F. Takahashi-Yanaga et al./Biochemical Pharmacology 89 (2014) 340-348 341

processes including the Wnt/B-catenin signaling pathway
[15,16]. GSK-3 inhibits the Wnt/B-catenin signaling pathway
by phosphorylating 3-catenin to accelerate its proteolysis [15,17],
resulting in the inhibition of transcription of CCND1, c-myc and
other Wnt target genes. In addition, GSK-3[3 phosphorylates cyclin
D1 to promote its degradation. Accordingly, GSK-3f3 reduces cyclin
D1 expression by two mechanisms: inhibition of CCND1 gene
transcription and promotion of cyclin D1 protein degradation
[17,18]. Therefore, we thought the compounds that induce GSK-3(3
activation could be useful as anti-tumor agents.

We previously reported that differentiation-inducing factors
(DIF-1 and DIF-3), which were identified in Dictyostelium
discoideum as putative morphogens required for stalk cell
differentiation [19,20], have a powerful antiproliferative effect
on human cancer cell lines in vitro [21-27]. With regard to the
underlying mechanisms, we revealed that DIFs accelerated
degradation of cyclin D1 and 3-catenin through the activation of
GSK-33, leading to the suppression of the Wnt/f3-catenin
signaling pathway and cell cycle arrest at the Go/G; phase in
various human cells [21-26]. Surprisingly, DIF-1 also suppressed
proliferation of colon cancer cells in which the Wnt/@-catenin
signaling pathway was constitutively activated by lack of (-
catenin destruction mechanisms. In this regard, we revealed
that DIF-1 suppressed transcription factor 7-like 2 (TCF7L2)
expression via reduced early growth response-1 (Egr-1)
protein amount, thereby inhibiting the Wnt/{3-catenin signaling
pathway without affecting [-catenin expression level [27].
However, the mechanisms for DIF-1’s in-vivo action remain to be
clarified.

Therefore, in the present study, to assess whether DIF-1 is
applicable to the treatment of malignant tumors, we examined
its in-vivo effects using mice. First, we examined its pharmaco-
kinetics and toxicity. Second, we evaluated the anti-cancer
effects of DIF-1 using a spontaneous cancer model and human
cancer xenograft models. For the former, we employed Mutyh-
deficient (Mutyh~/=) mice, which lack the MutY homolog
(MUTYH), a mammalian DNA glycosylase that initiates base
excision repair, and is thus susceptible to oxidative stress-
induced carcinogenesis [28-31]. These mice provide a useful
animal model for examining colorectal adenoma and carcinoma
[31]. For the latter, we used nude mice bearing HCT-116 cells
and those bearing Hela cells. Using these cancer models, we
show for the first time that orally administered DIF-1 exhibits
anti-tumor effects in vivo. Third, we examined the mechanisms
for DIF-1’s in-vivo actions.

2. Materials and methods
2.1. Chemicals and antibodies

DIF-1 (1-(3,5-dichloro-2, 6-dihydroxy-4-methoxyphenyl)-1-
hexanone) was synthesized as described previously (purity:
>98%) [32]. Celecoxib was kindly provided by Pfizer (New York,
NY, USA). An anti-cyclin D1 polyclonal antibody was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-3-
catenin and anti-GSK-3[3 monoclonal antibodies were purchased
from R&D Systems (Minneapolis, MN, USA). Anti-Egr-1 monoclonal
antibody, anti-transcription factor 7-like 2 (TCF7L2) monoclonal
antibody (6H5-3) and anti-phospho-GSK-3 (Ser®) polyclonal
antibody were purchased from Cell Signaling Technology (Danvers,
MA, USA). An anti-GAPDH monoclonal antibody was purchased
from Abcam (Cambridge, MA, USA). An anti-a-tubulin monoclonal
antibody was purchased from Calbiochem (Darmstadt, Germany).
Growth factor-reduced Matrigel was obtained from BD Biosciences
(San Jose, CA, USA).

2.2. Cell culture

HCT-116 and Hela cells were grown in Dulbecco’s modified
Eagle’s medium (Sigma, St. Louis, MO, USA) supplemented with
10% fetal bovine serum, 100 U/mL penicillin G, and 0.1 pg/mL
streptomycin.

2.3. Western blot analysis

Protein samples (10 pg/lane) were separated by 12% SDS-
polyacrylamide gel electrophoresis and then transferred to a
polyvinylidene difluoride membrane using a semi-dry transfer
system (1h at 12V). Western blot analysis was performed as
described previously [21]. Optical densitometric scans were
performed using NIH Image ] software.

2.4. Administration of DIF-1

For intraperitoneal administration, 30 mg/kg DIF-1, pounded in
a mortar and suspended in PBS, was injected into the abdomens of
C57BL/6] male mice (10-11 weeks old; Kyudo, Tosu, Japan). For
oral administration, DIF-1 was suspended in a 0.25% methylcellu-
lose solution or dissolved in soybean oil. These DIF-1-containing
solutions were then orally administered to the C57BL/6] mice.

