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Therapeutic strategies that promote read-through of a mutant gene have proved effective for certain non-
neoplastic diseases. However, the efficacy of this approach is unproven regarding neoplastic diseases with
germline nonsense mutations, including familial adenomatous polyposis. Here we examined the cancer-

éﬁc " preventive efficacy of the macrolide antibiotic azithromycin, with a reported read-through effect, on intestinal
emoprevention . .. i . . . . . .
Azithrol:nycin tumorigenesis in C3B6F1 ApcMm/ * mice harboring a nonsense Apc mutation resulting in a truncated Apc protein.

Mice were given drinking water lacking azithromycin or containing 0.0125-0.2 mg/mL azithromycin from 3
weeks of age. The small intestine and cecum were analyzed for pathological changes and alterations of intestinal
flora. Azithromycin suppressed the number of tumors and the proportion of adenocarcinomas, with the most
effective drinking-water concentration being 0.0125 mg/mL. Furthermore, azithromycin recovered the cellular
level of full-length Apc, resulting in downregulation of f-catenin and cyclin D1. Conversely, the effect of azi-
thromycin on the diversity of the intestinal microbiota depended on the drinking-water concentration. These
results suggest that the balance between azithromycin-mediate read-through of mutant Apc mRNA and anti-
bacterial effects influences intestinal tumorigenesis. Thus, azithromycin is a potential anticancer agent for fa-
milial adenomatous polyposis patients harboring nonsense mutations.

1. Introduction causal for FAP. Deletions of the other allele result in loss of heterozy-

gosity and tumor development (i.e., the two-hit theory) [7]. If left un-

Colorectal cancer (CRC) is the second leading cause of cancer death
in Japan [1]. The majority of patients with CRC have sporadic cancer
with no evidence of a relationship with inheritance [2]. On the other
hand, an estimated 5-10 % of all CRC cases have a hereditary basis, so
they are called inherited CRC syndromes [3] that have a much greater
likelihood of leading to cancer development.

The three major types of inherited CRC syndromes are familial
adenomatous polyposis (FAP) [4], hereditary nonpolyposis CRC [5], and
MUTYH-associated polyposis [6]. FAP is an autosomal dominant disease
characterized by the early onset of hundreds to thousands of adeno-
matous polyps throughout the large bowel [4]. A monoallelic mutation
in the tumor-suppressor gene APC (adenomatous polyposis coli) is

treated, almost all FAP patients develop CRC by age 50 [3]. The standard
treatment regimen for FAP patients is based on “preventive total
colectomy” at approximately age 20 [3]. However, this approach inev-
itably impairs the patient’s quality of life, particularly for young pa-
tients; therefore, young patients often receive preventative endoscopic
polypectomy [8], although it is not an established therapy. Therefore,
establishing new preventative measures other than surgical resection
would provide substantial benefits to FAP patients, particularly young
patients.

Nonsense point mutations result in a premature stop codon in mRNA
sequences, which, upon translation, produce truncated proteins [9].
Nonsense mutations account for ~42% of all variants of the APC gene in
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FAP patients [10]. In FAP patients harboring an APC nonsense mutation,
the translation of the mutant APC mRNA is prematurely terminated,
with the consequent loss of APC function [7]. APC is a multifunctional
tumor suppressor that negatively regulates WNT signaling via the
degradation of p-catenin. Therefore, adenomatous polyps in FAP pa-
tients harboring a nonsense mutation of APC accumulate p-catenin, a
target of APC, in the cytoplasm and nucleus, leading to the upregulation
of WNT signaling and the consequent overexpression of cyclin D1 and
c-Myc, which physically interact with p-catenin [11].

