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Abstract

Thymidylate synthase (TS) and thymidine kinase (TK) are key enzymes involved in de novo and salvage pathways
for pyrimidine nucleotide synthesis, respectively. High activities of TS and TK have been found in rapidly proliferat-
ing tissues of normal, fetal and neoplastic tissues. Accordingly, in an attempt to define the hematopoietic systems, we
investigated the effects of various substances or conditions on rat hematopoietic cells using measurements of TS and
TK activities or their mRNA expression levels. These findings were separated into the below-mentioned seven items.
(1) The hematopoietic cells first entered into cell cycle via the de novo pathway during the recovery phase of hemato-

poietic cells in bone marrow after the hypoplastic period induced by cyclophosphamide treatment in rats, and were

secondly proliferated and differentiated via the salvage pathway. S-phase cells associated with a myeloid hemato-
poiesis increased earlier than those associated with an erythroid hematopoiesis in the recovery phase of rat bone
marrow.

(2) Human erythropoietin increased TS and TK activities, followed by rising cell number of erythroid series in bone
marrow cells.

(3) Granulocyte colony-stimulating factor (G-CSF) enhanced TK activity in bone marrow cells. Daily injections of G-CSF
markedly enhanced the number of granulocytes in peripheral blood and the splenic DNA synthesis with splenomeg-
aly.

(4) We investigated the effects of dimethyl sulfoxide (DMSO) and cytosine arabinoside (ara-C) on the growth of mouse
leukemia cell line L1210 cells. The cells, which were treated with 1.5% DMSO for 96 hours, tolerated the treatment
and reversed the cell cycle arrest within 36 hours. Non-high dose ara-C enhanced DNA-synthesizing enzyme activ-
ities in L1210 cells, and withdrawal of the non-high dose ara-C resulted in paradoxical cell proliferation.

G
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Thermostability of bone marrow cells of patients with acute myeloblastic leukemia using short-term cell culture
was investigated. TK isozymes in bone marrow cells (leukemia cells) were separated into two types, i.e. fetal type
isozyme in cytosolic cell fraction and adult type isozyme in mitochondrial cell fraction. Heating at 43C as a hyper-
thermia markedly suppressed enzyme activity of fetal type TK isozyme and number of S-phase cells. Serum TK
activities of not only patients with acute leukemia but also patients in clinical end stage V and with recurrence of
colorectal cancer or distant metastasis were markedly higher than those of patients without metastasis.

(6) Zinc-deficiency caused a marked reduction in the body growth rate, organ weights, plasma sex-hormone levels and

hematopoiesis in rats, i.e. zinc-deficient anemia.

3
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Genetic hemochromatosis is an iron overload disorder. Patients with thalassemia major require multiple blood trans-
fusions leading to hemochromatosis. Marked deposition of iron was noted in liver and kidney of iron-overloaded
rats, resulting in damage of the proximal tubular epithelial cells in kidney and a reduction of femoral bone mineral
density (BMD). Femoral BMD in male rats, but not female, was markedly reduced by iron overload, which might
induce bone loss associated with renal dysfunction and hypogonadism in male rats, and circulating estradiol might
be able to prevent the bone absorption in female rats.
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We have investigated activities of both TS and TK enzymes on various proliferating cells in vitro. In our exper-

imental studies, activities of these DNA synthetic enzymes were markedly elevated when the cell proliferation was

accelerated. Increased speed of cell proliferation was intimately related to TK activity. From these findings TK activity

can be comprehensible as one of the tumor markers. Currently our empirical data have been effectively utilized at

the clinical site. Particularly the serum activity of TK enzyme has been used by the diagnosis of malignant lymphoma.
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Thymidylate synthase (TS; EC 2.1.1.45) is the enzyme
responsible for the de novo synthesis of deoxythymidine
monophosphate (dTMP) by catalysing the methylation of
deoxyuridine monophosphate (dAUMP) with the concomitant
conversion of N5,N10-methy1enetetrahydrofolic acid to
7.8-dihydrofolic acid. TS activities have been studied in

