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Abstract \
The gut microbiome has been increasingly suggested as an underlying cause of various human diseases. In this study, we
hypothesized that the gut microbiomes of patients with familial adenomatous polyposis (FAP) are different from those of healthy
people and attempted to identify the associations between gut microbiome characteristics and FAP.

We collected fecal samples from patients with FAP and healthy volunteers and evaluated the diversity, composition, and
distribution of the gut microbiome between the 2 groups via 16S rRNA-based taxonomic profiling of the fecal samples.

Fecal samples were collected from 10 patients with FAP (4 men and 6 women, mean age 39.2 + 13.8 years) and 10 healthy
volunteers (4 men and 6 women, mean age 40.9 + 9.8 years). The microbial richness in patients with FAP was significantly lower
than that in healthy people. Regarding microbial composition, the Firmicutes/Bacteroidetes ratio in patients with FAP was higher
than that in healthy people, especially in those with a lower proportion of Bacteroidetes and a higher proportion of Proteobacteria.
We also found 7 specific abundant strains in fecal samples of patients with FAP.

Patients with FAP had different Firmicutes/Bacteroidetes ratios and Proteobacteria abundance compared to healthy people
and showed the presence of specific bacteria. These findings suggest a promising role of the gut microbiome in patients with FAP,
although further studies are needed.

Abbreviations: APC = adenomatous polyposis coli, CRC = colorectal cancers, FAP = familial adenomatous polyposis, OTUs

= operational taxonomic units.
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1. Introduction

Familial adenomatous polyposis (FAP) is an autosomal domi-
nant genetic disorder where hundreds to tens of thousands of
adenomas occur in the colon and rectum, and almost 100% of
these colorectal cancers (CRC) occur before the age of 40."
A mutation in the adenomatous polyposis coli (APC) gene on
chromosome 521 is responsible for FAP.I?! Patients with FAP
can suffer from several cancers including CRC, duodenal can-
cer, skin cancer, bone cancer, connective tissue cancer, thyroid
cancer, and pancreatic cancer. Therefore, a screening program
is essential to prevent life-threatening diseases.”®! Unfortunately,
there are few appropriate therapeutic agents that prevent can-
cer in patients with FAP, and these patients typically develop
cancer and then require surgery. A few medications, includ-
ing metformin and celecoxib, have been suggested for reduc-
ing multiple polyps that occur in the gastrointestinal tract of
patients with FAP, but these have a nonsignificant effect in clin-
ical practice.!
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Recently, the gut microbiome has been implicated as an
underlying cause of several diseases, including irritable bowel
syndrome, inflammatory bowel disease, CRC, rheumatoid
arthritis, type 2 diabetes, and obesity.’! Increasing evidence
shows the important role of the gut microbiome in the colorectal
carcinogenesis and treatment.”! Inflammation, immune regula-
tion, metabolism of dietary components, and genotoxin produc-
tion as main mechanisms in colorectal carcinogenesis are closely
linked to the gut microbiome.!*! Several gut microbiome have
been expected to play an important role in mediating tumor
responses to chemotherapy and immunotherapy in patients
with melanoma and lung cancers, affecting the activation of the
immune system and tumor responses to treatment.”’ A study
carried out in APCM™* mice presented that the gut microbiome
of APC gene-deficient mice differed from that of normal mice
and a mutation of the APC gene alters colonic-microbial inter-
actions prior to polyposis.'” A recent study showed that the
Escherichia coli and Bacteroides fragilis strains were character-
istically dominant in the colonic mucosa in patients with FAP
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and genes for colibactin (cIbB) and Bacteroides fragilis (bft) were
highly expressed in FAP patients’ colonic mucosa compared to
healthy individuals."" However, there are still insufficient data
to clarify the role of the gut microbiome in patients with FAP.

In this study, we hypothesized that the gut microbial diversity
and composition of patients with FAP differed from healthy peo-
ple, and that the gut microbial characteristics of patients with
FAP would contribute to the occurrence of numerous colorectal
polyps and several cancerous diseases. Herein, we investigated
the differences in gut microbiome between patients with FAP
and healthy people, and we identified the clinical significance of
the gut microbiome in patients with FAP.