Research has demonstrated that certain aminoglycoside antibiotics
can promote the read-through of premature stop codons and facilitate
the synthesis of the full-length protein [12]. Therefore, these antibiotics
have been proposed as possible therapeutic interventions for patients
who carry such mutations [13]. In fact, the aminoglycoside antibiotic
gentamycin improved the symptoms in both mouse models and human
patients with Duchenne muscular dystrophy with nonsense mutations
[14]. This antibiotic-mediated read-through has also been reported for
treatments of other genetic diseases with nonsense mutations such as
cystic fibrosis [15]. However, the therapeutic use of aminoglycosides is
limited by the potential for nephrotoxicity or ototoxicity [15]. The
synthetic compound PTC124 (ataluren) was developed for long-term use
without marked side effects and has been conditionally approved for
read-through therapies [16]. Clinical trials utilizing PTC124 have
consistently yielded encouraging results for patients with cystic fibrosis
or Duchenne muscular dystrophy [16]. However, data are lacking for
the treatment of tumors having a hereditary basis, and thus the devel-
opment of read-through therapies for such tumors would have sub-
stantial clinical impact.

Macrolide antibiotics act via the same mechanism as aminoglyco-
sides and are efficacious mainly against Gram-positive bacteria. There-
fore, these antibiotics are generally used to treat infectious diseases such
as mycoplasma pneumonia, nontuberculous mycobacterial infection,
and chlamydia trachomatis urethritis/cervicitis. Recent studies have
demonstrated that certain macrolide antibiotics, such as tylosin, eryth-
romycin, and azithromycin (AZM), induce read-through of premature
stop codons in mammalian cells and mouse models with nonsense mu-
tations [17]. Among the macrolide antibiotics, AZM is effective at lower
doses and has fewer side effects, raising the possibility of long-term
administration [18]. Therefore, AZM is considered a promising candi-
date for the prevention of hereditary diseases associated with nonsense
mutations, including hereditary tumor syndromes, although its effec-
tiveness has not been tested.

C57BL/6J Apc™™* mice, which harbor a ¢.2549T>A (p.L850%)
nonsense mutation, are commonly used as a mouse model of FAP. Hence
numerous investigators have used this model mouse to study intestinal
carcinogenesis and cancer chemoprevention. However, almost all
C57BL/6J Apc™™/* mice die by age 120 days owing to bleeding caused
by the intestinal tumors [19]. Therefore, this mouse model precludes
long-term studies. On the other hand, C3B6F1 Apc¥™* mice (F1Min
mice) have sixfold fewer tumors and thus live longer than C57BL/6J
ApcM™/+ mice [20], enabling pathological observation of the full
multi-stage carcinogenesis process that ends in invasive cancer, and
therefore F1Min mice are suitable for tests of chemoprevention of ma-
lignant progression [21]. We utilized these mice to investigate the
cancer-preventive effects of AZM as well as its read-through effect.
Because AZM also affects the makeup of the intestinal bacterial flora
[22], we also monitored its effect on the bacterial community structure
of the intestinal microbiome.

2. Materials and methods
2.1. Mice
Male C57BL/6J ApcMi”/ * mice carrying a nonsense mutation at

codon 850 of Apc were originally purchased from the Jackson Labora-
tory (Bar Harbor, ME, USA) and maintained in our laboratory. Female
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C3H/HeJ mice were obtained from the Jackson Laboratory Japan Inc.
(Kanagawa, Japan). F1IMin mice were generated and genotyped as re-
ported previously [21].

2.2. Chemicals

AZM (purity >98.0%) (CAS number 117772-70-0, Tokyo Chemical
Industry Co., Tokyo, Japan) was dissolved in ethanol (maximal final
concentration, 0.4%), then diluted with sterile distilled water to con-
centrations of 0.0125, 0.05 and 0.2 mg/mL, and used as drinking water.
The maximum concentration of AZM was calculated based on the typical
dose used in clinical treatment without side effects as well as the average
weight and expected water consumption of mice.

2.3. Experimental procedures

Female F1Min mice were divided into four experimental groups and
orally given 0 (as a control), 0.0125, 0.05, or 0.2 mg/mL AZM in
drinking water continuously from 3 weeks of age. The mice in the
control group were given drinking water containing the vehicle (i.e.,
0.4% ethanol in water) (Fig. 1A). Five mice each were dissected at 8, 12,
and 16 weeks of age, and 10 mice were dissected at age 20 weeks;
euthanasia was carried out via isoflurane anesthesia. Liver, kidney,
spleen, bone marrow, intestinal tumors, and feces were collected for
histological, immunohistochemical, and intestinal bacterial examina-
tions. For all groups, mice were housed at five per cage and weighed
weekly during the experimental period. Water consumption in each cage
was measured three times a week as water bottles were replaced. All
mice were handled according to the principles and procedures outlined
in our institutional protocols after authorization by the Institutional
Animal Care and Use Committee (authorization number 20-1001).

