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PCNA is released and left behind, and RFC
incorporates PCNA that slides back to the 3’-end or
reloads PCNA from solution.® These are dynamic
and stochastic events. When PCNA molecules
accumulate on DNA, the probability of reutilization
is much higher than that of reloading from
solution.*® Thus, at growing ends, ubiquitin-free
PCNA molecules normally tend to be loaded from
solution. Under these circumstances, ubiquitinated
PCNA molecules are not retained proximately to the
3’-ends so that pol  is restricted from association. At
a stalled 3’-end, PCNA molecules are quickly
accumulated onto DNA until reaching saturation.
Consequently, the same PCNA molecule stays
proximately to the stalled 3’-end. Once the PCNA
molecule is ubiquitinated, it persists until pol m
associates through interaction with the mono-ubi-
quitinated PCNA and extends the 3’-end. Once DNA
synthesis is restored, PCNA molecules on DNA are
diluted, facilitating reloading of fresh PCNA from
solution and reducing the probability of pol 7 access.

Importantly, our results in the human system are
quite different from some recent reports with a yeast
system,57’58 but not all.**>° In those reports,5 T
seems that pol & is stably associated with PCNA
during elongation but destabilizes with stalling
replication. Such destabilization is more significant
when PCNA is mono-ubiquitinated. Once pol 7
binds to ubiquitinated PCNA, association of pol & is
prohibited. Therefore, it is possible that some
factors, which can stabilize pol §—PCNA and pol
n-PCNA interactions, could be missing in this
human in vitro system.***2%* QOur system could
thus be useful to address such missing factors for
further understanding of molecular mechanisms of
polymerase switching in humans.

Materials and Methods

Proteins

Recombinant human proteins were overproduced in E.
coli cells and purified by conventional column chromatog-
raphy. Detailed procedures for plasmid construction and
protein purification are described in the Supplementary
Data.

PCNA mono-ubiquitination assays

The standard reaction mixture (25 ul) contained 20 mM
Hepes-NaOH (pH 7.5); 50 mM NaCl; 0.2 mg/ml bovine
serum albumin (BSA); 1 mM DTT; 10 mM MgCly; 1 mM
ATP; 0.1 mM each of dGTP, dATP, dCTP, and dTTP;
33 fmol of singly primed mp18 ssDNA (with the 90-mer
primer, CTGCAAGGCGATTAAGTTGGGTAACGC-
CAGGGTTTTCCCAGTCACGACGTTGTAAAAC-
GACGGCCAGTGCCAAGCTTGCATGCCTGCAGG);
RPA (9 pmol); PCNA (1 pmol); RFC (88 fmol); El
(850 fmol); RAD6A-RADI18 complex (950 fmol); and
ubiquitin (170 pmol). Reaction mixtures were prepared on
ice and then incubated at 30 °C for the indicated times.
After termination of reactions with addition of 2 ul of
300 mM ethylenediaminetetraacetic acid (EDTA), the

mixtures were immediately chilled on ice. Ubiquitination
of PCNA was measured by Western analysis with an anti-
PCNA antibody (Santa Cruz, sc-7907). Detection was
carried out using an ECL chemiluminescence kit (GE
Healthcare, Tokyo, Japan) and a CCD camera.

For ubiquitination assays with poly(dA)-oligo(dT),
100 ng of DNA including 900 fmol of oligo(dT) (GE
Healthcare), instead of 33 fmol of mp18 DNA, was mixed
under the standard reaction conditions except for the
omission of dNTPs, RPA and RFC.

DNA replication assays

The standard reaction mixtures with [¢->2P]dTTP (25 ul)
were preincubated at 30 °C for 1 min, and then reactions
were started by addition of pol & (380 fmol). After
incubation at 30 °C for the indicated times, reactions
were terminated with 2 ul of 300 mM EDTA, and the
mixtures were immediately chilled on ice. Products of
DNA synthesis were analyzed as described earlier.** Gel
images of autoradiography were analyzed by Multi
Gauge software Version 3.0 (FUJIFILM, Tokyo, Japan).

For replication assays with poly(dA)-oligo(dT), 100 ng
of DNA including 900 fmol of oligo(dT) (GE Healthcare),
instead of 33 fmol of mp18 DNA, was mixed under the
standard reaction conditions including [a->*P]dTTP, but
not other dNTPs, RPA and RFC.

PCNA mono-ubiquitination of DNA-PCNA complexes
isolated by gel filtration

For the introduction of nicks, plasmid pUC18 was
reacted with N.BstNBI (New England BioLabs, Tokyo,
Japan) at 55 °C for 60 min. Then, DNA was extracted with
phenol/chloroform and precipitated with ethanol. PCNA
(8 pmol), RECPN559) (3¢ fmol), and the nicked plasmid
pUC18 (133 fmol) were incubated at 30 °C for 15 min in
100 pl of buffer containing 20 mM Hepes—NaOH (pH 7.5),
100 mM NaCl, 0.2 mg/ml BSA, 1 mM DTT, 10 mM MgCl,,
and 1 mM ATP. The mixture was then immediately applied
at room temperature to a 2-ml column of 4% agarose beads
(A-1040-S, Agarose Beads Technologies, Madrid, Spain)
equilibrated in buffer containing 20 mM Hepes—-NaOH
(pH 7.5), 1 mM DTT, 10 mM MgCl,, and 50 mM NaCl, and
fractions of three drops each were collected on ice. The
fractions eluted in void volume containing DNA were
pooled, and then 12.5-ul aliquots were incubated with El
(850 fmol), RAD6A-RADI18 complex (38 fmol), and
ubiquitin (170 pmol) in the presence of the indicated
amounts of RFC or pol 6 at 30 °C for 30 min in 25-p] reaction
mixtures [20 mM Hepes-NaOH (pH 7.5), 50 mM NaC],
0.2 mg/ml BSA, 1 mM DTT, 10 mM MgCl,, 1 mM ATP, and
0.1 mM each of dGTP, dATP, and dTTP].

Isolation of PCNA on DNA bound to magnetic beads

The 5’-biotinylated primer (TCTCTCTCTCTG-
CAAGGCGATTAAGTTGGGTAACGCCAGGGTTITTCC-
CAGTCACGACGTTGTAAAACGACGGCCAGTGC-
CAAGCTTGCATGCCTGCAGG) was annealed to 33 fmol
mp18 ssDNA and immobilized onto a 10-ul suspension of
streptavidin magnetic beads, Dynabeads M280 (Life
Technologies, Tokyo, Japan), as described previously.*
Assays were carried out under standard reaction condi-
tions as described for Fig. 4c. After termination of the
reactions with 2 pl of 300 mM EDTA, the beads were
washed and analyzed.®
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Assay for PCNA mono-ubiquitination-dependent
polymerase switching

RPA (900 fmol), PCNA (1 pmol), RFC (26 fmol), E1
(850 fmol), RAD6A-RADI18 complex (950 fmol), ubiqui-
tin (170 pmol), and 3.3 fmol of singly primed mpl8
ssDNA (with the 36-mer primer, CAGGGTTTTCCCAGT-
CACGACGTTGTAAAACGACGG) were mixed under
standard reaction conditions with [a-*?P]dTTP in the
presence or absence of pol 1 (10 fmol). After incubation at
30 °C for 1 min, pol & (750 fmol) was added and the
mixture was further incubated for the indicated times.
Reaction products (10 ul) were analyzed by 0.7% alkaline
agarose gel electrophoresis.® Gel images of autoradiog-
raphy were analyzed by Multi Gauge software Version
3.0 (FUJTFILM).
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Abstract. Experiments were conducted to assay whether
monoenergetic neutron-induced genetic damage in parental
germline cells can give rise to development of cancer in the
offspring. Seven-week-old C3H male mice were irradiated
with monoenergetic neutrons with energy levels of 0.2 or
0.6 MeV at doses of 0, 50, 100 or 200 cGy. Two weeks after
irradiation, when the male mice showed an increased inci-
dence of sperm abnormalities, they were mated with virgin
9-week-old C57BL females. Litter size was decreased and
embryo lethalities were increased in a dose-dependent manner.
Furthermore, tumor incidence in male offspring born to male
mice irradiated with 25 or 50 cGy at 0.6 MeV showed a
tendency for increase as compared to the non-irradiated group
value. Liver tumors in the 50 ¢Gy group were significantly
increased (P=0.03). It is concluded that the increased hepatic
tumor risk in the F, generation may have been caused by
genetic transmission of some hepatoma-associated trait(s)
induced by monoenergetic neutron irradiation.

