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SUMMARY

The gut microbiota has been associated with colorectal cancer (CRC), but causal alterations
preceding CRC have not been elucidated. To prospectively assess microbiome changes prior to
colorectal neoplasia, we investigated samples from 100 Lynch syndrome patients using 16S rRNA
gene sequencing of colon biopsies, coupled with metagenomic and metatranscriptomic sequencing
of feces. Colectomy and CRC history represented the largest effects on microbiome profiles. A
subset of Clostridiaceae were depleted in stool corresponding with baseline adenomas, while
Desulfovibrio was enriched both in stool and in mucosal biopsies. A classifier leveraging stool
metatranscriptomes resulted in modest power to predict interval development of preneoplastic
colonic adenoma. Predictive transcripts corresponded with a shift in flagellin contributors and
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oxidative metabolic microenvironment, potentially factors in local CRC pathogenesis. This
suggests that the effectiveness of prospective microbiome monitoring for adenomas may be
limited, but supports the potential causality of these consistent, early microbial changes in colonic

neoplasia.

In Brief

The gut microbiome has been linked to colorectal cancer (CRC). Here, Yan et al. use metagenomic
and metatranscriptomic sequencing of feces integrated with 16S rRNA sequencing of colon
biopsies in Lynch syndrome. They assess microbiome changes prior to colorectal neoplasia and

determine potential causality of early microbial changes in CRC.
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Introduction

Colorectal cancer (CRC) is one of the leading causes of cancer-related death globally (Lynch
et al., 2009). The most common form of hereditary CRC is Lynch syndrome (LS) accounting
for nearly 3% of CRCs (Lynch et al., 2009). Other hereditary disorders, such as familial
adenomatous polyposis (FAP) and MY H-associated polyposis (MAP) together account for
less than 1% of CRCs worldwide (Rustgi, 2007). LS is characterized by germline mutations
in the mismatch repair genes (MLH1, MSHZ, MSH6 or PMSZ (Lynch et al., 2015)), which
lead to the accumulation of genetic mutations and thus increased cancer risk, as well as rapid
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progression along the adenoma-to-adenocarcinoma sequence (Li and Martin, 2016; Lynch et
al., 2015). In addition to such genetic predisposition, environmental factors contribute
substantially to CRC risk (Drewes et al., 2016; Garrett, 2015; Segre, 2015), particularly the
intestinal microbiota (Belcheva et al., 2014; Hale et al., 2018; Tomkovich et al., 2017).
However, a specific causal role for the gut microbiome in human CRC has been difficult to
establish, since prospective data are limited due to the often decades long rate of progression
of pre-cancerous adenomatous polyp lesions, or adenomas, to cancer (Chen et al., 2003)
within sporadic CRC. Thus, the accelerated incidence as well as the increased progression of
the adenoma-to-adenocarcinoma sequence in LS patients provides a unique window
opportunity to prospectively study the role of environmental factors on stages in colorectal
carcinogenesis.

There is a growing appreciation of the role of the gut microbiome in the etiology of multiple
cancers, including CRC (Brennan and Garrett, 2016; Maisonneuve et al., 2018; Thomas et
al., 2019; Tilg et al., 2018; Wirbel et al., 2019; Zeller et al., 2014). Microbial activities can
be directly tumorigenic, e.g. through host DNA damage. Pks+ Escherichia coli encode the
DNA-alkalyting colibactin genotoxin which directly damages colonic epithelial DNA
(Arthur et al., 2012; Wilson et al., 2019), and Enterococcus faecalis induces macrophage
COX-2 and promotes hydroxyl-radical formation that damages colonic epithelial cell DNA
(Huycke et al., 2002). Conversely, tumorigenesis can alter resident microbial communities,
e.g. by inducing a pro- inflammatory intestinal milieu with physiologic and metabolomic
alterations that support dysbiosis by reinforcing blooms and outgrowths of opportunistic
bacteria (Arthur et al., 2012; Brennan and Garrett, 2016; Wilson et al., 2019). Fusobacterium
spp. are thought to be both pro-tumorigenic and can expand in response to CRC, with
demonstrated over-representation in both primary and metastatic tumor samples (Bullman et
al., 2017). Since CRC-driven environmental changes may alter the microbial composition of
the gut and, vice-versa, changes in microbial composition may serve both as an early
biomarker of CRC risk (Zeller et al., 2014) and as an alterable point of protective
intervention. Resolving which microbial associations are causal and which are a
consequence of the disease is thus necessary to fully understand this complex relationship
and to unlock the therapeutic potential of microbially-driven preventatives.

Recent work on the gut microbiome in CRC has demonstrated the remarkable strain-
specificity of many phenotypes (Shah et al., 2018); that is, when microbial molecular
activity is linked to a health outcome, that activity is often specific to only a subset of strains
within one or more microbial species. Advances in 16S ribosomal RNA gene sequencing
have allowed some differentiation between microbial strains (Eckburg et al., 2005; Ley et
al., 2008), but only under limited circumstances; metagenomic and metatranscriptomic
shotgun sequencing, conversely, easily permit both strain-level profiling and the direct
association of microbial molecular activities with their strains of origin (Abu-Ali et al.,
2018; Lloyd-Price et al., 2017). Results from the Human Microbiome Project revealed
strain-level functional diversity in Ruminococcus gnavus strongly associated with
inflammatory bowel disease (Hall et al., 2017), suggesting that increased resolution may
identify novel microbial associations with tumorigenesis. Similarly, metatranscriptional
profiling in murine models determined that several microbial pathways are transcriptionally
altered during CRC development (Daniel et al., 2017), in particular those associated with
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butyrate production, which has both antitumor and anti-inflammatory activities (Hamer et
al., 2008). Lipopolysaccharide biosynthesis, amino acid biosynthesis, and polyamine
synthesis have also been linked to tumor development, each involving multiple taxa in
different individuals (Erridge et al., 2002; Feng et al., 2015; Loser et al., 1990). Integrated
metagenomics and metatranscriptomics can therefore be used to effectively identify the
strain-specific mechanisms underpinning the association of gut microbial dysbiosis with
cancer risk.

Thus, to elucidate the role of the microbiome in the development of colorectal neoplasia, we
profiled 100 individuals from two gastrointestinal cancer genetics centers, obtaining our
target of one stool specimen and two colon biopsies per subject at baseline, and clinical
information both at baseline and at one-year follow up. During colonoscopy, study biopsies
were taken from the left and right colon, except where not possible due to prior colectomy.
This resulted in 87 stool specimens with 187 subsequent, matched colon biopsies. Biopsies
were assayed by 16S rRNA gene amplicon sequencing and stool samples profiled
metagenomically and metatranscriptomically to assess taxonomic and functional
associations with clinical phenotypes at baseline (i.e. time of sampling). We found
colectomy, including either segmental or subtotal, to be one of the largest effects on both
taxonomic and functional profiles, and to differ in its effect on the microbiome between left
versus right colectomy. Surgical history were associated more specifically with differences
in microbial transcriptional profiles, some of which (e.g. flagellin protein fliC) were
enriched in subjects without prior surgery. Finally, progression toward carcinogenesis as
measured by adenoma development was also best-predicted by gut microbial transcription,
albeit weakly (~65% cross-validated AUC). The platform thus establishes the feasibility of
integrating detailed microbiome profiles for LS and CRC assessment, with the results
providing a first step in the development of more precise and non-invasive assessment and
mitigation of CRC/adenoma risk in LS.