2.4. Macroscopic examination

The small intestine was collected for macroscopic examination, and
tumor number and size were measured as reported previously [21]. The
‘tumor load’ was defined as the sum of the longitudinal diameter (in
mm) of all tumors per mouse, as described elsewhere [21,23].

2.5. Histopathology

All collected organs and tumors were embedded in paraffin,
sectioned at 4 um thickness, and stained with hematoxylin and eosin for
histopathologic analysis. The intestinal tumor sections were also stained
with alcian blue solution (pH 2.5; Muto Pure Chemicals Corp., Tokyo,
Japan) to detect acidic mucosal proteins for evaluating goblet-cell dif-
ferentiation [24]. Images of all stained specimens were transformed into
digital virtual slides using a NanoZoomer-XR slide scanner (Hamamatsu
Photonics Corp., Ltd., Hamamatsu, Japan) and stored in a J-SHARE
archive (Japan Storehouse of Animal Radiobiology Experiments) [25].
Histopathologic diagnosis and measurement of tumor diameter were
performed with NDP.view2 viewing software (Hamamatsu Photonics
Corp. Ltd.), which provides digital histopathologic images and mea-
surements of area and length. The adverse effects of AZM were evaluated
by analyzing histological changes in the liver, kidney, spleen, and bone
marrow. Tumors were histologically classified into two diagnostic cat-
egories, namely adenoma or adenocarcinoma according to established
criteria [26]. The correlation between tumor size and tumor progression
and the ratio of adenomas to adenocarcinomas were analyzed statisti-
cally as described below. The alcian blue—positive index was calculated
as the fraction of alcian blue—positive area in each tumor using Patho-
loscope image analysis software (Mitani Corp., Tokyo, Japan).

2.6. Immunohistochemistry

The cellular levels of Apc, f-catenin, and cyclin D1 were quantified
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Fig. 1. Experimental design and assessment of AZM
toxicity. A. Protocol for the mouse experiment. A total of
100 female F1Min mice were divided into four groups, and
drinking water with or without AZM was provided ad
libitum from 3 weeks of age. White arrowheads indicate
the date of sacrifice and dissection. Numbers in parentheses
indicate the number of mice. B. Change in average body
weight for each group over the course of the experiment. C.
Hematoxylin and eosin staining of thin sections of selected
organs of control mice (20 weeks) and mice that were given
AZM in drinking water at the highest dose for the longest
period (0.2 mg/mL, 20 weeks). Images in the panels are
magnified views of the black frame in the upper figures.
Scale bars in the leftmost panels apply to all images.
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by immunohistochemical staining of serial 4-um-thick sections of both
normal epithelium and tumors. The antibodies used were directed
against the following proteins: Apc (amino-acid residues 2770-2850, C-
terminal, LSBio Inc., catalog no. LS-C382049; 1:100 dilution), f-catenin
(BD Biosciences, catalog no. 610154; 1:400 dilution), and cyclin D1
(Cell Signaling Technologies, clone 92G2; 1:400 dilution). Standard
protocols for immunohistochemistry were followed [27]. The Apc-,

B-catenin-, and cyclin D1-positive indexes were calculated using the
same method as the alcian blue index.

2.7. cDNA synthesis, real-time PCR

Total RNA was isolated from fresh-frozen intestinal mucosa using the
AllPrep DNA/RNA/Protein Mini kit (Qiagen, Hilden, Germany). The
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resulting RNA solution was treated with DNase to degrade any residual
DNA. First-strand complementary DNA was synthesized from RNA using
SuperScript III reverse transcriptase (Thermo Fisher Scientific, Wal-
tham, MA) and primers Apc C-terminal portion, Apc-wild, Apc-Min,
B-catenin, and cyclin D1, which are listed in Supplementary Table 1.
Expression level data were normalized to values for the housekeeping
gene Gapdh. Analysis was carried out for samples of the distant small
intestinal mucosa of one wild-type C3B6F1 (Flwild) mouse and three
F1Min mice in each dosage group at 12 weeks of age.

