paraformaldehyde-
0.5% glutaraldehyde—phosphate-buffered saline and embedded in Epon. Tolu-
idine blue-stained semithin sections were prepared, and sections were cut for
electron microscopy on a transmission electron microscope (JEM-1200EX;
JEOL, Ltd.)

RESULTS

In order to generate mice with a targeted deletion in the TP
gene, a targeting vector was constructed in which the phos-
phate- or deoxyribose-binding site of TP was replaced with a
neomycin resistance cassette. The targeting vector (Fig. 1a)
was electroporated into ES cells, and colonies heterozygous for
mutations in TP were detected by Southern blotting (Fig. 1b).
Clones heterozygous for the targeted mutation were injected
into C57BL/Swiss blastocytes to generate chimeric mice. The
chimeras were crossed into C57BL/Swiss strains to produce
heterozygous mutant mice. Intercrosses between TP*/~ het-
erozygous mice generated TP/~ mice. Germ line transmission
of the mutation was verified by PCR analysis of tail DNA (Fig.

1c). The null mutation of TP was confirmed by reverse tran-
scription-PCR analysis of RNA extracted from mice livers (Fig.
1d). TP~/~ mice were viable, survived to adulthood (at least 23
months after birth), were healthy and fertile, and were overtly
normal in gross anatomy, tissue histology, and hematology
(data not shown). In the progeny from TP*/~ crosses, the
distribution of TP~/~ mice was consistent with Mendelian seg-
regation (30 of 126). A thymidine analogue, F;dThd, has been
reported to be metabolized by TP and was therefore used to
measure TP activity in the mutant and wild-type mice. F;dThd
(100 mg/kg) was administered orally to wild-type and TP/~
mice, and the concentration of F;dThd in plasma was mea-
sured. F;dThd levels in plasma from TP~/~ mice were mark-
edly increased (Fig. 2a), indicating that TP activity was de-
creased in these mice. We then measured the TP activities of
various tissues from wild-type and TP/~ mice. Surprisingly,
TP activity was impaired only in the livers of the TP~/ mice
(Fig. 2b). We noted that another enzyme, UP, is capable of
degrading thymidine in mice but not in humans. Thus, UP
activity may be compensating for the absence of TP in the
TP/~ mice. UP™/~ mice have been generated by Tsujimoto et
al. (23rd Annu. Meet. Mol. Biol. Soc. Japan, abstr. 1PB-204, p.
382, 2000).
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FIG. 2. Generation of mice with targeted deletions of both TP and UP. (a) Levels of F;dThd in plasma in mice after administration of F;dThd.
F,dThd (100 mg/kg) was administered orally to TP*/* and TP/~ mice. The concentration of F;dThd in plasma was determined as described
previously (7). Statistical significance was determined by using the Student’s ¢ test (mean * the standard error; n = 3). (b) TP activity in various
tissues from wild-type, TP~/~, UP~/~, and TP~/~ UP~'~ mice. The rate of conversion of thymidine to thymine was measured radiometrically as
described previously (6). TP activity is expressed as nanomoles of thymidine catalyzed to thymine per minute per milligram of protein. Tissues were
collected from three 2-month-old mice. (c¢) PCR analysis of mouse tail DNA from animals with the following six phenotypes: wild-type allele
(TP*/* UP*'"), heterozygous TP-null allele (TP*/~ UP*/"), homozygous TP-null allele (TP~/~ UP*/"), heterozygous UP-null allele (TP*/*
UP*/7), homozygous UP-null allele (TP*/*UP /"), heterozygous TP or UP allele (TP~ UP*/"), and homozygous TP- and UP-null allele (TP ™/~
UP /7). The sizes of the amplified PCR products were 210 bp for UP wild type, 640 bp for TP wild type, 313 bp for the UP targeted allele, and
400 bp for the TP targeted allele fragments. (d) Five female mice at 5 months of age were injected intraperitoneally with pentobarbital. The time

during which postural reflex was lost was measured.