Prospectively linking neoplasia incidence to the microbiome in Lynch syndrome

In order to assess microbiome changes prior to colorectal adenoma development, we
identified eligible participants with LS, defined as individuals known to harbor a likely
pathogenic germline alteration in an MMR-gene, undergoing routine annual surveillance
enrolled through the Memorial Sloan Kettering Cancer Center (MSKCC) Clinical Genetic
and Gastroenterology Services and the Massachusetts General Hospital (MGH) Center for
Cancer Risk Assessment clinics. The resulting study cohort (n=100, 44 male, 56 female)
comprised 54 participants, ages 22—74, recruited at MSKCC and 46 participants, ages 21-89
from MGH. During colonoscopy, study biopsies were taken from the right (ascending), and
the left (descending/sigmoid) colon, except where not possible due to prior colectomy (Table
S1). Specifically, in patients with right hemicolectomy, biopsies were taken from the
transverse and sigmoid colon; in patients with left colectomy, biopsies were taken from the
ascending and transverse colon. In patients with prior sigmoid resection or low anterior
resection, biopsies were taken from the right (ascending) and left (descending) colon. In
patients with subtotal colectomy, biopsies were only taken from the remaining distal sigmoid
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or rectum. Patients presenting with polyps of any kind, adenomas, CRC, or with evidence of
intestinal inflammation, were noted and further underwent standard clinical care, including
biopsy or polypectomy of the regions of interest as well as normal appearing mucosal biopsy
from the predefined regions. In total, 87 stool and 187 biopsy samples were collected from
study participants at baseline. We also collected information pertinent to CRC risk,
biospecimen integrity, body mass index (BMI), specific Lynch-defining germline mutations,
current regular aspirin use, and antibiotic use in the last 12 months (Fig. 1). Patients were
followed for one to two years, at which point interval adenomas at follow-up surveillance
colonoscopy were further recorded. These baseline and interval clinical data were combined
with molecular profiles of the microbiome.

Surgery, CRC, and current adenomas are not major determinants of Lynch microbiome

structure.

Major variation in subjects’ taxonomic profiles was driven, as expected, by gradients of
Bacteroidetes and Firmicutes dominance across the populations (Fig. S1, Table S2 and S3),
which did not generally correspond to either a history of colectomy or presence/development
of adenoma (Fig. 2A-B, although these factors were microbiome-linked; see Fig. 4).
Likewise, inter-individual differences in taxonomic profiles exceeded those induced by
differing anatomic biopsy sites or use of chronic medications such as aspirin (a common
chemopreventive agent, Fig. S1D). This is in agreement with previous studies of the CRC
microbiome, in which individual cancer-associated taxa such as Fusobacterium spp. (Tahara
et al., 2014) are highly predictive within subjects, but not dominant contributors to
population-level microbial variation.

Relatedly, variation in metagenomic functional potential and metatranscriptomes were both
driven by the abundances and activities of processes unique to each of these taxa,
respectively (Fig. 2C-D, Table S4). Specifically, housekeeping functions (amino acid
metabolism, carbon metabolism and transporters, among others) were carried by almost all
stool species with high contributional alpha diversity; they were also transcribed by
abundant and prevalent species, predominantly by Bacteroides spp. A second group of KOs
with modest contributional alpha diversity was contributed by Eubacterium spp. and
Roseburia intestinalfs. This cluster included functions such as flagellin protein fliC and
pyruvate oxidation, one of several pathways that convert pyruvate into acetyl-CoA. The third
low-diversity cluster was encoded by a limited number of opportunists, such as Escherichia
coli and Klebsiella pneumoniae. This group involved highly variable KOs, such as electron
transfer flavoprotein-quinone oxidoreductase and murein lipoprotein. Thus at the population
level, microbiome taxonomic, metagenomic, and transcriptional variation were generally in
agreement, with highly subject-specific changes in one or more of these aspects of the
microbiome associated with phenotype or outcome.

Correspondingly, stool samples were generally good indicators of the colonic (biopsy)
microbiome within-subject (Spearman r=0.79, p<0.0001; Fig. S1C), and as expected,
functional variation and intraindividual variation were both smaller than structural or
between-subject variation (Fig. 2E and Fig. S3, Mann-Whitney test, p<0.001) (Franzosa et
al., 2014).

Cell Host Microbe. Author manuscript; available in PMC 2021 April 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yan et al.

Page 6

Clinical phenotypes and associated microbial taxonomic and functional features in Lynch

syndrome

Clinically, of the cohort’s 100 individuals (56% female, ages 21-89 median 50, BMI 17.6-
53.1 median 25.8), 33 subjects (33%) had adenomas at baseline colonoscopy and 29 (29%)
had interval adenomas at 1-2 year follow-up colonoscopy, a biomarker particularly in LS of
progression toward CRC (Fig. 3A and Table S1; see STAR Methods for characteristics of
study subjects). We only considered adenomas in our definition of recurrent neoplasia and
did not include non-adenomatous (hyperplastic or inflammatory) polyps in our analyses.
Subjects (n=41) received surgical treatment including partial (Fig. 3, left colectomy n=10,
right colectomy n=17) and subtotal i.e. rectal-sparing colectomy (n=14); this differed
slightly but not significantly between those with adenomas at baseline (n=13; left colectomy
(n=6), right colectomy (n=3), subtotal colectomy (n=4)) versus those with interval adenomas
(left colectomy (n=5), right colectomy (n=3), subtotal colectomy (n=2)). The distribution of
germline mismatch repair gene mutations in our cohort included 30 subjects with MLH1, 32
subjects with MSH2, 23 subjects with MSH6, 13 subjects with PMS2, and 2 subjects
without known driving mutations. Given the potential association of aspirin usage with CRC
development (Han et al., 2017), we recorded 33 subjects with predominantly daily aspirin
usage (daily n=28, intermediately (n=1); doses: low-dose (n=21), standard (n=5)). Only a
small subset of Lynch patients (n=17) had a history of antibiotics usage at least in last 12
months. Stool consistency and shape were classified by the patients using the Bristol stool
scale: 45 (45%) subjects were recorded with normal stool forms (Bristol stool scale 3 to 5),
and 39 subjects showed constipation (scale 1 or 2, n=15) or diarrhea (scale 6 or 7, n=24).

Among individual genus-level features profiled across mucosal biopsies, Bacteroides,
Faecalibacterium, and Ruminococcus were both the most abundant (mean) and variable
(variance) among subjects (Fig. 3B). Of potentially greatest interest in CRC specifically,
Fusobacterium exceeded 2% relative abundance in only 2% of individuals, but achieved 73%
prevalence at low abundance (1.6% average). Its abundance did not segregate significantly
with either baseline or interval adenoma development (see below). Conversely, and
somewhat surprisingly, Fusobacterium spp. were not detected above quality control
thresholds in any stool samples, although this is concordant with previous data that
associated this clade with CRC in stool (as opposed to mucosally) only after neoplasia
development (Ball et al., 1971; Zeller et al., 2014). The most abundant species in stool (total
relative abundance of 10 species of 0.51) included Eubacterium rectale, Bacteroides
uniformis, and Faecalibacterium prausnitzii, all with prevalence >90% (Fig. 3C).

The most metagenomically abundant pathways were, unsurprisingly, generally housekeeping
processes encoded by prevalent microbes (e.g. hucleotide and central carbon metabolism in
Bacteroidetes and Firmicutes, Fig. 3D, Table S2), but these were distinct from pathways that
were highly metatranscriptomically expressed (Fig. 3E, Table S2). Housekeeping pathways
such as ribonucleotide biosynthesis (PWY-7219 and PWY-7229) fell into the former
category, mainly both contributed and expressed by Bacteroides spp (B. doreiand B.
vulgatus) (Fig. 3 D and E). Conversely, the latter included pathways such as CMP-3-deoxy-
D-manno-octulosonate biosynthesis | (PWY-1269, 0.002%+0.002% (meanzs.d.)), which
was abundantly and prevalently expressed despite lower metagenomic representation
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(Kruskal-Wallis test, p<0.001), and differed as well in typical contributors (e.g. Alistipes
shahii, Kruskal-Wallis test, p<0.001). Extreme cases included chorismate biosynthesis from
3—-dehydroquinate (PWY-6163) and aromatic amino acid biosynthesis, due to widely
differing abundances of their transcribers in paired metagenomes (Fig. S5). As defined by
expression prevalence of at least 80% of samples, the resulting “core” metatranscriptome in
this population consisted of 122 pathways (out of 399 total), with 70% of transcribed
abundance contributed by 17 organisms (primarily Faecalibacterium prausnitzii, Bacteroides
vulgatus, and Bacteroides uniformis). Glycolysis had the highest transcript abundance
(glycolysis 111 2.80%+0.13%, glycolysis IV 1.37%+0.01%), together with pyrimidine
nucleobases salvage, which were transcribed in all metatranscriptome samples. 208
pathways met an equivalent metagenomic “core” definition with prevalence >80%, 122 of
which were shared with the transcriptional core (Table S2). Even independently of Lynch
clinical outcomes, this contrast thus highlights the extreme individuality of relationships
between microbiome membership, metagenomically encoded function, and
metatranscriptomic expression, each providing partially related yet partially independent
information.