2.5. Measurement of the DIF-1 concentration in mouse plasma

Mouse blood samples were collected by cardiac puncture at the
indicated times, and plasma was isolated by centrifugation at
500 x g for 15min. The plasma concentration of DIF-1 was
determined by a reverse phase high-performance liquid chroma-
tography (HPLC) system (Waters 2695, Milford, MA, USA) as
described previously [33] with a slight modification. Briefly, mouse
plasma samples (200 pL) containing 500 ng daisein (Wako Pure
Chemical Industries Ltd., Osaka, Japan) as an internal standard were
mixed with 200 pL chloroform. After mixing, the solution was
centrifuged at 13,000 x g for 5 min, and then the organic phase was
separated and evaporated. The residue was dissolved in 80 L of a
mixture of acetic acid (5%, v/v) and methanol (40%, v/v). A sample
(50 L) was then applied to a column for separation (TSKgel ODS-
80Ts; Tosoh Corporation, Tokyo, Japan). The samples were eluted by
a linear gradient of methanol (40-95%) in the presence of 5% acetic
acid over 40 min at a flow rate of 1.0 mL/min. A UV detector was
operated at 277 nm. A calibration curve was prepared by plotting the
area ratios of DIF-1 normalized to the internal standard.

2.6. Intestinal tumor model mice

Intestinal tumors (adenomas and carcinomas) were formed by
methods reported previously with slight modifications [31].
Briefly, KBrOs dissolved in drinking water at a concentration of
2 g/L was provided to 4-week-old mice for 12 weeks. At 16 weeks
of age, the mice were randomly divided into six groups (six mice
including three males and three females in each group). Mice in
test groups were orally administered with DIF-1 or celecoxib,
which was suspended in a 0.25% methylcellulose solution, once a
day for 5 days/week over 4 weeks. Control mice received the
vehicle only. The body weight of the mice was monitored weekly.
At 20 weeks of age, all mice were sacrificed to obtain blood and
intestinal samples. Blood samples were analyzed by a Celltac-
alpha MEK-6358 (Nihon Kohden, Tokyo, Japan) for blood cell
counts. Intestines were fixed in 4% formaldehyde, and the tumors
were observed under a microscope. Images of the tumors were
obtained and analyzed using NIH Image ] software. For Western
blot analysis, intestinal tissues (2 cm down from the pylorus) were
homogenized in Laemmli’s sample buffer immediately after
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resection. After adjustment of the protein content, the samples
were electrophoresed and blotted with antibodies. Intestinal
bleeding was examined in excrement by the guaiac reaction
(Sionogi II test; Sionogi, Osaka, Japan).

2.7. Human cancer xenograft model mice

Eight-week-old female mice (BALB/c nu/nu) were subcutane-
ously injected in their right flank with 400 p.L Matrigel and 5 x 10°
human cancer cells (HCT-116 or HeLa) suspended in PBS (1:1, v:v).
Mice were randomly divided into DIF-1 treatment and control
groups. At the beginning, DIF-1 was suspended in a 0.25%
methylcellulose solution and orally administered as in the
experiment with intestinal tumor model mice. However, later,
we improved the administration method to elevate plasma
concentrations of DIF-1 by dissolving DIF-1 in soybean oil and
dosing every 12 h (300 mg/kg in the morning and 150 mg/kg in the
evening) for 5 days/week. Control group mice received the vehicles
only. The body weight of mice was monitored weekly. Tumors
removed on the indicated days were measured for size and weight,
and then prepared for Western blot analysis. Blood samples were
collected and analyzed for blood cell counts.

2.8. Statistical analysis

Results are expressed as the means =+ s.e.m. Statistical analyses
of differences between two mean values were performed using the
Student’s ¢t-test. Multiple mean values were compared by one-way
ANOVA with the Dunnett’s multiple comparison test.
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2.9. Ethics information

The study protocol was approved by the Committee of Ethics on
Animal Experiments at Kyushu University (Permit Number: A22-
046-0). Animal handling and procedures were carried out in
compliance with the Guidelines for Animal Experiments, Kyushu
University, and the Law (No. 105) and Notification (No. 6) of the
Japanese Government. All surgeries were performed under sodium
pentobarbital anesthesia, and all efforts were made to minimize
suffering.