2. Methods

2.1. Subjects and stool collection

Between April 2020 and Mar 2021, patients with FAP and
healthy volunteers were enrolled in this study, conducted at
Kosin University Gospel Hospital, in Busan, Korea. For healthy
volunteers, patients with a history of abdominal surgery, inflam-
matory bowel disease, or cancer were excluded, and subjects
who had taken laxatives, metoclopramide, tegaserod, a proton
pump inhibitor, or antibiotics within the month prior to sam-
pling were also excluded. A study investigator explained the
study aims and procedures to all participants. Each participant
provided written informed consent before enrollment. General
patient information, including age, sex, and medical history,
was recorded. The subjects were asked to collect their stool
using a fecal sample collector kit (Medi4U®, Incheon, Korea)
at home and to store it immediately after collection at -20°C in
a freezer. Samples were transported to Kosin University Gospel
Hospital, enclosed in an insulated foil pack with dry ice, and
stored at -80°C in a deep freezer. All samples were transported
to Theragen Bio Inc. (Gyeonggi-do, Korea) for analysis. The
study protocol was approved by the Kosin University Gospel
Hospital (IRB No. KUGH 2020-03-023).

2.2. Sample preparation and data analysis

Fecal DNA was extracted from 200 mg of the stool sample using
a QTAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The quality of
the extracted genomic DNA was determined using NanoDrop
(NanoDrop 2000¢; Thermo Fisher Scientific, Waltham, MA).
DNA concentration was measured using an ultraviolet-vis spec-
trophotometer (Thermo Fisher Scientific) and quantified using
the QuantiFluor® ONE dsDNA System (Promega, Madison,
W1); thereafter, DNA was stored at -80°C until 16S rDNA library
preparation. Library preparation was performed according to
the standard instructions of the 16S Metagenomic Sequencing
Library Preparation protocol (Illumina™, Inc., San Diego, CA).
The V3-V4 region of the bacterial 16S rRNA gene was amplified
using aliquots of isolated DNA from each sample. The V3 to V4
region was amplified using the following 341F-805R primers.
16s-341F: TCGTCGGCA GCGTCAGAT GTGTATAAGA

GACAGCCTAC GGGNGGC WGCAG 16s-805R:
GTCTCGTGG GCTCGGAGATG TGTATAAGAGACAGG
ACTACHVG GGTATCT AATCC

Polymerase chain reaction products were purified using
AMPure XP magnetic beads (Beckman Coulter, Brea, CA) on
the DynaMag-96 Side Magnet (Thermo Fisher Scientific). The
quality of purified products was controlled using the Agilent
Bioanalyzer (Agilent, Santa Clara, CA). A secondary amplifica-
tion to attach the Illumina Nextera barcodes (Illumina, Inc., San
Diego, CA) was then carried out using the i5 forward primer
and the i7 reverse primer. The pooled libraries were sequenced
using the Illumina MiSeq platform in a 2 x 300 bp paired-end
run (Illumina). Reads were sorted using unique barcodes for
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each polymerase chain reaction product. The barcode, linker,
and primer sequences were then removed from the original
sequencing reads. Any reads containing 2 or more ambiguous
nucleotides, those with a low quality score (average score < 25),
or reads shorter than 300 bp were filtered out. Potential chime-
ric sequences were detected using the Bellerophon method.!"?

2.3. Statistical analysis

Pre-processed reads from each sample were used to calculate
the number of operational taxonomic units (OTUs), which
was determined by clustering the sequences from each sample
using a 97% sequence identity cutoff with QIIME software
(v.1.8.0).1'>'*1 Taxonomic classification was carried out using
the RDP (Ribosomal Database Project) database. Non-archaeal/
bacterial sequences were removed according to taxonomic clas-
sification results. Taxonomic abundance was counted with RDP
Classifier v1.1 using a confidence threshold of 0.8 derived from
the pre-processed reads for each sample. Microbial composition
was normalized using the value calculated from the taxonomy
abundance count divided by the number of pre-processed reads
for each sample. Alpha- and beta-diversity analyses were used
to assess biodiversity based on OTUs and visualized by ggplot
in R software package (v4.0.3). Linear discriminant analysis
effect size was evaluated to determine the features most likely to
explain differences between classes by coupling standard tests
for statistical significance using the Galaxy module (https://hut-
tenhower.sph.harvard.edu/galaxy).