2.8. Analysis of the intestinal microbiota

Analysis of the intestinal microbiota using fecal specimens was
outsourced to Techno Suruga Laboratory (Shizuoka, Japan). The
microbiota was analyzed by targeting bacterial 16S rDNA amplicon se-
quences. Generation of an amplicon-sequence variant table, including
quality filtering and chimeric variant filtering, was carried out using the
DADA2 plugin of Quantitative Insights Into Microbial Ecology 2
(QIIME2) version 2020.6 (https://docs.qiime2.org). The 16S rDNA
sequence data for each fecal sample were subjected to a homology
search using a publicly available analytical database provided by the
ribosomal database project (http://rdp.cme.msu.edu) to identify bac-
terial families. In addition, a-diversity and B-diversity were determined
by the UniFrac metric to evaluate distances between the samples and
visualized by a principal coordinate analysis score plot [28].

2.9. Statistical analysis

The data were analyzed using SPSS ver. 28 (IBM Corp., Tokyo,
Japan) and Prism 8.0 (GraphPad Inc., San Diego, CA, USA) software.
Differences between two independent data were determined using the
Student’s or Welch’s t-test based on the results of the F-test. Two-way
analysis of variance (ANOVA) was used to analyze the relationship be-
tween concentration and duration for the administration of AZM for
both macroscopic and histopathologic examinations. The significance of
a difference in -diversity of intestinal flora between the two groups was
analyzed with the non-parametric analysis of similarities (commonly
known as ANOSIM) based on unweighted UniFrac distances using
QIIME2. The significance level was set at p < 0.05 for all analyses.

3. Results
3.1. General observations of AZM-treated F1Min mice

For all experimental mouse groups, body weight increased gradually
with age toward the endpoint of the experimental period, with no sig-
nificant differences between groups (i.e., the three AZM-treatment
groups and control group) (Fig. 1B). In addition, there were no histo-
logical changes such as hepatic inflammation or hepatocellular necrosis,
extramedullary hematopoiesis in the spleen, renal inflammation, acute
tubular necrosis, or hypoplastic marrow (Fig. 1C). These results showed
that the range of drinking-water concentration of AZM (hereafter
“dose”) used did not lead to serious side effects.

3.2. AZM suppresses spontaneous intestinal tumorigenesis in F1Min mice

Next, we examined the inhibitory effects of AZM on tumor number
and size. Macroscopic views of small intestinal tumors revealed round or
oval tumors of varying size (Fig. 2A). The average number of tumors in
all AZM-treated groups tended to be fewer than that of the control group
at each of 12, 16, and 20 weeks of age (Fig. 2B). The average number of
tumors changed significantly over the experimental course of AZM
treatment (p = 0.0053, two-way ANOVA). In the control group, the
number of tumors increased gradually over time, whereas in the 0.0125
and 0.05 mg/mL AZM groups the increase in tumor number was sup-
pressed until 16 weeks of age. In particular, in the 0.0125 mg/mL AZM
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group at age 16 weeks, the tumor number was significantly lower than
that of the control group (p = 0.047). In all groups, tumor size increased
gradually with age (Fig. 2C-F). Meanwhile, AZM administration tended
to decrease the number of tumors with a diameter of 1-2 mm compared
with the control group at 12, 16, and 20 weeks of age. The lowest and
middle doses of AZM (0.0125, 0.05 mg/mL) were particularly effective
and suppressed tumor size at 16 weeks of age (p = 0.064, p = 0.050).
Tumor load also increased with age in all groups, whereas AZM
administration significantly suppressed it (p = 0.000002, two-way
ANOVA; Fig. 2G). Similar to what we observed for tumor number, the
lowest AZM dose significantly suppressed tumor load compared with 12-
week-old controls (p = 0.041).