3. Results
3.1. Plasma concentration of DIF-1 in mice

To examine whether plasma DIF-1 concentrations reach
levels that can show an antiproliferative effect on tumor cells,
we measured DIF-1 concentrations after intraperitoneal and oral
administration in wild-type C57BL/6] mice using a HPLC system.
After intraperitoneal injection, the DIF-1 concentration rapidly
increased and reached maximal levels (20-30 pg/mL) within
30 min, followed by a rapid decline (Fig. 1A). When orally
administered, the DIF-1 concentration reached maximal levels
(30-40 pg/mL) within 1h, and the decline was much slower
compared with that following intraperitoneal injection (Fig. 1B).
Because the ECsq value of DIF-1 for an in vitro antiproliferative
effect is 5-8 pwg/mL, these results suggest that the plasma
concentration of DIF-1 can be sufficiently elevated to show an
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Fig. 1. Plasma concentrations of DIF-1.

DIF-1 was administered to mice intraperitoneally (A) or orally (B). Blood was collected at the indicated times to prepare HPLC samples. Upper panels: HPLC elution profiles.
Lower panels: time course of plasma DIF-1 concentrations. Values are the means + s.e.m. (n = 3). IS, internal standard.



F. Takahashi-Yanaga et al./Biochemical Pharmacology 89 (2014) 340-348 343

A

control

DIF-1
(150mg/kg)

o~]

100,

804 O

60{ _o
40-

tumor number

204 A

0 L] L} E L] 1 L
confrol 30 50 100 150 celecoxib

DIF-1 (ng/kg

Fig. 2. Effect of DIF-1 on intestinal tumors induced by KBrOs in Mutyh™/~ mice.
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A. Proximal region of the small intestines. Scale bar indicates 1 cm. Arrows indicate tumors with a >2.5 mm diameter. B. Tumor numbers are plotted for each mouse.
Horizontal bars indicate the means of each group (n=6). C. Mean tumor diameters are plotted for each mouse. Horizontal bars indicate the means of each group (n =6).
*P < 0.05 vs. control, ***P < 0.001 (one-way ANOVA with Dunnett’s multiple comparison test).

antiproliferative effect in vivo. Therefore, we used oral adminis-
tration for the following experiments.

3.2. Effect of DIF-1 on oxidative stress-induced tumors in Mutyh ™/~
mice

To evaluate the anti-tumor effect of DIF-1 in vivo, we first used
mice deficient for MUTYH, an enzyme that prevents formation of
oxidative stress-induced DNA lesions. Studies have shown that
MUTYH deficiency might be involved in the development of
colorectal adenoma and carcinoma in humans [28-30]. As we
reported previously [31], the occurrence of carcinomas in the small
intestine was dramatically increased by oxidative stress in Mutyh~/
~ mice. Twelve weeks of treatment with 0.2% KBrOs, a strong
oxidant, followed by vehicle treatment for 4 weeks induced
numerous intestinal tumors (55.7 + 8.4, n=6) in Mutyh~/~ mice,
whereas only a small number of tumors were formed in wild-type
mice (1.2 £ 0.5, n=6).

We administered DIF-1 or celecoxib to Mutyh~/~ mice for 4
weeks to examine the effects of these compounds. We used
celecoxib for reference because it has been used for the treatment
of FAP patients [34]. DIF-1 treatment (10-150 mg/kg/day for 4
weeks) markedly reduced the number and size of intestinal tumors
in a dose-dependent manner (Fig. 2A-C). The effectiveness of DIF-1
appeared to be comparable with that of celecoxib, because the
same doses (150 mg/kg) of these compounds showed similar
effects.

Next, we carried out Western blot analyses of tumor samples
obtained from vehicle- or DIF-1 (150 mg/kg)-treated mice. Because

DIF-1 activates GSK-3 by dephosphorylation of Ser® in cultured
cells [22,23,25], we analyzed the effect of DIF-1 on the
phosphorylation status of GSK-3 Ser® in the intestines. As shown
in Fig. 3A, DIF-1 significantly decreased the phosphorylation level
of GSK-3f Ser®, suggesting that DIF-1 also activated GSK-3f3 in
vivo. Furthermore, DIF-1 markedly decreased the protein expres-
sion levels of Egr-1, TCF7L2 and cyclin D1, although B-catenin
levels were unaltered (Fig. 3B). These results suggested that DIF-1
inhibited tumor growth in Mutyh~/~ mice by GSK-3@3-mediated
suppression of cyclin D1 expression and Egr-1-mediated suppres-
sion of TCF7L2 expression.

To examine whether long-term treatment with DIF-1 shows
adverse effect on the general condition, we measured their body
weight and peripheral blood cell counts, as well as observing their
appearance and activity. Red blood cell (RBC) numbers and
hemoglobin (Hb) concentrations were significantly lower in
Mutyh™/~ mice compared with those in wild-type mice
(Table 1). Mutyh~~ mice may have suffered from anemia caused
by intestinal bleeding due to developed tumors, because excre-
ment from Mutyh~/~ mice was strongly positive (+++) for occult
blood, whereas excrement from wild-type mice was negative (data
not shown). There were no significant differences in white blood
cell (WBC) or platelet numbers and changes in body weight (ABW)
between Mutyh™/~ mice and wild-type mice. Administration of
DIF-1 or celecoxib did not affect the appearance, activity, WBC and
platelet numbers, or ABW of the mice. However, DIF-1 and
celecoxib significantly increased RBC counts and Hb levels,
suggesting that these compounds prevent bleeding from the
intestinal mucosa by reducing size and number of tumors (Table 1).
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Fig. 3. Western blot analyses of proteins extracted from Mutyh~/~ mouse small intestines.