These UP~/~ mice survived for 2 years without losing
weight. TP activities in most tissues of the UP~/~ mice were
almost inhibited, but the TP activity in the liver was retained
(Fig. 2b). These data indicate that both TP and UP are in-
volved in endogeneous thymidine metabolism and that tar-
geted deletion of both the TP and the UP genes is required for
inhibition of TP activity in mice.

We therefore generated TP/~ UP /" mice by crossing
TP/~ mice with UP™/~ mice to generate TP*'~ UP™/~ mice,
followed by intercrossing the mice to generate TP~/~ UP ™/~
mice. Mice were genotyped routinely by PCR analysis of tail
DNA (Fig. 2c). As expected, TP activities in the liver, small
intestine, and other tissues were completely inhibited in TP/~
UP /"~ mice (Fig. 2b). TP/~ UP~/~ mice were viable, surviv-
ing for more than 16 months, and were fertile and overtly
normal. This indicates that TP activity is dispensable for em-
bryonic development and postnatal growth. However, the pen-
tobarbital had a prolonged anesthetic effect on the TP/~ and

TP/~ UP/~ mice compared to wild-type mice (Fig. 2d). In
order to determine the relative contributions of TP and UP to
thymidine metabolism, the levels of thymidine, uridine, and
cytidine in the plasma of five mice at 5 weeks of age were also
measured. Thymidine levels in plasma were >5-fold higher in
TP/~ UP~/~ mice compared to wild-type mice, whereas thy-
midine levels in the plasma of TP/~ mice were only 2-fold
higher than those of wild-type mice (Fig. 3a). The thymidine
level in the plasma of UP ™/~ mice was twofold higher than that
of wild-type mice.

We then sought to determine whether TP™/~ or TP/~
UP~/~ mice could be used as a model for MNGIE disease in
humans in which TP has been implicated as the causative gene.
For this purpose, we examined whether the TP™'~ or TP/~
UP ™/~ mice display the symptoms of MNGIE which have been
reported in humans, i.e., muscle abnormalities, COX defi-
ciency, cachexia, and lactic acidosis. Nishino et al. reported
that COX-deficient fibers are identified in all MNGIE patients,
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FIG. 3. Elevated concentrations of thymidine in the plasma and brains of TP~/~ UP~/~ mice. (a) Concentrations of pyrimidine nucleosides in
the plasma of wild-type, TP™/~, and TP~/~ UP~/~ mice. Blood was collected from five mice at the age of 2 months and centrifuged to obtain the
plasma. An aliquot (0.2 ml) of mouse plasma was applied to a high-pressure liquid chromatography column. The concentrations of thymidine,
uridine, and cytidine in plasma were then measured. (b) Concentrations of thymidine in the plasma and brains of wild-type mice, TP~/~ UP~/~
mice, and thymidine-fed mice (indicated as “wild-type+ and “TP~/~ UP~/~+”).

and ragged-red fibers are seen in 63% of patients (22). We
obtained the soleus and EDL muscles from age-matched wild-
type, TP~/~, and TP/~ UP ™/~ mice. A portion of the muscle
specimens was immediately frozen and prepared for histo-
chemical examination. Serial frozen sections were stained with
modified Gomori trichrome (Fig. 4b, d, and f), hematoxylin
and eosin (H&E), periodic acid-Schiff, and oil red O stains
(data not shown). COX (Fig. 4a, c, and e¢), NADH-tetrazolium
reductase, acid phosphatase, and succinate dehydrogenase
were stained as described previously (10) (data not shown). We
analyzed 12-month-old wild-type and TP/~ mice (Fig. 4a to d)
and 10-month-old TP/~ UP~/~ mice (Fig. 4e and f). We did
not observe any morphological or histochemical differences in
stained sections from the wild-type and TP/~ mice or from
the TP/~ UP~/~ mice. We did not observe ragged-red fibers
in the sections stained with modified Gomori trichrome or in
the sections stained for succinate dehydrogenase. We also de-
tected a comparable COX activity in the wild-type, TP~/~, and
TP/~ UP /" mice. (Fig. 4a, c, and ¢). We did not find any
difference in COX activities of the cardiac muscle fibers from
the wild-type and TP~/~ UP~/~ mice (data not shown). Since
defects of mitochondrial respiratory chain enzymes are seen in
50% of MNGIE patients, we also spectrophotometrically de-
termined the COX activities in postnuclear supernatants of
fresh frozen muscle and liver tissues from wild-type, TP/,
and TP/~ UP~/~ mice (Fig. 4i). We used 2-month-old mice,
with three mice in each group. We did not observe any differ-
ence in COX activities among wild-type, TP~/~, and TP/~
UP/~ mice (Fig. 4i). Cachexia is a prominent feature of
MNGIE, and most patients are thin throughout their lives. To
determine whether the body weight is altered in the TP/~
mice, we weighed the litters of the wild-type, TP™/~, and
TP/~ UP~'~ mice every other week. The body weight curves
were superimposable for each group (data not shown). Weight
loss of TP/~ and TP/~ UP~/~ mice has so far not been