Introduction

There is now a wealth of information on the transmission of
tumor-related genetic traits through germ cells from parents
to offspring and research has been performed to address this
question not only in man but also experimental animals (1-3).
The possible importance of such genetic transmission is
evidenced by the finding of increased risk of leukemia and
non-Hodgkin lymphoma in children of workers at the
Sellafield nuclear plant and in the West Berkshire and North
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Hampshine nuclear industries (4). Furthermore, experimental
evidence for germinal transmission of cancer-related genetic
damage has been obtained after parental exposure to ethyl-
nitrosourea (5), X-rays and urethane (6) and neutron irradiation
(7-9).

In order to study the radiobiological effects of neutron,
the Hiroshima University Radiobiological Research
Accelerator (HIRRAC) can be operated under conditions of
high proton beam currents of 1 mA and acceleration voltages
up to 3 MeV. The biological effects of monoenergetic
neutrons are of particular interest to basic science and
radiation protection (10). Concern is reflected in in vitro
assays (11-17) as well as in vivo studies (18). To our
knowledge, however, there has been relatively little work on
the genetic effects of monoenergetic neutrons at various
energy levels using in vivo systems.

Specifications for biological irradiation are presented in
terms of monoenergetic beam conditions, dose rates and
deposited energy spectra. High dose rates of monoenergetic
neutron fields are useful for studying the neutron energy
dependency of biological effects, and also for other radio-
biology studies on the basic mechanisms of the effects of
neutrons. Monoenergetic neutrons which have a narrow
neutron spectrum are the most useful, therefore they were
chosen for the present study of whether irradiation-induced
genetic damage can be passed to the offspring, causing
embryonic lethality and tumor development in the F,
generation.

Materials and methods

Animals. COBOS male C3H/HeNCrj and female C57BL/
6NCrj mice were purchased from Charles River Japan, Inc.
(Hino, Japan) and housed in autoclaved cages on sterile
wood chips, in a room with controlled temperature (24+2°C),
humidity (55+10%) and a regular 12-h light, 12-h dark cycle,
under the guidelines set forth in the ‘Guide for the Care
and Use of Laboratory Animals’ established by Hiroshima
University. They were fed a commercial diet MF (Oriental .
Yeast Co., Ltd., Tokyo, Japan) and were provided with normal
tap water ad libitum. All experiments used the same lot of
animals.
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Table I. Body, testis, epididymis weights and abnormal sperm induced 3 weeks after monoenegic neutron.

BW Testis Epididymis Testis/BW Epi/bw Sperm abnormal
0cGy 28.9+1.9 0.17+0.02 0.063+0.006 6.01£0.76 2211020 1.56+0.76
0.2 MeV

12.5 cGy 27.9+1.0 0.13+x0.01 0.062+0.007 4.69+£0.472 2.22+0.22 0.96+0.33
25 cGy 28.0+1.0 0.11+0.02* 0.056+0.004° 3.80+0.55° 2.0110.16 1.93+1.08
50 cGy 27.9+1.3 0.10£0.01* 0.054+0.003% 3.46+0.17° 1.95+0.12° 1.92+1.18
100 cGy 26.7+1.2 0.08+0.01* 0.053+0.0052 2.92+0.34° 1.97+0.23° 4.06+1.16*
Y=-0.078X+0.14 Y=-0.026X+5.2 Y=0.026X+1.07
r’=-0.90 r’=-0.89 r’=0.92
P<0.05 P<0.05 P<0.05
0.6 MeV
12.5 ¢Gy 27.7+1.1 0.13+0.01° 0.061+0.006 4.70+0.35* 2.1940.20 1.50+0.65
25 cGy 29.3x19 0.11+0.01* 0.061+0.027 3.66+0.37 2.10+0.21 2.36+1.66
50 cGy 28.0x1.3 0.09+0.01* 0.057+0.002° 3.36+0.332 2.02+0.09 3.07+143°
100 ¢Gy 27.5+1.1° 0.08+0.01* 0.055+0.005* 291x0.18* 1.98+0.20° 6.18+1.072¢
Y=-0.078X+0.14 Y=-0.026X+5.1 Y=0048X+1.14
r’=-0.86 ’=-0.84 =098

P<0.01

(Mean + SD). *Significantly different from 0 ¢Gy value (P<0.01). *Significantly different from 0 cGy value (P<0.05). “Significantly different from 0.2 MeV

100 c¢Gy value (P<0.01).

Monoenergetic neutron irradiation. Neutron sources in this
study was produced by Hiroshima University Radiobio-
logical Research Accelerator (HIRRAC) as described
previously (18). The HIRRAC can generate various mono-
energetic neutrons using 'Li(p,n)’Be reaction with maximum
accelerated voltage of 3 MV.

The absorbed doses were evaluated using paired ionization
chambers IC-17 ATW (FWT, Inc., Goleta, CA, USA) and
IC-17G (model GM539, FWT, Inc.). The IC-17ATW, which
is made of tissue equivalent materials and filled with propane-
base tissue equivalent gas, can measure the sum of neutron
and y-ray dose. The IC-17G, which is made of carbon and
filled with carbon dioxide gas, can measure y-ray dose with a
few neutron dose contributions. Using these chambers,
separate dose of neutron and y-ray can be evaluated. The y-
ray contamination was estimated <3% of neutron dose when
using 10-um-thick lithium targets.

Each mouse was put into a box (3 cm x 3 cm x 5 ¢cm) and
5 mice were located 20 cm away from target plane and 10 cm
away from beam axis, which means that the mice were placed
at 30 degrees direction position.

In order to uniform individual neutron doses, mice were
rotated with a speed of 1 rpm. Groups of 5 mice were
exposed by monoernergetic neutrons in 0.20 and 0.6 MeV
(dose 50 cGy, dose rate 0.5 cGy/min) without anesthesia.
The accelerated voltages for their neutron energy were 2.0
and 2.37 MV, respectively.

Experiments. One hundred and ten male mice received a
single whole body exposure to monoernergetic neutrons with
energy levels of 0.2 or 0.6 MeV at doses of 0, 25, 50, 100 or

200 cGy. Two weeks (spermatid stage) after irradiation, the .
males were mated with 3 non-irradiated 9-week-old C57BL

female mice for a week, and retired males were then sacri-

ficed. Testes were minced in saline and filtered and sperm

were stained with Giemsa ‘solution to allow the numbers of
normal and abnormal sperfn to be counted (19).

A total of 47 successfully, mated females in one group
were sacrificed 18 days after fertilization and the numbers of
surviving and dead embryos were counted. In the remainder,
offspring were obtained, the ratio of surviving pups was deter-
mined 1 week after birth, and the F, mice were maintained
until 13.5 months of age.

Pathology. All animals were regularly observed on a daily
basis and weighed once a month. At the time of necropsy,
full autopsies were carried out under ether anesthesia, and
body weights and various organ weights were determined.
The number and size of liver tumor nodules were also
measured and diseases of the liver and other organs including
neoplastic changes were diagnosed by routine histological
examination.

Statistical analysis. The significance of differences in
numerical data was determined using the y2, Student's t-tests
and the Dunnett method for multiple comparisons using
logarithmic transformation.