3. Results

3.1. Baseline characteristics of patients with FAP and of
healthy people

Fecal samples were collected from a total of 10 patients with FAP
(4 men and 6 women, aged 39.2 = 13.8 years) and 10 healthy
volunteers (4 men and 6 women, aged 40.9 = 9.8 years). The
baseline characteristics of patients with FAP and healthy vol-
unteers are summarized in Table 1 and Table S1, Supplemental
Digital Content, http:/links.lww.com/MD/I69, respectively.
Among the 10 patients with FAP, 4 had a mutation on exon 15
of APC gene, 1 had a mutation on exon 14 of APC gene, 3 had
a mutation on exon 9 of APC gene, and 1 had a mutation on
exon 6 of APC gene (1 patient had no data for mutations of APC
gene). Among the patients with an APC mutation, F1 and F2 are
siblings, F6 is the father of F7, and F8 is the mother of F9. Of
the 10 patients, 5 underwent surgery; 2 had rectal cancers, and 3
had numerous colorectal polyps. Extraintestinal manifestations
including papillary thyroid cancer, congenial hypertrophy of the
retinal pigment epithelium, desmoid tumor, and gallbladder ade-
noma were present in 4 patients.

3.2. Differences in gut microbial diversity and composition
between patients with FAP and healthy people

To examine the microbial richness and distribution of fecal
samples, we assessed a-diversity and f-diversity. As shown in
Figure 1, a-diversity is presented using the Shannon index and
was significantly higher in healthy people than in patients with
FAP. In the analysis of B-diversity using Bray-Curtis dissimi-
larity, the samples showed different diversity patterns between
patients with FAP and healthy people (Fig. 2a, b).

When comparing microbial composition at the phy-
lum level, we found that the Firmicutes/Bacteroidetes ratio
in patients with FAP was higher than in healthy people. In
addition, Proteobacteria in patients with FAP was relatively
more abundant than in healthy people (Fig. 3a). At the genus
level,  Catenibacterium,  Collinsella,  Escherichia_Shigella,
Faecalibacterium, Streptococcus, Veillonella, and Weissella in
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Characteristics of patients with FAP.

Sex/ BMI ABO Alcohol Current Family TNM
No. age (kg/m? type history smoker Co-morbidities history (FAP) APC mutation Cancer Operation  stage EIM
F1 M/29 18.8 0 Yes Yes None Father Exon 15 (codon 951)  None No N/A None
F2 F/25 18.3 AB No No None Father Exon 15 (codon 951)  None No N/A PTC
F3 F/27 211 A No No None None Exon 14 (codon 653)  None No N/A CHRPE
F4 M/46 23.1 AB No No None Mother Exon 6 (codon 646)  None Yes TONOMO  Desmoid tumor
F5 F/42 25.9 A No No None Mother N/A None Yes TONOMO None
F6 M/54 16.9 B Yes No None Mother Exon 15 (codon 759)  Rectum  Yes T3N2MO0 None
F7 M/23 29.7 B No No None Father Exon 15 (codon 759)  None Yes TONOMO None
F8 F/59 28.8 B Yes No None Father Exon 9 (codon 358)  None No N/A GB adenoma
F9 F/28 185 0 No No None Mother Exon 9 (codon 358)  None No N/A None
F10  F/59 229 0 Yes No HTN Mother Exon 9 (codon 405)  Rectum  Yes T2NOMO None

APC = adenomatous polyposis coli, N/A = not available, BMI = body mass index, CHRPE = congenital hypertrophy of the retinal pigment epithelium, EIM = extraintestinal manifestation, FAP = familial

adenomatous polyposis, GB = gallbladder, HTN = hypertension, PTC = papillary thyroid cancer.
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Figure 1. Box plot of the alpha-diversity of bacterial communities in the 2
groups — patients with familial adenomatous polyposis (F) and healthy people
(H). The box plot presents the full range of values obtained from the source
data. The ggplot package for R was used for visualization (P < .05).

patients with FAP were more abundant than in healthy people
(Fig. 3b). Microbial composition is also presented using heat-
map analysis. Similar to the results presented as a stacked bar
chart, the individual fecal samples of patients with FAP tended to
have a lower abundance of Bacteroidetes and a higher abundant
of Proteobacteria compared with healthy people at the phylum
level (Fig. 4a). The results of heatmap analysis at the genus level
are presented in Figure 4b and are similar to the results shown in
the stacked bar chart.