observed for 16 months of observation. Lactic acidosis is re-
ported to be observed in 63% of MNGIE patients. The levels
of lactic acid in plasma from TP/~ and TP/~ UP~/~ mice
were similar to those of wild-type mice (data not shown). The
levels of thymidine in plasma are elevated nearly 20-fold in
MNGIE patients (22), whereas thymidine levels in plasma
were only fivefold higher in TP/~ UP ~/~ mice than in wild-
type mice. We therefore fed wild-type and TP/~ UP~/~ mice
with thymidine (15 g/kg/day) for 7 months to increase the
concentration of thymidine in the plasma and then examined
whether these TP/~ UP ™/~ mice developed the symptoms of
MNGIE. The thymidine level in plasma was elevated nearly
13-fold in these mice (Fig. 3b). Unexpectedly, we did not ob-
serve significant changes in stained sections from these mice.
(Fig. 4a and g, b and h). Neither significant deletion nor de-
pletion of mtDNA of the TP~/~ UP™/~ mice was detected
(Fig. 4).

Brain MRI revealed a striking leukoencephalopathy in all
MNGIE patients. To determine whether a similar pathology
was present in the TP/~ UP~/~ mice, high-resolution in vivo
imaging was performed on anesthetized mice (seven wild-type
mice aged 8 to 12 months, six TP~/ UP~/~ mice aged 6 to 9
months, and two TP/~ mice aged over 12 months) in a ded-
icated 9.4-T MRI scanner. High-intensity lesions on the T,
map were seen in five of six brains from TP/~ UP~/~ mice
(Fig. 5b and c), in one of seven brains from wild-type mice (Fig.
5a), and in none of the brains of TP/~ mice (data not shown).
We could not detect pathological changes in these lesions by
H&E and KB staining. However, we noticed that enlarged
myelinated fibers were conspicuous in the brains of TP/~
UP /" mice (Fig. 5e and f) by toluidine blue staining. Al-
though myelinated fibers of a similar caliber were also ob-
served in the control mice, they were much more rare (Fig. 6d).
Ultrastructural observation revealed that the myelin sheaths of
the enlarged fibers in the TP/~ UP ™/~ mice have segmental



VoL. 22, 2002

TP-

U

—
-
|u
el
+

"

L]

THYMIDINE PHOSPHORYLASE KNOCKOUT MICE 5217

- TP-up-
~dThd+

15

s g

10

COX Activity (nmol/min/mg protein)

Muscle

K Iy mona

FIG. 4. Lack of significant features of MNGIE in the muscles of TP/~ UP~/~ mice. The morphology of serial sections of muscles from
12-month-old wild-type (TP*'*) mice (a and b) and TP/~ mice (c and d) and 10-month-old TP~/~ UP~/~ mice (e and f) and thymidine-fed TP/~
UP /" mice (g and h) was examined. Histochemical staining of soleus muscle or EDL sections was done with modified Gomori trichrome (GT;
shown in panels b, d, f, and h), and histochemical staining was done to detect COX (shown in panels a, c, e, and g). (i) COX activities in the lysates
of leg muscles and livers from three 2-month-old wild-type and TP/~ mice were measured. (j and k) Southern blot (j) and PCR (k) analyses of
mtDNA. The total DNAs from the muscles of wild-type mice (lanes 1 and 2), TP/~ UP~/~ mice (lanes 3 and 4), and thymidine-fed (dThd+) mice
(wild type, lanes 5 and 6; TP/~ UP /", lanes 7 and 8) were tested to measure the amount of mtDNA.