Results

Changes in body and organ weights and appearance of
abnormal sperm in the irradiated mice. Body weights of
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Table 1I. Females mice used.
Pregnancy
Used females Non-pregnancy Used for embryo lethality Non-nursing Nursing (%) Total
0 cGy 37 15 1) 4 1 (6) 17 (94) 18
0.2 MeV
12.5 cGy 20 6 (30) 8 0 6 (100) 6
25 cGy 15 5 (33) 3 1 (4 6 (86) 7
50 cGy 16 3 (19) 5 0 8 (100) 8
100 cGy 16 5 (31) 4 2 (29) 5 @Y 7
0.6 MeV
12.5 cGy 19 7 (37) 7 1 (20) 4 (80) 5
25 cGy 20 4 20 8 1 (13) 7 (88)
50 cGy 15 5 (33 3 0 7 (100)
100 cGy 37 16 (43) 5 11 (65) 6 (35 17
100 cGy irradiated males with both energies were signi-  Table III. Mean survival data for embryos.
ficantly decreased as compared with non-irradiated controls. -
Testis absolute (in 0.2 MeV Y=-0.078X+0.14, r>=-0.90, ~ Croup Survival Lethal Total
P<0.05; in 0.6 MeV Y=-0.078X+0.14, r’=-0.86) and relative " -
weights (in 0.2 MeV Y=-0.026X+5.2, r’=-0.89, P<0.05); in 7.50+1.00 1.50+1.00 9.00+1.15a*
0.6 MeV Y=-0.26X+5.1, r’=-0.84) were also decreased (2 MeV
“}‘j‘eaﬂy-lThe epididymis Wei‘réhts ;Vefehi‘“?c.ge‘"‘cs}ed- %aéii; ‘g 125¢Gy 65051208 1.38+1.30 7.880.994
abnormal sperm were Increased and with 199 ¢y at©.6 Vie 250Gy 5.00+2.00° 2674252 7.6720.58
the value was significantly greater than with 0.2 MeV (Table I) 506G 5 2042 285 5 6042 o
(0.2 MeV Y=0.026X+1.07, *=0.92, P<0.05; in 0.6 MeV oGy 222 002207 7801 30%
Y=0048X+1 14 =0 98 P<001) 100 CGy 1.50+1.29¢ 3.50x1.29 5.00+2.00¢
Y=-0058X+7.5 Y=0.02X+1.57 Y=-0.035X+8.78
Survival of embryos. Data for used female mice are shown r’=-0.99,P<001 1r>=0.91,P<0.05 r?=-091,P<.0.05
in Table II. Non-pregnant females accounted for 19-43%. 0.6 MeV
Numbers of implantations per mouse were decreased in a 1'2 5¢G 7 4381 728 | 434127 8.6 i
dose-dependent manner (Table [T 0.2 MeV Y=-0035X+878, =~ °¢0y 14l A3l 86+1.57
12=-0.91, P<0.05; in 0.6 MeV Y=-0.034X+93, 1=-0.90, ~ 29¢Gy  575£205%  2.23£1.30 8.13+136+
P<0.05). Numbers of total embryos in 100 ¢cGy with both 50 cGy 5.67+0.58° 3.00+2.00 8.67£1.53%¢
energy levels were significantly decreased as compared 100 cGy 3.00+1.22¢ 2.40+1.52 5.40+0.55°
with other dose groups (Table III). Numbers of surviving Y=-0.045X+7.6 =0.01X+1.71  Y=-0.034X+9.3
embryos were significantly lower with 100 cGy irradiation 2=0.97, P<0.01 2=0.65 2=-0.90, P<0.05

with the average numbers of surviving embryos per mother
were decreased in a dose-dependent manner (in 0.2 MeV
Y=-0.058X+7.5, r’=-0.99, P<0.01; in 0.6 MeV Y=-0.045X+
7.6, 1’=-0.97, P<0.01). Conversely, lethality increased with

the dose (in 0.2 MeV Y=0.02X+1.57, r’=0.91, P<0.05; in -

0.6 MeV Y=0.01X+1.71,1=0.65).

Birth rate and offspring nursing rate. Data for non-nursing
mothers are given in Table II. The number was increased with
100 cGy at the 0.6 MeV energy level.

Offspring from mating two weeks after irradiation. Data for
litter size and sex ratios are given in Table IV. Mean off-
spring number per mother was decreased dose-dependently at
the 0.2 MeV energy level (total pups Y=-0.05X+8.3, r’=-0.99,
P<0.01; male Y=-0.03X+4.0, r’=-0.96, P<0.01; female
Y=-0.024X+4.2, r*=-0.94, P<0.05) and with 0.6 MeV (total

(Mean + SD). *Significantly difference from 0.2 MeV 100 c¢Gy value
(P<0.01). "Significantly difference from 0.2 MeV 100 cGy value (P<0.05).
cSignificantly difference from 0.6 MeV 100 cGy value (P<0.01). ?Signi-
ficantly difference from 0.6 MeV 100 c¢Gy value (P<0.05). *Significantly

difference from 0 cGy value (P<0.01).

Y=-0.06X+8.0, 1’=-0.97, P<0.01; female Y=-0.04X+4.4,
r’=-0.86) except in males (Y=-0.01X+2.8, r’=-0.57). The sex
ratio at 0.2 MeV was about 50:50 but at 0.6 MeV differed
with 12.5 ¢Gy. In the long-term study, total number of
offspring with 100 cGy at both energy levels was small.
Sequential assessment showed significant increase in
body weights with 50 cGy at 0.2 MeV during 4-7 months
and with 50 cGy at 0.6 MeV during to 12 months in males as
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Table IV. Sex ratio after birth and effective animals.

WATANABE er al: INFLUENCE OF PATERNAL EXPOSURE TO MONOENERGETIC NEUTRONS

Sex ratio No. of animals
Group Total Male Female Total Male (%) Female (%)
0 cGy 8.53+1.37 4.53+1.37 3.88+1.73 138 74 (54) 64 (46)
0.2 MeV
12.5 cGy 7.33+1.51 3.33+1.63 4.00+1.26 47 24 (S1) 23 (49)
25 cGy 7.33x1.21 3.17+0.98 4.17+0.75 43 21 (49) 22 (51)
30 cGy 5.38+1.85% 2.63+0.922 2.75+1.28 40 20 (50) 20 (50)
100 cGy 3.20+0.84° 1.40+0.89° 1.80+0.84° 16 7 (44) 9 (56)
Y=-0.05X+8.3 Y=-0.03X+4.0 Y=-0.024X+4.22
r=-0.99, P<0.01 ?=-0.96, P<0.01 r’=-0.94, P<0.05
0.6 MeV
12.5 cGy 7.50+1.9 2:50+2.38" 5.00+2.16 29 10 (34) 19 (66)
25 ¢Gy 6.00+1.63° 2.29+1.25* 3.71x1.60 38 16 (42) 22 (58)
50 ¢Gy 4.43+0.98* 3.14x121 1.29+1.11# 42 22 (52) 20 (48)
100 cGy 2.50%1.22° 1.50+0.84* 1.00+0.632 17 8 (47) 9 (53)
Y=-0.06X+8.0 Y=-001X+2.8 Y=-0.04X+4 4
r’=-0.97,P<0.01 r’=-0.57 r’=-0.86
(Mean = SD). *Significantly different from 0 cGy value (P<0.01). ®Significantly different from 0 cGy value (P<0.05).
Table V. Body weights of F| male mice.
3 4 5 6 7 9 10 11 12 13 14.5
Group months  months months months months months months months months months  months  months
0cGy 32.1+2.7 342434 382+40 400439 408+42 427+19 443+34 452431 462433 468136 468+34 460+34
0.2 MeV
125¢Gy 30.7+29 328435 354x45> 37.1+49> 392151 410450 423347 435443 446240 458440 45643.1 451438
25¢Gy 30.8x25 330434 36.1243 37.0+4.1° 383143 400:4.2° 41314.2¢ 42540 43.6:4.0° 44424.1° 452441 44.5+4.1
50cGy 33.8+2.7 37.5+3.6° 40.8+3.2° 42.1+3.1° 434+29° 442127 452429 460130 473431 481229 48.1+39 476432
100cGy 325409 348420 38.0+32 41.6x45 442445 45729 470427 472+22 48418 486x1.7 466139 452422
0.6 MeV
125c¢Gy 31.7¢14 338425 374430 385%3.1 414441 419432 433231 442421 458420 465+30 46034 450438
25cGy 31.7#£2.3 35.1+£3.1 385439 40430 427435 439128 457+28 46.7+28 479+29 483133 48.8236 48.1x4.0
50cGy 32.1x42 36.8x43" 41.1x4.1" 428x3.8° 442+3.1* 46.1+3.0° 474234 47.7+45° 49.6+3.8° 49243.7° 489+35 478434
100 cGy 31.6+4.1 349+55 386459 400+57 40451 422457 434455 440262 456460 454253 462459 453156

(Mean + SD). *Significantly different from 0 cGy value (P<0.01). ®Significantly different from 0 ¢Gy value (P<0.05).

compared to control males (Table V), whereas significantly
decrease was evident with 25 ¢Gy at 0.2 MeV. Female body
weights were significantly heavier than for controls with
50 cGy at 0.2 MeV from 3 to 6 months, with 100 cGy at
0.2 MeV during the whole experiment, with 25 cGy at 0.6 MeV
from 5 to 12 months, and with 50 ¢Gy at 0.6 MeV from 5 to
13.5 months, whereas with 25 cGy they were decreased from
8 to 13.5 months as compared with control values (Table VI).