Protein samples prepared from the small intestines of vehicle- and DIF-1 (150 mg/kg)-treated mice were analyzed by Western blotting. A. GSK-33 phosphorylation levels.
Protein samples were subjected to Western blotting to analyze phosphorylation of GSK-3{ Ser® using an anti-phospho-GSK-3( antibody. After stripping, the membranes
were reprobed with an anti-GSK-3# antibody. Band densities are shown as percentages of the controls. Values are the means + s.e.m. (n = 6). *P < 0.05 vs. control (Student’s t-
test). p-GSK-33, phospho-GSK-3 (3. B. Expression levels of 3-catenin, Egr-1, TCF7L2, and cyclin D1. Band densities were quantified and normalized to those of tubulin. Values are the

means + s.e.m. (1 = 6). *P < 0.05 vs. control (Student’s t-test).

3.3. Effect of DIF-1 on human cancer xenografts

Our experiments using Mutyh‘/ ~ mice showed that DIF-1
inhibited intestinal tumor growth. However, it appeared possible
that DIF-1 administered into the digestive tract directly acted on
the intestinal mucosa without absorption into systemic circula-
tion. Therefore, we investigated whether orally administered DIF-1
could show an anti-tumor effect on tumors growing in a region
distant from the digestive tract. For this purpose, we employed
nude mice xenografted with two different cell species of human

cancer: HCT-116-xenografted mice to examine the effect of DIF-1
on colon cancer in vivo and HeLa-xenografted mice to confirm the
effect of DIF-1 in a different cancer. One reason that we chose these
two cancer cell species was that the (3-catenin destruction
mechanism is mutated in HCT-116 but it is intact in HeLa cells.
We first treated these xenografted mice with orally administered
DIF-1 (150 mg/kg every 24 h) that was suspended in 0.25%
methylcellulose (the same solvent used in Mutyh™/~ mice
experiments). However, DIF-1 failed to show a significant effect
on tumor xenografts (data not shown). We considered that this

Table 1
Effects of DIF-1 on blood cell counts and body weight.
WBC (x10? cells/pL) RBC (x10* cells/pL) Hb (g/dL) Plt (x10* cells/p.L) ABW (g)
Wild-type
Vehicle 58.0+5.7 923.3+16.3 12.2+038 527455 3.26+:0.77
Mutyh=I~
Vehicle 54.6 £6.1 615.7+ 664" 10.0+0.93 64.7+9.5 1.75+036
DIF-1 mg/kg
10 50.5+6.6 678.8+£60.0" 10.6+0.38 65.0+7.9 1.85+0.53
30 437472 682.3+67.0" 11.0+0.69 743+53 1.87+0.36
100 65.2+13.1 752.0+34.7 11.6+0.40 584+39 1.93+0.50
150 55.9+4.1 787.3+37.7 11.7+041 73.0+7.0 2.16+0.66
Celecoxib mg/kg
150 53.5412.7 828.3+29.1 11.6+0.38 64.1+6.6 2.51+£0.53

DIF-1, celecoxib or the vehicle (methylcellulose) was orally administered to mice for 4 weeks. Data represent the means =+ s.e.m. Statistical significance was determined by one-
way ANOVA with Dunnett’s multiple comparison test. N=6 for each group. WBCs, white blood cells; RBCs, red blood cells; Hb, hemoglobin; Plt, platelets; ABW, body weight change

from 12 to 16 weeks.
" P<0.05 vs. vehicle-treated wild-type mice.
“ P<0.01 vs. vehicle-treated wild-type mice.
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Fig. 4. Improvement of DIF-1 pharmacokinetics by dissolving it in soybean oil.
Mice orally received DIF-1 suspended in methylcellulose or dissolved in soybean oil.
Blood was collected at indicated times after administration and measured for
plasma DIF-1 concentration using an HPLC system. N=3 for each time point.
Methylcellulose data (1-6 h) are the same as those shown in Fig. 1B.

observation might result from the difficulty to maintain a sufficient
concentration of DIF-1 for more than 3 h (Fig. 1B).

After exploration of a method to increase DIF-1 plasma
concentration, we found that soybean oil was a better solvent
than methylcellulose. This effect was probably observed because of

enhanced absorption, although the trough concentration at 24 h
was still very low (Fig. 4). Therefore, we treated tumor-bearing
nude mice with DIF-1 dissolved in soybean oil every 12 h (300 mg/
kg in the morning and 150 mg/kg in the evening for 5 days/week).

