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SUMMARY

Colorectal cancer (CRC) is driven by genomic alterations in concert with dietary influences, with
the gut microbiome implicated as an effector in disease development and progression. While
meta-analyses have provided mechanistic insight into patients with CRC, study heterogeneity has
limited causal associations. Using multi-omics studies on genetically controlled cohorts of mice,
we identify diet as the major driver of microbial and metabolomic differences, with reductions

in a diversity and widespread changes in cecal metabolites seen in high-fat diet (HFD)-fed

mice. In addition, non-classic amino acid conjugation of the bile acid cholic acid (AA-CA)
increased with HFD. We show that AA-CAs impact intestinal stem cell growth and demonstrate
that /leibacterium valens and Ruminococcus gnavus are able to synthesize these AA-CAs. This
multi-omics dataset implicates diet-induced shifts in the microbiome and the metabolome in
disease progression and has potential utility in future diagnostic and therapeutic developments.

In brief

Fu et al. identify high-fat diet as a dominant determinant of the cecal microbiome and metabolome
in a mouse model of colorectal cancer and implicate microbially conjugated bile acids as potential
drivers of disease progression.

Graphical Abstract

Cell Rep. Author manuscript; available in PMC 2024 February 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Fuetal. Page 3

&=
o A5
%, . Bne
” g & R
Microbiome ¥
Metagenomics ' PC1
@ Genotype

WT

ND @
HFD @

Multi-Omics study

Untargeted
metabolomics

m
v

Microbially conjugated
cholic acids

Diet

Biological
activity

INTRODUCTION

Colorectal cancer (CRC) is the 4™ leading cause of cancer-related deaths worldwide.
Combined with an expected increase in the incidence in the coming decades, new diagnostic
and therapeutic approaches for combating this disease are needed. Diet and lifestyle choices
have been identified as risk factors for CRC, with 50%-60% of US cases attributed to
modifiable risk factors.2 However, the convergence of environmental and genetic factors in
the development and progression of CRC is not fully understood.

The intestinal microbiome has been suggested to mediate environmental risk factors in CRC.
While specific microbes have been associated with different tumor stages, conflicting reports
have led to a meta-analysis approach to map gut microbiome signatures associated with
CRC.3-8 Such meta-analysis approaches have identified diagnostic microbial signatures;
however, causal associations of microorganisms with carcinogenesis have proven difficult.®
This is attributable in part to variations in human genetics and environmental conditions.
Indeed, study heterogeneity was found to have a larger impact on the composition of the gut
microbiome than CRC.8

Diets high in animal fat alter the microbiome, as well as lead to increases in bile acids
(BASs). BAs are a diverse collection of amphipathic cholesterol derivatives that promote the
intestinal absorption of lipids and fat-soluble vitamins. Synthesized in the liver, primary BAs
are conjugated to glycine and taurine prior to storage in the gall bladder and subsequent
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secretion into the duodenum. Specific transporters in the ileum actively recycle the majority
of BAs to the liver. Residual BAs transiting to the colon are modified by the microbiome,
including deconjugation, dehydroxylation, and dehydration to generate secondary BAS. In
addition to their detergent effects, BAs function as endogenous ligands for the G protein-
coupled BA receptor (TGR5) and several nuclear receptors including the farnesoid X
receptor (FXR). FXR is considered the master regulator of BA homeostasis, controlling

the transcription of key genes regulating the synthesis and transport of BAs. Of note, BA
modifications differentially affect their transport, receptor efficacy, and cytotoxicity.

Clinical studies have reported reduced microbial diversity, along with a shift from dietary
carbohydrate utilization to amino acid degradation in patients with CRC.8 In addition,
increased fecal levels of the secondary BAs lithocholic acid (LCA) and deoxycholic

acid (DCA\) relative to healthy controls have been shown.® While both preclinical and
patient-based studies support a role for gut dysbiosis in CRC susceptibility/progression, the
interactions between the microbiome and the host are incompletely understood. The ability
to control genetic and environmental confounders in preclinical studies offers the potential
for causal relationships to be identified, despite species differences in the composition of

the microbiome and BA pools. Mice with a mutant allele of the APC gene (APCMIN*)
develop multiple intestinal neoplasia predominantly within the ileum; however, these lesions
seldom progress past the adenoma stage.1% We previously showed that challenging APCMIN/*
mice with a high-fat diet (HFD) was sufficient to drive the progression from adenoma to
adenocarcinoma.! Using this APC™M"* mouse model of CRC, we show here that the effects
of an HFD on the cecum microbiome are more pronounced than those from the genetic
mutation, significantly reducing microbial a diversity and perturbing the metabolome. The
presence of microbially conjugated BA with the capacity to drive intestinal cell proliferation
in HFD-fed mice identifies potential drivers of disease progression.