Next, we evaluated the possible suppressive effect of AZM on tumor
progression by grading tumors based on histopathologic diagnoses. The
size of adenocarcinomas increased with age over the period 12-16
weeks (n =5 per group) and 20 weeks (n = 10). The number of ade-
nocarcinomas tended to decrease in the AZM-treated groups compared
with the control group (Fig. 3A). In the control group, the tumors pro-
gressed to adenocarcinoma despite their small size (i.e., relative to tu-
mors measured for the AZM-treated groups). The proportion of
adenocarcinomas in the control group increased over time. On the other
hand, in all AZM-treated groups, the proportion of adenocarcinomas
decreased compared with the control group. (p =0.022, two-way
ANOVA; Fig. 3B) The proportion of adenocarcinomas in the three
AZM-treated groups (0.0125, 0.05, and 0.2 mg/mL) was significantly
lower than that of the control group over the entire course of the
experiment (p = 0.00063, 0.00044, and 0.00091, respectively). The
proportion of adenocarcinomas in the 0.05 or 0.2 mg/mL groups at 12
weeks of age was significantly lower than that of the control group (both
p =0.026), and the proportion in the 0.0125, 0.05, and 0.2 mg/mL
groups at 20 weeks of age was also significantly lower than that of the
control group (p = 0.000024, 0.00065, and 0.00033 compared with the
control group, respectively). These results indicated that AZM reduced
the number of tumors and suppressed malignant progression from ad-
enoma to adenocarcinoma. Moreover, the lowest dose of AZM was the
most effective with respect to slowing tumorigenesis.

3.3. AZM induces read-through of the Apc nonsense mutation in normal
intestinal epithelia and tumors of F1Min mice

We next investigated the read-through effect of AZM in the normal
intestinal villus by immunohistochemical staining with an antibody
against the C-terminal portion of Apc. The normal villus cells of the
Flwild mice expressed the C-terminal part of Apc, whereas the crypt
cells did not (Fig. 4A). Compared with the Flwild mice, however, the
villus cells of F1Min mice expressed a lower level of the C-terminal part
of Apc (Fig. 4A). Of note, the immunopositivity of the C-terminal part
was apparently more intense after AZM administration compared with
that observed in control mice; however, there was no obvious depen-
dence of immunopositivity on AZM dose (Fig. 4A).

Next, we examined the levels of mRNAs encoding Apc, cyclin D1, and
B-catenin in normal intestinal mucosa to confirm that the increase in Apc
protein upon AZM administration depended on alterations in the
expression of genes related to WNT signaling (Fig. 4B-G). Flwild mice
have two copies of the normal Apc allele, whereas F1Min mice have one
copy of each of the normal and mutant alleles. The level of Apc C-ter-
minal mRNA was in the same range in all experimental groups (Fig. 4B).
Reflecting the genome copy number, the level of Apc wild mRNA was
approximately half that measured in the F1IMin mouse groups (Fig. 4C).
The level of Apc mutant mRNA was in the same range in the F1Min
mouse groups regardless of AZM dose (Fig. 4D). The ratio of the levels of
wild and mutant mRNAs was approximately 1.0 regardless of AZM dose
(Fig. 4E). These data demonstrated that AZM (at any dose) did not affect
the level of mutant mRNA in F1Min mice. There was no significant
difference in the level of p-catenin mRNA between groups (Fig. 4F).
However, the level of cyclin D1 mRNA was significantly greater in
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Fig. 2. Effect of AZM on tumor number, size distribution, and tumor load. A. Various sizes of tumors in the small intestine as shown in macroscopic views (ar-
rowheads) of control mice (16 weeks) and mice treated with 0.0125 mg/mL AZM for 16 weeks. B. AZM treatment reduced the average number of tumors per mouse
throughout the experiment. C-F. AZM treatment reduced the average number of tumors per mouse based on size distribution at 8 (C), 12 (D), 16 (E), and 20 (F)
weeks of age. G. AZM treatment decreased the tumor load per mouse. *p < 0.05 vs. control group by t-test. p < 0.05 among groups by two-way ANOVA.
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Fig. 3. Effect of AZM on tumor progression in F1Min mice at 12, 16, and 20
weeks of age. A. AZM treatment reduced the number of adenocarcinomas. The
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F1Min mice than in F1wild mice, and AZM administration decreased the
level of cyclin D1 mRNA in F1Min mice to the level measured in Flwild
mice without any dependence on AZM dose (Fig. 4G).

