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Translesion DNA synthesis (TLS)is animportant pathway that avoids genotoxicity induced by endogenous
and exogenous agents. DNA polymerase kappa (Polk) is a specialized DNA polymerase involved in TLS
but its protective roles against DNA damage in vivo are still unclear. To better understand these roles,
we have established knock-in mice that express catalytically-inactive Polk and crossbred them with gpt
delta mice, which possess reporter genes for mutations. The resulting mice (inactivated Polk KI mice)
were exposed to mitomycin C (MMC), and the frequency of point mutations, micronucleus formation in
peripheral erythrocytes, and yH2AX induction in the bone marrow was determined. The inactivated Polk
KI mice exhibited significantly higher frequency of mutations at CpG and GpG sites, micronucleated cells,
and yH2AX foci-positive cells than did the Polk wild-type (Polk*) mice. Recovery from MMC-induced
DNA damage, which was evaluated by yH2AX induction, was retarded in embryonic fibroblasts from the
knock-in mice when compared to those from the Polk* mice. These results suggest that Polk mediates
TLS, which suppresses point mutations and DNA double-strand breaks caused by intra- and interstrand
cross-links induced by MMC treatment. The established knock-in mice are extremely useful to elucidate
the in vivo roles of the catalytic activity of Polk in suppressing DNA damage that was induced by a variety
of genotoxic stresses.
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1. Introduction by cigarette smoke, aflatoxins, and chemotherapeutic agents from
exogenous sources [1]. These agents induce DNA damage in the
form of DNA adducts, abasic sites, DNA strand cross-links, and
single- and double-stranded breaks in DNA [2,3]. Such lesions are
repaired by a number of mechanisms within the cell but, because
chromosomal replication occurs before all lesions are removed,

DNA polymerases (Pols) involved in replication will inevitably

The human genome is continuously exposed to a variety of
endogenous and exogenous genotoxic insults, e.g. by reactive oxy-
gen species and alkylating agents from endogenous sources, and
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encounter the lesions. One strategy that cells develop to deal
with the lesions is translesion DNA synthesis (TLS), in which the
replication fork directly passes over DNA damage by means of
specialized Pols [4-6]. Unlike Pols responsible for chromosomal
replication, which stall at or before the lesions [7,8], the special-
ized Pols can bypass DNA lesions and continue primer extension
beyond them [9]. It is assumed that the replicative Pols would
take over the primer from the specialized Pols after successful
TLS, thereby accomplishing the whole chromosomal replication
[10].
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Pol kappa (Polk) is a specialized Pol that belongs to the Y fam-
ily, the most abundant class of Pols involved in TLS [11-14]. Polk
is unique in that its orthologs are present in Eukarya, bacteria
and Archaea [15-17]. Several lines of in vitro evidence suggest
that Polk may be involved in TLS across a variety of DNA dam-
age, such as N2-guanyl adducts induced by polycyclic aromatic
hydrocarbons and alkylating agents [18-23], a C8-guanyl adduct
by 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)[24],
thymine glycol [25,26], 8-oxo-guanine [27,28], and interstrand
DNA cross-links [29]. In addition to TLS, Polk is reported to be
involved in nucleotide excision repair [30], replication checkpoint
[31], repair of single-strand breaks in DNA [32], and microsatellite
stability [33]. Knockout (KO) mice of Polk are viable and exhibit
more frequent spontaneous mutations in liver, lung, and kidney
in aged mice [34,35]. However, it is still unclear which of the DNA
lesions Polk protects cells from in vivo (the whole body system) and
what roles it plays in preventing cancer induced by environmental
stresses.

To understand better the in vivo protective roles, we have estab-
lished knock-in (KI) mice where inactive Polk is expressed from
its cognate promoter. Two essential amino acids for Pol activ-
ity, Asp197 and Glu198, were changed to Ala and Ala in the KI
mice (PolkP197A-E198A mice). We generated KI mice instead of KO
mice because Polk interacts with other proteins, such as REV1
and PCNA [23,36-38]. REV1 interacts with Pol eta, Pol iota, and
REV3L (a catalytic subunit of Pol zeta) [39], and PCNA interacts
with a number of proteins involved in DNA transactions [40].
Therefore, a simple KO or knockdown of Polk might possibly