3.3. Comparison of a specific gut microbiome of patients
with FAP and healthy people

We estimated Linear discriminant analysis effect size to com-
pare the differential abundance of each gut microbiome
between FAP patients and healthy people (threshold 2.0). As
shown in Figure 3, f_Xanthomonadaceae, o_Xanthomonadales,

f_Dysgonomonadaceae, g_Parolsenella, [_Rhizobiaceae, o_
Rhbizobiales, and g_Flavonifractor gnavus were enriched in
patients with FAP. In contrast, g Duncaniella, g_Schlegelella,
g_Alkalibaculum,  f_Bdellovibrionaceae,  g_Vampirovibrio,
o_Bdellovibrionales, g _Zhizhongheella, g_Anaerosinus, and
g_Ethanoligenens were enriched in healthy people. Next, we
explored each sample’s composition of gut microbiome using
Krona plots, which use multilevel and zoomable pie charts to
visualize both the most abundant organisms and their most
specific classification. As shown in Figure S1, Supplemental
Digital Content , http:/links.lww.com/MD/I70, the Krona
plots of healthy people were generally similar, with a major-
ity of Firmicutes and Bacteroidetes, except in a few instances.
Meanwhile, the Krona plots of patients with FAP showed
different patterns from healthy people, and some included
Proteobacteria and Actinobacteria. Interestingly, the Krona plots
for the FAP patients who had the same mutation of APC gene did
not show the same patterns (F1/ F2, F6/ F7, and F8/ F9).

4. Discussion

Emerging evidence has shown the crucial role of gut micro-
biome in the development of colorectal adenomas and CRC.
However, data on how gut microbiome contribute to develop-
ment of colorectal adenoma and CRC in patients with FAP are
lacking. In this study, we observed different gut microbial rich-
ness and composition between patients with FAP and healthy
people, and the Firmicutes/Bacteroidetes ratio in patients with
FAP was higher than in healthy people, particularly charac-
terized by a lower proportion of Bacteroidetes and a higher
proportion of Proteobacteria. We also observed that several spe-
cific gut microbiome entities, including f_Xanthomonadaceae,
o_Xanthomonadales, f_Dysgonomonadaceae, g_Parolsenella,
f_Rhizobiaceae, o_Rhizobiales, and g_Flavonifractor gnavus,
were enriched in patients with FAP compared with healthy peo-
ple. These findings suggest that the characteristic gut microbial
diversity and composition of patients with FAP, which differ
from those of healthy people, influence multiple colorectal ade-
noma and CRC.

Microbial richness in the human gut is an important param-
eter in host-microbe symbiosis.!'"! Lower bacterial diversity has
been observed in people with inflammatory bowel disease, psori-
atic arthritis, type 1 and 2 diabetes, atopic eczema, celiac disease,
obesity, and arterial stiffness compared with healthy controls.!"®!
Recent studies have reported that patients with CRC present
lower microbial richness in fecal samples and intestinal mucosa
compared with healthy people.'”!8 Gut microbial diversity is
likely a generally good indicator of a “healthy gut,”!'®"! although
greater richness is not always a sign of healthy gut microbiota and
can alternatively be due to overgrowth of a variety of harmful
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Figure 2. Beta-diversity visualized using the non-metric multidimensional scaling plot with Bray-Curtis dissimilarity distances of the 2 groups — patients with
familial adenomatous polyposis (F, violet color) and healthy people (H, sky-blue color) at the phylum and genus level.
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Figure 3. Comparison of bacterial composition of the 2 groups presented using stacked bar charts — patients with familial adenomatous polyposis (F) and
healthy people (H). (a) Relative abundance at the phylum level. (b) Relative abundance at the Genus level.

bacteria or archaea.?” Considering that our data showed lower
gut microbial richness in patients with FAP than in healthy peo-
ple, we posit a link between disease occurrence in patients with
FAP and lower abundance of the gut microbiome.