Surgery and Lynch mutation type associate with the greatest variation in stool microbiome

structure.

Next, we identified significant associations between overall microbiome configuration with
Lynch clinical covariates, specifically baseline and/or interval adenomas, specific mutation
type, surgery history, medication exposures, Bristol stool consistency, and demographics/
biometrics (Fig. 4A). These employed PERMANOVA-based testing utilizing Bray-Curtis
dissimilarity of taxonomic and functional profiles for all sample types (stool and biopsy) and
profile types (taxonomic and functional, metagenomic and metatranscriptomic). Results
were, strikingly, generally consistent across samples and profiles; in stool, Bristol scale
consistency corresponded with the largest effect on species composition (3.4%), as well as
on metagenomic (4.2%) and metatranscriptomic (4.1%) functional profiles (all statistically
significant, FDR ¢<0.03). Its effects on biopsy taxonomic profiles were comparable (1.9%)
but did not reach statistical significance. Similarly, most other measured covariates
corresponded with smaller effects on overall microbiome structure as measured in either
stool or biopsy profiles, some capturing approximately as much variance (e.g. Lynch
mutation type at 3—4%, surgery history at 1-2%) but typically without enough consistency to
reach significance. Host demographics, as expected (Falony et al., 2016; Human
Microbiome Project, 2012b; Zhernakova et al., 2016), imparted a modest influence on the
gut microbiota (generally 1-2% of variation) that did not reach statistical significance in this
small population. More surprisingly, neither chronic aspirin use nor historical antibiotic
exposure (last 12 months) had any larger or significant effects in this population, suggesting
that the effect sizes of their influence on the overall microbiome are likewise modest.

We then assessed the degree to which overall microbiome changes in our adenoma subjects
agreed with those observed in previous studies of the CRC microbiome, particularly those
including early stage adenomas (Hale et al., 2018; Thomas et al., 2019; Wirbel et al., 2019)
(Fig. 4B). In order to meta-analyze adenoma-associated patterns across studies, we
considered only genus-level taxonomic profiles from five cohorts, including our own, and
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summarized adenoma-associated patterns into the first two linear discriminant analysis
(LDA) loadings for control vs. adenoma or CRC outcomes (see STAR Methods, Fig. S5).
Notably, we observed broadly significant consistency among Lynch adenoma-associated
microbial patterns and those observed in previous cohorts, albeit with high variability among
cohorts (Pearson ryin=0.27 and max ryax=0.71 for baseline adenoma; ry,in=0.32 and
rmax=0.7 for interval adenoma). Large variability in the degree to which a few genera were
CRC-associated among populations accounted for this difference, including
Pseudoflavonifractor, unclassified Ruminococcaceae, Anaerostipes, and Adlercreutzia (Fig.
S5). Strikingly, however, apart from these few high-variance outliers, there was broad
agreement in the microbial patterns indicative of Lynch adenoma in our population and in
those predictive of early-stage adenoma or later-stage CRC in other studies — with notably
lower effect size in adenoma than in later stage cancers.

Modest effects on overall microbiome structure do not preclude substantial effects on
specific components of the microbiome, however, and we thus further investigated the
relationship between Lynch clinical phenotypes and individual microbial clades (Fig. 4C-D).
We tested each sample type’s taxonomic and functional features individually on residuals
after regressing the effects of collection site by FDR-controlled Kruskal-Wallis. Overall, 71
individual genera (of 292 total) and 7 clades (of 7 total) achieved statistical significance
(FDR corrected, g<0.25) within biopsy samples; 55 of 131 species were significant in stool
(4 of 7 total clades). Proportionally more individual microbes were thus associated with
Lynch-relevant clinical factors in biopsy samples than in stool, despite the stool
microbiome’s slightly greater feature richness (Table S5). One of the most striking effects in
the stool microbiome of individuals with baseline adenomas was a depletion of many
typically-abundant Clostridiaceae; few other microbes were depleted during adenoma, with
some even in the closely related Lachnospiraceae and Ruminococcaceae significantly (but
very slightly) enriched. Several potentially important microbial enrichments during adenoma
occurred specifically at the mucosa (biopsy samples), including Methanobrevibacter.
Desulfovibrio was enriched in both stool and biopsies, concordant with its potential pro-
inflammatory, DNA-damaging role as a hydrogen sulfide producer (Hale et al., 2017).

Interestingly, while a history of colectomy was not itself a major determinant of overall
microbiome variation in the population (accounting for 1-2% by Bray-Curtis
PERMANOVA and weakly significant only in metatranscriptomic profiles), we observed
substantial differences in the microbial profiles of surgery patients with left versus right-or-
subtotal colectomies. Within surgery patients alone (n=39), overall taxonomic (13.7%) and
functional (13.0% DNA, 10.8% RNA) profiles all differed significantly (FDR * g<0.05), as
did individual features in both sample types: 49 of 292 total genus-level associations in
biopsies and 13 of 131 total species associations in stool. Specifically, in biopsies, the
relative abundance of Clostridium was enriched in subjects with subtotal colectomy, whereas
Prevotella and other Clostridiales members (Lachnospira, Ruminococcus, Megasphaera)
were enriched in subjects specifically with left colectomy. A loss of 6% (17 of 292) of
genera was observed in subjects with subtotal colectomy compared to those with a right
colectomy, while 2.4% (7 of 292) of genera were enriched in subjects with a right colectomy
compared to those with a left colectomy (FDR corrected, g<0.25). Right-sided colectomies
were predominantly characterized by Fusobacterium and Ruminococcus compared to left
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colectomies (Table S5). However, in stool samples, 4% (12 of 292) of individual species
significantly reduced when comparing subjects with a left colectomy to those with a right
colectomy (FDR corrected, q<0.25), with most drastic differences in relative abundance of
butyrate producing bacteria in the Subdoligranulum genus, Barnesiella intestinihominis, and
Alistipes shahii species.

These surgery-type-specific findings were borne out in microbial functional contrasts as well
(see Table S6), and likely reflect substantial changes in gut ecology resulting from the loss
of the ileocecal valve in right and subtotal colectomy surgeries. This permits more direct
communication between small and large intestine, negating the habitat differentiation that
typically distinguishes these distinct biogeographic communities (Costello et al., 2009).
These long-term effects of colonic resection in humans are distinct from those seen over the
short term (<1 mo) in mice (Devine et al., 2013) and may help to explain in part the
heterogeneity of clinical responses to varied resection surgeries in other conditions such as
inflammatory bowel disease (Mondot et al., 2016).

We also contrasted the effects of the specific mismatch repair genes (MLH1, MSHZ, MSHE,
PMS2) on the microbiome. Several biopsy genera within order Clostridiales were
dramatically reduced in abundance in carriers of MLHIand MSHZ mutations carriers
compared to MSH6 mutation carriers; Blautiaand Oscillospira were conversely enriched in
ML HI mutation carriers, specifically relative to those with PMS2 mutations. This is
consistent with prior data indicating higher lifetime CRC risk in individuals harboring
MLH1 and MSHZ mutations (Bonadona et al., 2011). To further study this predisposition,
we tested whether specific mutations associated with species composition (univariate
Kruskal-Wallis test) within only the subpopulation without prior CRC diagnosis and surgery.
In stool, the relative abundance of Clostridium bartlettii and Alistipes sp AP11 were
enriched in APMS mutations carriers (FDR <0.25, 0.5x1073+0.6x1073 and
0.3x1073+0.6x1073), whereas Coprobacillus was enriched in colonic biopsy samples of
MSH2 mutation carriers (FDR <0.25, 0.8x1073+0.29x1072). These microbial community
changes may thus reflect either the effects of CRC history on different mutation carriers, or
potentially contribute to the causality of differential CRC development in the future,
although our sample size for any one mutation type is too small to distinguish these
hypotheses in this cohort.