RESULTS

To understand the effects of genetics and diet on CRC progression, we compared wild-type
(WT) and APCM"* mice maintained on a normal diet (ND) or on an HFD. Changes in

the gut microbiome were detected using 16S and shotgun metagenomics of cecum samples
stratified by both genotype (WT compared with APCMN*) and diet (ND compared with
HFD), resulting in 4 groups.>:8:12.13 The bacterial diversity and composition in these 4
groups were characterized by both a and @ diversity (Figures 1A, B, and S1A).14 Faith’s
phylogenetic a diversity of cecum microbiomes was lower in HFD-fed compared with
ND-fed WT mice (Figure 1A).1> Somewhat surprisingly, microbial richness was largely
unaffected in the genetic model susceptible to CRC (APC™"* compared with WT mice on
ND) (Figure 1A). As seen with WT mice, HFD reduced a diversity in APCMM* mice, albeit
to a lesser extent (Figure 1A). Similarly, we observed more profound B-diversity differences
related to diet (ND vs. HFD) in both WT and APC™"* mice than between genotypes
(Figures 1B and S1A). We then explored the association of specific microbial taxa with
mouse genotype and/or diet through differential abundance ranking (see STAR Methods;
Figure S1B).14 Of note, species of the genus Prevotellaceae were more associated with the
APCMIN* genotype, while species of the family Lachnospiraceae were more associated with
the WT genotype. On the diet side, species of the family Erysipelotrichaceae were more
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associated with HFD, while species of the family Clostridiaceael/were more associated with
ND. We plot the phylogenetic trees annotated by genotype and diet differentials (Figures
1C and 1D) and the associated rank plots (Figures 1E and 1F). Taking the log ratios of the
aforementioned taxa,14 we observe statistically significant differences comparing samples
both between genotypes and between diets (Figure 1G).

Complementing the metagenomic analyses, paired metabolomic profiling was performed

to gain additional insight into the functional consequences of the genetic and dietary
changes.16 Unbiased liquid chromatography-mass spectrometry (LC-MS) profiling of
cecum and serum samples from both WT and APC™"*+ mice on NDs and HFDs was
performed (Figure S2A). Principal-component analysis (PCA) of the cecum samples
revealed metabolomic differences associated with diet (Figure 2A). To confirm this
association, partial least square-discriminant analysis (PLS-DA) of cecum and serum
samples showed metabolomic differences among the four sample groups,with a permutation
test (100replicates, p<0.01) suggesting that the model fit is better than a chance permutation
of the labels (Figures 2B, S2B, and S2C). Diet was the dominant determinant of the cecum
metabolome, in agreement with the microbiome analyses, whereas less pronounced diet-
induced differences were evident in the serum samples (Figure 2B). Over 110 metabolites
were determined to be significantly dysregulated when comparing HFD- and ND-fed mice
(p <0.05, fold change = 1.5). Pathway enrichment analysis of the dysregulated metabolites
identified 9 metabolic pathways (Figure S3A), with the aminoacyl-tRNA biosynthesis
pathway most affected. Ranking metabolites by differentials revealed relatively minor
genetic effects on the cecal metabolome (largely less than 2-fold changes), with similar
numbers of metabolites increased and decreased in APCMN* compared with WT mice
(Figure 2C). In contrast, the magnitude of the changes was greater with diet, with HFD
markedly reducing the levels of approximately 30% (decreased up to 6-fold) and increasing
the concentrations of 70% of the differentially regulated metabolites (increased up to 3-fold)
(Figure 2D). Metabolites reduced in APCM"* compared with WT mice included several
lysophosphatidylcholine (LPC) species (Figure S3B), in agreement with reduced LPCs
reported in patients with CRC,7 while the observed reduction in C16 acyl-carnitine (ACAR
16:0) contrasts with reported increases seen in patient-derived serum.18:19 Correlation-based
metabolic network analysis, where each node represents one metabolite and the edge
between two nodes represents the correlation coefficient between two metabolites (red

and blue lines representing positive and negative correlations, respectively), reveals the
global effects of HFD on the dysregulated metabolites (Figure S3C). Exploiting the finding
that structurally related molecules produce similar MS fragmentation patterns, spectral
similarity scores were calculated using MS-DIAL with the embedded Bonanza spectral
clustering algorithm. Subsequent network analyses facilitated the visualization of chemical
similarities across the entire metabolome, wherein each node represents an ion with an
associated fragmentation pattern and the links among the no des indicate spectral similarities
(visualized in Cytoscape; Figure S4),20.21,22-24