1), in bone marrow cells? and in

regenerating liver
neoplastic cells®. Thymidine kinase (TK; EC 2.7.1.21)
catalyses the formation of dTMP by the phosphorylation
of thymidine via the salvage pathway?* ®. High TK
activities and the presence of TK isozymes have been

414 1K isozymes

4

found in rapidly proliferating tissues
have been separated by acrylamide gel electrophoresis
and affinitylo) or DEAE-cellulose!!) column
chromatography. Accordingly, in an attempt to define the
hematopoietic systems, we investigated the activities of
TS and TK, or the expression levels of TS and TK mRNA,
and the cell cycle by flow cytometric (FCM) DNA analysis
and bromodeoxyuridine (BrdU)-immunocyto- chemistry
during the recovery phase of hematopoietic cells in bone
marrow after the hypoplastic period induced by
cyclophosphamide (Cy) treatment in rats!),

The hematopoietic cells first entered into cell cycle via
the de novo pathway in pyrimidine nucleotide synthesis,
and were secondly proliferated and differentiated via the
salvage pathway. S-phase cells associated with a myeloid
hematopoiesis increased earlier than those associated with
an erythroid hematopoiesis in the recovery phase of rat
bone marrow.

Thus, to define the effects of recombinant human
erythropoietin (rEPO) on hematopoietic organs, we
investigated TS and TK activities, and BrdU-immunohisto-
chemistry during the recovery phase of hematopoietic
cells in bone marrow and spleen after the hypoplastic
period induced by Cy-treatment in rats!9. Treatment with

rEPO increased TS and TK activities and cell number of

Hematopoietic cells, DNA synthesis, thymidylate synthase, thymidine kinase
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erythroid series in bone marrow cells; it also increased
organ weight and S-phase cells in the spleen, followed by
an augmentation of the number of erythrocytes and a rise
in the hemoglobin and hematocrit levels in peripheral
blood with or without Cy-treatment.

Next, we investigated the effects of macrophage (M)
and granulocyte (G) colony-stimulating factor (CSF) on the
hematopoietic cells of rats treated with Cym. The additive
treatments using M- and G-CSF enhance TK activity, but
not TS activity, to 1.5- and 3.0-fold, respectively. TK
activity in rats given M- or G-CSF for 7 days in the
absence of Cy-treatment was increased to over 1.5 times
that of the control.

Spontaneous ruptures of the spleen have been
observed in donors and patients with malignancy during
mobilization of peripheral blood stem cells. Thus, we
investigated the morphological and histological alteration
of the spleen, and mRNA expression levels and activities
of TS and TK in the splenic cells of rats treated with
recombinant human G-CSF (rhG-CSF)!®. Daily injections of
rhG-CSF for 5 or 7 days slightly enhanced the splenic
weight. Single or 3-day treatment with rhG-CSF markedly
enhanced the number of granulocytes in peripheral blood.
Expression levels of TS and TK mRNA in the splenic cells
were significantly increased 6 hours after rhG-CSF
treatment. Early expression of TS and TK mRNA in the
splenic cells may indicate a reseeding of hematopoietic
cells from the bone marrow. Daily injections with rhG-CSF
enhanced the TS and TK activities in the splenic cells. As
continuous elevations of the splenic DNA synthesis and
splenomegaly are suggestive of a possible splenic rupture,
the monitoring of peripheral granulocytes and splenic size
is necessary during the rhG-CSF treatment.

Dimethyl sulfoxide (DMSO) is known as a cryoprotectant
and a lipophilic solvent for cells in vitro, and has been used

as a convenient cryoprotectant for stem cells in stem cell
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transplantation using allogenic peripheral blood or
umbilical cord blood!?. As the stem cells have a
multipotency, clarification of the extent of cell proliferation
after transplantation is difficult. Accordingly, we
investigated the effects of DMSO on mouse leukemia L1210
cells?Y. DMSO gradually induced Go/G1 arrest in mouse
leukemia Liz21o cells with good cell viability. After removal
of DMSO, the cells proliferated appropriately, resulting in
the expression of TS and TK mRNA within 6 hours, and
the cells entering into S phase within 12 hours. The
sequence was followed by the marked activation of both
enzymes within 24 hours and the increase of BrdU-
immunoreactive (S-phase) cells with rapid cell proliferation
within 36 hours. That is, mouse leukemia L1210 cells, which
were treated with 1.5% DMSO for 96 hours, tolerated the
treatment and reversed the cell cycle arrest within 36
hours.