As with the omnibus test results in the Figure 4, the effects of remaining demographic and
exposure variables on individual microbiome features were modest. Consistent with other
studies (Barlow et al., 2015; Sweeney and Morton, 2013), the relative abundance of some
Firmicutes increased somewhat with increasing BMI. Chronic aspirin users likewise showed
a small number of modest shifts specific to biopsy genera, e.g. an increase in Lactobacillus
(relative abundance of 0.002+0.004, meanzs.d.) that reached statistical significance (FDR
corrected, <0.25) albeit at low effect size (effect size of r=0.39), and reductions in the
opportunistically pathogenic Acinetobacter (relative abundance 0.0002+0.0004) (Nistal et
al., 2015) and Prevotella (0.004+0.016). Even at the mucosa, the effect sizes of these
differences were modest (e.g. 56% in Prevotella). In this population, a subset of mucosal
clades associated with liquid stools (decreased Clostridiales clades, Bifidobacterium, and
Micrococcus) was in agreement with previous reports (Vandeputte et al., 2016), although
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strikingly no taxa were individually significantly different with respect to Bristol scale in
stool samples. No significant differences were observed in stool microbiota based on
medication usage, suggesting potentially highly tissue- and/or temporally-localized effects
of non-microbially or immune-targeted drugs on the microbiome.

Colectomy is further associated with metagenomic functional potential and, more strongly,
metatranscriptomic activity

To next characterize the effects of clinical factors upon microbial function (Fig. 5), we
assessed significant univariate associations with a selected set of gene families in both
metagenome and metatranscriptome functional profiles. To limit dimensionality to the most
relevant gene families, microbial functions as summarized by KEGG Orthogroups (Kanehisa
et al., 2014) were filtered to those with prevalence >10% and mean relative abundance
>0.1% in combination with an orthogonality criterion (see STAR Methods).

Overall, both a larger absolute number and a greater proportion of metatranscriptomic
functional features were thus associated with Lynch clinical covariates than were
metagenomic features. This suggests that the former may provide a clearer picture of
underlying mechanisms of microbial bioactivity related to Lynch progression despite (or
even because of) their more rapid temporal dynamics (Franzosa et al., 2014; Mehta et al.,
2018). Functions that significantly differed subsequent to intestinal surgery included
modules of central metabolism, transporters, and nutrient uptake. As with whole-community
tests, 141 of 1,278 transcripts were uniquely associated with right-sided/subtotal colectomy
(Mann-Whitney test, FDR g<0.25), including transporters of iron and spermidine/putrescine
(for effect sizes see Table S6). Conversely, 133 transcript families were associated with left-
sided colectomy. Almost all of these examples are suggestive of biochemical processes
disrupted in the microbiome after surgery without necessarily changing microbial growth
activities, thus evidencing a transcriptional but not metagenomic response. Finally, among
other clinical covariates, a range of microbial metabolic transcripts were negatively
correlated with patients’ ages, reflecting a previously unexplored functional consequence of
age-related microbiome diversity loss (Jeffery et al., 2016).

Pro-inflammatory microbial metabolic activities including flagellin expression are depleted
after colectomy

To explore the effect of colectomy on gut microbial function in more detail, we further
investigated the drivers of differences in metagenomic and metatranscriptomic gene families
introduced above. The majority of surgery-associated transcript families were reduced in
abundance after surgery (Fig. 6A). Strikingly, even among transcripts that increased in
relative abundance after surgery, most decreased in contributional diversity (i.e. the range of
different organisms providing them to the community); of 165 total significantly differential
transcript families (both enriched and depleted), 141 were reduced in contributional
diversity, 24 significantly so (Kruskal-Wallis tests, FDR corrected, g<0.05; 11 shown in Fig.
6B). As a rough indicator of community resilience, this disruption in transcriptional
diversity, over and above metagenomic contributional diversity (which was decreased in 308
surgery-linked transcripts, but only 10 significantly so), may indicate a previously
unappreciated effect of major perturbations (e.g. colectomy) on normal gut microbiome
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function. Indeed, the single most reduced transcript family was the highly
immunomodulatory flagellin protein fliC (K02406) (Andersen-Nissen et al., 2005). Its
metagenomic abundance post-surgery was essentially unchanged, and contributed largely by
the prevalent Eubacterium rectale, however, E. rectale was not the predominant transcriber
in subjects either with or without surgery, with Roseburia intestinalis instead dominating
fliC activity (Fig. 6C-D). Meanwhile, the abundances of fliC transcribers (i.e. R. intestinalis
and R. hominis) were enriched in the subjects without surgery (Kruskal-Wallis tests, FDR
corrected, g=0.009 and gq=0.019, respectively). This example is notably similar to previous
reports of interaction between immunostimulatory microbial products and inflammatory
disease driven by subtle contributional and structural changes rather than bulk levels: for
example, changes in the microbial sources of the lipid A subunit of lipopolysaccharide in
infants at risk for type 1 diabetes (\Vatanen et al.), as well as recent work in Eubacterium and
the closely related Roseburia clade has likewise observed differential immunogenicity of
flagellin variants (Neville et al., 2013). Collectively, these findings argue for a new focus on
the contributional sources of microbial protein structural variants in the maintenance (or
loss) of homeostasis in the gut.

Microbial metabolic function as predictors for Lynch progression

Lynch syndrome patients receiving standard care rarely progress to colorectal cancer, and
instead their main form of progression is the detection and resection of adenomas (i.e.
precancerous lesions) during annual colonoscopies (Li and Martin, 2016). We thus tested
whether features of the microbiome were associated with patients in whom adenomas were
detected either at baseline (i.e. the time of initial sampling) or at interval follow-up, the latter
of which is particularly suggestive of components of the microbiome that might causally
contribute to cancer progression (rather than responding after the fact). Of note, while
adenoma size is highly predictive of outcome in sporadic cancer (Feng et al., 2015), this is
rarely the case in Lynch syndrome since screening detects adenomas early (almost always
<1 cm in this study, Table S7). Interestingly, univariate testing indicated that 4% of genera in
biopsies showed reduced abundances in the subjects with baseline adenomas, most being
Firmicutes, while 9% of stool species showed depleted abundances, including many genera
of the Clostridiales and Bacteroidales (see Fig. 4B-C and Table S5). However, these were of
low individual effect size (max. fold change 1.6) and highly variant among individuals,
yielding no single taxa consistently predictive of differences during adenoma carriage.

We thus evaluated more stringent, discriminative random forest predictors of baseline or
interval adenoma occurrence, and correspondingly only microbial transcripts were
significantly predictive of progression (AUC=0.74, p<0.05, Fig. 5A-B, Fig. S6 and Fig. S7),
while stool metagenomic taxonomy, and metagenomic function were not (in all cases
p>0.05). The associated classifiers were trained on subjects without prior surgical history to
avoid confounding by the more extreme effects of this treatment as delineated above.
Including patient age as a predictor provided an incremental improvement, but Bristol stool
scale did not (Table S8). The transcripts identified as predictive during RF classification
(Fig. 7C-E) included a shift between protective and risk-increasing oxidative metabolism
pathways, suggesting that buffering of redox metabolism and/or stress may play a key role in
microbial drivers of early CRC risk.
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More specifically, the most predictive (risk-associated) transcript was an uncharacterized
protein family (K06960), a short (~80AA) peptide with likely RNA binding activity (KH
domain (Siomi et al., 1994)) but no known functional roles. However, several of the most
protective (e.g. KO0177: 2-oxoglutarate ferredoxin oxidoreductase subunit gamma, K01960
pyruvate carboxylase subunit B) and most risk-associated (e.g. K00332: NADH-quinone
oxidoreductase subunit C, K00074: 3-hydroxybutyryl-CoA dehydrogenase) transcript
families are all regulators of or participants in shifts among oxygen-sensitive energy harvest
pathways. Several of the other predictive transcripts (e.g. KO7507: Mg2* transporter,
K09825: peroxide stress response Fur family regulator) participate in parallel oxygen stress
management via metal transport. The alleviation or exacerbation of “good” (i.e.
immunoactive, microbially-targeted) versus “bad” (off-target or host-damaging) oxidative
stress at the colonic mucosa (Garrett, 2015) may thus represent one pathway by which long-
term microbial metabolic activity would proactively influence carcinogenesis by mediation
of the biochemical microenvironment. Unlike microbiome responses to surgery, however,
their contributional diversities were typically not significantly changed (Fig. 7D), indicating
that potential causal contributors to adenoma progression may be restricted to very specific
molecular activities in only a few members of the microbiome, in contrast to the much
broader ecological shifts induced by colectomy and later stage cancers.

