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Colorectal cancer (CRC) is the third most common cancer in the world and the second leading cause of cancer
deaths in the US and Spain. The molecular mechanisms involved in the etiology of CRC are not yet elucidated due in
part to the complexity of the human gut microbiota. In this study, we compared the microbiome composition of
90 tumor and matching adjacent tissue (adjacent) from cohorts from the US and Spain by 16S rRNA amplicon
sequencing in order to determine the impact of the geographic origin on the CRC microbiome. Data showed a
significantly (P < 0.05) higher Phylogenetic Diversity (PD) for the US (PD Adjacent = 26.3 + 5.3, PD Tumor = 23.3 +
6.2) compared to the Spanish cohort (PD Adjacent = 189 + 5.9, PD Tumor = 187 + 6.6) while no significant
differences in bacterial diversity were observed between tumor and adjacent tissues for individuals from the same
country. Adjacent tissues from the Spanish cohort were enriched in Firmicutes (SP = 43.9% and US = 22.2%, P =
0.0001) and Actinobacteria (SP = 1.6% and US = 0.5%, P = 0.0018) compared to US adjacent tissues, while adjacent
tissues from the US had significantly higher abundances of Fusobacteria (US = 8.1% and SP = 1.5%, P = 0.0023) and
Sinergistetes (US = 0.3% and SP = 0.1%, P = 0.0097). Comparisons between tumor and adjacent tissues in each cohort
identified the genus Eikenella significantly over represented in US tumors (T = 0.024% and A = 0%, P = 0.03), and the
genera Fusobacterium (T = 10.4% and A = 1.5%, P = <0.0001), Bulleida (T = 0.36% and A = 0.09%, P = 0.02), Gemella (T
= 1.46% and A = 0.19%, P = 0.03), Parvimonas (T = 3.14% and A = 0.86%, P = 0.03), Campylobacter (T = 0.15% and A
= 0.008%, P = 0.047), and Streptococcus (T = 2.84% and A = 2.19%, P = 0.05) significantly over represented in Spanish
tumors. Predicted metagenome functional content from 16S rRNA surveys showed that bacterial motility proteins and
proteins involved in flagellar assembly were over represented in adjacent tissues of both cohorts, while pathways
involved in fatty acid biosynthesis, the MAPK signaling pathway, and bacterial toxins were over represented in tumors.
Our study suggests that microbiome compositional and functional dissimilarities by geographic location should be
taken in consideration when approaching CRC therapeutic options.

Introduction

Colorectal cancer (CRC) is the third most common cancer in
the world" with approximately 1.4 million new cases diagnosed
in 2012. According to the American Cancer Society, CRC is the
third most diagnosed cancer, the most common for both sexes,
and the second leading cause of cancer related deaths in the
United States, with an incidence of 57.2 for men and 42.5 for
women, and a mortality of 21.2 for men and 14.0 for women
(per 100,000, age adjusted to the 2000 US standard
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population).” In Spain, CRC is the third most diagnosed cancer
for men, after lung cancer and prostate cancer, the second after
breast cancer for women, and the second leading cause of cancer
deaths.” CRC incidence in Spain was 60.8 for men and 33.8 for
women, with an estimated mortality of 28.10 for men and 14.67
for women (per 100,000, age adjusted to the standard European
population for the years 2000-2004).*

The human body contains a vast number of microbes essential
to its proper functioning. Moreover, the human colon micro-
biota is composed of 10'® to 10'* microorganisms, primarily
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bacteria. The three most represented bacterial phyla in the
human colon are Firmicutes, Bacteroidetes, and Actinobacteria.”
7 Several metagenomics studies have reported that the microbiota
composition is diverse within and between individuals and popu-
lations.* In addition, factors including host genetics, diet, and
environmental factors have been proposed to have an impact on
microbiome composition and on the incidence of certain diseases
like diabetes, obesity, and CRC.'""'® Research studies have
shown that the composition of the gut microbiome was contin-
gent on dietary habits; with less reported disease incidence
directly correlated with diets rich in vegetables, fruits, and olive
oil (the “Mediterranean diet”)'”'® compared to diets rich in red/
processed meats and low in fiber (the “Western diet”).”?
Although the impact of diet in shaping the gut microbiota has
not been thoroughly elucidated, a recent human study comparing
the gut microbiome of individuals consuming an animal-based
diet versus a plant-based diet showed that the food regimen
altered the microbiome composition in a very short-term.”” The
study showed that the animal-based diet had a profound effect
on the gut microbiome significantly increasing the abundance of
Alistipes, Bilophila, and Bacteroides and decreasing the abundance
of the butyrate producers Roseburia, Eubacterium rectale, and
Ruminococcus bromii.*

Research studies indicate that the composition of the gut
microbiome is a major factor in CRC risk, 12102123 however
mechanisms of modulation are not clearly understood. Early
studies showed a direct correlation between increased abundance
of Bacteroides sp., Streptococcus gallolyticus (formerly S. bovis), and
Clostridium sp in CRC patients.”*** More recently, microbiome
studies using next-generation sequencing approaches have shown
that a decrease in bacterial diversity in the gut microbiota was
associated with higher CRC risk in stool samples.21 Moreover,
CRC patients have a distinct gut bacterial community composi-
tion with increased abundance of Fusobacterium, Porphyromonas
(which have been related to inflammation®'*”%®), Coriobacteri-
dae and Roseburia® and decreased abundance of Firmicutes, spe-
cifically Clostridia (involved in fermentation of dietary fiber®®)
and Enterobacteriaceae™ in both stool and mucosal samples.
Although Fusobacterium has been found over represented in the
gut microbiome of colorectal adenoma and carcinoma patients in
stool and mucosal samples, more research is needed to elucidate a
potential role of this bacterium as a potential CRC etiologic
agent.z&31