At autopsy, body weights of male F, mice of the 0.2 MeV
energy level groups were not significantly altered (Table VII).
Testis weights with 100 ¢cGy were significantly lower than
the non-irradiated group whereas adrenals were heavier.
Relative testis weights (organ weight/body weight x1000)
with 50 and 100 cGy were also significantly decreased as
compared with the non-irradiated group and again adrenal
values were increased (Table VIII).
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Table VI. Body weights of F, female mice.
3 4 5 6 7 8 9 10 11 12 13 14.5
Group months months months months months months months months months months months months
0 cGy 242+£14  260+19 270432 29.6x35 320444 342451 362458 376462 408+60 428+6.0 43.6x6.1 431164
0.2 MeV
125¢Gy 247+£20 260423 279429 302+33 31.1#3.6 339443 358+44 380+£5.1 41.1%62 419+6.8 428+7.2 42.8+7.1
25¢Gy  24.1x15 254x2.1 271429 28327 300+28 30.743.1° 32.7+3.6° 33.6+3.7° 36.5+4.2° 37.9+44° 37.6+4.7° 383+4.6°
50cGy 260+2.1° 28.6x4.2° 30.0+3.6° 32.6+44> 343x52 364458 382454 403x6.7 437160 462+58 47.1+56 44493
100 cGy 27.8+3.0° 31.0+3.2* 33943.9° 36.6£33% 38.5+5.2° 40.3x4.2% 423+4.1° 440+3.4° 47443.7° 499+2.8° 50.0x3.0° 489+35°
0.6 MeV
125cGy 24.5+18 258432 284436 297+42 315443 351461 38363 383+6.7 40.7£69 410+6.7 40769 39.6+69
25¢Gy 24623  27.1£29  31.334.9° 332+52° 354452° 38416.0° 409+60° 423+6.1° 453363 464+6.2° 458+109 474166
50cGy 24713  27.7+24  323x34° 352+34° 389+3.2° 414x48° 446245 449+4.9° 488x6.2" 492+53* 498+52° 48.6+£59°
100 cGy 26.5+£2.5> 24.8+114 319+6.0° 34.0+7.1> 357+74 380+74 40084 422488 457490 460+8.1 473199 46.319.1
(Mean = SD). *Significantly different from 0 cGy value (P<001). *Significantly different from 0 cGy value (P<0.05).
Table VII. Body and organ weight for F, male.
Group Body weight Liver Kidney Testis Adrenal Spleen
0 cGy 46.0£34 2.15+0.36 0.61+0.07 0.21+0.01 0.007+0.002 0.11+0.03
0.2 MeV
125 cGy 45.1+3.8 2.2040.33 0.62+0.07 0.20+0.02 0.006+0.001 0.10+0.03
25 cGy 44.5+4.1 2.05+0.28 0.59+0.08 0.20+0.03 0.006+0.001 0.10+0.02
50 ¢Gy 47.6x3.2 2.30+£0.36 0.63+0.09 0.20+0.002 0.007+0.002 0.12+0.06
100 cGy 452422 2.19+0.38 0.58+0.04 0.18+0.05° 0.026+0.042* 0.13+0.12
0.6 MeV
12.5 cGy 45.0+3.8 2.00+0.24 0.62+0.09 0211001 0.007+0.002 0.10£0.01
25 cGy 48.1+4 .0 2.5240.58 0.69+0.07* 0.21+0.02 0.009+0.002 0.12+0 .05
50 ¢cGy 47.8+3.4 2.27£0.38 0.61+£0.05 0.19+0.05° 0.008+0.001 0.12+0.03
100 cGy 45.3x5.6 2.22+0.63 0.57+0.12 0.18+0.03" 0.008+0.003 0.11+0.03

(Mean + SD). *Significantly different from 0 ¢Gy value (P<0.01). *Significantly different from 0 cGy value (P<0.05).

Body and kidney weights with 25 cGy at the 0.6 MeV
energy level were increased, along with the relative liver and
kidney weights in 25 cGy were heavier than non-irradiated
group but testis in 50 cGy was decreased.

Table IX summarizes data for tumors in male F, offspring.
Most lesions were liver tumors. Incidences overall were 25.7,
8.3 4.8,25.0 and 42.9% with 0, 12.5, 25, 50 and 100 cGy at
the 0.2 MeV energy level, respectively, and 0, 37.5, 45.5
and 25% at 0.6 MeV. Incidences of liver tumors were 18.9,
8.3, 4.8, 25.0 and 28.6 % at the 0.2 MeV energy level,
respectively, and 0, 31.3,40.1 (P=0.03) and 25% at 0.6 MeV.
Sizes and number of liver tumors did not significantly differ
among the groups.
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Female mouse body and organ weights are shown in
Table X. Body weights with 25 cGy at 0.2 MeV were signi-
ficantly decreased as compared with the non-irradiated
group, and ovary and adrenal weights were significantly
increased with 100 cGy and liver and kidney weights with 25
and 50 cGy. Relative adrenal weights with 12.5 cGy and liver
with 100 cGy were significantly decreased whereas ovary
values were elevated at 100 cGy (Table XT).

Regarding incidences of tumors in females, three tumors
(4.7%, hemangioma, lymphoma and ovary) appeared in the
non-irradiated group, and values were 3/23 (13%, hepatoma,
lung and ovary tumors), 3/22 (14%, ovary tumor), 1/20 (5%,
ovary tumor) and 0 in the 12.5, 25, 50 and 100 cGy groups at



1356

Table VIII. Relative organ weight for F, male mice.
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Group Liver Kidney Testis Adrenal Spleen
0cGy 46.7£7.2 13.3x1.1 4.5+0.3 0.16+0.04 2.5+0.7
0.2 MeV
12.5 ¢Gy 48.8+6.1 13.8£0.9 4304 0.14+0.03 22406
25 cGy 46.1+3.2 13.3z14 4.5+0.6 0.14+0.03 2304
50 cGy 48.3+5.8 13.3+14 4.1+0.8° 0.15+0.03 2.5+1.3
100 cGy 485478 12.8+1.1 3.9+1.0° 0.59+0.932 32430
0.6 MeV
12.5 ¢Gy 443424 13.7+1.7 4.6x0.4 0.17+0.05 22403
25 c¢Gy 52.0+9.6° 14.520.9% 4304 0.18+0.05 2.5+1.1
50 Gy 472457 129+09 4.0+1.12 0.17+0.03 2.5+0.5
100 cGy 482491 126x14 4.1+0.7 0.17+0.05 24105
(Mean + SD). “Significantly different from 0 cGy value (P<0.01). "Significantly different from 0 cGy value (P<0.05).
Table IX. Incidence of tumors for F, male mice.
Effective no. Tumor bearing Liver tumor No. of liver tumor
Group of animal animal Incidence size per mouse Other tumor
0 cGy 74 19 (25.7) 14 (18.9) 1.59+4.13 0.2020.40 Lung papilloma
0.2 MeV
12.5 cGy 24 2 (8.3) 2 (8.3) 1.04+£3.53 0.08+0.28
25 ¢Gy 21 1 (4.8) 1 (4.8) 0.24+1.09 0.05+£0.22
50 cGy 20 5250 5(250) 1.57+£3.45 0.35+0.67
100 cGy 7 3(42.9) 2 (28.6) 2.13+4.16 0.57+0.79 Hemangioma
0.6 MeV
12.5 cGy 10 0 0 0 0
25 cGy 16 6 (37.5) 5(31.3) 4.18+7.03 0.38+0.62 Harderian
50 cGy 22 10 (45.5), P=0.08 9 (40.1)*, P=0.03 1.23+2.19 0.59+0.85 Hemangioma
100 cGy 8 2 (2% 2 (25 2.33+4.69 0.38+0.74
(Mean + SD).

the 0.2 MeV energy level, respectively. The figures were 0,
5/22 (22.7), 5/20 (25%, ovary tumor) and 1/9 (11.1%, ovary)
at the 0.6 MeV energy level (Table XII).