Discussion

We investigated the colonic biopsy and fecal microbiomes of patients with Lynch syndrome
and their relationship with the development of colonic pre-neoplastic lesions, e.g. adenomas,
at baseline and after 1-2 years of follow-up. While a history of colectomy (accompanying
prior cancer development) was most strongly related to overall microbiome structure,
differences in baseline mucosal and fecal community function (and specifically
metatranscriptomes) were concordant with previously-observed changes in later-stage CRC
and weakly predictive of interval adenoma development. A range of other Lynch-associated
clinical factors, including medication usage (aspirin), specific mismatch repair gene
mutations, and demographics all only weakly influenced overall microbiome structure, but
associated significantly with individual taxonomic members and functional elements of the
mucosal and/or stool communities. Several such individual associations were components of
microbiome immunomodulation, including short-chain fatty acid production and flagellin
protein. The latter was transcriptionally enriched in subjects without surgery as contributed
by species including R. intestinalis and R. hominis.

One of the most important findings of this study may be one of omission, however,
inasmuch as the strongly tumor-associated Fusobacterium nucleatum was not a major
component of the pre-cancerous, adenoma-associated microbiome in any subset of our
population. The genus was only substantively detected mucosally, not in stool, was not
particularly abundant in any subjects, and was only weakly enriched among patients with
baseline adenoma (and not in those with adenomas in follow-up). The relationship of ~
nucleatum with CRC prior to tumor development in humans, as opposed to subsequently,
has not yet been extensively studied, for the reasons outlined above: it is difficult to
efficiently assess at-risk populations prospectively. In mice, previous studies demonstrated
that oral £ nucleatum supplementation was sufficient to increase intestinal tumorigenesis in
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ApcMin+ mice, but the organism may not be sufficient or necessary for early human
colorectal tumorigenesis, may differ in its strain composition, or may only be present in
small or localized areas at early cancer stages (Kostic et al., 2013; Rubinstein et al.). One
potential mechanism of local early-stage £. nucleatum neoplasia promaotion is in
compromising antitumor immunity (Gur et al., 2015; Kostic et al., 2013; Mima et al., 2015),
but this has only been shown in preclinical models and advanced stage tumors in humans,
not prospectively.

Given £ nucleatum’s discovery in close association with later-stage tumors (Kostic et al.,
2013), and its recent observation of travel with metastatic cells (Bullman et al., 2017), our
data suggest several possible hypotheses regarding the organism’s role in CRC. It may be
partially causal in CRC development, but only at very low abundance and in very
biogeographically localized regions around the site of future tumorigenesis. Alternatively, it
may be predominantly responsive instead, and enriched only in response to other factors that
initially trigger and change the tumor microenvironment. A third possibility is that in this
genetically distinct Lynch syndrome population, cancer progression is driven genetically
more rapidly than it would be in a general population, neither necessitating nor leaving time
for very specific microbial causes such as £ nucleatum. Instead, the components of the
microbiome that were more clearly associated with adenomas and/or progression in this
study were those with more commensal, pathobiont-like behavior, and which more broadly
influence whole-gut ecology and metabolism, such as £. coliand Klebsiella spp (Antonic et
al., 2013; Rolhion and Darfeuille-Michaud, 2007), Methanobrevibacter (Gaci et al., 2014),
and Porphyromonas (Sun and Kato, 2016). Together, this suggests a model in which early
risk of CRC initiation is driven by diffuse, ecological factors that are responsive to
environmental perturbations (such as diet (Fung et al., 2003; Kesse et al., 2006)), while past
a “tipping point” the local pre-cancerous microenvironment becomes both amenable to and
potentially driven by more specifically causal microbes (e.g. £ nucleatum).

Both manifestations of the host genetic aberrations that drive cancer development, and any
microbial and immune contributions, may initially be too localized to detect from stool- or
even biopsy-based profiles of the microbiome. This may be particularly true in the very early
adenomas studied here, or in Lynch syndrome generally, which shares the greatest molecular
commonality specifically with mismatch repair deficient ({IMMR) sporadic cancers
(generally of the recently-proposed CMS1 subtype (Guinney et al., 2015)). To our
knowledge, it is not yet known whether the microbial trajectory of developing CRC may
differ by molecular subtype, or whether Lynch-driven early adenomas have uniquely subtle
microbial signatures. CRC microenvironments generally are modulated by inflammatory and
immune responses, and the unique microbial environment that emerges in later stages of
progression may depend on this interaction with the host (Sze et al., 2017; Zeller et al.,
2014). Specific gut microorganisms and immune spatiotemporal distribution that is not
easily detectable prior to overt tumor development may thus be critical in regulation of
intestinal inflammation. In this study in particular, we are not powered to detect microbial
changes that are either small or highly subject-specific. This might therefore preclude
clinical applications of very early stage microbial predictors of CRC, while still allowing the
exploration of causal mechanisms (i.e. low-relative risk genetic factors). Such a state would
also not preclude non-invasive detection modalities for later-stage CRC (Zeller et al., 2014).
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Relatedly, neither baseline nor interval adenoma development was strongly associated with
or predictable by any component of the gut microbiome in this population. This degree of
classification accuracy, a weaker adenoma phenotype relative to late stage cancer, and the
patterns of microbial change observed here were all concordant with previous CRC
microbiome studies (Thomas et al., 2019; Wirbel et al., 2019; Zeller et al., 2014). It was also
likely due to the study’s focus on microbiome epidemiology over highly spatiotemporally
localized causal events. Other limitations include relatively low number of patients in each
Lynch-associated genotype, which limits our ability to detect interaction effects between
specific driver mutations and microbiome structure. Patients with prior surgery may have
received medications (e.g. antibiotics, remote chemotherapy) or other experienced unique
environmental factors (e.g. diet modification, red meat consumption), leading to partially
hidden confounding factors. Finally, as in essentially all prospective human CRC studies, we
could not compare microbial communities of LS patients to exactly corresponding healthy
subjects in detail, due to the difficulty of intrusive colonoscopic sampling in most
populations. Most importantly, LS patients are seen regularly and early specifically in order
to prevent substantive CRC progression, meaning that all microbiome associations seen here
are with very early stage adenoma, not yet progression through adenoma to later stage CRC
at which time more extreme microbiome effects might be evident.

In addition to addressing these limitations in future studies, it also remains to link the
microbiome phenotypes detected here to specific microbial strains. In addition to
spatiotemporal locality, early microbial contributions to the tumor microenvironment are
likely strain-specific, as in conditions such as inflammatory bowel disease (IBD) (Hall et al.,
2017). 1t will further be important to associate the adenoma-linked microbial transcriptional
responses here with potentially related acute exposures such as diet (e.g. red meat
consumption (Koeth et al., 2013)). Particularly if microbiome expression that can be either
maintained for long periods of time or rapidly reconfigured by regulatory responses is
involved in cancer progression, it will be necessary to disentangle both very short- vs. long-
term contributions of these effects in the gut. In order to disambiguate these effects, /n vitro
systems and animal models may thus best complement targeted human studies in
characterizing potential mechanisms of microbiome involvement in very early stage cancer
risk among genetically predisposed individuals and the broader population.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Curtis Huttenhower (chuttenh@hsph.harvard.edu).