Published research studies in general have aimed to determine
the microbiome composition in CRC or adenoma patients

32-34

within the same population, or the composition of the

microbiome in response to dietary habits*>*” in different popula-
tions. Only a small number of studies have compared the gut
microbiome composition of CRC patients from different popu-
lations. A study comparing the microbiome of healthy individu-
als from a high CRC risk population (African-Americans) with a
low risk population (Africans)®®®” showed differences in the
microbiome composition between the 2 populations, which
probably reflect a diet high in fiber and less meat and fat for Afri-
cans compared to the African-American diet more comparable to
the Western diet. The study found an over abundance of
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Prevotella, Succinivibrio, and Oscillospira in Africans and a pre-
dominance of the genus Bacteroides in African-Americans. In
addition, the majority of CRC microbiome studies focused on
stools because sample collection protocols are less invasive.

Our study aimed to test the hypothesis that matching adjacent
tissue (adjacent) microbiome of individuals from different geo-
graphical locations has significant compositional differences
potentially reflecting different genetic backgrounds, diet and life-
style. We also aimed to demonstrate that, regardless of the sample
origin, the tumor microenvironment could modulate the micro-
biome composition leading to an increased abundance of func-
tionally equivalent phylogenetic groups in tumor tissues. We
analyzed the microbiome composition of 90 matched pairs of
colorectal carcinoma and adjacent tissues specimens from the US
and Spain by 16S amplicon pyrosequencing. The purpose of this
study was twofold: 1) to identify bacterial taxa over or under rep-
resented in tumor vs. adjacent tissues in human samples from the
2 geographical locations, and 2) to assess if differences between
tumor and tumor-adjacent tissues from 2 different populations
were comparable. Additionally, we used Phylogenetic Investiga-
tion of Communities by Reconstruction of Unobserved States
(PICRUSt)?® to infer metabolic differences between tumor and
adjacent tissues from individuals from the US and Spain.

Results

In this study we analyzed the mucosal-adherent microbiome
composition of matched pairs of colorectal carcinoma and adja-
cent tissues from 22 human subjects from the US and 23 human
subjects from Spain. Patient and sample characteristics are sum-

marized in Table 1 and Table S1. A total of 500,946 raw

Table 1. Summary of general characteristics of samples analyzed in this
study.

Cohort us Spain

N=44
(22 tumor and 22
tumor-adjacent)

N =46
(23 tumor and 23

Number of Samples tumor-adjacent)

Age Range
40-49 5 1
50-59 5 2
60-69 5 8
70-79 4 9
80-89 3 3
Sex
Female 1 8
Male 1 15
Tumor Location
Cecum - 2
Ascending (Right) Colon 12 5
Splenic Flexure 2 -
Descending (Left) Colon - 2
Sigmoid* 6 13
Rectum 2 1

*Includes recto-sigmoid tumors.
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Table 2. Most represented phyla in tumor and tumor-adjacent samples from the US and Spain. Numbers represent phyla relative abundance (%) + stan-

dard deviation.

Cohort Sample Type Actinobacteria Bacteroidetes Firmicutes Fusobacteria Proteobacteria

us Adjacent 05+ 03 555 + 22.1 222 £ 155 8.1 £ 1938 29 £+ 45
Tumor 0.5+ 04 545 + 19.0 271 + 164 84 + 163 24+ 29

Spain Adjacent 16+ 18 46.6 = 19.5 439 £+ 183 16 £ 42 32+389
Tumor 1.7 £ 20 455 £+ 16.8 36.8 + 184 10.5 £ 146 1.7 £ 26

sequences were generated from 90 samples (44 samples from the
US and 46 samples from Spain). After quality filtering, the mean
length of the remaining sequences was 361.4 £ 10.2 bp, the
average quality score was 35.4 £ 3.8, and the average number
of reads/sample was 3,467.9 £ 1,967.6. Ninety five percent of
the sequences were assigned to a taxonomic group while 5% of
the reads were unclassified/unassigned. A total of
4,523 Operational Taxonomic Units (OTUs) and 5,493 OTUs
were identified in the Spanish and the US cohorts, respectively
after clustering sequences at a 97% similarity threshold (equiva-
lent to the species level classification). The majority of sequences
in all samples belonged to the phyla Bacteroidetes, Firmicutes,
Fusobacteria, Proteobacteria, and Actinobacteria (Table 2) in
agreement with previous reports of the human gut microbiome
composition.”

The US gut microbiome harbors a higher phylogenetic
diversity than Spain

Overall, US samples showed a significantly higher Phyloge-
netic Diversity (PD) and Species Richness (S) than Spain samples
(Fig. 1). Additionally, adjacent samples from both Spain and the
US showed higher PD and S values than their corresponding
tumor samples, although those differences did not reach statisti-
cal significance (Fig. 1).