As shown in Fig. 5A, DIF-1 administered in this manner
significantly suppressed the growth of HCT-116-xenograft tumor
masses and the tumor weight was reduced by approximately 40%
compared with that of the controls. Subsequently, we found that
the treatment with DIF-1 significantly decreased the phosphor-
ylation levels of GSK-3(3 Ser? (Fig. 5B) and the protein amounts of
Egr-1, TCF7L2 and cyclin D1, whereas (-catenin levels were
unaltered (Fig. 5C). These results were consistent with our previous
ones obtained from in vitro experiments using cultured HCT-116
cells, in which DIF-1 strongly inhibited HCT-116 cell proliferation
by GSK-3(3-mediated degradation of cyclin D1 and suppression of
Egr-1 expression, which subsequently inhibited TCF7L2-mediated
gene transcription without affecting [3-catenin expression [27].

DIF-1 administration also significantly decreased the weight of
HeLa-xenograft tumor masses (Fig. 6A). Similarly to HCT-116-
xenograft tumors, the treatment with DIF-1 showed tendency to
inhibit GSK-3@ Ser® phosphorylation, although it was not
statistically significant (Fig. 6B). DIF-1 treatment significantly
decreased the expression of (3-catenin, TCF7L2 and cyclin D1
(Fig. 6C), consistent with our previous results obtained using
cultured HelLa cells [21,22], indicating that DIF-1 inhibited HeLa-
xenograft tumor growth by GSK-3(3-mediated degradation of
cyclin D1 and suppression of the Wnt/B-catenin signaling
pathway”
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Fig. 5. Effect of orally administered DIF-1 on HCT-116-xenograft tumors.

A.Tumor appearance and weight. HCT-116 cells suspended in Matrigel were subcutaneously injected into the right flanks of mice. Tumor masses were removed after 2 weeks.
Photographs show representative tumors isolated from each group of mice. Scale bar indicates 1 cm. Values are the means =+ s.e.m. (n = 6). *P < 0.05 vs. control, **P < 0.01 vs.
control (Student’s t-test). B. GSK-33 phosphorylation levels. Protein samples were prepared from enucleated tumors and analyzed by Western blotting for phosphorylation of GSK-
3 Ser®. The membranes were stripped and then reprobed with an anti-GSK-3{ antibody. Band densities are shown as percentages of the controls. Values are the means + s.e.m.
(n=6).*P < 0.05 vs. control (Student’s t-test). p-GSK-3(3, Ser® phosphorylated GSK-33. C. Expression levels of Wnt signaling-related proteins. Protein samples were prepared from
enucleated tumors and analyzed by Western blotting for 3-catenin, Egr-1, TCF7L2, and cyclin D1. Band densities were quantified and normalized to those of tubulin. Values are the

means + s.e.am. (1 =6). *P < 0.05 vs. control (Student’s t-test).
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control (Student's t-test). B. GSK-3 3 phosphorylation levels. Protein samples were prepared from enucleated tumors and analyzed by Western blotting for phosphorylation of GSK-
3 Ser®. The membranes were stripped and then reprobed with an anti-GSK-3(3 antibody. Band densities are shown as percentages of the controls. Values are the means + s.e.m.
(n=5). *P < 0.05 vs. control (Student’s t-test). p-GSK-33, Ser® phosphorylated GSK-3. C. Expression levels of Wnt signaling-related proteins. Protein samples were prepared from
enucleated tumors and analyzed by Western blotting for B-catenin, TCF7L2, and cyclin D1. Band densities were quantified and normalized to those of tubulin. Values are the

means =+ s.exm. (n=15). *P < 0.05 vs. control (Student’s t-test).

Finally, we found no significant differences in the appearance,
activity, body weight, and blood cell counts between DIF-1-treated
mice and the controls, despite the treatment with higher dose of
DIF-1 compared with Table 1 (Fig. 7).

4. Discussion

The present study clearly showed for the first time that DIF-1
was absorbed through the digestive tract to elevate its blood
concentration and inhibited in-vivo tumor growth without
manifesting any apparent toxicity in three different cancer model
animals, Mutyh~/~ mice, HCT-116-bearing mice and HeLa-bearing
mice, suggesting that this compound might be applicable for the
treatment of human cancer. And moreover, regarding the
mechanisms for the anti-tumor effect of DIF-1, we found that
this compound also induced dephosphorylation of GSK-3[3 and
reduced TCF-mediated gene transcription in vivo.