We subsequently quantified the area of Apc expression in tumor
samples to evaluate the read-through effect of AZM. We also measured
WNT signaling using antibodies specific for p-catenin and cyclin D1.
AZM administration increased the cellular level of the C-terminal part of
Apc in intestinal tumors of 12-week-old F1Min mice based on the greater
fraction of Apc-immunopositive area in the AZM-treated groups than in
the control group, which was statistically significant for the 0.0125 and
0.05 mg/mL AZM groups; there was also a significant difference be-
tween the 0.0125 mg/mL and 0.2 mg/mL groups (Fig. 5A and B).
Conversely, p-catenin and cyclin D1 levels were apparently decreased by
AZM administration; the percentage of immunopositive cells for these
proteins was significantly reduced in the AZM-treated groups compared
with the control group (Fig. 5C and D). In the AZM-treated groups, the
alcian blue—positive index, which reflects the differentiation status in
tumor areas, tended to be greater than that measured for the control
group (p = 0.076) (Fig. 5E). These results indicated that AZM, via its
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read-through activity, could suppress WNT signaling by inducing the
production of full-length Apc, thereby promoting the differentiation of
tumor cells into goblet cells.

3.4. AZM affects the intestinal bacterial profile

We hypothesized that the antibacterial action of AZM might be
related to the observed inverse relationship between AZM dose and its
cancer-preventive effect. Therefore, we examined the influence of AZM
on the fecal microbiota based on 16S rDNA metagenome sequencing.
The Simpson diversity (1D) index was used to represent the diversity of
microbial communities. The DNA sequence was determined for each
sample, and diversity was compared among the AZM groups and control
group. The average Simpson (1D) index was 0.98 (standard deviation
[SD], 0.003) for the control group, 0.94 (SD 0.003) for the 0.0125 mg/
mL group, 0.95 (SD 0.001) for the 0.05 mg/mL group, and 0.94 (SD
0.01) for the 0.2 mg/mL group. The range of these values was
0.92-0.99. UniFrac B-diversity principal coordinate analysis plots were
used to reflect bacterial community diversity in each sample (Fig. 6A). A
similarity between any two principal coordinate analysis plot patterns
would suggest that bacterial community diversity among the same AZM-
treated samples was smaller than that among different dose groups. In
fact, there were three aggregates of groups, the first comprising the
control, the second comprising the samples treated with 0.0125 mg/mL
AZM, and the third comprising samples treated with 0.05 or 0.2 mg/mL
AZM (Fig. 6A).

When the proportion of bacterial families in each dosage group was
analyzed and compared with the control group, the familial diversity in
the AZM treatment group was found to decrease with dose (Fig. 6B). The
proportions of the major three bacterial families, i.e., Lachnospiraceae,
Porphyromonadaceae, and Lactobacillaceae, were relatively well main-
tained in the 0.0125 mg/mL AZM group compared with the two higher-
dose AZM groups. Next, we examined bacterial family alterations closely
related to colorectal carcinogenesis and intestinal inflammation. The
proportion of family Lactobacillaceae, which is decreased in CRC patients
[29], was reduced in the 0.05 and 0.2 mg/mL AZM groups but not in the
0.0125 mg/mL group (Fig. 6C). On the other hand, the proportion of
Rikenellaceae, which helps control inflammation in the intestine [30],
was significantly increased in the 0.0125mg/mL AZM group
(p =0.0015, Fig. 6C). At age 16 and 20 weeks, Lactobacillaceae was
maintained at a relatively large proportion in the control and
0.0125 mg/mL AZM groups, in contrast to the 0.05 and 0.2 mg/mL
groups (especially, Lactobacillaceae was not detected at 16 weeks in the
highest-dose group). Rikenellaceae was maintained at a constant pro-
portion in the control group, as expected. In the 0.0125 mg/mL group,
its proportion was highest at 12 weeks and gradually decreased there-
after, reaching the same level as the control group at 20 weeks; it was not
detected in the middle and highest dose groups at most time points
(Fig. 6C). Finally, we analyzed the ratio of species of phylum Bacter-
oidetes compared with those of phylum Firmicutes, i.e., the B/F ratio,
which is inversely correlated with obesity and inflammation [31,32].
The B/F ratio decreased with age in all groups including the control
group (Fig. 6D). Over the time course of the experiment, the B/F ratio of
the 0.0125 mg/mL AZM group did not differ significantly from that of
the control group. In contrast, the ratio for each of the remaining two
AZM groups (0.05 and 0.2 mg/mL) decreased significantly (Fig. 6D).
These results suggested that the makeup of the intestinal microbiota in
the two higher AZM dose groups was substantially altered compared
with that of the control and 0.0125 mg/mL groups.