modulate the functions of other proteins, thereby obscuring the
intrinsic roles of Polk, which depend on a catalytic activity as a
DNA polymerase and on protein-protein cross-talks with other
DNA replication components to maintain the genome stability.
We crossed the PolkP197A-E198A mice with gpt delta mice [41],
which possess reporter genes for mutations in vivo. The gpt delta
mice have been extensively employed in chemical mutagenesis,
carcinogenesis, and radiation biology [42-44]. We exposed the
resulting mice, namely, inactivated Polk mutant and gpt delta dou-
ble transgenic mice (hereafter, referred to as inactivated Polk KI
mice, and their counterparts, the Polk wild-type gpt delta mice, as
Polk* mice) to mitomycin C (MMC). Then gene mutations and DNA
damage induced by MMC in these mice were evaluated in bone
marrow, which is widely known as a target tissue of MMC. We
chose MMC as the first genotoxic agent to be assayed on inactiv-
ated Polk KI mice because the chemotherapeutic agent induces
interstrand and intrastrand cross-links in DNA [45]. Interstrand
cross-links prevent strand separation of DNA, which inhibits DNA
replication, transcription, and translation. Although several Pols
such as Pol zeta, Rev1, and Polk are suggested to be involved
in TLS across lesions that have been unhooked from the cross-
linked DNA during repair [46], in vivo evidence of which Pols
participate in the repair process is missing. In addition, the Pols
responsible for TLS across intrastrand cross-links, which are much
more abundant after MMC treatment than the interstrand cross-
links, have been less thoroughly investigated [47]. The results from
inactivated Polk KI mice suggest that Polk plays significant roles in
protecting cells against genotoxicity of the inter- and intrastrand
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Fig. 1. Generation of inactivated Polk KI mice. (A) Structure of a targeting vector for inactivation of mouse Polk, and the predicted structures of the targeted and inactivated
Polk mutant alleles. The latter allele was generated from the former by Cre-loxP mediated recombination. PCR primers for genotyping are shown by horizontal arrows. (B)
The exon 6 of inactivated Polk KI mice. Wild type codons GAC GAA were substituted to GCT GCA in inactivated Polk K1 mice to introduce the Pst] digestion site. (C) An agarose
gel electrophoresis image for PCR products of mouse Polk exon 6 after PstI digestion. Polk wild-type (WT) allele is insusceptible to Pst] digestion. A PCR product from homo
genotype of Polk mutant (Ho) shows two fragments digested by Pstl. Hetero genotype of Polk mutant (He) shows both the wild-type allele band and the Pstl fragments. (D)
Western blotting analyses of the wild-type Polk expressed in wild-type mice (WT) and the Polk derivative with D197A-E198A in PolkP197A-E198A mjce (KI). Cell extracts (20 p.g)
of thymus (Thy), adrenal cortex (Ac), liver (Li), and testis (Tes) from the mice were applied to each lane. The arrow indicates the position of Polk and Polk derivative with

D197A-E198A.



A. Takeiri et al. | DNA Repair 24 (2014) 113-121 115

cross-links by carrying out error-free TLS. Modulation of Polk
activity may be important for suppressing secondary tumors asso-
ciated with MMC treatment. The contribution of other Pols in TLS
during repair against cross-links is also discussed.

2. Materials and methods

2.1. Animals

2.1.1. Generation of PolkP197A-E198A Mfjce

All animal care and experiment procedure in this study were
conducted in compliance with the internal regulations for animal
use at Chugai Pharmaceutical Co., Ltd., which have been approved
by the Association for Assessment and Accreditation of Laboratory
Animal Care International.

The targeting vector for PolkP197A-E198A mjice, which had muta-
tions directing the expression of D197A-E198A, was designed
(Fig. 1A). Briefly, to change the amino acids, the endogenous
sequence (5-AGT CTG GAC GAA GCC-3') in exon 6 of mouse Polk
was changed to a mutant sequence (5-AGT CTG GCT GCA GCC-
3’). A fragment of the neomycin resistance (neo) gene flanked
by two loxP sequences was inserted into intron 5. C57BL/6N
embryonic stem (ES) cells transfected with the linearized tar-
geting vector were cultured in a medium supplemented with
G418 for 10 days. Homologous recombinant ES cell clones were
screened for inactivated Polk mutants by PCR using a primer pair
of Forward (5'-ATCGATATGTCCATTTAGGGATGTT-3’) and Reverse
(5'-CTTCCTCGTGCTTTACGGTATC-3’) to amplify the exon 5 region
including a target vector fragment (Fig. 1A). PCR products of the
Polk mutants were detected at 3.29 kbp. The Polk mutant allele was
confirmed by Pstl digestion pattern of PCR products amplified with
a primer set of GT-PCR-F (5’-CTTTCTGTTCCTACCAGAATAATGC-3')
and GT-PCR-R (5'-TATATTCCAAGAGCTGCTTTCTGTT-3’) (Fig. 1Band
C). The mutations were confirmed by DNA sequencing analyses.
The Polk mutant ES cell clones were injected into BALB/cA blasto-
cysts to produce chimera mice. The chimera mice were bred with
C57BL/6N females to generate offspring with the Polk mutant allele.
After confirmation of germline transmission, the floxed neo gene
cassette was removed from the Polk mutant allele by pronuclear
microinjection of the Cre recombinase expression vector, pMacll-
Cre [48]. Removal of the neo gene cassette was confirmed by PCR
using a primer pair mPolk-F3 (5'-CAGGATGTCACGTTCATTAA-3')
and mPolk-R6 (5'-CCAAGAGCTGCTTTCTGTT-3’). PCR products of
the Polk mutant allele with and without the neo cassette were
detected at 3.26kbp and 1.26kbp, respectively. After homoge-
nization of the Polk mutant allele, C57BL6-Polkim3(mPolk)Csk mjce,
referred to in this study as PolkP197A-E198A mjce were established.
The Western blotting for the expression of D197A-E198A and
wild-type Polk in PolkP197A-E198A mice and littermate wild-type
mice, respectively, was conducted with polyclonal antisera against
human Polk [21].