dilatation in the tangential view and uneven protrusion in the
transverse view (Fig. 6h and i). The ultrastructure of the axons
was conserved, and such dilatation and protrusion were due to
abnormal myelin structures. In contrast, these morphological
changes were not observed in large caliber myelin sheaths in
the wild-type mice (Fig. 6g). Meanwhile, we could not detect
depletion of mtDNA in these brains (Fig. 5j, lanes 3 and 4).
Thus, encephalopathy in MNGIE patients does not appear to
be caused by mtDNA alteration. We therefore searched for
other candidates that might be responsible for the clinical
features of MNGIE in the muscles such as COX deficiency.
Since Nishino et al. reported that MNGIE is linked to chro-
mosome 22q13.32, we carried out a careful examination of the
genes located in this region. In the course of computer search,
we found that the TP gene is located next to the SCO2 (COX
assembly protein isoform 2) gene, in which mutations have
been reported in patients with fetal infantile cardioencephalo-
myopathy. We used the human 7P cDNA sequence (GenBank
accession no. NM_001953) and Homo sapiens SCO (cyto-
chrome oxidase-deficient, yeast) homolog 2 (SCO2) mRNA
(GenBank accession no. XM_017992) as queries in a human
genome BLAST search against the working draft human ge-
nome sequence. The best matches were the chromosome 22
working draft sequence (GenBank accession no. HS22_11683)

segment. The SCO2 mRNA displayed 100% identity to the
segment between positions 98997 and 100972, and the TP gene
displayed 99% identity to the segment between positions
101181 and 105455 within the chromosome 22q13.33 region
(Fig. 6a). We found the mouse SCO2 homolog (GenBank
accession no. AKO13765.1) by a BLAST (Blastn) search. The
deduced amino acid sequence of AKO13765.1 also has the
functionally conserved core region which is 89.9% identical to
that of the human. Furthermore, AKO13765.1 has a CPDIC
motif that binds two copper atoms (data not shown). Thus, we
concluded that AKO13765.1 is a mouse homologue of the
SCO2 gene. Next, we examined the sequence homology be-
tween the mouse 7P cDNA (GenBank accession no. AB06274)
and the mouse SCO2 gene. Exons 9 and 10 of the mouse TP
gene showed 100% sequence identity to the mouse SCO2
cDNA (Fig. 6b).