Dietary changes are reflected in fecal BAs

Previously, we found that HFD-induced increases in secondary BAs including DCA and
tauro-p-muricholic acid (TBMCA) were sufficient to drive an adenoma to adenocarcinoma
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progression in the APCMIM* CRC mouse model.1! To further understand the impact of
dietary and genetic factors on microbially derived secondary BAs, we measured fecal BAs
in WT and APCM"* mice on a ND or on an HFD. Consistent with previous findings,
HFD and the APC mutation independently and cooperatively increased fecal BA content
(Figure 3A). In addition, HFD increased the proportion of secondary BAs in both WT and
APCMIV* mice (Figure 3B). Given that total bacterial load and a diversity decreased with
HFD, the proportional increases in secondary BAs implicate compositional changes in the
microbiome, rather than in the absolute bacterial load, in mediating these changes (Figure
1A).

To complement these metabolomic studies, the progressive changes in total and specific
fecal BA species were determined by enzymatic assay and targeted MS, respectively, in
APCMIN* mice (Figures S5A and S5B). While minor fluctuations were evident in the serum
levels of @MCA, the fecal levels were found to increase with age (Figures S5C and S5E).

A similar pattern was seen in serum and fecal DCA (Figures 3C and 3D), while a transient
decrease in BMCA levels was seen coinciding with tumor initiation (~7 weeks; Figure S5F).
This lack of correlation between fecal and serum levels of ®MCA and DCA is presumed to
be a consequence of differential BA uptake in the colon.2%26 However, at increased tumor
load (~13 weeks of age), reductions in DCA and wMCA levels were observed without major
changes in fecal bacterial load (Figures 3E, 3F, and S5E), implicating compositional changes
in the gut microbiome in the generation of secondary BAs. In contrast, BMCA levels
increased during the later stages of tumor progression, potentially driven by tumor-specific
changes in the microbiome (Figure S5F).

We next sort to determine the specific BA species contributing to the HFD-induced increases
in fecal BAs in both WT and APCMM* mice (Figure 3A). Notably, fecal DCA and oMCA
levels increased 60- to 100- and 150- to 300-fold, respectively, in mice maintained for 16
weeks on HFD (Figure 3G, and S5G). APC™"* mice were more susceptible to the dietary
challenge, with increases in fecal DCA and wMCA levels 3- to 5- and 6- to 7-fold greater
than those in WT mice, respectively (Figure 3G, and S5G). In contrast, the diet-induced
changes in serum cholic acid (CA) levels were relatively minor; however, concentrations
were an order of magnitude higher in HFD-fed APCM"* mice (Figure S5H).

As the master regulator of BA homeostasis, activation of FXR can reduce serum BA levels
in HFD-fed WT and APCM"* mice.11 To explore the impact of FXR on the fecal BA
pool, ND- and HFD-fed mice were treated with the intestinally biased FXR agonist FexD
(50 mg/kg/day for 8 weeks; Figures S6A and S6C). Intestinal FXR activation reduced total
fecal BAs in both WT and APC™"* mice on ND (Figure 3H). In contrast, a differential
effect was evident in HFD-fed mice, with FexD treatment increasing and decreasing total
fecal BA levels in WT and APCMN* mice, respectively (Figure 3H). Profiling the fecal
BA composition of ND-fed mice revealed model-specific FexD-mediated reductions that
were largely lost in the HFD cohorts, illustrating the complexity of factors affecting BA
homeostasis (Figures S6B and S6D).27~29

Cell Rep. Author manuscript; available in PMC 2024 February 29.
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Novel conjugated BAs associated with HFD