2.1.2. Generation of Inactivated Polk KI Mice

The gpt delta mice, which have lambda EG10 DNA as a
reporter for mutations, were previously reported [41,42]. The
PolkP197A-E198A mijce were bred with gpt delta mice, and then the
successful double transgenic mice were selected by PCR using a
primer pair GT-PCR-F and GT-PCR-R for the Polk mutations and
SYYA0602-1 (5'-GCGCAACCTATTTTCCCCTCGA-3')and SYYA0602-2
(5'-TGGAAACTATTGTAACCCGCCTG-3’) for the gpt delta transgene.
The offspring (Polk mut/-,lambda EG10 Tg/Tg) were intercrossed to
produce double homozygous (Polk mut/mut, lambda EG10 Tg/Tg)
mice. Consequently, the inactivated Polk KI mice, that is to say, the
Polk mut/mut, lambda EG10 Tg/- or Polk mut/mut, lambda EG10
Tg/Tg, were established. The formal name of the inactivated Polk KI
mice is C57BL6-Polktm3(mPolk)Csk Tg(aptdelta)1Nmi.

2.2. MMC treatment and sample collection

For mutation analyses, the inactivated Polk KI mice (Polk
mut/mut, lambda EG10 Tg/-) and Polk* mice (Polk wt/wt, lambda
EG10Tg/-) were treated with MMC (CAS No. 50-07-7, Kyowa Hakko
Kogyo, Tokyo, Japan) intraperitoneally at a dose of 1 mg/kg/day
for 5 consecutive days (Fig. S1). Saline served as a solvent control.
Six 13-14-week-old female inactivated Polk KI mice were used for
each MMC- and saline-treated group. Four 12-13-week-old female
Polk* mice were used for each treatment group. Bone marrow cells
were collected from femurs one week after the final administration.
For the 1st micronucleus (MN) assay, small aliquots of peripheral
blood were collected from the dorsal metatarsal veins of the hind
foot of Polk* and inactivated Polk KI mice before each injection of
MMC during the five consecutive treatments. For the 2nd MN assay
and yH2AX evaluation, the inactivated Polk KI mice (Polk mut/mut,
lambda EG10 Tg/Tg) and Polk* mice (Polk wt/wt, lambda EG10
Tg/Tg) were treated with MMC in the same manner as described
above.Three male and 3 female 10-12-week-old mice of each geno-
type were used for each MMC- and saline-treated group. For MN
detection, small aliquots of peripheral blood were collected 24h
after the second injection of MMC during the five consecutive treat-
ments. For yH2AX evaluation, bone marrow cells were collected
from the femurs 3 h after the final administration.

2.3. Mutation frequency (MF) and mutation spectrum analyses

MF in bone marrow was measured by 6-thioguanine (6-TG)
selection and Spi~ selection according to the previous report [42].
At least 1 x 108 colonies or phage plaques were recovered from
genomic DNA of each animal. DNA sequences of the gpt genes in
6-TG resistant mutants, and those of the gam gene and the flanking
region in Spi~ mutants were determined by DNA sequence analy-
sis. Each mutation was classified to determine the mutation spectra.
Identical mutations obtained from the same mouse were regarded
as clonally propagated mutants and counted as one mutation and
the MF was compensated. Specific MF was calculated by multiply-
ing the group MF by the ratio of the number of mutations for each
type of mutation. Statistics analyses were conducted according to
the method of Carr and Gorelick [49].

2.4. MN assay

The peripheral blood samples were smeared on slide glass
and fixed with methanol. Micronucleated erythrocytes among
2000 immature erythrocytes stained with acridine orange were
microscopically counted for each mouse. The ratios of immature
erythrocytes in total 1000 erythrocytes were determined.

2.5. Measurement of bone marrow cells with yH2AX foci

The bone marrow cells were fixed with 4% paraformaldehyde
in phosphate buffered saline (PBS). The cells were rinsed with 5%
(v/v) heat-inactivated fetal bovine serum (FBS) in PBS and resus-
pended in PBS. Cold ethanol was added to the suspension to be
approximately 70% and stored at —20°C. The cells resuspended
in PBS were stained with anti-yH2AX (Ser139) antibody (Abcam,
Cambridge, UK) and Alexa Fluor 488 conjugated goat anti-mouse
IgG antibody (Invitrogen). The cells on cytospin-prepared slides
were embedded into antifade reagent (Invitrogen) including 4’,6-
diamidino-2-phenylindole (DAPI). Cells with yH2AX foci out of
more than 1200 cells in each mouse were counted. Image capture
and analysis was conducted using InCell Analyzer 6000 and imaging
software (GE healthcare Japan, Tokyo, Japan).