Discussion

The present experiments showed clear increase in the inci-
dence of abnormal sperm in C3H males following mono-
energetic neutron irradiation, resulting in increased embryo
lethality of F, offspring and liver tumors in surviving F, males.
‘While the sperm abnormalities were energy dose-dependent,
this did not appear to be the case for embryonic death and
tumor incidence.

(]
[o)]
-1

This lack of dose-dependence is in line with the literature.
Inverse dose-dependence for fission spectrum neutron
induction of somatic hprt deficiency mutations has been
reported by Nakamura and Sawada (20) with mouse leukemia
L5178Y cells and #2Cf-fission neutrons. Brenner and Hall
published an inverse dose effect model for neoplastic trans-
formation in vitro following high LET irradiation (21). Further-
more, Zhang et al (17) reported different doses of neutrons to
produce approximately linear changes in the frequency of
micronuclel in root-tip cells of Allium cepaonion irradiated
as either dry dormant seeds or seedlings. Balcer-Kubiczek
et al (22) earlier found modification of fission neutron dose-
response curves on varying the dose rate to be negligible or
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Table X. Body and organ weight for F, female mice.
Group Body weight Liver Kidney Ovary Uterus Adrenal Spleen
0 cGy 431164 1.60£0.28 0.36+0.03 0.026+0.023 0.478+0.541 0.026+0.023 0.110+0.022
02 MeV
12.5 cGy 42.8+7.1 1.63+0.22 0.37£0.04 0.022+0.005 0.378+0.124 0.022+0.005 0.108+0.024
25 cGy 38.3+4.6° 1.46+0.17 0.36+0.04 0.026+0.005 0.580+£0.472 0.026+0.006 0.110+0.030
50 cGy 444393 1.62+0.37 0.38+0.04 0.026+0.007 0.509+0.176 0.026+0.007 0.120+0.054
100 cGy 48.9+3.5° 1.62+0.23 0.40+0.05 0.070+0.138* 0.299+0.160 0.070+£0.138 0.129+0.052
0.6 MeV
12.5 cGy 3961469 1.58+0.30 0.38+0.05 0.029+£0.010 0.662+0.509 0.028+0.009 0.119+0.039
25 ¢Gy 474166 1.77+0.30° 0.40+0.06* 0.033+0.033 0.488+0.479 0.033+0.033 0.122+0.029
50 cGy 48.6+5.9° 1.95+0.332 0.44+0.042 0.021+0.006 0.742+0.828 0.021+0.006 0.120+0:023
100 cGy 46.3+9.1 1.69+0.48 0.37+0.08 0.058+0.088 0.256+0.171 0.058+0.088 0.103+0.042
(Mean = SD). ®Significantly different from 0 cGy value (P<0.01); ®Significantly different from 0 cGy value (P<0.05).
Table XI. Relative body weight for F, female.
Group Liver Kidney Ovary Uterus Adrenal Spleen
0 cGy 37.3+54 8.59+1.22 0.606+0.495 11.85+17.04 0.237+0.186 2.85+1.02
02 MeV
12.5cGy 38.4+4.6 8.88+1.09° 0.525+0.168 9.16+3.75 0.205+0.057° 2.60+0.88
25 cGy 38.4+3.7 943+1.15 0.683+0.208 15.47+12.24 0.390+0.576 2.88+0.77
50 cGy 35064 8.23+0.68 0.553+0.152 11.17+4.02 0.202+0.054 2.56+0.86
100 cGy 33.1+£3.0° 8.15+0.90 1.375+2.649° 6.08+3.13 0.197+0.050 2.61+0.95
0.6 MeV
12.5 cGy 40.1+4 5 9.74+1.45° 0.727£0.234 18.35+17.00 0.267+0.078 3.06+£0.95
25 cGy 37.6x3.7 8.52+1.41 0.721+0.734 10.71+10.57 0.235+0.072 2.62+0.71
50 cGy 40.1£3 4 9.06+0.73 0.44510.134 16.58+20.65 0.171£0.027 2471036
100 cGy 36.4+5.3 8.05+0.59 1.188+1.756 5.33+£3.39 0.192+0.055 2.23+0.65

(Mean + SD). *Significantly different from 0 cGy value (P<0.01). ®Significantly different from 0 cGy value (P<0.05).

absent. On the other hand, Hill and Williams-Hill (23)
observed that reduction of the dose rate of fission neutrons
increases their effectiveness for transformation of C3H 10T1/
2 cells. Watanabe et al (24) reported that a single °2Cf neutron
dose resulted in higher incidences of ovarian and Harderian
gland tumors than the same total dose given at a low dose
rate with B6C3F1 mouse whole body irradiation. Clearly
there may be differences between the in vitro and in vivo
situations. It is considered that cells with large chromosomal
aberrations or other abnormalities might be able to survive
in vitro, but in vivo they might not, so smaller non-lethal
chromosomal changes such as point mutations, frame shifts,
as small additions or deletions could be essential for tumor
induction in vivo. The source of irradiation, strain, sex, age

and plants or animals are all clearly factors which need to be
taken into account when determining radiation sensitivity.
Recently, we reported that there were no significant dif-
ferences in the tumor induction rate among the different
energy such as 0.18, 0.32, 0.6 and 1.0 MeV monoenergetic
neutron irradiation (18). Sasaki et al (25) also mentioned that
induction of chromosome aberrations is not clearly dependent
on neutron energy. In conclusion, there have been no consis-
tent differences in tumor incidence among the various energies
of neutron irradiation applied. ,

Goud et al (26) reported that exposure of mice to »2Cf
neutrons and gamma rays resulted in a decrease in testis
weight ‘and a concomitant increase in frequency of abnormal
sperm. According to Hugenholtz and Bruce (19) X-ray-

— 368 —



1358

Table XII. Incidence of tumor for F, female mice.

Effective no.  Positive
Group of animal (%) Type of tumor
0 cGy 64 3 (47) Hemangioma, lymphoma,
ovary
0.2 MeV
12.5 cGy 23 3(13.0) Hepatoma, lung, ovary
25 cGy 22 3(13.6) Ovary3
50 cGy 20 1 (50) Ovary
100 cGy 9 0
0.6 MeV
12.5 cGy 19 0
25 cGy 22 5(227) Hepatoma, lymphoma,
ovary 2, sarcoma
50 cGy 20 5(25.0) Ovarys
100 cGy 9 1(11.1) Ovary

induced abnormalities in sperm are transmissible up to the
F, generation as dominant mutations. Nomura (27,28) demon-
strated an increase in the dominant lethality and congenital
malformations in offspring of male or female mice irradiated
with X-rays (6) or treated with urethane (27,28). These
findings were further confirmed by Kirk and Lyon (29), West
et al (30) and Lyon and Renshaw (31). using the same dose
but different strains of mice. Nomura (6) also reported
increased fetal death of F, offspring after paternal irradiation