4. Discussion

This study demonstrates, for the first time, the potential for AZM to
prevent intestinal tumorigenesis in a mouse model of FAP harboring a
nonsense mutation in Apc, with the possible involvement of the read-
through activity of AZM. In addition, the antibacterial effect of long-
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Fig. 4. Expression of proteins and mRNAs
related to WNT signaling in normal epithelium.
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A. AZM increased the cellular abundance of the
C-terminal part of Apc in the villus cells of
F1Min mice. B-F. AZM treatment did not affect
the levels of the mRNAs encoding the Apc C-
terminal portion (B), the Apc-wild allele (C), the
Apc-Min allele (D), or p-catenin (F); likewise,
AZM did not affect the mRNA ratio Apc-Min:
Apc-wild (E) in F1Min mice. G. AZM treatment
suppressed the level of cyclin D1 mRNA in
F1Min mice, which was increased compared
with Flwild mice. Flwild: C3B6F1 wild mice;
F1Min: C3B6F1 ApcM™* mice. *p < 0.05,
**p < 0.01 and ***p < 0.001 by t-test.
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term AZM administration—especially at high doses—alters the intesti-
nal microbiota, and this aspect seems to correlate with the weakened
tumor suppressive effect of AZM at high doses.

The chemopreventive effect of macrolide antibiotics on tumors with
APC nonsense mutations has been reported in both animal experiments
and clinical trials. In a mouse model, treatment with tylosin for 10 weeks
significantly reduced the number of adenomas larger than 2 mm at age
12 weeks, with concomitant extension of lifespan [12]; treatment with

erythromycin for 8 weeks significantly reduced the number of proximal
adenomas at age 13 weeks [31]. In a clinical trial with FAP patients, the
chemopreventive effect of erythromycin on the number and size of
colonic adenomas was evaluated endoscopically before treatment, after
completing erythromycin treatment for 4 months as well as at 8 months
after completing treatment (i.e., 12 months after treatment onset) [33].
After 4 months of treatment, 7 of 10 patients responded to the
read-through therapy. This result suggests that the variability in the
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Fig. 5. Expression of proteins related to WNT signaling in tumor areas. A. AZM treatment altered the abundance of Apc, p-catenin, and cyclin D1 as well as the
proportion of alcian blue-positive cells in intestinal tumors of 12-week-old F1Min mice. The tumor sections were stained with hematoxylin/eosin and alcian blue and
immunostained with an antibody against Apc, p-catenin, or cyclin D1. B-E. AZM treatment increased the percentage of cells positive for Apc (C) and alcian-blue
staining (F) and decreased the percentage of cells positive for f-catenin (D) and cyclin D1 (E). *p < 0.05, **p < 0.01 and ***p < 0.001 by t-test.
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a-diversity. B. AZM treatment reduced familial diversity in a dose-dependent manner. C. Treatment with 0.0125 mg/mL AZM maintained the relative proportions of
Lactobacillaceae (upper) and Rikenellaceae (lower) compared with the two higher-dose AZM levels. D. Treatment with 0.0125 mg/mL AZM maintained the ratio of
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t-test.

chemopreventive effect of erythromycin might be a consequence of
inter-individual differences in physiology, e.g., owing to gender, age,
age at disease onset, adenoma burden, genetic background, and the
potential effects of erythromycin on the microbiome. In this study, we
used only female mice, although future studies with male mice also
would produce informative data with regard to the efficacy of AZM for
CRC.