116 A. Takeiri et al. /| DNA Repair 24 (2014) 113-121

2.6. Measurement of yH2AX in mouse embryonic fibroblasts
(MEFs)

MEFs were prepared from 13.5 days postcoitum embryos of
inactivated Polk KI mice (Polk mut/mut, lambda EG10 Tg/Tg) and
Polk* mice (Polk wt/wt, lambda EG10 Tg/Tg). Cells were cultured in
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% FBS in a humidified atmosphere of 5%
€O, at 37 °C.Each MEF seeded in 96-well platesat 5 x 103 cells/well.
One day after the seeding, the cells were treated with MMC at doses
of 2-1000 ng/mL for 24 h. The cells were fixed with methanol 24,
72, and 120 h after the commencement of treatment. Cells were
stained with anti~yH2AX (Ser139) antibody (Millipore, Billerica,
MA, USA) and Alexa Fluor 488 conjugated goat anti-mouse IgG anti-
body (Invitrogen). Fluorescence intensity of YH2AX per nucleus out
of more than 200 cells was measured. The nuclei and cytoplasm
were stained with Hoechst 33258 and CellMaskRed (Invitrogen),
respectively. Image capture and analysis were conducted using
ArrayScan HCS Reader and imaging software (Thermo Fisher Sci-
entific, Waltham, MA, USA).

3. Results
3.1. Generation of inactivated Polk KI mice

The targeting vector used to make inactivated Polk KI mice
was designed to change the amino acids that are critical for Polk
catalytic activity, Asp197 and Glu198, to two alanine (Fig. 1A, B).
C57BL/6N ES cells were transfected with a linearized targeting vec-
tor by electroporation, and homologous recombinant ES cell clones
were screened by PCR. The PCR products of the Polk mutant allele
were detected at 350 bp and 156 bp and those of the wild allele were
detected at 506 bp after Pstl digestion (Fig. 1C). The Polk mutant
allele was confirmed by DNA sequence analysis. In total, 8 clones of
homologous recombinant ES cell clones were injected into blas-
tocysts to generate the chimera mice. The chimeras of 7 clones
were bred with C57BL/6N mice to produce heterozygote mice. We
obtained three independent mutant mouse lines, which had floxed
neo sequences. To remove the neo gene cassette, pMacll-Cre was
injected into fertilized eggs of lines #1H1 and #2G1 of Polk mutant
heterozygotes. After homogenization of the Polk mutant allele, two
lines of double transgenic mice were established independently by
breeding with gpt delta mice. Both lines had identical mutations
directing Asp197-Glu198 to Ala-Ala of Polk (D197A-E198A) in both
chromosomes and possessed lambda EG10 DNA, which carries the
reporter genes for in vivo mutations, gpt and red/gam [41]. We used
line #1H1 gpt delta mice for further examinations. To determine
whether the Polk derivative harboring D197A-E198A is expressed
at levels comparable to that of the wild-type Polk, we conducted
Western blotting analyses. Bands corresponding to the expected
molecular size of mouse Polk (96 kDa) were detected and the band
pattern of proteins was similar to that in a previous report [50]. The
similar intensity in the thymus, adrenal cortex, liver, and testis were
detected between the targeted and the wild-type mice (Fig. 1D). In
separate experiments, we confirmed that the derivative of Polk that
has D197A-E198A lost Pol catalytic activity in vitro (Figs. 52 and S3).

3.2. MMC-induced mutations at CpG or GpG sites in bone
marrow of mice

We treated inactivated Polk KI mice and Polk* mice with MMC,
and analyzed mutations in the bone marrow by two mutation selec-
tion systems, 6-TG and Spi~ selections. Firstly, in the 6-TG selection,
which predominantly detects base substitutions in the gpt gene
[42], MF of the tandem base substitutions at GpG sites, such as

Table 1

Sequence changes at CpG, GpG or their neighboring sites in the gam gene of Spi~
mutants recovered from MMC-treated or saline-treated groups of Polk" and inactiv-
ated Polk KI mice.