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Male and female adult (18 years of age or older) patients (n=100) with a diagnosis of Lynch
Syndrome presenting to the Center for Cancer Risk Assessment and Division of
Gastroenterology at Massachusetts General Hospital (MGH) or the Clinical Genetics and/or
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Gastroenterology Services at Memorial Sloan Kettering Cancer Center (MSKCC) were
invited to participate in the study by a study physician. Prospective participants were
contacted by mail, email, or telephone by a study coordinator and recruited to the study prior
to undergoing a scheduled routine annual or semi-annual screening/surveillance lower
endoscopy (sigmoidoscopy or colonoscopy) at MGH or MSKCC. All adult patients with a
diagnosis of Lynch syndrome, defined as the presence of a pathogenic or likely pathogenic
germline mutation in one of the DNA mismatch repair genes, were considered eligible for
participation. All participants provided informed written consent prior to undergoing any
study related procedures or sample processing. All study related procedures were approved
by the Institutional Review Boards of Partners Healthcare/MGH (Protocol #2013P002520)
and MSKCC (Protocol #15-016).

METHOD DETAILS

Sample collection and handling—~Prior to the endoscopy procedure, participants were
asked to collect stool samples at home and complete a questionnaire about their diet and
lifestyle. Stool samples were self-collected at home by participants from the bowel
movement prior to starting a bowel preparation. The stool collection kit contained a plastic
disposable commode (Covidien) and two 101 x 16.5 mm stool collection tubes (Sarstedt)
containing 5 mL of RNAIlater (Invitrogen). Samples were kept at room temperature until
return to study staff. Participants were instructed to collect one scoop of liquid or solid stool
(from the center of the stool sample) for each tube from the same bowel movement. Bowel
preparation for endoscopies at MGH included standard 4L polyethylene glycol electrolyte
solutions (NULYTELY or GoLYTELY), administered per os with 2L split preparation
dosing. Standard bowel preparation for endoscopies at MSKCC included 10 mg of bisacodyl
(Dulcolax) tablets taken twice on the day before the procedure, along with 238 mg of
polyethylene glycol (MiraLAX) powder dissolved in 64 ounces of clear liquid administered
in split preparation dosing. Participants at both institutions were asked to complete a brief
dietary and lifestyle questionnaire that included questions regarding stool collection (time of
day collected and stool appearance based on Bristol Chart), recent history of bowel
preparation, use of antibiotics and/or immunosuppresants, Gl health and related medications
(acid-reducing medications, bile production modification), and immune diseases.
Participants returned stool samples and questionnaires at the time of their endoscopy. Stool
samples were immediately processed upon receipt in the laboratory. Samples were removed
from RNAlater liquid, aliquoted into 2.0 mL cryotubes, and stored at —80°C until extraction.

Participants underwent routine endoscopy at MGH or MSKCC following standard hospital
procedures. During endoscopy, up to 8 jumbo pinch biopsies were taken from each sampled
segment of the colon (proximal and distal - up to 16 biopsies per patient). In the event that a
patient had a previously undergone a hemicolectomy, biopsies were collected from the
remaining segments. In the event of a subtotal colectomy, biopsies were obtained from the
rectum. The first 2 biopsies from each segment were immediately placed into tubes
containing glycerol and immediately placed on dry ice, frozen, and transferred to —80°C
upon return to the laboratory. Subsequent biopsies were placed immediately into tubes
containing RNAIlater and kept at room temperature. Upon return to the laboratory (~1 hour),
biopsies were kept in RNAlater at 4° overnight, and transferred to —80°C the following day.
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Lower endoscopy were reviewed by endoscopists, and we only considered adenomas in our
definition of recurrent neoplasia and did not include non-adenomatous (hyperplastic or
inflammatory) polyps in our analyses. None were advanced, as defined as larger than 1 cm
(Bond, 2000) (Table S7). Lesions were classified by location (right, left, and transverse
colon: right colon ranging from caecum through ascending colon, left colon including the
sigmoid).

Sequencing, taxonomic and functional profiling

16S rRNA sequencing: Total microbial DNA was extracted from biopsies using the MoBIO
PowerLyzer Tissue and Cells DNA isolation kit according to manufacturer’s instructions.
The 16S rRNA gene sequencing protocol was adapted from the Earth Microbiome Project
(Caporaso et al., 2012) and the Human Microbiome Project (Human Microbiome Project,
2012a). In brief, Genomic DNA was subjected to 16S amplifications using primers designed
incorporating the Illumina adapters and a sample barcode sequence, allowing directional
sequencing covering variable regions V4 (Primers: 515F [GTGCCAGCMGCCGCGGTAA]
and 806R [GGACTACHVGGGTWTCTAAT]). PCR mixtures (25 pl) contained 10 pl of
HotMasterMix with the HotMaster Tag DNA Polymerase, and 5 pl of primer mix (2 uM of
each primer). The cycling conditions consisted of an initial denaturation of 95°C for 2
minutes, followed by 30 cycles of denaturation at 95°C for 40 sec, annealing at 50°C for 30
sec, annealing at 50°C for 60 sec and extension at 72°C for 5 min, and a final extension at
72°C for 10 min. Sequencing was performed on the Illumina Miseq platform according to
the manufacturer’s specifications with addition of 15% PhiX, and yielded paired-end reads
of 250 bp in length in each direction.

Read pairs were demultiplexed and merged using USEARCH v7.0.1090 (Edgar, 2010).
Overlapping paired-end reads were stitched together (approximately 97bp overlap) using the
UPARSE algorithm (Edgar, 2013). Briefly, this pipeline will pick OTUs using a reference-
based method and then create an OTU table. OTUs were subsequently mapped to a subset of
the Greengene database (DeSantis et al., 2006) containing only sequences from the V4
region of the 16S rRNA gene to determine taxonomies. Abundances were then recovered by
mapping the demultiplexed reads to the UPARSE OTUs, producing the final taxonomic
profiles.

Metagenome and metatranscriptome sequencing—Total nucleic acid was extracted
from one aliquot of each stool sample using the Chemagic MSM I with the Chemagic DNA
Blood Kit-96 from Perkin Elmer. This kit includes both chemical and mechanical lysis with
magnetic bead-based purification. Stool lysate solution included MSM-I, TE buffer,
lysozyme, proteinase K, and RLT buffer with beta-mercaptoethanol prior to extraction
followed by vortex. M-PVA magnetic beads were added to stool lysate solution. After
vortex, the bead bound total nucleic acid was removed from solution using a 96-rod
magnetic head followed by three times washes in ethanol-based wash buffers. The beads
were washed in a final water wash buffer and re-suspended DNA sample into elution buffer.
The eluate was thus split into two equal volumes for DNA and RNA. SUPERase-IN solution
and DNase were added into DNA and RNA samples, respectively, and the reaction were
cleaned up by the AMPure XP SPRI beads. DNA samples were quantified using a
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fluorescence-based PicoGreen assay. RNA samples were quantified using a fluorescence-
based RiboGreen assay.

Metagenomes DNA samples were quantified by Quant-iT PicoGreen dsDNA assay (Life
Technologies) and normalized to a final concentration of 50pg/uL. Illumina sequencing
libraries were prepared from 100-250pg of DNA using the Nextera XT DNA Library
Preparation Kit (I1lumina) followed the manufacturer’s protocol. Libraries were pooled by
collecting equal volumes (200nl) of each library. Agilent Bioanalyzer DNA 1000 kit
(Agilent Technologies) were used to determine insert sizes and concentrations of each
pooled library. Libraries were sequenced on HiSeq 2x101 and yield ~10 million PE reads.
Picard suite was used to generate de-multiplexed BAM and FASTQ files.

For RNA-seq libraries, illumina cDNA libraries were generated using a modified version of
the RNAtag-seq protocol (Shishkin et al., 2015). In brief, 500 ng-1 pg of total DNA was
depleted of remaining sample DNA, fragmented, and ligated to DNA adapters. Barcoded
RNASs were pooled and depleted of rRNA using Ribo-Zero (Epicentre). Pooled barcoded
RNAs were used as a template for strand-specific cDNA synthesis. cDNA libraries were
sequenced on the Illumina Nextseq 500 platform to generate ~13 million paired end reads.