DISCUSSION

Loss of function of TP has been reported to cause MNGIE
(20). As a consequence of the TP defect, the levels of thymi-
dine in plasma are elevated. A high level of thymidine in
plasma was assumed to impair mtDNA replication, repair, or
both, leading to mtDNA abnormalities (21). mtDNA dele-
tions are believed to be the predominant genetic abnormal-
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FIG. 5. Abnormalities of the brains as shown by MRI and electron micrographic studies. In the magnetic resonance images, the T, maps at 9.4
T at the level of lateral ventricles in wild-type (a) and TP~/~ UP~/~ (b and c¢) mice are shown. The gray scale for T, maps ranges from 0 to 80
ms. (d to f) Light microscopic sections of the brains from the wild-type and TP~/~ UP /" mice brain were examined by toluidine blue (TB) staining.
(g to i) Ultrastructures of myelinated fibers as viewed by electron microscopy (EM). The enlarged myelinated fibers were conspicuous in TP~/
UP~/~ mouse brains (see panels €, f, h, and i). Magnification, %2,000. (j and k) Southern blot (j) and PCR (k) analyses of mtDNA. The total DNAs
from the muscles of wild-type mice (lanes 1 and 2), TP~/ UP ~/~ mice (lanes 3 and 4), and thymidine-fed (dThd*) mice (wild type, lanes 5 and
6; TP~/~ UP~/~, lanes 7 and 8) were tested to measure the amount of mtDNA.
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FIG. 6. The TP gene overlaps with the SCO2 gene. (a) Chromosomal positions of the human 7P (NM_001953) and human SCO2 (XM_017992)
genes. The best match of these genes determined by a BLAST search against the human genome sequence was a chromosome 22 working draft
sequence segment (HS22_11683). The TP gene lies between positions 45508430 and 45504150, and the SCO2 gene lies between positions 45503950
and 45501950 within chromosome 22q13.33. (b) Schematic diagram of the mouse 7P and SCO2 gene structures. Schematic representation of the
murine 7P gene (top), TP cDNA (middle), and murine SCO2 cDNA (bottom). The coding regions of both cDNAs are shown as black boxes, and
noncoding regions are shown as white boxes. The cDNA sequence of SCO2 shares exons 9 and 10 of TP, indicated as white boxes (noncoding
region) and a black box (coding region). In addition to these sequences, SCO2 cDNA has a unique sequence in the 5'-noncoding region as

indicated by a gray box.

ity associated with MNGIE (24). To explore the effect of TP
on the MNGIE phenotype, we generated TP~/~ mice. Un-
expectedly, these mice appear overtly normal and do not
show any clinical or biochemical features of MNGIE. Al-
though the oldest litters are 23 months old, they appear
normal. However, TP activities in TP/~ mice were not
completely inhibited. We noted that mouse UP also cleaves
thymidine (5), and thus UP may contribute to TP activity in
the mouse. This was confirmed by measurement of TP ac-
tivity in UP ™/~ mice. In these mice TP activity was reduced
in most tissues except in the liver. These data suggested that
metabolism of thymidine in the liver is regulated mainly by
TP but that in other tissues it is regulated mainly by UP. We
therefore generated TP/~ UP~/~ mice in order to fully
inhibit mouse TP activities. Although our study did not
demonstrate the clinical symptoms of MNGIE, MR T, maps
of the brains of TP~/~ UP~/~ mice revealed hyperintense
lesions that could be the first clue to the histological basis of
this disease. Ultrastructural observation revealed that the
myelin sheaths of the enlarged fibers in the TP/~ UP '~
mice have segmental dilatation in the tangential view and
uneven protrusion in the transverse view. The ultrastructure
of the axons was conserved, and such dilatation and protru-
sion were due to abnormal myelin structures. We were un-
able to find macrophages that contain myelin debris, which
indicated that complete disruption of the myelin sheaths did
not take place in the TP/~ UP~/~ mice brain. Thus, the
specific ultrastructural changes of the myelin sheaths were
considered to restore without leaving residual pathology.
This observation could explain the fact that TP~/~ UP~/~
mice show abnormal nuclear magnetic resonance images