Next, we investigated the withdrawal effects of
various concentrations of cytosine arabinoside (ara-C),
which was one of the potent agents in the treatment of
acute myeloid leukemia, on the growth of the same cell
line L12102Y. The three concentrations of ara-C were
established to be 2.0 x 10° ng/ml as a high dose, 100 ng/ml
as a middle dose and 5.0 ng/ml as a low dose, respectively.
In the analysis by flow cytometry, high dose ara-C
arrested the cell cycle in the Go/G1 phase. Middle and low
doses ara-C induced a block in the S-phase, that was not
completely blocked by the low dose. Analysis of DNA
fragmentation revealed that ara-C dose-dependently
induced apoptosis, which was only slightly induced by the
low dose. We measured activities of cellular TS and TK
after 24-hour culture. Low and middle doses, but not high
dose, ara-C markedly enhanced TS activity to 2.9- in low
and 5.3-fold in middle doses ara-C, and TK activity to 1.3
in low and 2.2-fold in middle doses, respectively, compared
with those of the control. The cells accumulated in the
S-phase by 48-hour culture with low dose ara-C and
markedly proliferated compared to that of the control in
ara-C-free medium. That is, non-high dose ara-C enhanced
DNA-synthesizing enzyme activities in Li2io cells, and
withdrawal of the non-high dose ara-C resulted in
paradoxical cell proliferation. These results indicate that
an insufficient dose of ara-C may induce cells into S-phase,

resulting in the proliferation of leukemic cells.

Hyperthermic treatment has been used for human
malignancies, since its clinical application is based on the
observation that malignant cells are more sensitive to
hyperthermic Kkilling than the normal counterparts at
temperature of 41T to 4422 There is rather few
information available on the thermal sensitivity of human
hematopoietic or leukemic cells?®. Thus, we investigated
thermostability of bone marrow cells of patients with acute
myeloblastic leukemia in the aspect of DNA -synthesizing
enzyme324). TK isozymes in bone marrow cells were
separated into two types, Le. fetal type isozyme in cytosolic
cell fraction and adult type isozyme in mitochondrial cell
fraction. Heating at over 43C as a hyperthermia markedly
suppressed enzyme activity of fetal type TK isozyme and
number of S-phase cells labeled with BrdU, but not
activities of adult type TK isozyme and TS. These findings
indicate that hyperthermia may regulate the proliferation
of S-phase cells by the suppression of salvage synthesis of
DNA.

Serum TK activities of patients in different clinical
stages (I to V) of colorectal cancer were investigated25).
There were no differences between serum TK activities in
normal control group and colorectal cancer groups of
clinical stage I to IV. However, in the end stage V, 31% of
the cases showed high TK activities in sera, and in the
group with recurrence of colorectal cancer, 88% of the
cases showed high TK activities. Serum TK activities of
patients with distant metastasis such as liver, lung or bone
metastasis were markedly higher than those of patients
without metastasis.