For all subsequent analysis, read counts were transformed into relative abundances by
normalization to the total number of reads per sample. Low-abundance filtering was applied
to discard taxonomic and functional features whose relative abundance did not reach 0.1%
and 0.01%, respectively, in at least 10% of individuals.

Taxonomic and functional profiles were generated with the bioBakery meta’omics workflow
(Mclver et al., 2018) v0.9.0 (http://huttenhower.sph.harvard.edu/biobakery workflows).
Briefly, reads mapping to the human genome were first filtered out using KneadData v0.7.0
with default parameters. Taxonomic profiling was performed using MetaPhlAn2 classifier
with default parameters, which relies on a library of clade-specific marker genes derived
from pan-microbial profiling (http://huttenhower.sph.harvard.edu/metaphlan2).
Metagenomes and metatranscriptomes were functionally profiled using HUMANN2
(Franzosa et al., 2018) v0.9.6, which quantifies per-species and community-total gene and
pathway abundance by mapping shotgun sequencing reads to functionally annotated
pangenome and protein reference databases. Profiles of high-resolution gene family
(UniRef90) abundance were summarized to higher level KEGG Orthogroups (KOs) and
structured MetaCyc (Caspi et al., 2016) pathways using HUMANN2 utilities. In order to
quantify metatranscriptomic functional activity, we normalized gene family and pathway
features’ RNA abundances to their DNA abundances (which reflect metagenomic copy
number). Features with nonzero RNA abundance and zero DNA abundance were modeled as
Inf (infinity). Features with zero RNA and DNA abundance were modeled as nan (not a
number). Sample counts represent the raw numbers available in Fig. 1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of variance within each data type in Fig. 4A was calculated using
PERMANOVA as implemented by the “adonis’ function in the R package V&gan. For CRC
microbiome meta-analysis, we included four studies of MetaPhlAn2 taxonomic profiles
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from the R package ‘ curatedMetagenomicData’ (Pasolli et al., 2017) and a 16S amplicon
profiled table from a previously published dMMR cohort (Hale et al.). We simplified taxa to
the genus level and, in metagenomes, identified those most differential among disease
conditions (control, adenoma, and CRC) by linear discriminant analysis, using only genera
common to our study; for IMMR data, we used previously calculated loadings from the
authors’ Table S3. We then computed Pearson correlations based on genera common to each
pairwise comparison (Fig. 4B). We calculated effect sizes in Fig. 5 based on chi-square
values normalized by the square root of the number of samples for Kruskal-Wallis tests
(Rosenthal and DiMatteo, 2001), or a z-normalized (by number of samples) U-statistic for
Mann-Whitney tests (Fritz et al., 2012), rendering these using the ‘corrplof R package. To
remove visual redundancy in pathways (Fig. 3D and E) and KO gene families (Fig. 5),
features with large Spearman correlations (|r|>0.7) with others were removed by taking the
highest-abundance feature from each such cluster as its representative. This resulted in a
pool of 1,891 candidate metagenomic gene families (reduced from 6,931 total) and 1,495
metatranscriptomic families (of 6,160 total). After applying FDR-controlled Kruskal-Wallis
and Mann-Whitney tests to each for surgery and Spearman tests for continuous factors (age/
Bristol stool scale), 17 metagenomic gene families were significantly associated with at least
one covariate (Fig. 5A and Table S6). Among these, six central carbon metabolism KOs
were also associated transcriptionally, in addition to transcript families from cell motility,
drug resistance, metabolism of terpenoids and polyketides, xenobiotic degradation, and other
processes (Fig. 5B and Table S6, FDR corrected, g<0.25). Unless otherwise stated, all tests
were corrected for multiple hypotheses using the Benjamini-Hochberg method.

We trained random forest (RF) classifiers to distinguish individuals with adenoma (baseline
or interval) from adenoma-free controls based on microbial features using the
‘randomfForest library in R (taxa in Fig. S6, and molecular functions in Fig. 7 and Fig. S7).
Taxa were filtered by average relative abundance across subjects (>0.1%) and orthogonal
selection was applied for molecular functions (Spearman correlation coefficient (r>|0.8]). We
evaluated RF performance using five-fold cross-validation and generated a single summary
ROC curve (using the ‘ROCR’ and ‘pROC libraries) with 95% confidence interval for each
classifier by combining the five testing folds.

DATA AND CODE AVAILABILITY

Raw sequence files were deposited into the Sequence Read Archive (SRA) of the National
Center for Biotechnology Information (NCBI) with accession no. PRINA526861. Study
population metadata are available as Supplementary Table S1, amplicon taxonomic profiles,
metagenomic taxonomic and functional profiles are included as Supplementary Table S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Gut microbial changes in Lynch adenoma resemble later stage CRC with
smaller effect.

. Colectomy with CRC history represented the largest effect on the Lynch
microbiome.

. Feces metatranscriptome weakly predicted future preneoplastic adenoma
development.
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Figure 1: Metagenomics and metatranscriptomics of the stool and colonic biopsy microbiomes in

Lynch syndrome.

(A) 100 participants with Lynch syndrome provided 87 stool specimens and 187 matched
colon biopsies at baseline, coupled with one-year clinical follow-up. During colonoscopy,
study biopsies were taken from the right (ascending), and the left (sigmoid) colon, except
where not possible due to prior colectomy. The former samples were metagenomically and
metatranscriptomically shotgun sequenced to yield taxonomic and functional profiles; the
latter were taxonomically profiled using 16S rRNA gene sequencing. (B) Features of the
microbiome were associated with current and interval clinical outcomes using whole-
community omnibus tests and feature-wise linear modeling, in addition to discriminative
modeling using random forests. Metatranscriptomically targeted analyses were used to
differentiate progression-linked microbiome functional potential from expressed molecular

activities.
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B. Stool taxonomy
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Figure 2: related to Table S4 \vjthin- and between-subject structure and function of the Lynch

syndrome gut microbiome.

Principal coordinate analysis (PCoA) of (A) biopsy genera taxonomic profiles, (B) stool
metagenomic species, t-SNE embeddings based on Bray-Curtis dissimilarity matrices from
clade-specific genes of (C) stool metagenomic functional profiles (KOs), and (D) stool
metatranscriptome functions (all Bray-Curtis dissimilarity). Combined adenomas included
baseline adenomas and 1-2 year interval adenomas. Color indicates distribution of alpha-
diversity (Gini-Simpson index) for the species-specific metagenomic and metatranscriptomic
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contributions to each KOs in (C) and (D). Functional features in t-SNE were determined by
a sparse selection of functional features with greatest variation across individuals that were
also distinct from other labeled features (specifically a minimum Euclidean distance
between z-scored coordinates of labeled features of 80). In all cases, major clinical
covariates including history of colectomy surgery and current or interval (i.e. combined)
adenomas incidence covary with, but are not the major drivers of, microbiome diversity (see
Fig. 4). (E) Bray-Curtis beta-diversity scores within- and between- subject (Mann-Whitney
tests, p<0.001). As expected, subjects’ microbiomes are self-stable over time, with
biogeographical and technical differences between 16S-based and metagenome-based
mucosal and stool taxonomic profiles.
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Figure 3: related to Table S2 Taxonomic and functional features of the gut microbiome with
Lynch syndrome clinical indicators.

(A) Clinical phenotype annotations for all Lynch cohort samples, with (B) the most abundant
(average) 10 genera in biopsies and (C) most abundant 10 species in stool. (D) Similarly, the
10 most abundant and orthogonal (see STAR Methods) metagenomic pathways, and
correspondingly (E) the metatranscriptomic pathways meeting the same abundance criteria
and at least 80% prevalence, as normalized by metagenomic copy number (see STAR
Methods) among stool samples. The subjects provided biopsy but not stool samples,
indicated in grey. Hierarchical clustering is based on Euclidean distance among biopsy
taxonomic profiles.
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Figure 4: related to Table S5 Associations of gut microbiome taxonomic and functional features
with Lynch clinical indicators and across CRC cohorts.