without detectable neurological abnormalities. The histo-
logical basis of the MRI findings in MNGIE patients has not
been elucidated because live brain biopsies cannot be done
in humans. Thus, it is still unclear that this edematization of
mouse brains is exactly the same as the leukoencephalopa-
thy in MNGIE patients. However, this is the first mouse
model which may provide further insights into the histolog-
ical basis of the hyperintense MRI abnormality. Pathologi-
cal features of MNGIE have not been observed in the mus-
cles of TP/~ UP~/~ mice for up to 16 months after birth
even though the mice were fed with thymidine (15 g/kg/day)
for 7 months to increase the concentration of thymidine in
plasma. Although the thymidine levels in the plasma were
>13-fold higher than in the control mouse and the thymi-
dine levels in plasma in normal mice were reportedly 10-fold
higher than in humans, mtDNA alterations were not de-
tected in either the brains or the muscles of these TP/~
UP~/~ mice. The large variation in the age of onset of
MNGIE, which ranges from 5 months to 43 years (24) in
spite of the negligible TP activity and high levels of thymi-
dine in plasma in most of the patients, suggests that the
loss-of-function mutation in the 7P gene may not be suffi-
cient to cause MNGIE. Thus, other gene(s) besides 7P gene
might be involved in the incidence of MNGIE. One poten-
tial candidate gene is SCO2. Exon 10 of the human 7P gene
is positioned next to the SCO2 gene. Mutations in SCO2
have recently been reported to cause severe COX deficiency
in skeletal muscle leading to mitochondrial disorders char-
acterized by hypertrophic cardiomyopathy and encephalop-
athy. Since TP was identified as a potential causative gene
for MNGIE in a genetic linkage study (20), it is possible that
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genes adjacent to or overlapping the TP gene, such as SCO2,
can contribute to the disease. A second gene which may be
involved in causing the clinical symptoms of MNGIE is
thymidine kinase 2 (TK2) as delineated in a model proposed
by Wang and Eriksson (36). TK2 exists in mitochondria and
in phosphorylate thymidine, 2’'-deoxyuridine, and deoxycy-
tidine. Unlike thymidine kinase 1 (TK1), TK2 is expressed
not only in growing cells but also in terminally differentiated
cells. Thus, in nonproliferating tissues such as muscles, TK2
is the only pyrimidine nucleoside salvage enzyme and may
play an important role in mtDNA replication. Therefore,
TK2 activity, as well as the inhibition of TP activity, may be
needed for the incidence of MNGIE. Since depletion in the
mtDNA was not detected in TP/~ UP ™/~ mice, TK2 activ-
ity in TP~/ UP™/~ mice may be different from that in
MNGIE patients. An alternative explanation for the lack of
mitochondrial pathology in the TP/~ UP~/~ mice is that a
high dose of thymidine may not impair mtDNA replication
or repair in mouse cells even though it does so in human
cells (14). It is still unclear whether a high level of thymidine
in plasma actually impairs muscle mtDNA or how much
mtDNA alterations contribute to the pathology of MNGIE.
MNGIE patients with no mtDNA alterations detectable by
Southern blot or PCR analyses have been reported by Ha-
mano et al. (9). The patients fulfilled the diagnostic clinical
and pathological criteria of MNGIE proposed by Hirano et
al., including leukoencephalopathy on brain MRI. In two
other reports, mtDNA abnormalities were not observed in 5
of 13 and 4 of 8 MNGIE patients, respectively (3, 13). Our
findings are consistent with these studies and indicate that
the inhibition of TP activity causes elevation of pyrimidine
levels in plasma and axonal swelling in the brains of mice but
does not cause abnormalities of mtDNA. Further study is
needed to determine the causal relationship between the
incidence of axonal swelling and the elevated thymidine
level in plasma. The lack of TP activity in the livers of some
MNGIE patients may have implications for therapy of this
disease. TP/~ and TP/~ UP /" mice had serious delays
compared to normal mice in their recovery from anestheti-
zation and also showed altered pharmacokinetics of the
antimetabolites. Pentobarbital is reported to be degraded in
the liver (29). The defect of TP activity in the liver may be
associated with the prolonged anesthetic effect of pentobar-
bital in the TP/~ and TP/~ UP "/~ mice. The role of TP in
the detoxification of thymidine analogs should be taken into
account when treating MNGIE patients. Thus, since the
thymidine analogue F;dThd is metabolized and detoxified
by TP, lower concentrations of this thymidine analogue
should be given to MNGIE patients who have lost TP ac-
tivity. Conversely, some prodrugs such as 5’'-deoxy-5-fluori-
dine that are activated by TP would presumably not be
effective in MNGIE patients lacking TP activity. The TP/~
UP~/~ mouse model that we have developed will be a useful
tool to elucidate the physical roles of TP activity and to
analyze the correlation between pathogenesis of MNGIE
and aberrant thymidine metabolism and will provide infor-
mation necessary for the effective and safe treatment of
MNGIE patients. Most importantly, it is the first mouse
model which may allow dissection of the histological basis of
the brain abnormalities in this disease.
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