Mice Treatment Animal Position in the  Sequence
ID gam gene change®
Polk* Saline 103 212 acTgg — acCgg
MMC 202 140-142 cAGGat — cTTatc
202 314 tgCgt — tgAgt
202 189-192 gcCCgTga — gcAAgAAga
204 236 ccTge — ccCge
Inactivated  Saline 305 177 taCca — taAca
Polk KI 305 236 ccTge — ccAge
MMC 401 286-289 acggggee — acggggGee
402 177-178 taCCag — taAAag
402 127 acGet — acCAct
402 257-258 atCGet — atAAct
403 286-289 acggggee — acggggGec
403 314 tgCgt — tgAgt
404 344 gcGea— geCea
404 314 tgCgt — tgAgt
405 177-178 taCCag — taATag
406 177 taCca — taAca

3 Substituted bases are noted with capitals, and CpG and GpG sites are italicized.

5'-GG-3'to 5’-TA-3', was significantly enhanced by MMC treatment
in inactivated Polk KI mice (9.6 x 10~7 versus 0, p<0.01, Fig. 2A,
Table S1), while no significant induction was observed in the Polk*
mice (2.8 x 10~ 7versus 0). Although the difference was not statis-
tically significant, MF in inactivated Polk KI mice was about three
times higher than in Polk* mice (9.6 x 107 versus 2.8 x 10~7). In
addition, MF of G:C to T:A transversions was significantly enhanced
by MMC treatment in inactivated Polk KI mice (17.6 x 10~7 versus
6.0 x 10~7,p<0.05), whereas no significant induction was observed
in Polk* mice (11.3 x 10~7 versus 4.0 x 10~7). The tandem base
substitutions and the transversions in inactivated Polk KI mice were
mainly identified at three sites: 5'-CCG-3’, 5'-CCG-3/, and 5'-CGG-3’
(Fig. S4), with the underlined bases being changed.

The second selection, Spi~, detects frameshifts and base
substitutions in the gam gene and large deletions in the red/gam
genes [42,51]. In the selection, MF of single-base deletions at
monotonous G or C run sequences, such as 5'-GGGG-3' to 5'-GGG-
3/, in the gam gene was enhanced by MMC treatment significantly
in inactivated Polk KI mice (17.7 x 10~7 versus 9.8 x 107, p<0.05,
Fig. 2B, Table S2). In contrast, no significant increase was observed
in the MF in MMC-treated Polk* mice (5.1 x 10~7 versus 4.8 x 10~7).
In addition, MF of single- and tandem-base substitutions, inser-
tions and short sequence substitutions at 5-CpG-3’ or 5-GpG-3’
sequence, suchas 5'-CG-3' to 5'-AA-3’, was enhanced by MMC treat-
ment significantly in Polk KI mice (19.6 x 10~7 versus 2.4 x 1077,
p<0.01, Fig. 2B, Table 1, S2). No significant increase was observed
in the MF of MMC-treated Polk* mice (3.4 x 107 versus 1.6 x 1077).
The frequency of these mutations induced by MMC was about
six times higher in inactivated Polk KI mice than in Polk* mice,
and the difference was statistically significant (19.6 x 10~7 versus
3.4 x1077,p<0.01). Besides single deletions and substitutions, sev-
eral large deletions mostly with a size of more than 1kb were
detected (Table S3 and Fig. S5). However, the MF of such dele-
tions was not obviously different between MMC- and saline-treated
groups in either inactivated Polk KI or Polk* mice.

3.3. MMC-induced MN in bone marrow of mice

Next, we tested the protective role of Polk against clastogenic-
ity of MMC in an MN assay in bone marrow. The percentage of
MN in peripheral immature erythrocytes was elevated concomi-
tantly with consecutive treatments of MMC in both inactivated Polk
KI and Polk* mice (Table S4). Interestingly, the percentage of MN
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Fig. 2. MFs in 6-TG selection (A) and Spi~ selection (B) in the bone marrow. Bone marrow cells were obtained 1 week after the 5-day consecutive intraperitoneal treatments
with saline or MMC at 1 mg/kg/day from inactivated Polk KI and Polk* mice. (A) MF of tandem-base substitutions at GpG sites, e.g., 5'-GG-3' to 5'-TA-3, and single-base
substitutions of G:C to T:A. (B) MF of single-base deletions, e.g., 5-GGGG-3' to 5'-GGG-3', and base substitutions in the gam gene at CpG, GpG or their flanking sequences,
e.g., 5'-GG-3' to 5-TT-3'. * and ** means p <0.05 and p<0.01 by Fisher’s exact test, respectively. For the details, see Tables S1 and S2.

incidence in inactivated Polk KI mice was slightly but significantly
higher than that of Polk* mice at day two (5.2 £ 0.5 versus 3.7 £ 1.8,
p<0.05). The frequency of MN incidence was similar between the
two types of mice at day 4 (7.3 £2.3 versus 6.2 +2.8). To confirm
the initial results, we conducted a second MN assay focusing on
the percentage of MN incidence at day 2 (Fig. 3). The percentage of
MN incidence in inactivated Polk KI mice was significantly higher
than that of Polk* mice (6.5 2.2 versus 4.3 +£0.7, p<0.05), which
was very similar to the initial results. The ratio of immature eryth-
rocytes in total erythrocytes, which is a marker of erythropoiesis,
was decreased by MMC administration, but there was no significant
difference between inactivated Polk KI and Polk* mice. There-
fore, we concluded that the higher percentage of MN incidence in
inactivated Polk KI than Polk™ mice was due to the inefficiency of
inactivated Polk KI mice to suppress double-strand breaks in DNA
(DSBs) induced by MMC compared to Polk* mice.