at the stage of spermatozoa and spermatids in a dose-dependent
manner. Kurishita et al (32) demonstrated that external
abnormalities are induced in offspring of male mice following
treatment of germ cells at the spermatogonia stage with
232Cf neutrons and the dose-response curve was linear up to
0.95 cGy. Streffer (33) similarly observed that a transgener-
ational transmission occurs for ionizing radiation-induced
congenital malformations as well as for genomic instability,
the latter measured at the chromosome level. Carls ef al (34)
described that ionizing radiation exposure of the germline
can induce delayed DNA deletions in offspring mice. They
suggested that DNA deletion events are implicated in the
onset of carcinogenesis and a similar phenomenon in humans
may account for a portion of childhood cancers. Nomura (6)
found the incidence of tumors in F,; mice of the ICR strain to
increased, in this case dose-dependently, after paternal
exposure to 36, 216 or 364 cGy of X-rays at the stage of
spermatozoa, spermatids or spermatogonia. Of the tumors
occurring in the F, offspring, 90% were lung tumors. Daher
et al (35) reported that paternal X-ray irradiation resulted in
reduction of litter size and a marginally significant doubling
of the leukemia/lymphoma rate in the offspring in N5 strain
mice, over a 1 year observation period. Urethane treatment
of F, offspring derived from irradiated parents caused a 2.4
times greater incidence of tumors than observed in untreated
controls (36). Vorobtsova et al (37) reported similar results
with a different mouse strain. Mewissen et al (38) found that
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repeated administration of 3H,O as the drinking water to
C57BL/6M males before mating over several generations
gave rise to hereditary adenocarcinomas in the small
intestine. Essentially comparable effects of chemical carcino-
gens have been reported (39-41). A high incidence of liver
tumors was observed in the F, offspring of C3H male mice
which had been exposed to 50 ¢Gy of 252Cf neutrons and
mated with C57BL/6 females (8,9). In the present
experiment, similar results were observed with 50 cGy
especially at the 0.6 MeV energy level. Shay et al (42)
documented that when 35- to 46-day-old Wistar rat females
were treated with 3-methylcholanthrene using gastric tubes
every day for two months and then mated with untreated
males, the incidence of cancer was increased significantly in
F, and F, offspring. Tomatis et al (5) subsequently found in
the BDV1 rat system that the incidence of nerve tumors was
significantly elevated in the F, generation when mating
occurred two weeks after treatment of 9-week-old male rats
with 80 mg/kg of ethylnitrosourea. Dasenbrock et al (43)
described that maternal preconceptual exposure in C57BL/6]
mice to radiation is associated with a moderately increased
incidence of liver and lung tumors in the male descendants.
The incidence of total tumors in the F, offspring, however,
was not different from the control value. Lord et al (44)
reported that with methylnitrosourea following preconcep-
tional paternal contamination with 2**plutonium the second
generation excess of leukemia appears to be the result of
preconceptional paternal irradiation and may be related to
inherited changes that affect the development of haemo-
poietic stem cells. The evidence in humans is most derived
from case reports and epidemiological studies of conse-
quences to the progeny of paternal occupational exposure to
chemicals, ionizing radiation and electromagnetic fields prior
to conception (3,45-47). Dasenbrock et al (43) indicated that
maternal preconceptual X-ray exposure to radiation is
associated with a moderately increased incidence of liver and
lung tumors in male descendants in C57BL/6N mice. Thus
the fact that genetic damage to parental germ cells can be
transmitted to the offspring as an origin of carcinogenesis has
been well documented, and this was confirmed in the present
experiment.

However, Cattanach er al (48) described no significant
increase but seasonal changes in the incidence of lung tumors
in offspring of BALB/cJ or C3H/Heh mice exposed to X-rays
following the experimental protocol of Nomura (6). Evidence
for such seasonal changes in tumor incidence has been
published and this relates to experiments carried out in
insufficiently controlled animal facilities and experimental
conditions, e.g., animals exposed to outdoor light. In fact,
change of the light-dark interval significantly influences
tumor frequencies in mice (49). Cattanach et al (48) also
reported that reduction in litter size in paternally irradiated
groups might be evidence of genetic damage, i.e., dominant
lethality, resulting from the radiation exposure.

As a general rule, heavier mice are more likely to develop
spontaneous and induced tumors earlier and caloric restriction
decreases body weights and tumor incidences and increases
longevity. Selby er al (50) suggested that induced dominant
lethality in mice or rats with increased tumor rates have no
relation with induction of dominant tumor mutations. In the
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present experiment numbers of offspring were lower with
100 cGy at both energy levels and the fact that only a few
animals survived means that the incidence of liver tumors
might not have been accurate. The range of gene damage is
presumably very wide, given the sperm abnormalities and the
embryo lethality and malformations, and many embryos died,
so that surviving animals might have been those less
susceptible to induction of tumors. However, if gene damage
is limited, tumor-prone animals might survive, resulting in
greater causation of tumors. Nomura suggested that germ-
line exposure is a very early tumorigenesis by itself. It is
possible that the lack of increase in lung tumors reported by
Cattanach er al (48) may be attributable to increased
incidence of embryo lethality caused by high doses of paternal
X-ray irradiation.

In conclusion, the results of the present study indicate that
paternal exposure to radiation is associated with an increased
incidence of liver tumors in the male descendants. While our
study was not designed to investigate the mechanism of
transmission of increased risk, the results are in keeping with
the hypothesis of a germ line-transmitted hereditary effect of
monoenergetic neutron irradiation.
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Mammalian DNA polymerase 5 (pol 3) is essential for DNA replication, though the functions of this smallest
subunit of POLD4 have been elusive. We investigated pol 5 activities in vitro and found that it was less active
inthe absence of POLD4, irrespective of the presence of the accessory protein PCNA. shRNA-mediated reduc-
tion of POLD4 resulted in a marked decrease in colony formation activity by Calu6, ACC-LC-319, and PC-10

Keywords: cells. We also found that POLD4 reduction was associated with an increased population of karyomere-like
POLD4 cells, which may be an indication of DNA replication stress and/or DNA damage. The karyomere-like cells
ﬁz::‘:cti retained an ability to progress through the cell cycle, suggesting that POLD4 reduction induces modest
Cell cycle genomic instability, while allowing cells to grow until DNA damage reaches an intolerant level. Our results
DNA replication indicate that POLD4 is required for the in vitro pol 3 activity, and that it functions in cell proliferation and
DNA damage maintenance of genomic stability of human cells.

© 2009 Elsevier Inc. All rights reserved.
Introduction Materials and methods

Eukaryotic DNA polymerase 3 (pol 3), a key enzyme that partic-
ipates in DNA replication and repair, consists of four subunits;
POLD1 (catalytic subunit, alternatively called p125), POLD2 (p50),
POLD3 (p68), and POLD4 (p12) [1,2]. Among those, POLD4 binds
to POLD1, POLD2, and an accessory protein of PCNA, which allows
pol & to exhibit its full activity [1,3].

A previous study showed that the POLD4 ortholog of Cdm1 in
Schizosaccharomyces pombe is a non-essential gene related to cell
growth, division, and sensitivity to DNA damaging reagents [4]. Sac-
charomyces cerevisiae does not have a POLD4 counterpart, indicating
that POLD4 is dispensable in lower eukaryotic cells. In contrast, siR-
NA-mediated knockdown of POLD4 caused a significant decrease in
the proliferation rate of FGF2-activated mouse-endothelial cells [5].
However, it remains unknown whether POLD4 is required for other
types of mammalian cells, such as those related to human cancer, or
if it has additional functions in mammalian cells.

In the present study, we analyzed the roles of POLD4 for cell
proliferation in human lung cancer cell lines. Our findings indicate
that POLD4 is required for maintaining the proper nuclear struc-
tures and suggest that the pathological structures reflect elevated
DNA damage in chromosomes.
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for Neurological Diseases and Cancer, Nagoya University Graduate School of
Medicine, Nagoya 466-8550, Japan.
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Antibodies. The antibodies used in this study were anti-POLD4
(POLD4 subunit of pol &) ascites (2B11, Abnova, Taipei City,
Taiwan), anti-lamin B (c-20) (Santa Cruz Biotechnology, Santa
Cruz, CA), and anti-y-tubulin (Sigma-Aldrich, St. Louis, MO).

In vitro pol 6 activity. Three- and 4-subunit DNA from pol 3 were
expressed in Escherichia coli, and purified as described previously
[6]. pol & activity was determined in a reaction mixture (25 pl) con-
taining 20 mM HEPES-NaOH (pH 7.5), 50 mM NaCl, 0.2 mg/ml BSA,
1 mM dithiothreitol, 10 mM MgCl;, 1 mM ATP, 0.1 mM each of
dGTP, dATP, dCTP, and [a-32P]dTTP, 100 ng poly dA-oligo dT (GE
Healthcare, Piscataway, NJ), 86 ng (1.0 pmol as a trimer) of PCNA,
and 11-88 ng (46-372 fmol) of pol & at 30 °C for 10 min. Following
incubation, the reactions were terminated with 2 pl of 300 mM
EDTA. pol activity was determined with reference to the incorpora-
tion of [a-32P]dTMP, as previously described [6].