Principal Coordinates Analysis (PCoA) of UniFrac distance
matrices”® indicated that geographic ori-

PERMANOVA P = 0.850) or the Spanish cohorts (ANOSIM P
= 0.367, R = 0.0142, PERMANOVA P = 0.710). Likewise, no
statistically significant differences were observed in cohorts
between adjacent and tumor tissues among females, between
adjacent and tumor tissues among males, or in adjacent tissues
between males and females. We observed differences in the distri-
bution of bacterial taxa along the different regions of the colon;
however, due to the low number of samples originated from each
intestinal location, we did not perform statistical analyses to
assess significance. Abundance of unassigned bacteria was higher
in US tissues in both adjacent and tumor samples compared to
Spain samples regardless of tumor location (Fig. 3, Table S2).
The phylum Actinobacteria appeared to be predominant in the
right colon of the Spanish cohort in both adjacent and tumor
samples, although this observation was not replicated in the US
cohort. Conversely, Fusobacteria was over represented in the
right colon and splenic flexure in the US cohort, enriched in sig-
moid and rectal sections only in tumor samples, while this phy-
lum was abundant in left colon only in tumor of the Spanish
cohort.

Gut microbiome compositional differences between the US
and Spanish cohorts

In this section, we first present an overall comparison of the
relative abundance of bacterial taxa between cohorts. Next, we

gin of samples was the primary explana-
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tion for the variation in our dataset
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(Fig. 2). Analysis of Similarities (ANO-
SIM) and Permutational Multivariate
Analysis of Variance (PERMANOVA)
analyses showed no statistically signifi-
cant differences between the micro-
biome composition of adjacent and
tumor tissues for Spain or US cohorts
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(Figs. 2A and B). However, when we N T T

compared adjacent as well as tumor tis-
sues from the different geographic loca-

T T T T T T
Us Normal US Tumor 5P Normal 5P Tumor Us Normal USs Tumor

tions, we observed clear clustering by

cohort (Figs. 2C and D).

Due to the low number of partici-

pants in each age category we stratified

Cohort Sample type Phylogenetic Diversity (PD £ Std) Species Richness (S t Std)
Nomal 26.3+ 53 2106 £71.5
us
Tumor 233t 6.2 176+ 63.7
Nomal 189+ 59 1621 £ 62,6
Spain
Tumor 18.7+ 66 1418 £ 57.7

data into 2 groups: ages 40 to 69 and

ages 70 to 89 y old. No statistically sig-

nificant differences between age catego-
ries were observed for the US

(ANOSIM P = 0.544, R = —0.0129,

Figure 1. Comparison of phylogenetic diversity (PD) and species richness (S) between adjacent and
tumor tissues from the US and Spain. * P < 0.05
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Figure 2. Unweight UniFrac based Principal Coordinates Analysis (PCoA) of microbial communities
associated with adjacent tissues and tumors from the US and Spain. ANOSIM and PERMANOVA gen-
erated parameters are indicated in each comparative plot.

report compositional differences between adjacent tissues to
finally list compositional differences between tumor tissues of the

different populations. Enterobacteriaceae).
A.US B. Spain
Adjacent Tumor Adjacent Tumor
100 50 ORight Colon 0 100 100 0 0 Catiifii 0

Splenic
Flexure

Sigmoid

Rectum

Unassigned
Actinobacteria
Bacteroidetes
Firmicutes
Fusobacteria
Proteobacteria
Spirochaetes

Right Colon.

Left Colon

Sigmoid

Rectum

tumor location in the intestinal tract.

Figure 3. Representation of relative abundances of bacterial phyla in adjacent and tumor according to
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The main overall difference between
the US and the Spanish cohorts was the
significantly higher relative abundance of
Actinobacteria, specifically of the class
Coriobacteriia, in the Spanish cohort
(adjacent and tumor tissues) compared
to the US cohort (Fig. 4 and Table 2).
The most prevalent genera in both
cohorts were Bacteroides and Fusobacte-
rium. Both of them were over repre-
sented in the US compared to Spain.
Additionally, several taxa within the
most represented phyla were also signifi-
cantly (Steel Dwass All Pairs test P <
0.05) or borderline significantly (2 value
indicated between brackets) differentially
represented in the US cohort compared
to the Spanish cohort (Fig. 5, Tables 3
and 4): Actinobacteria (Propionibacte-
rium, Collinsela, and Slackia), Bacteroi-
detes  (Barnesiellaceae,  Buzyricimonas,
Paraprevorella, Prevotella [P = 0.06], and
Rikenellaceae [P = 0.052]), Firmicutes
(Geobacillus, other Clostridiaceae, Lacto-
bacillus, Coprococcus, Epulopiscium, Ori-
bacterium, Roseburia, Ruminococcaceae,
Schwartzia, Selenomonas, and Bulleidia

[P = 0.067]), Fusobacteria (Cetobacterium, Leprotrichia, and
Fusobacterium), and Proteobacteria (Ralstonia, Bilophila, and

The comparative analysis of adja-
cent tissues revealed that, in addition
to the described overall overrepresenta-
tion of Actinobacteria in the Spanish
cohort, Firmicutes and Proteobacteria
were at a significantly higher relative
abundance in the adjacent tissues of
the Spanish cohort compared to the
US cohort (Table 2, Fig. 4), while
Fusobacteria were more prevalent in
the US cohort. When we analyzed dif-
ferences at genus level, we observed a
number of groups significantly over or
under represented specifically and only
in adjacent tissues of the US cohort
(Fig. 5, Table 3). Within the Actino-
bacteria phylum, the genus Bifidobac-
terium, considered an indicator of a
healthy microbial balance, the Firmi-
cutes:  Twuricibacter, Clostridiaceae
02d06, Anaerostipes, Lachnospira, Ery-
sipelotrichaceae cc_115, and the Alpha
Proteobacteria Acidocella were over
represented in the Spanish cohort.
Conversely, the potential pathogen

Campylobacter ~ was  enriched  in
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Figure 4. Relative abundances of the most represented bacterial phyla in
tumor and adjacent tissues in the US and Spain cohorts. Asterisks repre-
sent significant (P < 0.01) differences between groups.