3.4. Bone marrow cells with yH2AX foci in MMC-treated mice

To further examine the roles of Polk to protect cells from DSBs by
MMC, bone marrow cells having yH2AX foci (YH2AX positive cells)

[1Polk* MN% [ Inactivated Polk KI MN%
«o= Polk* IE% == Inactivated Polk KI IE%
* %k
10 9 * |
8 B
* %k
—_— 6 -
oz
e %'}\
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0 e
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Fig. 3. MN induction by MMC treatment in Polk* and inactivated Polk KI mice.
Incidence of micronucleated peripheral immature erythrocytes (MN%) and ratio of
immature erythrocytes among total erythrocytes (IE%) are indicated. * and ** means
p<0.05, p<0.01 in Mann-Whitney U test, respectively. Data represent mean=S.D.
(n=6).

were counted at day 4 (Fig. S1). The number of the YH2AX positive
cells was elevated by treatments of MMC in both inactivated Polk
KI and Polk* mice (Fig. 4). The incidence of yH2AX positive cells in
inactivated Polk KI mice was slightly but significantly higher than
in Polk* mice (80% versus 75%, p<0.05).

3.5. Recovery from MMC-induced DNA damage in the MEFs

To examine the role of Polk during recovery from DNA dam-
age induced by MMC at the cellular level, we exposed MEFs from
inactivated Polk KI and Polk* mice to MMC in vitro and followed
the kinetics of DNA damage with yH2AX as an index. The fluo-
rescence intensity of yH2AX per nucleus reached the maximum
levels 24 h after MMC treatment in MEFs of both inactivated Polk
KI and Polk* mice (Fig. 5). Interestingly, the fluorescence intensity
remained constant for 120 h in MEFs of inactivated Polk KI mice
while the fluorescence intensity disappeared gradually during the
period in MEFs of Polk* mice. On the other hand, apoptotic cells
with condensed or fragmented nuclei were not observed even at
the maximum dose in MEFs of either type of mice, therefore, the
phosphorylation of H2AX was not thought to have been caused by
apoptosis.

4. Discussion

MMC forms interstrand cross-links at CpG sites in opposite
strands and intrastrand cross-links at GpG sites in the same strand
of DNA [45]. Interstrand cross-links make two DNA strands insep-
arable, thereby inhibiting division of the strands and blocking DNA
replication. There are two pathways to remove the lesion: S-phase-
dependent and -independent interstrand cross-link repair [46,52].
In both pathways the cross-links are initially unhooked by endonu-
cleases from one of the two DNA strands followed by TLS that
bypasses the unhooked interstrand cross-link and restores one
intact strand for homologous recombination [52]. Although Pol
zeta and Rev1 are suggested to play roles in interstrand cross-link
repair [53], it has been shown in vitro that Polk bypasses minor
groove interstrand cross-links [29], that Polk plays a major rolein S-
phase-independent interstrand cross-link repair [54], and that cells
deficient in Polk are sensitive to cytotoxicity of MMC [29]. Thus,
we postulated that Polk plays substantial roles in repair of inter-
strand cross-links induced by MMC in vivo. In addition, regarding
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MMC 8291 6622 80
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Fig. 4. Images of YH2AX foci in bone marrow cells and the number of cells with foci in each treatment group are shown. The cells were obtained 3 h after 5-day consecutive
intraperitoneal injections of saline or MMC at 1 mg/kg/day from Polk* and inactivated Polk KI mice. * and ** means p<0.05 and p<0.01 by Fisher's exact test, respectively.

the intrastrand cross-link, it is unclear which Pols are responsible

for bypass beyond this type of cross-link.

To examine in vivo protective roles of Polk against the lesions
induced by MMC, we generated inactivated Polk KI mice and
analyzed mutations in the bone marrow. We hypothesized that,
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25}

o0l 24h

157
10;

Increase of
fluorescence (x 10%)

MMC (ng/mL)

Polk* MEF

Inactivated
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Control

if Polk mediated error-free TLS over inter- and intrastrand cross-

links, the frequency of mutations at CpG and GpG sequences would

O % P QDS S o %o D (@Q'@QQ
MMC (ng/mL)

24 h

72h

be enhanced. In fact, significant increase in MF of tandem base
substitutions at GpG sites was observed in the inactivated Polk
KI mice treated with MMC, while no significant increase was

O % @ & PSS

MMC (ng/mL)