Recently, we identified 3 novel amino acid-conjugated CA species and showed that these
microbially generated BAs were enriched in patients with inflammatory bowel disease.30
Building on this study, we interrogated the cecal metabolome datasets for evidence of
non-classic amino acid-conjugated BAs. In agreement with our earlier study, phenylalanine
(Phe)-, leucine (Leu)-, and tyrosine (Tyr)-conjugated CAs were detected. In addition, serine
(Ser)-, alanine (Ala)-, tryptophan (Trp)-, and glutamine (Glu)-conjugated CAs were also
identified (Figure 4A). The core CA mass spectral fragmental pattern was evident in

these non-classic conjugated CA derivatives (amino acid-conjugated CAs [AA-CAs]), with
additional patterns consistent with the presence of the identified amino acids conjugated
through an amide bond at the normal glycine/taurine conjugation site (Figure 4A).
Moreover, the proposed structures were validated using synthesized standards with retention
time and tandem MS (MS/MS) fragmentation patterns matching on several instrument
platforms, including targeted MS. While the levels of AA-CAs varied between individual
mice, HFD increased the levels of Gly-CA and Phe-CA in both WT and APCM"* mice and
the concentrations of Leu-CA and Ser-CA in WT mice (Figure S6E; HFD-induced changes
in representative WT mice are quantified in Table 1). Consistent with earlier observations,3°
these AA-CAs were detected in cecum but not in serum samples, supporting the notion that
they are synthesized by the gut microbiome.30

Non-classic conjugated BAs are microbially generated

To explore causal associations between microbial content and the metabolome, the co-
occurrence probabilities between microbial taxa and metabolites in APCMN* cecum
samples were estimated.28 The conditional probability of observing a metabolite, given

that a microbe was observed, was estimated using the neural network MMvecs (microbe-
metabolite vectors),28 which predict metabolite abundances from microbe sequences. Using
operational taxonomic units (OTUS) to cluster microbes based on sequence similarities,
associations between BAs and microbial species were determined by normalized conditional
probabilities. These analyses revealed the effect of diet on the co-occurrence of clusters of
microbes and specific BAs in APCM"* mice (Figure 4B).28 Moreover, the MMvec showed
clear stratification of the metabolomics data according to diet effects in APCTN* mice
(Figure 4C). We then performed differential abundance on the identified metabolites to
parallel the metagenomic analysis in determining which metabolic features were associated
with diet and genotype. Considering that these AA-BAs also use amino acids as resources,
we used the MMvec results to identify candidate producers by Spearman correlation
analysis of the first MMvec PC with HFD log fold changes in APC™M"* mice (Figure

4C). A strong correlation was observed, indicating that PC1 seems to be strongly driven

by diet (Figure S6F).14 Detailed correlations between candidate producers and different

BA categories are presented as a cluster map (Figure S6G). Several bacterial species are
highly correlated with AA-CA production.28:30 In particular, Tyr-, Phe-, and Leu-conjugated
CAs are highly associated with Erysipelotrichaceae, Lachnospiraceae, and Lactobacillaceae
(Figure 4C).5:30.31
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Novel conjugated BAs are biologically functional

We next explored how these alternative amino acid conjugations affect CA-driven
physiology. Initially, signaling through FXR and TGR5 (encoded by G protein-coupled

BA receptor 1 [GPBARL1], a membrane-bound BA receptor) was evaluated using luciferase
reporters containing FXR or TGR5 downstream cAMP response elements transfected into
kidney HEK293 cells overexpressing human or mouse FXR or TGR5 genes.32:33 |n these
reporter assays, Phe, Tyr, Trp, and Glu conjugation increased CA signaling via human, and
to a lesser extent via mouse, FXR compared with taurine and glycine, while Leu-, Ser-, and
Ala-conjugated CAs functioned as weak FXR agonists or even antagonists (Figures 5A and
S7A). In terms of TGR5, Leu, Phe, and Tyr conjugation increased and Glu, Trp, Ala and Ser
conjugation decreased CA activation of mouse TGR5 relative to the taurine conjugate, while
all alternate conjugations reduced or eliminated activation of human TGR5 (Figures 5B