adjacent tissues of the US cohort. We finally compared the taxa
relative abundance in tumor tissues between cohorts and
observed that, besides Actinobacteria, the Cyanobacteria, a phy-
lum normally represented in proportions below 0.1% in the
human gut microbiome,*’ were significantly over represented in
the Spanish (0.02% =+ 0.07) compared to the US cohort
(0.002% = 0.01). Differences in taxa relative abundances
exclusively in tumor tissues included one Firmicutes genus, Pep-
tostreptococcus (over represented in tumor in the Spanish cohort),
and lineages from the phylum Proteobacteria, Eikenella and Cau-
lobacteraceae (over represented in tumor in the US cohort), and
Desulfovibrionaceae and Methylobacteriaceae (over represented

in tumor in the Spanish cohort) (Table 4, Fig. 5).

Cohort-specific microbiome compositional differences
between adjacent and tumor tissues

Limited differences were detected between adjacent and
tumor tissues from each cohort. In the US cohort, Eikenella, a
Proteobacteria of the family Neisseriaceae (? = 0.03), and the
Actinobacteria family Coriobacteriaceae (P = 0.06) were over
represented in  tumor tissues while Parabacteroides, a
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significant (P < 0.05) differences between groups.

Figure 5. Relative abundances of genera differentially represented in the tumors or non-tumor tissues of the US and Spanish cohorts. Asterisks represent
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Figure 5. Continued

Bacteroidetes of the family Porphyromonadaceae, were over rep-
resented in adjacent tissues (P = 0.09) (Fig. 5). The tumor
microbiome of the Spanish cohort had a significantly (P < 0.05)
higher relative abundance of the phylum Fusobacteria (Fig. 4).
At the genus level, the Bacteroidetes Butyricimonas, the Fusobac-
teria Fusobacterium, and the Proteobacteria Campylobacter, were
significantly over represented in Spanish tumor tissues while the
Firmicutes Lachnospira and Blautia were more abundant in adja-
cent tissues. Interestingly, the Bacteroidetes Parabacteroides was
the only taxa showing differences between tumor and adjacent
tissues in the 2 cohorts (Table 5, Fig. 5).

Predicted functional differences between tumor and adjacent
tissues

We next used PICRUSt to identify differences in predicted
metabolic functions between tumor and tumor-adjacent adjacent
tissues. Since this bioinformatics tool predicts enzymes and path-
ways based on 16S rRNA data, the obtained data undoubtedly
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reflects the major compositional differences between cohorts.
Our main observation was that metabolic pathways and enzymes
differentially represented in tumor tissues were similar in both
cohorts. Specifically, bacterial motility proteins and proteins
involved in flagellar assembly were over represented in the adja-
cent tissues of the US (P < 0.1) and the Spanish cohorts (P <
0.05), while pathways involved in fatty acid biosynthesis, the
mitogen-activated protein kinases (MAPK) signaling pathway,
bacterial toxins, and type II diabetes mellitus pathways were over
represented in tumor tissues (Table §3). We identified signifi-
cantly (Wilcoxon signed-rank test 7 < 0.1) more pathways and
enzymes differentially represented between adjacent and tumor
tissues in the Spanish (91 pathways) compared to the US cohort
(12 pathways) that could reflect a higher inter individual varia-
tion in the US cohort. In addition to proteins involved in cell
motility and toxins, the N-glycan biosynthesis pathway over rep-
resented in tumors in the US cohort. Other pathways over repre-
sented in tumors in the Spanish cohort included genetic and
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Table 3. Comparison of bacterial genera significantly (P<0.05) over or under represented in tumor adjacent tissues from the US and Spain. Numbers repre-
sent the relative abundance (%) + standard deviation. Shaded cells indicate higher relative abundance.

Phyla Genera us Spain P-value
Actinobacteria Propionibacterium 0.1 £ 0.2 0.02 £+ 0.09 0.0452
f_Coriobacteriaceae 0.02 &+ 0.07 0.09 + 0.19 0.0096
Bifidobacterium 0.0 + 0.0 0.03 £+ 0.14 0.0059
Collinsella 0.1 £ 0.1 127 £1.83 0.0001
Slackia 0.008 + 0.02 0.05 £+ 0.13 0.0426
Bacteroidetes Bacteroides 399 £ 214 271 £ 176 0.0469
Butyricimonas 0.06 &+ 0.15 0.16 £+ 0.25 0.0054
f_[Barnesiellaceae] 0.38 &+ 0.72 139 £ 246 0.0075
Paraprevotella 0.07 £+ 0.31 0.17 £+ 0.35 0.0411
f_Rikenellaceae 037 £ 0.61 1.30 + 1.96 0.0215
Firmicutes Selenomonas 06 + 1.9 0.0 + 0.0 0.0037
Geobacillus 03 + 0.6 0.0 + 0.0 0.0008
Schwartzia 03+ 1.0 0.0 + 0.0 0.0067
Bulleidia 0.5 + 0.8 0.1 +0.2 0.0224
Lachnospira 0.002 + 0.01 0.07 £ 0.21 0.0123
Anaerostipes 0.0 £ 0.0 0.01 £ 0.04 0.0059
Dorea 0.27 + 044 1.30 £ 1.61 0.0355
02d06 0.0 +£ 0.0 0.01 + 0.04 0.0233
cc_115 0.0 £ 0.0 0.01 £ 0.02 0.0059
f_Lachnospiraceae_Other 1.93 + 237 4.65 £ 544 0.0328
Turicibacter 0.0 £ 0.0 0.02 + 0.09 0.0118
f_Clostridiaceae_Other 0.01 £ 0.05 035 £+ 143 0.0032
Coprococcus 0.09 + 0.12 141 £ 2.58 0.0002
Lactobacillus 0.03 £ 0.13 0.43 £+ 1.00 0.0143
Epulopiscium 0.0 £ 0.0 0.08 + 0.23 0.0454
f_Christensenellaceae 0.008 + 0.02 0.31 £+ 0.88 0.0147
f_Ruminococcaceae 1.61 + 1.63 493 + 495 0.0076
Fusobacteria Fusobacterium 94 + 19.6 1.6 + 3.9 0.0017
Leptotrichia 03 £ 06 0.0 £ 0.0 0.0194
Cetobacterium 0.0 £ 0.0 0.10 £ 0.40 0.0233
Proteobacteria Campylobacter 0.5+ 2.0 0.0 + 0.0 0.0122
Ralstonia 2.1 + 4.2 09 + 43 <.0001
f_Bradyrhizobiaceae 0.0 £+ 0.0 0.16 + 0.77 0.0454
Acidocella 0.0 +£ 0.0 0.08 + 0.2 0.0233
Stenotrophomonas 0.0 £ 0.0 0.007 £ 0.01 0.0454
Bilophila 0.0 + 0.0 0.02 £+ 0.04 0.0014
Synergistetes TG5 03 £ 0.7 0.0 £ 0.0 0.0011
environmental information processing, cellular processes, metab- Discussion