120 h

Fig. 5. Images of YH2AX fluorescence and average fluorescence intensity in the nucleus of MMC-treated MEFs. The MEFs were derived from Polk" and inactivated Polk KI
mice. Each MEF was treated with MMC at up to 1000 ng/mL for 24 h. The images were captured 24 h, 72 h, and, 120 h after treatment. One representative experiment of three
is shown. Data represent mean=S.D. (n=4). *and ** means p<0.05 and p<0.01 by Student’s t-test or Welch's test, respectively. The unit of fluorescence intensity is arbitrary.
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Fig. 6. A schematic of the roles of Polk in suppressing point mutations and DSBs caused by intrastrand cross-links by MMC. Replication by conventional Pols is blocked by
MMC intrastrand cross-links. (a) When Polk is active, it is preferentially recruited at the site where DNA replication is blocked and conducts error-free TLS, which suppresses
the induction of point mutations and DSBs in DNA. (b) When Polk is inactive, other Pols, such as Rev1 and Pol zeta, are recruited and conduct error-prone TLS, which results
in effective suppression of DSBs with concomitant induction of point mutations. (c) Inactivation of Polk also increases the chances of DNA replication stall at the site of
the lesion, which results in yH2AX formation and DSBs in DNA. Polk may play similar important protective roles against interstrand cross-links where an endonucleolytic

incision makes unhooked lesions.

observed in Polk* mice (Fig. 2A, Table S1). In addition, the fre-
quency of single- or tandem-base substitutions, insertions and
short sequence substitutions at a CpG or GpG sequence or the flank-
ing bases induced by MMC was significantly higher in inactivated
Polk KI mice than in Polk* mice (Fig. 2B, Table 1, S2). MF of single-
base deletions occurring at monotonic G or C sequences was also
significantly increased by MMC treatment in inactivated Polk KI
mice, but not in Polk* mice (Fig. 2B). Collectively, these results
strongly suggest that Polk carries out error-free TLS beyond inter-
strand and intrastrand cross-links induced by MMC in the bone
marrow of mice (Fig. 6). When Polk is inactivated, other specialized
Pols, such as Rev1 and Pol zeta, would be more frequently recruited
to perform error-prone TLS across the cross-links, thereby inducing
point mutations [39]. The enhancement of single-base deletions at
monotonic G sequences after exposure to MMC was only observed
in inactivated Polk KI mice (Fig. 2B, Table S2) in the present study
and the enhancement did not occur in Polk wild phenotypes in pre-
vious studies [55,56]. We speculate, therefore, that Polk might be
preferentially recruited to N2—N2 guanine intrastrand cross-links
in guanine sequences to play a key role in suppressing frameshift
mutations in the sequences.

In contrast to the point mutations described above, there was
no difference in the MF of MMC-induced large deletions between
inactivated Polk Kl and Polk* mice (Table S3 and Fig. S5). Large dele-
tion mutations detected by Spi~ selection are generated by DSBs in
DNA followed by error-prone repair, such as non-homologous end-
joining [57]. Because Spi~ selection may not detect deletions larger
than 10kbps [58], we compared the frequency of MNs in periph-
eral erythrocytes and the incidence of bone marrow cells with
yH2AX foci in Polk* and inactivated Polk KI mice after MMC treat-
ment to understand the contribution of Polk in suppressing DSBs
in DNA. Interestingly, the MN frequency was significantly higher
in inactivated Polk KI mice than Polk* mice (Fig. 3). The frequency
of yH2AX-positive cells was also slightly but significantly higher
in inactivated Polk KI mice than Polk* mice (Fig. 4). Therefore, we
suggest that Polk plays a role in suppressing DSB induction by MMC

(Fig. 6). Although Pol zeta and Rev1 may play major roles in sup-
pression of large deletions [46,59,60], they induce point mutations
because of their error-prone nature. Polk might complement the
deficits of TLS mediated by these error-prone Pols by carrying out
error-free TLS to suppress point mutations.

To examine the kinetics involved in recovery by Polk from DNA
damage caused by cross-links, we measured yH2AX induction in
MEFs derived from inactivated Polk KI and Polk* mice. Similar dose-
dependent elevations of fluorescence intensity of yH2AX were
observed in both MEFs at 24 h after the MMC treatment (Fig. 5).
However, the yH2AX level at 120h after treatment was much
higher in the inactivated Polk KI MEF than in Polk* MEF. Phosphory-
lation of H2AX is mainly induced by DSBs in DNA, but is also induced
by DNA replication stall or apoptosis [61,62]. In this study, no apop-
totic morphologic changes were observed in MEFs even 120 h after
the MMC treatment (Fig. 5). Hence, the delay in the yH2AX recov-
ery in the inactivated Polk KI MEF may be attributed to persistent
DNA replication blocks due to the lack of Polk activity, blocks which
may result in DSBs in DNA (Fig. 6). We suggest that Polk contributes
to the prevention of DSBs by resolving the replication blocks by
carrying out TLS beyond inter- and intrastrand cross-links.