Colony formation assay. To assess cell proliferation, colony for-
mation assays were performed as previously described [7]. In order
to rule out the off-target effect, we designed two independent DNA
sequences as follows: MS543F, 5'-GATCCCCagtctctggcatctctatcAT
TCAAGAGATgatagagatgccagagactTTTTTGGAAA-3; MS544R, 5'-AG
CTTTTCCAAAAAagtctctggcatctctatcATCTCTTGAATgatagagatgccaga-
gactGGG-3; MS551F, 5'-GATCCCCgcatctctatcccctatgaATTCAAGA-
GATtcataggggatagagatgcTTTTTGGAAA-3; and MS552R, 5-AGCTT
TTCCAAAAAgcatctctatccectatgaATCTCTTGAATtcataggggatagagatge
GGG-3, in which the targeting sequences are indicated in lower-
case letters. To construct shRNA vectors, MS543F and MS544R
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(polD4-5), and MS551F and MS552R (polD4-3-1) were annealed,
then inserted between the restriction sites Bglll and Hindlll in
PH1RNAneo [7]. Cells transfected with a vector carrying either
polD4-3-1 or polD4-5 were cultured in media containing 1 mg/
ml G418 (Invitrogen, Carlsbad, CA 10131-027), which was reduced
by 0.2 mg/ml every 2days until it reached 0.4 mg/ml. When
colonies grew to visible seizes, they were fixed by cold methanol
for 5min and stained with 4% Giemsa for 15 min at room
temperature.

RNA interference. Transfection was carried out using 50 nmol/L of
a small interfering RNA (siRNA) duplex (Sigma-Aldrich) targeting
each mRNA, or negative control 1* (Ambion) with Lipofectamine-
2000 (Invitrogen). The sequences of siPOLD4 were the same as those
of polD4-3-1: POLD4 (siD4) sense, 5'-GCAUCUCUAUCCCCUAUGATT-
3'; and antisense, 5'-UCAUAGGGGAUAGAGAUGCTT.

Laser scanning cytometry (LSC). Following an overnight culture,
3 x 10°/ml Calu6 cells on coverslips were fixed by cold methanol,
washed with PBS, and incubated with 1 mg/ml RNase A in
50 mM Tris-HCl, pH 7.5, at 37 °C for 1 h. Cells were further treated
with 50 pg/ml propidium iodide in a mixture containing 180 mM
Tris-HCl, pH 7.5, 180 mM NaCl, and 70 mM MgCl, for 15 min.
Nuclei structures and DNA contents were analyzed using a Laser
Scanning Cytometer (LSC, Olympus, Tokyo, Japan), with DNA con-
tent at the G1 peak regarded as 2N, though Calu6 cells carry a
greater amount of DNA chromatin than normal cells.

Cell cycle synchronization. Calu6 cells were synchronized accord-
ing to the method of Nakagawa et al. [8], with minor modifications.
In brief, 24-h treatment with 2 mM thymidine was used to arrest
exponentially proliferating cells in the S phase. Cells were then re-
leased from arrest by three washes in PBS and grown in fresh med-
ium for 15 h, then 1 pM of aphidicolin was used for the second
block for 10 h. After releasing by three washes in PBS, cells were
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incubated in RPMI1640 containing 5% fetal bovine serum and har-
vested at various time points.

Immunofluorescence. Following an overnight culture, 3 x 10°/ml
Calu6 cells on coverslips were transfected with siRNA as described
above, After 48 h, they were fixed in 4% paraformaldehyde for
10 min at room temperature, followed by treatment with cold
methanol for 2 min. The coverslips were washed three times in
PBS, treated with PBS containing 0.25% Triton X-100 on ice for
30 min, and incubated with anti-lamin B or anti-y-tubulin anti-
body overnight at 4 °C. The cells were then washed three times
in PBS, incubated for 1h with Alexa 488-conjugated secondary
antibody (Molecular Probes, OR, USA), and analyzed using an
Olympus BX60 (Olympus).

Results and discussion
DNA synthesis activities of pol 6 with or without POLD4 in vitro

“In order-to-analyze POLD4 functions related to intrinsic pol &
activity, 3--and 4-subunit structures of pol § were expressed and
;purified."In-the-absence of POLD4, pol & was less active than the
holeenzyme -in -a reaction containing poly dA-dT as a template
primer (Fig. 1A), with a similar result obtained when the accessory
protein of -PCNA was omitted from the reaction (Fig. 1B). These
-results are consistent with those of previous studies [1,3] and indi-
cate that POLD4 is required for pol & to exhibit its full catalytic
activity.

POLD4 required for cell proliferation

A previous genetic study of S. pombe demonstrated that the
POLD4 ortholog of Cdm1 is a non-essential gene for cell growth,
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LC319 Calué
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Fig. 1. In vitro DNA synthesis activities of pol 5 and effect of POLD4 depletion on colony formation activity. (A) pol 5 activities were measured and plotted as described in
Materials and methods. (B) The same reactions were carried out in the absence of PCNA. (C) PC-10 was used for transfection with plasmids carrying either D4-3-1 or D4-5, and
colony formation activity was determined as described in Materials and methods. VC represents vector control. (D) Results of the colony formation assay were plotted in a

graph.
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division, and sensitivity to DNA damaging reagents [4]. Neverthe-
less, it is possible that mammalian cells with larger genomic sizes
require POLD4 for efficient and accurate DNA replication. We
investigated this possibility using shRNA-mediated knockdown of
POLDA4. As shown in Fig. 1C, two independent sequences of shRNA
caused reduced activity in a colony formation assay using PC-10, a
human non-small cell lung cancer (NSCLC) cell line. Similar results
were obtained with different NSCLC cell lines, Calu6 and ACC-LC-
319 (Fig. 1D). These findings suggest that human cells require
POLDA4 for proliferation.

Structure and population of karyomere-like cells following siPOLD4
treatment

Since pol 3 is a major DNA replication and repair polymerase,
impairment of its activity may cause DNA replication stress, such

¥

tubulin e

S s

NL

Multi

Lobed

as accumulation of single-stranded DNA gaps, and inefficient repair
of endogenous DNA damage, which ultimately results in cell death.
On the other hand, it is also possible that some cells continue to
grow following such genetic erosion, which may cause genomic
instability. Therefore, we investigated whether POLD4 is also re-
quired for suppressing genomic instability in human cells. Initially,
we attempted to establish stable clones with low POLD4 expres-
sion using shRNA-treated cells. However, clones with adequate
levels of POLD4 expression were gradually selected, leading to
recovery to the original level over time (data not shown). There-
fore, in the following experiments, we used siRNA to transiently re-
duce POLD4 expression (Fig. 2A, left).

Calu6 cells treated with siPOLD4 formed multiple or lobed nu-
clei, at a 5.3-fold greater frequency than in the control experiment
(Fig. 2B and C). Similar structures were also observed when A549
cells were treated with siPOLD4 (data not shown). Staining with
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Fig. 2. Structures and population of karyomere-like cells upon siPOLD4 treatment. (A) Western blot analysis of POLD4 and a-tubulin in protein extracts from siPOLD4- or
SiCTRL-treated Calu6 cells. (B) Upper panels: Calué6 cells were treated with siPOLD4 for 48 h and stained with DAPL Sample karyomere-like nuclei are shown. Lower panels:
Calu6 cells were treated with siPOLD4 for 48 h, then visualized with anti-lamin B antibody or DAPL (C) Calu6 cells were treated with siPOLD4 or siCTRL, then the frequencies of
karyomere-like structures in 1000 cells were counted and plotted. In this experiment, cells with three or more nuclear lobes, or three or more nuclei were regarded as
Kkaryomere-like cells. Averages of three independent results are shown with SD. (D) siPOLD4-treated cells were stained by DAP], then three sequential photographs were taken
every 4 pm from the bottom. Upper, middle, and lower panels show images of normal, multiple, and lobed nuclear structures, respectively. (E) After being treated with
siPOLD4, cells were visualized with anti-y-tubulin (left) or DAPI (right). Upper and lower panels show representative pictures of normal and karyomere-like nuclei,
respectively. Centrosomes are indicated by arrows. (F) LSC analysis. Phase-contrast and propidium iodide-stained images of karyomere-like cells among 4N and 8N (siCTRL),
or 2N and 4N (siPOLD4) cells. Bar indicates 10 pm.
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the anti-lamin B antibody outlined the edges of the DAPI structures
and showed that the nuclear envelope was formed around chroma-
tin (Fig. 2B, lower). Sequential acquisition of images from the bot-
tom of the cells further illustrated the abnormal structures of
single cells, including a flat profile and multiple nuclei (Fig. 2D,
middle panels), or a single nucleus associated with multiple lobes
(Fig. 2D, lower panels). For both types of abnormal structures, the
nuclear sizes were approximately that of a normally shaped nu-
cleus (Fig. 2D, upper panels).