olism, organismal systems, and unclassified proteins (Table S3).
A total of 39 enzymes showed a differential representation in
tumor tissues in the Spain cohort, while 10 were over or under
represented in US tumors. Three enzymes were under repre-
sented in the adjacent tissues in both cohorts: an urea decarboxyl-
ase (gc 6.3.4.6), involved in the conversion of urea to urea-1-
carboxylate in the arginine and proline metabolism pathway, a
transposase from the IS5 family, and a phosphoadenosine phos-
phosulfate reductase (gc 1.8.4.8), which catalyzes the conversion
of 3’-phosphoadenylylsulfate (PAPS) to sulfite in the sulfur
metabolism pathway. A cation-transporting P-type ATPase C
(gc:3.6.3.-) and a methionine-gamma-lyase (pc:4.4.1.11) were
over represented in the tumors of the Spanish cohort while a
galactose-6-phosphate isomerase (gc:5.3.1.26), an aminotransfer-
ase (gc:2.6.1.-), and 2 transcriptional regulators (LiaR from the
NarL family, and the myo-inositol catabolism operon repressor
from the DeoR family of transcriptional regulators) were more

abundant in US tumors (Table S4).
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Studies have increasingly addressed the role of the gut micro-
biome in CRC since a dysbiotic state has been reported in the
stools and tissue-adherent microbiome of adenoma and CRC
patients (recently reviewed by Keku et al.*!). Our study aimed to
test the hypothesis that, regardless of the geographic origin, the
tumor microenvironment could modulate the microbiota in situ
generating compositional and functional similarities in the tumor
microbiomes. We determined the microbiome composition of
90 matched pairs of colorectal carcinoma and tumor-adjacent
(adjacent) tissues from cohorts from the US and Spain to identify
differences between cohorts, and differences between adjacent
and tumor tissues in each cohort.

In our study, we observed an overall higher Phylogenetic
Diversity (PD) and species richness (S) in the US cohort. Addi-
tionally, tumor tissues showed a lower, although non statistically
significant, diversity and species richness than adjacent tissues
confirming previous studies reporting a decrease of diversity and
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Table 4. Comparison of bacterial genera significantly (P<0.05) over or under
represented in tumor tissues from the US and Spain. Numbers represent the
relative abundance (%) + standard deviation. Shaded cells indicate higher
relative abundance.

Phyla Genera us Spain  P-values
Actinobacteria Propionibacterium 0.1 £0.2 0.005 + 0.01 0.022
Collinsella 020 £ 030 130 £ 1.84 0.0057
Slackia 0.001 4+ 0.007 0.06 £+ 0.16 0.0063
Bacteroidetes Butyricimonas 0.02 £ 0.04 029 + 045 0.0012
f_[Barnesiellaceae] 037 £093 1.07 £ 142 0.0029
Firmicutes Selenomonas 04 £ 0.7 0.14 + 043 0.0226
Geobacillus 0.1 £ 05 0.0+ 00 0.004
Schwartzia 06+ 18 0.02 + 0.06 0.032
Peptostreptococcus 0.07 £030 059 + 1.71 0.0038
Coprococcus 0.14 £0.20 0.74 & 0.85 0.0091
Roseburia 0.01 £0.03 0.07 &+ 0.13 0.025
Lactobacillus 0.01 £ 0.02 0.06 £ 0.17 0.0083
f_Christensenellaceae 0.01 4+ 0.05 0.27 & 0.90 0.041
Fusobacteria Leptotrichia 1.6 £ 5.7 00+ 00 0.0314
Cetobacterium 0.0 + 0.0 0.02 + 0.08 0.0233
Proteobacteria Eikenella 0.02 + 0.04 0.02 £ 0.09 0.0498
Ralstonia 137 £1.88 0.03 + 0.09 <.0001
Bilophila 0.03 £ 0.15 0.03 £ 0.05 0.0101
f_Enterobacteriaceae 0.16 & 0.35 0.63 & 1.87 0.0412

species richness associated with CRC.*>* A reduced microbial
diversity has been considered an undesirable effect of globaliza-
tion and its concomitant diet rich in fat, protein, and sugar, and
depleted of non-digestible fibers and microorganisms. Few stud-
ies have attempted to compare the gut microbiome of humans
originating from different geographic locations. A study by Yat-
sunenko et al.** determined that diversity was lower in a US
cohort compared to Amerindians and Malawians inhabiting rural
areas. Likewise, De Filippo et al.** found a higher microbial rich-
ness and biodiversity in samples from a rural African village of
Burkina Faso than in European children. To our knowledge, this
is the first study comparing tissue-adherent gut microbiomes
from 2 populations from urban developed regions.