Zinc is required for many biological functions including
DNA synthesis, cell division, gene expression and the
activity of various enzymes in all animals. A deficiency of
zinc due to nutritional factors and several disease states is
now recognized as a disorder, e.g. zinc-deficient anemia.
The high phytate content of cereal proteins is known to
decrease the availability of zinc, thus the prevalence of
zinc-deficiency is likely to be high in a population
consuming large quantities of cereal proteins%). Zinc-
deficient Bangladesh infants showed improvements in rate
of growth and a reduced incidence of acute lower
respiratory infections after zinc supplementation, which
produced highly significant, positive responses in height

t27

and weigh ) Zinc-deficiency has had negative effects on
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growth rate, food intake, specific organ weights,
hematological parameters, and serum levels of zinc, copper
and iron, especially in rats fed the lowest zinc level?d.
Thus, we investigated the effects of a low-zinc diet on
body growth, organ weights, hemograms, plasma
biochemical markers, plasma levels of hormones, and the
BrdU-incorporation and TS and TK mRNA expression into
the prostate cells in growing rats®). The low -zinc diet
caused a marked reduction in the body growth rate and
weights of the spleen, liver, kidney, testis, ventral prostate
and femur, along with a marked decline in the plasma
concentration of zinc (less than 60% of the control),
compared with the control diet. It resulted in a low
hematopoiesis (pancytopenia), hypoalbuminemia and
hypocholesterolemia, though it did not affect the plasma
concentration of glucose. Although there were few
differences in plasma biochemical markers, plasma levels
of luteinizing hormone and testosterone were markedly
reduced by six-week's feeding of a low-zinc diet. In
prostate, BrdU-immunoreactive (S-phase) cells, TS and TK
mRNA expression levels were markedly affected by a zinc
deficiency.

Genetic hemochromatosis is an iron overload disorder,
and osteopenic and osteoporotic. Femoral neck bone
mineral density (BMD) appears to fall with rising hepatic
iron concentrations. A critical role for iron in mediating
tissue injury is played via hydroxyl radical formation in
nephrotoxicity. Accordingly, we investigated the effects of
a colloidal iron overload on renal function, organ siderosis,
and femoral bone in male rats3”). Iron overload reduced
body growth, and increased the weights of the liver and
spleen. Marked deposition of iron was noted in liver and
kidney. Activities of lactate dehydrogenase and alkaline
phosphatase were decreased, and the concentrations of
blood urea nitrogen and creatinine were increased with
the reduction in plasma calcium and inorganic phosphorus
levels, i.e. functions of the liver and kidney might be
affected by reactive oxygen species. Damage to the
proximal tubular epithelial cells of the kidney and a loss of
connectivity of cancellous bone in the epiphysis and of
trabecular bone in the metaphysis of the distal femur were
observed in iron-overloaded rats with a reduction of
femoral BMD, i.e. reabsorption of calcium from the

proximal tubular epithelial cells of the kidney might be

affected and urinary discharge of calcium might be
elevated. It was suggested that iron overload gave rise to
osteoporosis combined with renal dysfunction and liver
iron overload syndrome.

Next, patients with thalassemia major require multiple
blood trasfusions leading to hemochromatosis which is an
iron overload disorder, resulting in osteoporosis and/or
osteopenia which are more frequent and severe in males
than females. Thus, we investigated the effects of a
colloidal iron overload on femoral bone loss and gender-
based differences therein in rats31). The rate of increase of
iron accumulation by iron overloading into liver and kidney
appeared to be more elevated in male rats than the
females. The reduction in plasma levels of calcium and
alkaline phosphatase activity were much greater in the
male rats, and circulating levels of estradiol were much
higher in the female rats. Plasma testosterone levels were
slightly reduced by iron overload in males. Femoral BMD
in male, but not female, was markedly reduced by iron
overload. It is suggested that iron overload induces bone
loss associated with renal dysfunction and hypogonadism
in male rats, and circulating estradiol can prevent the bone
absorption in female rats. Either genetically or
therapeutically, iron overload may give rise to osteoporosis
combined with renal dysfunction, liver iron overload
syndrome and in part hypogonadism in male mammals.