MUTYH is a mammalian DNA glycosylase that initiates base
excision repair by excising adenine opposite 8-oxoguanine and 2-
hydroxyadenine opposite guanine, thereby preventing G:C to T:A
transversion mutations caused by oxidative stress [35-37].
Recently, a biallelic germline mutation of MUTYH has been found
in humans. Those carrying this MUTYH mutation tend to develop
multiple adenomatous colon polyps and have an increased risk of
colorectal cancer in parallel with an increased incidence of G:C to
T:A somatic mutations in the APC gene [29,30]. These mutations of
the APC gene induce constitutive activation of Wnt/B-catenin
signaling as observed in FAP patients. This type of polyposis is
called MUTYH-associated polyposis (MAP). Therefore, the animal
model that we employed appeared to be adequate to evaluate the

clinical utility of DIF-1. The efficacy of DIF-1 for treatment of
oxidative stress-induced intestinal tumors in Mutyh~/~ mice was
comparable with that of celecoxib, the only non-steroidal anti-
inflammatory drug clinically applicable for FAP patients. Because
celecoxib and DIF-1 inhibited TCF-mediated gene expression in
colon cancer cells [38,39], this may be a mechanism underlying the
intestinal tumor growth inhibition by DIF-1 and celecoxib.

Oral administration of DIF-1 suspended in methylcellulose
inhibited tumor growth in Mutyh~/~ mice, whereas at first the
same treatment failed to inhibit the growth of xenograft tumors.
Although we have not been able to address the precise reason for
this failure, we suppose that orally administered DIF-1 might exert
direct actions on tumors in the intestinal mucosa without being
absorbed into systemic circulation and that the plasma concen-
tration of DIF-1 may not have been sufficient to inhibit growth of
the xenograft tumors distant from the digestive tract. It was
difficult to maintain a sufficiently high plasma concentration of
DIF-1 for longer than 3 h as shown in Fig. 1B. Therefore, we
explored another method to improve absorption of DIF-1 and
found that soybean oil was a better solvent than methylcellulose to
maintain the plasma concentration of DIF-1 (Fig. 4). The reason for
this may be that hydrophobic DIF-1 molecules were more soluble
in oil than in water. In any case, oral administration of DIF-1
dissolved in soybean oil successfully inhibited growth of the
xenograft tumors, which indicated that DIF-1 distributed through
systemic circulation could inhibit tumor growth when the plasma
concentration of DIF-1 was sufficiently elevated.

The phosphorylation status of GSK-3(3 Ser® indicated that DIF-1
activated or tended to activate this kinase in both Mutyh™/~ mice
and nude mice bearing xenograft tumors. This observation is
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Fig. 7. Effect of DIF-1 on the body weight and blood cell counts of xenografted mice.

The body weight of xenografted mice was monitored weekly during the treatment period. Blood samples collected at the end of treatment were subjected to cell counting. A.
HCT-116-xenografted mice. B. HeLa-xenografted mice. Values are the means + s.e.m. (n = 6 for HCT-116-xenografted mice, n = 5 for HeLa-xenografted mice). WBCs, white blood

cells; RBCs, red blood cells; Hb, hemoglobin; HCT, hematocrit; PIt, platelets.

consistent with our previous results obtained using cultured tumor
cell lines [21-23,25,26]. Therefore, GSK-3[3 activiation and
subsequent degradation of 3-catenin may be one of important
mechanisms underlying the DIF-1 action to inhibit the Wnt/B-
catenin target gene expression. However, most colorectal cancers
including MAP carry somatic mutations in their APC or B-catenin
genes, which allow [3-catenin to escape from GSK-33-induced
degradation and to accumulate in the nuclei, leading to the
activation of B-catenin/TCF-mediated gene transcription [28-30].
Indeed, the 3-catenin signal is constitutively activated in HCT-116
cells and probably also in the intestinal tumors developed in
Mutyh~/~ mice [11-14,29,30], which may be a reason why DIF-1
could not decrease B-catenin in tumors of Mutyh™/~ mice and HCT-
116 xenograft tumors (Figs. 3B and 5C). Despite constitutively
active [(-catenin, DIF-1 strongly suppressed the expression of
cyclin D1 and TCF7L2 without affecting B-catenin expression
levels in the intestinal tumors of Mutyh~/~ mice and HCT-116-
xenograft tumors. This result was consistent with our previous in-
vitro study using HCT-116, in which we concluded that DIF-1
inhibited “Wnt target” gene expression through inhibition of

Egr-1-mediated TCF7L2 gene transcription independent of 3-
catenin [27]. As shown in the present study, DIF-1 also suppressed
the expression of Egr-1 in vivo, indicating that DIF-1 may inhibit
tumor growth in vivo by the same mechanism as revealed in vitro.