Differences in adjacent tissues between cohorts were extensive
(Fig. 5 and Table 3). Of interest was the enriched abundance, in
the Spanish cohort, of Actinobacteria and Bifidobacterium species
in particular, which are considered markers of a healthy

Table 5. Comparison of bacterial genera significantly (P<0.05) over or under
represented in tumor compared to adjacent tissues in the Spanish cohort.
Numbers represent the relative abundance (%) + standard deviation.
Shaded cells indicate higher relative abundance.

Phyla Genera Tumor -adjacent  Tumor  P-values
Firmicutes Blautia 0.72 £+ 0.88 038 £ 0.63 <.0001
Faecalibacterium 149 £ 278 079 £ 142 0.0192
Lachnospira 0.07 £ 0.21 0.01 £ 0.01 0.0273
[Ruminococcus] 356 £ 5.6 3.16 £ 492  0.0147
Bulleidia 0.1 + 0.22 0.35 + 0.65 0.021
Gemella 019 £ 064 145+ 478 0.0322
Streptococcus 218 £ 7.62 283 £ 744  0.0491
Parvimonas 085 £ 25 3.14 £ 6.7 0.0353
Fusobacteria  Fusobacterium 1.64 + 397 835+ 1465 0.0003
Proteobacteria Campylobacter 0.0 +£ 0.0 0.1 + 0.2 0.0469
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microbiome due to their ability to generate lactic acid, which
aids food digestion, and act as intermediaries in the generation of
butyrate by the gut microbiota.*>*’ Similarly, adjacent tissues
from the Spanish cohort had higher relative abundances of Lacto-
bacillus species. Conversely, Bacteroides, more abundant in adja-
cent tissue of the US cohort, are generally related to diets rich in
protein and animal fat.”” Interestingly, we noted in both the US
and the Spanish cohorts, an increased abundance of Bacteroidetes
specifically in rectal tumors. The over representation of Bacter-
oides in countries were CRC is more prevalent was reported in a
seminal paper by Hill et al..*® The authors reported that fecal
samples from individuals in Britain and the US, countries with
high CRC incidence, had higher counts of Bacteroides and lower
counts of Enterococci and other aerobic bacteria compared to
samples from individuals from Uganda, South India, and Japan,
where the incidence of the disease was low. More recently, a
study showed that representation of the enterotoxin gene (4f7)
from Bacteroides fragilis was detected by PCR in 38% of the iso-
lates from CRC patients, but only in 12% of isolates from the
control group.49 The Enterotoxigenic Bacteroides Fragilis
(ETBF) produces a toxin that can cause acute diarrhea and
chronic inflammation by stimulation of T lymphocytes that pro-
duce interleukin 17 (IL-17), and can, ultimately, promote CRC
in mice.’® In contrast to the extensive differences in relative
abundances of bacterial lineages in adjacent tissues, differences in
tumors between cohorts were limited to one Firmicutes genus,
Peprostreptococcus (over represented in tumor in the Spanish
cohort), and lineages from the phylum Proteobacteria: Eikenella
and Caulobacteraceae (over represented in tumor in the US
cohort), and Desulfovibrionaceae and Methylobacteriaceae (over
represented in tumor in the Spanish cohort). These results corre-
late with our hypothesis that the specific tumor microenviron-
ment could modulate the tumor microbiome resulting in the
selection of similar taxa resistant to conditions of hypoxia, occur-
ring due to the insufficient vascularization, low pH and depletion
of glucose and other nutrients.”">>

A number of research studies have analyzed the microbiome
composition of tissue and fecal samples from CRC patients®!
and our study alineates in general with their findings. In our
study, however, although we observed a lower phylogenetic diver-
sity and richness in tumor tissues compared to adjacent tissues,
Principal Coordinate Analysis of weighted and unweight Unifrac
matrices and ANOSIM analysis showed no extensive differences
in composition between adjacent and tumor microbial commu-
nities in both cohorts, which could be due in part to the fact that
adjacent tissues, although non-tumoral, are in close proximity to
tumors sharing the same intestinal microenvironment. In the US
cohort, the genus Fikenella was significantly over represented in
tumors. Eikenella corrodens is the best known species of this
genus, a microaerophilic, Gram-negative bacillus, nutritionally
fastidious organism that requires 5-10% CO2 and blood agar
containing hemin (X factor) for optimal growth.53 E. corrodens is
a normal component of the microbiota of the oral cavity’® and
the mucosal surface of the gastrointestinal and genitourinary
tracts’’; however, its potential to act as a pathogen has been well

d 53,56-60

documente Given its documented history of
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pathogenicity, further research on the potential role of Eikenella
corrodens in CRC etiology is warranted.