We have investigated activities of both TS and TK
enzymes on various proliferating cells in vitro. In our
experimental studies, activities of these DNA synthetic
enzymes were markedly elevated when the cell
proliferation was accelerated. Increased speed of cell
proliferation was intimately related to TK activity. From
these findings TK activity can be comprehensible as one of
the tumor markers. Currently our empirical data have
been effectively utilized at the clinical site. Particularly the
serum activity of TK enzyme has been used by a diagnosis

of malignant lymphoma.
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EHHE 7L E MRS R RICH S B DNAS R REE AR % U e ERR I
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) IR0 T - Rl B LU0 VAR DRI ET 2 F I P VEBEAKEEE (TS), IV - ¥F—+ (TK)
13 DNA &R OG5 % ML CRERIGIEDRIINATED S, BIHOE I IR L TK 4 TR T 5. 2 2 T
B I2 B 5 EBGR & L CHEBRENY & MR v, ERiBEREES X OV O mRNA ZBHIZOWTHRET L, &
B2 7THHIIOHELTZOERPEZE 1.

1) TV FEFRHF Lo TABWZT v MG ZIHIL, ZOf%o @M mEEEZ B2 LR, RilskREimn
OEE L ) BRI HMERROEMANEIE E 2 ), FRENOEMICB W CEMmMO S BpeEmes & iz, ¢
TS FHEHERINASE Z ) kT TK IFEIMOB NS 2 5 2 & 25ERR S /.

(2) ) AURATF VICE Y ABWIZT v MRIMERRIEIMARIE ORI 2 R 2704558, TS, TK iEEOEE»S, &
oM MERRE MR OB, W< o S HHIL OB INFEBLE A MO IRMEREBG AT A & 7.

(3) JEkIER 2 O = —fIEA T G-CSF % T v M 2#% 5 L YR ERCAMINE o0 5 MR % 1T - 72, RAY SR ER O B hiniz kv,
[P E R OB INATE 2 0, MM O TS, TK W50 B 231725580 5 N O MF IR T- 200 E 2 #5635 2 &
IS ML 7.

(4) HIMFAMBLEE L1210 2 723280 Tld, S faEH DMSO I, BHIIRGRSE Ara-C iz v, MRS 2
LA TSTK GO EIRE & &b THEN L T DMSO 25 L1210 M % M i -3 Go 12#E L, DMSO k1% 36
T AN L BEEEAS G I CHE A S5 2 L 2R L7, F72 Ara-C OMINAIEIEE 1 KT HE L2 MET L7205, @Eks
B LIRS ETIEERENBI R 2 TRTOMEZ SHIZRHD B IZTER W LWL E o7z,

(5) BMEHIMFEE D SHES N MER S IEFHO HIMHARICOWT TS, TKEEAHE L, T2 TK ik
IR OIRE & B3 2 2 & 2R L7, BRI 43C oiRIc L b, TK RIS FREOEEFE L, S HH
R S5 2 LV L B IR RSE L O W REMEDSHERR S 7

(6) MIHRZIEEME &/23 2L THMSNLD, MR ZT v bT, EIMAVELEDINLZBEARAVELDET RS
(ZIEIMAEDR T 2 B L 7.

(7) Fv MIFRBEREHES L THERLIANEZ 00X b= ATIE, BICHE LSS Fm i RS 205 o 4 v 3 w7 A BRI
IHEL TR L ERER T 2P SR L. ZoZ T v P CTHETH o225, Ty bTiE A M a s
N L BB D70, BRIRAIEED Sk 7.

DNA A AEZ L LTMoND TS, TKIHEEZ 4 2 Mgk & A migfiiE 2 dOIcfllE Lz, 7o 729 <
DFEER THIFIHEE O TOER MRS OB INSEE SNz, Lo LA SBHEFIE T S X ) T KiEowdn &
FRICHE L2, SoZ A5 TKFEEGEEEMEMEO~— 7 — L LTOEHREZFOL WAL, BEbUbILOER
F— ¥ DEERBBIC B TOEH SN TB Y, BRI o T KIEWENEHEIZEER) S BolfiE~ — 5 — & L OREZ
D—WELZLTWAES,

F—7—F
RN, DNA & F3 U VBRAKEEE, FIVY - ¥ F—k



	文京学院大学保健医療技術学部紀要第7巻
	009/039
	010/039
	011/039
	012/039
	013/039
	014/039
	015/039