DIF-1 may have at least three pharmaceutical merits in
comparison to existing anti-cancer drugs. First, the mechanisms
of its action are very unique. DIF-1 strongly inhibits the Wnt/3-
catenin signaling pathway whether APC and/or [3-catenin are
intact or mutated, resulting in powerful suppression of the
expression levels of cyclin D1 and TCF7L2. Although this pathway
is often excessively activated in cancer cells, there is few anti-
cancer drugs that target this pathway so far. Second, DIF-1 is
unlikely to induce serious adverse reactions. DIF-1 induces cell
cycle arrest at G; phase without affecting cell viability [21,23,25].
In the present in-vivo study, repeated administration of DIF-1 did
not reduce the body weight or blood cell counts in mice. Certainly,
it is unknown whether this cytoprotective property is advanta-
geous in the treatment of cancer, for which cytotoxic drugs are
usually used. We expect that DIF-1 is useful at least when used in
combination with cytotoxic anti-cancer drugs. Third, DIF-1 can be
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applied through the digestive tract, although improvement can be
required to prolong its halflife in the blood. In summary, DIF-1 may
have potential as a novel oral anti-cancer agent with unique
mechanisms of action and less toxicity.

In addition, in-vitro and in-vivo experiments using endothelial
cells have shown that DIF-1 inhibits angiogenesis by reducing the
expression of vascular endothelial growth factor receptor-2, which
is independent of its effect on the Wnt/@3-catenin signaling
pathway [26]. Therefore, inhibition of the Wnt/f-catenin signaling
pathway may not be the only mechanism for the anti-tumor effect
of DIF-1. Despite our efforts and those of other research groups, the
target molecule(s) of DIFs for its antiproliferative effect on
mammalian cells has not yet been identified [40,41]. Identification
of the target molecule(s) may not only reveal the precise
mechanisms for the antiproliferative effect of DIFs but also offer
novel anti-cancer drugs that suppress both tumor cell proliferation
and neovascularization.
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8-oxoguanine causes spontaneous de
novo germline mutations in mice
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Spontaneous germline mutations generate genetic diversity in populations of sexually reproductive
organisms, and are thus regarded as a driving force of evolution. However, the cause and mechanism remain
unclear. 8-oxoguanine (8-0xoG) is a candidate molecule that causes germline mutations, because it makes
DNA more prone to mutation and is constantly generated by reactive oxygen species in vivo. We show here
that endogenous 8-0xoG caused de novo spontaneous and heritable G to T mutations in mice, which
occurred at different stages in the germ cell lineage and were distributed throughout the chromosomes.
Using exome analyses covering 40.9 Mb of mouse transcribed regions, we found increased frequencies of G
to T mutations at a rate of 2 X 1077 mutations/base/generation in offspring of Mth1/Oggl/Mutyh triple
knockout (TOY-KO) mice, which accumulate 8-0x0G in the nuclear DNA of gonadal cells. The roles of
MTH1, OGG]I, and MUTYH are specific for the prevention of 8-0xoG-induced mutation, and 99% of the
mutations observed in TOY-KO mice were G to T transversions caused by 8-0x0G; therefore, we concluded
that 8-0x0G is a causative molecule for spontaneous and inheritable mutations of the germ lineage cells.

to the offspring. It is evident that germline mutations occur, because sporadic and deleterious mutations

that cannot be transmitted to offspring continuously appear in human populations'~. The human de novo
germline mutation rate is estimated to be 1.20 X 10~*/nucleotide/generation’. However, the cause and mech-
anism of mutations in the germ cell lineage remain unclear. We hypothesized that the cause of these mutations
would be endogenously and spontaneously generated and remain in the germ cell lineage. 8-0xoG is one of the
candidate molecules for causing germline mutation, because it is endogenously generated by reactive oxygen
species (ROS) derived from cellular respiration, constitutively exists in DNA® and is known to cause G to T and A
to C transversion mutations by the ability to pair with A as well as C during DNA replication®™.

Mammals possess three enzymes to avoid 8-0xoG-induced mutations. MTH1 (mutT homologue 1, NUDT1)
degrades 8-0xodGTP in the nucleotide pool to prevent its incorporation into DNA®. OGG1 (8-0xoG DNA
glycosylase) excises 8-0x0G from DNA'*", and MUTYH (mutY homologue, adenine DNA glycosylase) removes
adenine misincorporated opposite 8-0xoG in DNA™. We and other groups have reported that mice deficient in
these enzymes are prone to developing cancer, indicating a mutator phenotype in somatic cells*'>. MUTYH is
also responsible for MUTYH-associated polyposis in humans'.

To evaluate the contribution of 8-0x0G to de novo germline mutation, we established the Mth1/Oggl/Mutyh
triple knockout (TOY-KO) mice, in which unrepaired endogenous 8-0xoG accumulates in the genome DNA. In
this paper, using the TOY-KO mice, we showed that 8-0xoG causes G to T mutations in germ lineage cells
(Supplementary Fig. S1 online).