(A) Variance of each microbiome measurement type (16S, metagenomic, and
metatranscriptomic taxonomic and functional profiles) associated with individual Lynch
clinical variables by 9999-iteration PERMANOVA based on Bray-Curtis dissimilarities. To
reduce the impact of repeated measures from multiple biopsies from the same subject, we
included only one biopsy from each subject, with the following priority: left colon, right
colon, and others. Sample location applies only to biopsy samples; surgery type variances
are calculated only within subjects with subtotal or segmental colectomies. Combined
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adenomas included baseline adenomas and 1-2 year interval adenomas. Stars indicate
statistical significance (* q<0.05). (B) Correlation matrix of linear discriminant analysis
(LDA) loadings based on genus-level abundances common between this study’s Lynch
population and recent published CRC microbiome studies including adenoma (i.e. early)
patients (Hale et al., 2018; Thomas et al., 2019) (Methods). LDA was applied to the
resulting taxonomic profiles using a ternary outcome per study (control, adenoma, and CRC
when available). Hierarchical clustering is based on Pearson correlation among LDA loading
within the Lynch population or across other CRC studies. Stars indicate statistical
significance (*p<0.05; **p<0.01; ***p<0.001). (C) Significant associations between
individual taxonomic features and clinical covariates in biopsy and (D) stool profiles by
Kruskal-Wallis tests; all associations meeting FDR corrected q<0.25 are shown. Taxonomic
results were visualized using GraPhlAn (Asnicar et al., 2015). Analysis for biopsy samples
was run on residuals after regressing the effects of collection site.
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B. Metatranscriptome
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Figure 5: related to Table S6 Associations of microbiome functional potential and

metatranscriptomic activity with Lynch clinical indicators.

Significant associations between individual functional features (gene families summarized as

KEGG Orthogroups (Kanehisa et al., 2014)) as profiled

from (A) metagenomes and (B)

metatranscriptomes. All significant metagenomic associations are shown; selected
metatranscriptomic associations are shown comprising cell motility, drug resistance,
metabolism of terpenoids and polyketides, and xenobiotics biodegradation (see Table S6 for
complete results). Pvalues are based on Spearman correlation for age and Bristol stool scale,
and Mann-Whitney tests for surgery. Stars indicate FDR ¢<0.25.
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Figure 6: Individual microbial metabolic functions and overall diversity of microbial functional

contributions are depleted after colectomy.
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(A) 165 total microbial gene families were metatranscriptomically significantly depleted or,
less often, enriched in surgery patients (Kruskal-Wallis, FDR corrected q<0.25, Table S6);
the abundances for the subset selected in Fig. 5B are shown here. (B) Contributional alpha-

diversity of surgery-linked microbiome transcripts is generally depleted after surgery

(Kruskal-Wallis tests, stars indicate significant level at FDR g<0.05). This holds true even
among gene families more highly expressed with surgery. (C) The composition of
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contributing species represented in metagenomes and metatranscriptomes of flagellin protein
fliC for subjects without and (D) with colectomy surgery. There is no significant change in
metagenomic contribution between surgical treatment. The relative transcriptomic
contribution of R. intestinalis and R. hominis were different in subjects with/without surgery
(Kruskal-Wallis tests, FDR corrected, <0.01).
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A. Random forest (RF) prediction of interval adenoma
development from microbial transcripts
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B. RF prediction on baseline adenoma

from microbial transcripts
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Figure 7: related to Table S8 Gyt microbial transcriptional activity is a weak predictor of one-

year adenomas development at baseline.

Of random forest (RF) classifiers evaluated to predict current or 1-2 year interval adenomas
from taxonomic or functional features of the microbiome (Fig. S6 and Fig. S7), interval
adenomas were specifically best-predicted using metatranscriptional expression profiles (A),
in contrast with (B) baseline adenomas predicted no better than chance (and with other

prediction feature types; Fig. S6 and Fig. S7). While prediction accuracy is nowhere near

high enough for direct clinical utility, it suggests (C-E) further microbial transcriptional
mechanisms that may drive adenomas and eventually tumorigenesis. The 20 transcript
families given the highest importance scores by the RF are shown, sorted by differential
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abundance that were signed by Gini index, along with their abundances and contributional
alpha-diversities in subjects with and without interval adenomas development.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological Samples

Lynch syndrome patients mucosal and feces microbiome
samples

Clinical and Translational
Epidemiology Unit,
Massachusetts General
Hospital and Harvard Medical
School, Boston and
Department of Medicine,
Memorial Sloan Kettering
Cancer Center, NY, USA

MGH and MSKCC

Deposited Data

Shotgun metagenomic sequences data Sequence Read Archive PRINA526861
Shotgun metatranscriptomic sequences data Sequence Read Archive PRINA526861
16S rRNA gene sequences data Sequence Read Archive PRINA526861

Critical Commercial Assays

MoBIO PowerLyzer Tissue and Cells DNA isolation kit

Mo Bio Laboratories, USA

Catalog No. 12855

Nextera XT DNA library preparation kit

Ilumina, Inc

FC-131-1096

RNAlater

Invitrogen

Catalog No. AM7020

Polyethylene glycol electrolyte solutions (NULYTELY or
GOLYTELY),

Braintree Laboratories

http://www.nulytely.com/about-golytely.htm

Glycerol Sigma-Aldrich Catalog No. 56-81-5
HotMasterMix Catalog No. 13000013
Chemagic MSM | with the Chemagic DNA Blood Kit-96 | PerkinElmer Catalog No. CMG-1497
Stool lysate solution This paper Broad Institute

M-PVA magnetic beads PerkinElmer Catalog No. CMG-200

SUPERase-IN solution

ThermoFisher

Catalog No. AM2694

AMPure XP SPRI beads

Beckman Coulter

PicoGreen assay

ThermoFisher

Catalog No. P7589

RiboGreen assay

ThermoFisher

Catalog No. R11491

Quant-iT PicoGreen dsDNA assay

Life Technologies

Catalog No. P11496

Agilent Bioanalyzer DNA 1000 kit

Agilent Technologies

Catalog No. 5067-1504

Ribo-Zero™ rRNA Removal Kits Epicentre https://www.illumina.com/products/by-type/
accessory-products/ribo-zero-plus-rrna-
depletion.html

Oligonucleotide

515F [ETGCCAGCMGCCGCGGTAA] Invitrogen Custom ordering

806R [GGACTACHVGGGTWTCTAAT]) Invitrogen Custom ordering

Software and Algorithms

USEARCH v7.0.1090

Edgar et al., 2010

http://www.drive5.com/usearch/

UPARSE algorithm Edgar et al., 2013 http://www.drive5.com/uparse/
HUMANN2 Mclver et al., 2017 http://huttenhower.sph.harvard.edu/biobakery
PERMANOVA Franzosa et al., 2018 http://huttenhower.sph.harvard.edu/humann

curatedMetagenomicData

‘adonis’ R package

https://www.rdocumentation.org/packages/
vegan/versions/2.4-2/topics/adonis

Cell Host Microbe. Author manuscript; available in PMC 2021 April 08.



http://www.nulytely.com/about-golytely.htm
https://www.illumina.com/products/by-type/accessory-products/ribo-zero-plus-rrna-depletion.html
https://www.illumina.com/products/by-type/accessory-products/ribo-zero-plus-rrna-depletion.html
https://www.illumina.com/products/by-type/accessory-products/ribo-zero-plus-rrna-depletion.html
http://www.drive5.com/usearch/
http://www.drive5.com/uparse/
http://huttenhower.sph.harvard.edu/biobakery
http://huttenhower.sph.harvard.edu/humann
https://www.rdocumentation.org/packages/vegan/versions/2.4-2/topics/adonis
https://www.rdocumentation.org/packages/vegan/versions/2.4-2/topics/adonis

1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Yan et al. Page 39
REAGENT or RESOURCE SOURCE IDENTIFIER
randomForest R package https://waldronlab.io/curatedMetagenomicData/
Description: URL R package https://cran.r-project.org/web/packages/

randomForest/index.html

bioBakery meta’omics workflow

Mclver et al., 2017

https://github.com/biobakery/biobakery/wiki/
biobakery_wiki
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