545

The multiple nuclei seen with these structures were reminiscent
of ‘micronuclei’ that indicated the presence of DNA damage and DNA
replication stress in previous studies [9~11], while the lobed nuclei
closely resembled ‘karyomere’ nuclei observed in zebrafish blasto-
meres [12] and early Xenopus laevis development [13]. In that latter
study and other studies referenced therein, it was suggested that
karyomere formation is a physiological mitotic process that may
share similar mechanisms with pathological micronuclei formation;
with both multiple and lobed nuclei, isolated chromosomes might
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Fig. 3. Cell cycie dynamics of karyomere-like cells. (A) Calu6 cells were treated with siCIRL (left) or siPOLD4 (right), then their DNA contents were subjected to LSC analysis.
The G1 population found among the majority of cells was regarded as 2N. (B) In the same experiment, DNA contents of 100 karyomere-like cells were determined. Cell
numbers in each DNA content range were plotted with histograms. (C) Calu6 cells were treated with siPOLD4, then synchronized at the G1/S boundary and released for cell
cycle progression. At 0, 6, or 12 h after release, DNA contents were subjected to LSC. (D) In the same experiment, the DNA contents of 100 karyomere-like cells were measured.

Cell numbers in each DNA content range were plotted with histograms.
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be surrounded by a nuclear envelope after chromosome segregation
occurs. Therefore, those two types of abnormal structures are re-
ferred to as karyomere-like nuclei hereafter.

In addition to DNA damage, formation of karyomere-like nuclei
may also occur as a consequence of dysfunctions of the mitotic
apparatus [13,14]. Moreover, a previous study found that the
anti-POLD4 antibody bound the surface of mitotic chromosomes,
which suggests specific functions of POLD4 during mitosis [5}. To
investigate this, we analyzed the centrosome structures in si
POLD4-treated cells, as it has been reported that disturbed chromo-
somal migration occurred with abnormal replication or localiza-
tion of centrosomes [15,16]. Our present results showed that si
POLD4-treated cells were associated with normal centrosome
structures, which had one or two centrosomes located at a single
site (Fig. 2E). We also quantified the lagging-chromosome frequen-
cies, and found that they were very similar between siPOLD4- and
siCTRL-treated mitotic cells (data not shown). Although the results
of this limited experiment were contrary to our speculation that
POLD4 has some mitotic functions, we intend to conduct more de-
tailed examinations in the future.

Cell cycle dynamics of karyomere-like cells

In the following experiments, we studied the cell cycle dynam-
ics of karyomere-like cells. After siPOLD4 treatment, we observed
checkpoint activation (data not shown, detailed mechanisms dis-
cussed elsewhere), and accumulations of G1- and G2-populations
(Fig. 3A). In siCTRL-treated cells, most of the karyomere-like popu-
lations were found among the minor aneuploid populations (Figs.
3B and 2F, left panels). In contrast, karyomere-like cells in si
POLD4-treated cells were found to have normal ploidy as seen with
2N-4N cells (Fig. 3B, 2F, right panels).

In order to determine if karyomere-like cells remained alive and
had an ability to progress through the cell cycle, we synchronized
cells at the G1-S boundary, then released them and observed the
cell cycle progression, as well as the associated nuclear shapes
(Fig. 3C-E). Interestingly, karyomere-like cells progressed through
the cell cycle and returned to G1 at 12 h after release. In support of
these results, most karyomere-like cells were negative in TUNEL
staining findings (data not shown). Therefore, these structures
may not reflect the pro-apoptotic phenotype. Our results suggest
that most karyomere-like cells are able to proliferate until they be-
came arrested at the G1 or G2 phase, when DNA damage reaches
an intolerant level.

In conclusion, our results showed that POLD4 supports cellular
proliferation and suppresses karyomere-like nuclei formation in
human cells, which might occur as a consequence of impairment
of the DNA replication and repair activities of pol 5. A future study
to identify the direct link between POLD4 and mitotic functions
may reveal the underlying mechanisms to maintain genomic sta-
bility in human cells.
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ABSTRACT

The human Ena/Vasp-like (EVL) protein is con-
sidered to be a bifunctional protein, invoived in
both actin remodeling and homologous recombin-
ation. In the present study, we found that human
EVL forms heat-stable multimers of circular
single-stranded DNA (ssDNA) molecules in the
presence of a type | topoisomerase in vitro. An
electron microscopic analysis revealed that the
heat-stable ssDNA multimers formed by EVL and
topoisomerase were ssDNA catemers. The ssDNA
catenation did not occur when either EVL or topo-
isomerase was omitted from the reaction mixture.
A deletion analysis revealed that the ssDNA caten-
ation completely depended on the annealing activity
of EVL. Human EVL was captured from a human celi
extract by TOPO Illa-conjugated beads, and the
interaction between EVL and TOPO llla was con-
firmed by a surface plasmon resonance analysis.
Purified TOPO lllo. catalyzed the ssDNA catenation
with EVL as efficiently as the Escherichia coli topo-
isomerase I. Since the ssDNA cutting and rejoining
reactions, which are the sub-steps of ssDNA caten-
ation, may be an essential process in homologous
recombination, EVL and TOPO llla may function in
the processing of DNA intermediates formed during
homologous recombination.

INTRODUCTION

Human Ena/Vasp-like (EVL) is a member of the ENA/
VASP family, which is involved in actin-remodeling

processes (1). We previously reported (2) that EVL may
also function in homologous recombination, because it
directly binds to RADS51 and RAD51B, which are essen-
tial proteins for meiotic homologous recombination and
mitotic recombinational repair of DNA double-strand
breaks (3-6). Biochemical studies revealed that EVL
forms tetramer-based multimers, and actually stimulates
the RADS5Il-mediated recombinase reactions, such as
homologous pairing and strand exchange, in vitro (2,7).
In addition to the RADSIl-stimulating activity, EVL
also possesses ssDNA annealing activity (2), which is
considered to be important for the homologous-
recombination processes. Therefore, EVL may have dual
functions in cytoplasmic actin remodeling and nuclear
homologous recombination.

Topoisomerases promote DNA strand cutting and re-
Jjoining, and are known to be important in homologous
recombination. Escherichia coli RecA, a bacterial
homolog of RADS5I1, forms homologous joint molecules
between circular ssDNA and closed circular dsDNA by its
recombinase activity (8). Escherichia coli topoisomerase I
(Topo 1) reportedly converts the homologous joint mol-
ecules formed by RecA into hemicatemers (8). Escherichia
coli topoisomerase 1II efficiently catenates closed circular
dsDNAs in the presence of RecQ helicase (9,10), which is
suggested to function in homologous recombination. In
humans, TOPO Illax forms a complex with BLM and
BLAP75 (11,12), and the complex is reportedly involved
in the dissolution of the Holliday junction (13-18), which
is a DNA intermediate formed in the late stage of hom-
ologous recombination. These facts suggest that the DNA
cutting and rejoining activities of topoisomerases play im-
portant roles in homologous recombination.

In the present study, we unexpectedly found that EVL,
with either E. coli Topo I or human TOPO Ill, catalyzed
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