Fusobacterium has been associated with colorectal tumors and
adenomas in several recent studies.”>""*'"° In the present study,
Fusobacterium was significantly over represented in tumor com-
pared to adjacent tissues in the Spanish cohort, while in the US,
this phylum was more abundant in both tissues compared to the
Spanish cohort, but enriched specifically in tumors in splenic
flexure, sigmoid and rectum. More studies are needed to assess
the biological significance of these results, which could be related
to the ability of these microorganisms to form and maintain bio-
films in specific locations of the large intestine as recently
shown.®® In addition to Fusobacterium, Campylobacter, Granuli-
catella, Butyricimonas, and unclassified members of the family
Lachnospiraceae were enriched in tumor tissues of the Spanish
cohort. However, Blautia and Lachnospira, also of the family
Lachnospiraceae, were depleted in tumor tissues. In general there
was an overall enrichment of the phylum Firmicutes, specifically
the class Clostridia, in the Spanish cohort, which may reflect a
higher content of fiber in their diet. Similar observations were
previously reported in tumors compared to adjacent tissues,®”
and in feces of advanced adenomas®® and CRC patients.*’

To investigate if, in addition to a tumor microenvironment
compositional impact, there was an impact on bacterial function,
we applied PICRUSt to the 16S rRNA amplicon sequencing
data to infer bacterial metabolic functions. Interestingly, we
found metabolic pathways and enzymes differentially represented
in tumor tissues of both cohorts with bacterial motility proteins
and proteins involved in flagellar assembly over represented in
adjacent tissues, and pathways involved in fatty acid biosynthesis,
the MAPK signaling pathway, and bacterial toxins over repre-
sented in tumors. The enrichment of virulence genes in colon
tumors has been recently reported,”® although in the study by
Burns et al.”® over representation of genes encoding bacterial tox-
ins was not statistically significant, likely due to low total gene
counts for some categories. The same study found an over
representation of bacterial motility proteins in tumors contra-
dicting our findings. In a different study, publically available
data was analyzed to test if bacteria in off-tumor sites expressed
more toxins.”' The authors focused on particular bacteria, char-
acterized in other studies as “CRC drivers:” Bacteroides, Clostrid-
ium, Escherichia, Salmonella and Shigella, and demonstrated that
the toxins from E. coli, S. enterica and S. flexneri were the most
actively transcribed in tumor tissue and surrounding mucosa
from CRC patients compared to toxins from other taxonomic
groups.

Finally, in our study, 39 enzymes were differentially repre-
sented in the tumors of the Spanish cohort, while 10 were over
or under represented in US tumors. Three enzymes were under
represented in the adjacent tissues in both cohorts: an urea decar-
boxylase, involved in the conversion of urea to urea-1-carboxylate
in the and arginine and proline metabolism pathway, a transpo-
sase from the IS5 family, and a phosphoadenosine phosphosul-
fate reductase, an oxidoreductase involved in the formation of
hydrogen sulfide, a compound that generates free radicals,
impairs cytochrome oxidase, suppresses butyrate utilization, and
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inhibits mucus synthesis and DNA methylation (reviewed in*?),
which can be generated by sulfure-reducing bacteria from meat,
a rich source of dietary sulfur. A cation-transporting P-type
ATPase and a methionine-gamma-lyase were over represented
in the tumors of the Spanish cohort while a galactose-6-phos-
phate isomerase, an aminotransferase, and 2 transcriptional reg-
ulators (LiaR from the NarL family, and the myo-inositol
catabolism operon repressor from the DeoR family of transcrip-
tional regulators) were more abundant in US tumors. The bio-
logical significance of these results clearly require further
research, although a number of metagenomics studies are begin-
ning to unravel the relationships between CRC and bacterial
function.

Although limited by the unavailability of diet information and
the lack of samples from non-CRC, healthy controls, our study
suggests that geography have a clear impact on the gut microbiome,
indicated by the extensive differences between adjacent tissues of
the different cohorts. Those differences however were diminished
in tumors, characterized by a hypoxic and acidic microenviron-
ment depleted of glucose and other nutrients. Our results may
appear paradoxical since more differences in relative abundances
could be expected between tumor and adjacent tissues within
cohorts, given the extensive differences found in comparisons of
adjacent tissues between cohorts; however, this can be explained
by the fact that, although, attenuated and modulated by the
differences in between
cohorts were still significant. Finally, predicted functional infor-
mation identified potential therapeutic targets in tumors, which

tumor microenvironment, tumors

bear an over representation of fatty acid biosynthesis, the
MAPK signaling, and bacterial toxins pathways. Our work con-
tinues the effort of many research groups that intend to under-
stand the correlation between microbiome composition and

function, and CRC.

Materials and Methods

Ethics statement

This study was approved by the Institutional Research
Board (IRB) of the University of North Carolina (UNC) Tis-
sue Procurement Facility, US and the Principality of Asturias
Clinical Research Ethical Committee, Spain (Approval num-
ber 67/2014). Patients were provided written informed con-
sent for the collection of samples and subsequent analysis
when required.

Samples collection and processing

Twenty-two de-identified tumors and adjacent tissue from the
University of North Carolina (UNC) Tissue Procurement Facil-
ity. All tissues were snap frozen. Spanish samples were collected
from CRC patients who underwent surgery in the Hospital Uni-
versitario Central de Asturias (HUCA), Spain. Surgical speci-
mens were sent directly from the operating suites to the
pathological anatomy service in sterile plastic boxes. Once there,
the specimens were processed in a laminar flow cabinet where
tissue’s sections of around 3mm each were taken from tumors
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and adjacent mucosa by the use of sterile scissors and scalpels.
Samples were collected in sterile Eppendorf tubes, immediately
snap- frozen in isopentane and kept at -80°C until analysis. The
mean age and range of US matched tumor and adjacent tissues
were 63.6 and 42-88 respectively, and 69.8 and 49-85 for the
Spanish cohort (Table S1). Colon tissue specimens were col-
lected from tumor and from adjacent mucosa from the same
patient at a resection margin located at a mean distance of 5 cm
from the tumor for Spanish patients. As US samples were retro-
spective, information about distance between tumor and adjacent
specimens was not routinely collected. Histologically, all colon
tumors were adenocarcinomas with the exception of one in the
Spanish cohort that was a carcinoma.