Bacteroidetes and Firmicutes are common dominant phyla
of bacteria in the gut, generally comprising half or more of
the population.?"??! Bacteroidetes mostly colonize the colon
and participate in harvesting energy from the diet through fer-
mentation of indigestible polysaccharides.?>* Several studies
reported a higher Firmicutes/Bacteroidetes ratio in obese people
compared with lean controls.?>-?”l The Firmicutes/Bacteroidetes
ratio increases from birth to adulthood and decreases from

adulthood to elderly age, and this alteration might be involved
in metabolic diseases.?! Proteobacteria is one of the most abun-
dant phyla in the human gut microbiome and contains sev-
eral human pathogenic genera including Brucella, Rickettsia,
Neisseria, Escherichia, Shigella, Salmonella, Yersinia, and
Helicobacter. Proteobacteria are often overexpressed in intesti-
nal and extraintestinal inflammatory diseases, although casualty
is not fully understood.”?’! Shen et al found a higher abundance of
Proteobacteria and a lower abundance Bacteroidetes in colorec-
tal adenoma cases compared with controls.?” Our finding that
patients with FAP had a lower proportion of Bacteroidetes and
a higher proportion of Proteobacteria compared with healthy
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people could help confirm the oncogenic role of Bacteroidetes
and Proteobacteria in patients with FAP, although further stud-
ies are needed.

We identified specific characteristics of gut microbiota
in patients with FAP. As shown in Figure 5, 7 OTUs were
more abundant in patients with FAP than healthy people.
Conversely, 9 OTUs were more abundant in healthy peo-
ple than patients with FAP. Of the strains that were more
abundant in patients with FAP, f_Xanthomonadaceae, o_
Xanthomonadales, f_Rhizobiaceae, and o_Rbizobiales belong
to the Proteobacteria phylum; f_Dysgonomonadaceae belongs
to Bacteroidetes; g_Parolsenella belongs to Actinobacteri; and
g_Flavonifractor gnavus belongs to Firmicutes. Of the strains
that were more abundant in healthy people, g_Schlegelella, f_
Bdellovibrionaceae, o_Bdellovibrionales, and g_Zhizhongheella
belong to the Proteobacteria phylum; g_Duncaniella belongs to
Bacteroidetes; g_Vampirovibrio belongs to Cyanobacteria; and
g_Alkalibaculum, g_Anaerosinus, and g_Ethanoligenens belong
to Firmicutes. Although the function of each bacterium is uncer-
tain, these results suggest the crucial role of a specific microbi-
ome in patients with FAP and healthy people, respectively.

This study has several limitations. First, the number of
patients in this study was small, which could reduce the reli-
ability of our results. To overcome this limitation, further pro-
spective studies with larger patient groups are needed. Second, 5
FAP patients who underwent the operation were included in the
analysis of this study. Since the patients who underwent opera-
tion have no remaining colon, it was unlikely that our data rep-
resent the results of the entire gut microbiome of FAP patients.
Third, patients included in our study had mutations in various
locations of the APC gene including on exon 15, exon 14, exon
9, and exon 6, even 1 had no APC gene test data. We could not
evaluate the characteristics of gut microbiome according to the
mutation of each exon, because the number of patients with
mutations in each exon was small. Fourth, this study was trial
included only Korean participants and was conducted in a sin-
gle institution. Therefore, the results may not be directly gener-
alized to populations of other institutions and countries.

In summary, this study found that patients with FAP have
different gut microbial richness, distribution, and composition
compared with healthy people. We also identified specific bac-
teria existing in the fecal samples of patients with FAP. These
results suggest a promising role of gut microbiome evaluation
for screening and treating patients with FAP, although more
investigations are needed. Our findings illustrate another poten-
tial means by which the gut microbiome can influence the devel-
opment of colorectal adenoma and CRC in patients with FAP.
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