An increase in spontaneous mutations in Polk KO mice at 9
months and 12 months of age has been reported [34,35]. Base
substitutions of G:C to T:A or G:C to C:G in liver and kidney, and
G:C to A:T in lung are probably increased by intrinsic bulky DNA
adducts. In our present study, an increase in spontaneous base
substitutions of G:C to T:A was observed in inactivated Polk KI mice
up to 14 weeks of age (Fig. 2A, Table S1), albeit this lacked statisti-
cal significance. However, elevated MF of G:C to C:G or G:C to A:T,
as reported in Polk KO mice, was not detected while, on the other
hand, the spontaneous —1G deletions observed in our inactivated
Polk KI mice were not observed in the Polk KO mice. The discrep-
ancy in mutation spectra might show that a lack of whole Polk
protein, which includes an interactive domain with other Pols, in
the KO mice affects recruitment of and interaction with other TLS
Pols. Thus, the differences in mutation spectra might be attributed
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to the difference of TLS Pols recruited in place of Polk. It would
be interesting to see the difference in mutation spectra between
inactivated Polk KI and KO mice after aging.

5. Conclusions

Although many in vitro studies have characterized the possible
roles of Polk in repairing or preventing DNA damage, no convincing
evidence for what roles Polk plays in vivo has been provided. We
have established inactivated Polk KI mice with reporter genes for
mutation analyses to examine the role of Polk in preventing DNA
damage caused by MMC cross-links. The results indicate that Polk
plays a predominant role in suppressing point mutations by car-
rying out error-free TLS across inter- and intrastrand cross-links
in vivo (Fig. 6). The error-free TLS by Polk also contributes to the
prevention of DSBs in DNA, although error-prone TLS mediated by
other Pols, such as Pol zeta and Rev1, may play more major roles
in the repair. The KI mice we have established will play a pivotal
role in revealing the in vivo roles of Polk in repair and suppression
of DNA lesions induced by a variety of endogenous and exogenous
genotoxic stresses.
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We reported that differentiation-inducing factor-1 (DIF-1), synthesized by Dictyostelium discoideum,
inhibited proliferation of various tumor cell lines in vitro by suppressing the Wnt/B-catenin signaling
pathway. However, it remained unexplored whether DIF-1 also inhibits tumor growth in vivo. In the
present study, therefore, we examined in-vivo effects of DIF-1 using three cancer models: Mutyh-
deficient mice with oxidative stress-induced intestinal tumors and nude mice xenografted with the
human colon cancer cell line HCT-116 and cervical cancer cell line HeLa. In exploration for an appropriate

g?i‘:'“l’oms" route of administration, we found that orally administered DIF-1 was absorbed through the digestive
TCF7L2 tract to elevate its blood concentration to levels enough to suppress tumor cell proliferation. Repeated
GSK-3B oral administration of DIF-1 markedly reduced the number and size of intestinal tumors that developed

Wnt/B-catenin signaling pathway in Mutyh-deficient mice, reducing the phosphorylation level of GSK-3[3 Ser® and the expression levels of
Egr-1 early growth response-1 (Egr-1), transcription factor 7-like 2 (TCF7L2) and cyclin D1. DIF-1 also inhibited
the growth of HCT-116- and HeLa-xenograft tumors together with decreasing phosphorylation level of
GSK-3B Ser®, although it was not statistically significant in HeLa-xenograft tumors. DIF-1 also
suppressed the expressions of Egr-1, TCF7L2 and cyclin D1 in HCT-116-xenograft tumors and those of 3-
catenin, TCF7L2 and cyclin D1 in HeLa-xenograft tumors. This is the first report to show that DIF-1
inhibits tumor growth in vivo, consistent with its in-vitro action, suggesting that this compound may
have potential as a novel anti-tumor agent.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction niches [1-3]. Accumulating evidence suggests that this pathway is

often involved in oncogenesis and cancer development. Activation

The Wnt/(3-catenin signaling pathway, which is well conserved
throughout biological evolution, regulates a number of cellular
functions during embryonic development and in maintenance of
tissue homeostasis by regulating somatic stem cells and their
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of the Wnt/f3-catenin signaling pathway results in upregulation of
its target genes, such as CCND1 encoding cyclin D1 and c-myc,
which play key roles in the initiation and progression of G; phase in
the cell cycle [4,5], thereby promoting tumor formation [6-9]. In
fact, this pathway is constitutively activated in most colorectal
cancers, including those in patients with familial adenomatous
polyposis (FAP), and other types of malignant tumors [10-14].
Glycogen synthase kinase-3[3 (GSK-33) was first identified as a
cytoplasmic serine/threonine protein kinase that phosphorylates
glycogen synthase to inhibit its activity. However, it is now well
known that this kinase plays central roles in various biological