DNA isolation

Total DNA was isolated from frozen sections of 90 matched
pairs of colorectal carcinoma and adjacent tissues specimens from
the US and Spain. DNA isolation was carried out using the
DNeasy Qiagen Blood and Tissue protocol (Qiagen, German-
town, MD). The Qiagen protocol was modified to ensure an
optimal isolation of DNA from Gram-positive bacteria by add-
ing 180 .l of lysozyme (20mg/ml) to samples already containing
200 wl of buffer ATL. Subsequent steps were performed as rec-
ommended by the manufacturer’s protocol. Briefly, 20 pl of
Proteinase K were added to samples, vortexed, and incubated
overnight at 56°C. The supernatants were transferred to a new
1.5 ml microcentrifuge tube, 200 .l of buffer AL were added to
the tube, and the mix was incubated at 70°C for 10 minutes.
Then, 200 pl of 100% ethanol were added to the mixture and
they were transferred into a column. Following this, 500 pl of
buffer AW1 and AW2 were added to the column separately and
the flow-through was discarded in each step. Finally, 200 pl of
Buffer AE were added to the column to elute the DNA.

16S amplicon sequencing

Amplification of the V1-V2 hypervariable region of the bacte-
rial 16S rRNA was performed on total DNA from collected sam-
ples as previously described.”” The reaction mix contained the
Qiagen Hotstar Hi-Fidelity Polymerase Kit (Qiagen, Valencia
CA) with a forward primer composed of the Roche Titanium
Fusion Primer A (5-CCATCTCATCCCTGCGTGTCTCC-
GACTCAG-3'), a 10 bp Multiplex Identifier (MID) sequence
(Roche, Indianapolis, IN), and the universal bacterial primer 8F
(5-AGAGTTTGATCCTGGCTCAG-3).”? The reverse primer
was composed of the Roche Titanium Primer B (5'-
CCTATCCCCTGTGTGCCTTGGCAGTCTCAG-3'),  the
identical 10 bp MID sequence, and the reverse bacterial primer
338R (5-GCTGCCTCCCGTAGGAGT-3).”% The 16S rDNA
amplicons from the pooled sample were sequenced on a
454 Genome Sequencer FLX Titanium instrument (Roche, Indi-
anapolis, IN) in the Microbiome Core Facility (University of
North Carolina, Chapel Hill, NC) using the GS FLX Titanium
XLR70 sequencing reagents and corresponding protocols. Initial
data analysis, base pair calling, and trimming of each sequence to
yield high quality reads, were performed by Research Computing
at the University of North Carolina at Chapel Hill.
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Sequencing data analysis

Bioinformatics analysis of bacterial 16S amplicon pyrose-
quencing data was done using the Quantitative Insights Into
Microbial Ecology (QIIME v.1.8.0) software pipe[ine.75 The
combined raw sequencing data were demultiplexed and filtered;
all reads with a length below 200 bp and with a quality score
below 25 were removed. Sequencing data was denoised using
Denoiser.”® Then, sequences were clustered into operational tax-
onomic units (OTU) at 97% similarity threshold using
UCLUST” from QIIME, and they were aligned in order to
build a phylogenetic tree.”® A random selection of 719 sequences
from each sample was used for rarefaction analysis to measure a
diversity using observed species (S) and Phylogenetic Diversity
(PD) metrics on rarefied OTU tables. Beta diversity and princi-
pal coordinates analysis (PCoA) were also calculated within
QIIME using weighted and unweight Unifrac distances”
between samples at a depth of 719 sequences per sample to eval-
uate dissimilarities between the samples.

Bioinformatics analysis of gene functionality

We used the Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt)*® (version
1.0.0) algorithm to predict metagenome functional content from
16S sequencing input data. The Closed Reference OTU picking
within QIIME using UCLUST”” was used against the GG
GreenGenes database to create the OTU table adequate for input
into PICRUSt. The OTU table was normalized by dividing
abundance of each OTU by the predicted 16S abundance before
creating the metagenome functional predictions table. The PIC-
RUSt output was used in HMP Unified Metabolic Analysis Net-
(HUMARnN)®® identify and group
metagenomic data according to the presence or absence of micro-
bial KEGG pathways and their relative abundance.

work pipeline  to

Statistical analyses

We computed the distance matrix between OTUs using Anal-
ysis of Similarities (ANOSIM) and Permutational Multivariate
Analysis of Variance (PERMANOVA) tests within QIIME to
evaluate similarities or dissimilarities between groups. Paired and
unpaired t-tests were performed to identify significant differences
in phylogenetic diversity (PD) and species richness (S) between
the different samples (adjacent versus tumor tissues). The Wil-
coxon Signed test was used to identify significant differences in
relative abundances of bacterial taxa between paired samples
while Steel-Dwass All Pairs tests were used for comparisons
between cohorts with an a level set at 0.05. The Wilcoxon
Signed test was also used for the identification of metabolic path-
ways and enzymes signficantly over or under represented within
cohorts while Steel-Dwass All Pairs tests were used for compari-
sons between cohorts, we set an a level of 0.1 for both tests. All
statistical analysis was performed in JMP genomics (SAS, JMP
Genomics 10.0).
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