Several research groups have documented the read-through effect of
macrolide antibiotics [12,17,31,33]. The effect of tylosin on the
read-through of a nonsense mutation in APC was demonstrated by a dual
luciferase read-through reporter construct containing the APC wild-type
or nonsense mutation at codon 1450, and the production of the
full-length protein product was verified by the hemagglutinin tag
method. Similar results were obtained via western blotting of
tylosin-treated SW1417 cells (colon-cancer line), which also carry a

nonsense APC mutation at codon 1450 [12]. In the present study, we
clarified the read-through effect of AZM in the normal intestinal
epithelium and tumors with a nonsense mutation at codon 850 by
immunohistochemical staining using an antibody against the C-terminal
part of Apc. In normal intestinal mucosa, AZM administration increased
the cellular abundance of full-length Apc. In contrast, the levels of
mRNAs encoding Apc wild and mutant alleles were essentially unaf-
fected by AZM dose. These results strongly suggest that the read-through
effect of AZM led to the production of full-length Apc via constitutive
expression of the mutant allele mRNA. Interestingly, the expression of
cyclin D1 mRNA was increased in F1Min mice compared with Flwild
mice and could be restored by treatment with AZM (Fig. 4G). However,
the abundance of cyclin D1 protein in normal intestinal mucosa was very
low compared with tumor regions (data not shown), although the
abundance of the corresponding mRNA was unaffected by AZM
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treatment. Samson et al. reported that homozygous deletion of Apc in
Ah-Cre* Apdf mice resulted in increased cellular abundance of cyclin
D1 and consequent progression to adenoma [34]. This suggests that the
heterozygous status of Apc in F1Min mice may not be sufficient for
overproduction of cyclin D1. We recently reported that the loss of
wild-type alleles, which is a key tumorigenic event in F1Min mice, was
predicated on cell proliferation-dependent chromosomal recombination
[35]. These data suggest that regulation of cell proliferation is critical for
tumorigenesis in F1Min mice. In tumors, the cellular levels of p-catenin
and cyclin D1 decreased in conjunction with increased expression of
full-length Apc. These results suggest that the full-length Apc produced
by the AZM-induced read-through effect may facilitate the formation of
the protein complex required for f-catenin degradation. Thence the
read-through effect of AZM in normal epithelium and tumor cells may
lead to suppression of both tumor development and progression. On the
other hand, recovery of full-length Apc level and suppression of tumor
number was inversely related to AZM dose, and the underlying reason
for this discrepancy must be studied in the future.

Our analysis of the mouse intestinal microbiota indicated that
maintenance of families Lactobacillaceae and Rikenellaceae was related to
the suppression of tumorigenesis. In contrast, the proportion of family
Lachnospiraceae, which has been reported to counter the onset of CRC in
humans by producing butyric acid [36], decreased with AZM dose but
was not related to suppression of tumorigenesis, indicating an incon-
sistency. Other research has also suggested that the longer the treatment
period and the higher the dose of AZM, the greater the effect on the
intestinal flora. The B/F ratio is related to obesity and inflammation
[32]. In our study, this ratio was significantly smaller in the two higher
AZM dose groups (Fig. 6D), suggesting that the higher doses may have
induced inflammation and thus limited the ability of AZM to suppress
tumorigenesis. This effect was smaller at the lowest AZM dose
(0.0125 mg/mL), at least through age 20 weeks. Overall, these results
suggest that although macrolide antibiotics can suppress inflammation
[31], they may alter the species composition of the intestinal microbiota
and thereby induce inflammation.

The efficacy of AZM to prevent tumorigenesis might be maximized at
a much lower dose than used in our present study. In other words, the
cancer-preventive effect of AZM (i.e., resulting from its ability to read-
through the Apc nonsense mutation) decreases above a certain
threshold of AZM dose.

5. Conclusion

Taken together, the cancer chemopreventive efficacy of AZM may
depend on the balance between its read-through and antibacterial ef-
fects. In addition, lifelong administration of an antibiotic(s) for cancer
prevention is not a realistic strategy owing to the substantial risk of
developing antibiotic-resistant bacteria as well as issues with medication
compliance. Towards future clinical applications, it will be necessary to
verify the relationship among duration of antibiotic treatment, effects on
the intestinal microbiota, and cancer-preventive effects of AZM. Finally,
treatment with AZM may also be applicable to the prevention of other
hereditary tumors and diseases caused by germline nonsense mutations.
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