E volution requires de novo germline mutations that are newly generated in germ lineage cells and inheritable

Results

Spontaneous mutations increased in Mthl~~/Oggl~~/Mutyh™ (TOY-KO) mice. To evaluate the
contribution of 8-0x0G to de novo germline mutation, we established the TOY-KO mouse in the C57BL/6]
background (>N16). TOY-KO mice are viable and fertile, although increased amounts of 8-0x0G accumulated in
various tissues, including the gonads (Fig. 1a). Moreover, TOY-KO mice had a shorter lifespan (Fig. 1b) and
developed various types of tumors (Fig. 1c). We maintained the TOY-KO mouse line originating from one pair

5 | 4:4689 | DOI: 10.1038/srep04689 1



a
% 40 [T): coreuy
& w [ : Tov-ko
-
£
% 20
X
& 10
[+

G1 G2 G3 G4 G5 G6 G7
Generation

b 100}=
— TOY-hetero
- 80 N, N
X .
E 60[ \“‘\
s 401 TOY-KO
@ 20fF \
0 1 A 1 1 )
0 100 200 300 400 500
Days

Figure 1| Phenotype of TOY-KO mice. (a) Accumulation of 8-0xodG in TOY-KO mouse tissues. LC-MS/MS was used to determine the amount of
8-0x0dG®. Data are presented as the means * SD. Wilcoxon tests were used to analyze differences between TOY-KO (gray) and C57BL/6]:Jcl (open)
mouse tissues (* P < 0.05; ** P < 0.001). (b) Survival of TOY-KO mice. The survival curve of TOY-KO mice (n = 56, indicated in red) was compared
with that of Mth1*/~/Oggl™’~/Mutyh*’~ (TOY-hetero) mice (n = 14, indicated in black). (c) A Harderian gland tumor (left) and a trichoepithelioma
(right) observed in a TOY-KO mice (indicated by arrows). Hematoxylin and eosin staining of each tumor is shown. Scale bars, 200 pm. (d) Numbers of
newborn and weaned mice. Gray and red bars indicate the numbers of newborn and weaned mice in each generation of TOY-KO mice, respectively.

(G1) to the 8th generation (G8) by intragenerational mating (Supple-
mentary Fig. S2 online). More than 35% of TOY-KO mice carried
macroscopically distinguishable tumors (Supplementary Fig. S2
online). As the generations increased, it became difficult to obtain
mice for breeding because of the decreased number of weaned mice
(Fig. 1d). Several phenotypic variations were found among the
progeny, such as hydrocephalus, belly white spot and anophthal-
mia (Supplementary Fig. S2 online). In cases of hydrocephalus and
white spot, the traits were transmitted to the next generation in an
autosomal dominant fashion with incomplete penetrance (Fig. 2,
Supplementary Fig. S2 online). These features indicate that
heritable mutations could arise in the TOY-KO mice.

To detect mutations that occur in the germ cell lineage and are
transmitted across generations of TOY-KO mice, we performed
whole exome sequencing analysis (Fig. 3a). We searched for different
sequences between the C57BL/6] mouse reference genome (MGSC-
v37) and TOY-KO mice that belonged to the most advanced genera-
tion of each branch of the pedigree (TOY365F, TOY609F and
TOY450F, shown in Fig. 3b). No sequencing reads corresponding
to parts of the wild-type reference sequences of targeted Mutyh,
Mthl, and Oggl loci were obtained in chromosomes 4, 5, and 6,
respectively (Supplementary Fig. S3 online), which confirmed that
the TOY-KO mouse was indeed deficient for the three genes, and
validated our exome analysis. By analyzing the exome covering
40.9 Mb of mouse transcribed sequences, which included 19,427

genes from 17 chromosomes, excluding chromosomes 4, 5, and 6
from the analysis to avoid ambiguity, we identified 262 base substi-
tution mutations (Fig. 3¢, Supplementary Table S1 online, Supple-
mentary Data S1 online). No insertion/deletion mutations were
detected in this analysis.

Identification of mutation origin mice. The 262 mutations detected
in TOY365F, TOY609F and TOY450F had occurred in one of the
mice in the 8-generations of the pedigree (Fig. 3b); therefore, we
determined the mutation origin mouse that initially possessed the
mutated allele in its tail DNA. We traced each mutation on the
pedigree by determining the sequences of all mutated alleles in 35
TOY-KO mice shown in the pedigree (Fig. 3b), using MassArray or
Sanger’s sequencing, and identified the origin of each de novo muta-
tion. The results of the sequencing are summarized in Supplemen-
tary Data S1 online with annotations. Among them, we considered
that 247 mutations found in G2-G8 mice had spontaneously
occurred in the germ cell lineage of TOY-KO mice, because these
mutated alleles were derived from gametes of their parent mice (G1-
G7) or were generated during early development of the mice (G2-
G8). The spectrum of germline mutation observed in TOY-KO mice
indicated a distinct feature: 99% (244/247) of the mutations were G to
T transversions (Table 1). G to T mutations had specifically increased
in TOY-KO mice lacking the ability to avoid 8-oxoG-induced
mutations; therefore, we concluded that 8-oxoG is a causative
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