and S7B). To associate AA-CA signaling with functional outcomes, the abilities to promote
intestinal cell proliferation were compared.11-33 Taurine conjugation reduced the ability of
CAs to promote growth of intestinal organoids derived from WT mice but had less of an
effect on-APC™"*_derived intestinal organoids (Figures S7C and S7E). Ala conjugation
similarly attenuated CA-driven proliferation, while Ser-, Leu-, and Glu-conjugated CAs
largely eliminated the proliferative effects (Figures 5C and S7D). Somewhat unexpectedly,
Ser-CA, a BA previously found to associate with lymphocytic choriomeningitis virus
(LCMV) infection in mice and with human Crohn’s disease,?! increased the expression of
intestinal stem cell marker genes in WT organoids (Figure 5D). In contrast, CA conjugated
with the aromatic amino acids (Trp, Tyr, Phe) inhibited organoid proliferation, consistent
with reduced expression of stem cell marker genes in WT organoids (Figures 5C, 5D, and
S7D-ST7F). Interestingly, these AA-CAs showed varying activation of FXR and TGR5 target
genes, alluding to the complexity of BA functionality (Figures 5D and S7G).

Whnt signaling is an important driver of intestinal stem cell growth, with nuclear p-catenin
activity largely mediated by the downstream TCF/LEF (T cell factor/lymphoid enhancer-
binding factor) pathway. Surprisingly, each of the AA-CAs promoted Whnt signaling, albeit
at supraphysiological concentrations, as measured by TCF/LEF activity in the colon cancer
cell line HT29 (Figures S7H and S71).

While 90% of classic BAs are recycled to the liver, we previously reported that Phe-CA,
Tyr-CA, and Ala-CA were not detected in mouse or human portal or peripheral blood.30
To predict the potential for these AA-CAs to be recycled, Caco2 permeability assays were
performed with atenolol and propranolol as low- and high-permeability controls and with
digoxin as a substrate for transporter-mediated uptake. With the exception of Glu-CA,

the alternate AA-CAs displayed high efflux ratios (>2). However, the markedly reduced
permeabilities compared to Gly-CA suggest that these alternately conjugated BAs are
transported at much lower levels or not at all into the bloodstream (Figures 5E and S7J).

To support the notion that these AA-BAs are microbially derived, total cecal bacteria were
cultured in the presence of increasing concentrations of exogenous CA. Each of the AACAs
was detected in anaerobic cultures, with increased levels seen in cecal bacterial collected
from HFD mice (Figure 6A). Aerobic cultures were similarly able to generate the AA-CAs,
albeit at lower levels (Figure S8A). In addition, anaerobic cultures were able to utilize

Cell Rep. Author manuscript; available in PMC 2024 February 29.
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tauro-CA as a substrate, consistent with the presence of bile salt hydrolases (BSHs) in

these cecum cultures (Figure S8B). However, the majority of cultures did not efficiently
conjugate CDCA or DCA (Figures S8C and S8D). To validate the predicted associations of
AA-CAs with specific bacterial species (Figure 4C), individual cultures of Ruminococcus
gnavus, Clostridium scindens, lleibacterium valens, Lactobacillus reuteri, and Lactobacillus
acidophilus were incubated with increasing concentrations of CA. Interestingly, preferences
for conjugating the different amino acids were seen with individual bacteria (Figures 6B,
6C, and S8E).31:34.35 Moreover, activation of FXR increased bacterial loads of /feibacterium
valens and Ruminococcus gnavus in HFD-fed APC™* mice (Figure 6D). These data
highlight the complexity of the microbiome-metabolome interaction, as well as implicate
specific strains such as /feibacterium valensin CRC.5:36.37

DISCUSSION

This study demonstrates the combinatorial effects of genetic and dietary risk factors on the
gut microbiome and metabolome. Our results show that both genetic and dietary risk factors
contribute to the alterations in the serum and cecum metabolome profiles. Interestingly, the
effects of diet are more pronounced in cecum than in serum. Distinct from the effects on
serum metabolites, we find that diet is the major determinant of cecum metabolites and gut
microbiome species.

As early dietary sensors and genetic effectors, BAs have emerged as pleiotropic signaling
molecules mediating intestinal tumorigenesis and inflammation.26:38 Recent technological
advances have led to the characterization of more than 170 BAs,21:3940 of which more

than 60 have been directly observed in human fecal samples.30 Here, we characterize 7
non-classic amino acid-conjugated BAs enriched in HFD-fed mice, consistent with previous
association studies.?1:28:30.39 These microbially modified CA derivatives appear restricted
to the gut, distinguishing them from host-conjugated BAs. We show that non-classic amino
acid conjugation selectively modulates CA signaling via FXR and TGR5, as well as its
ability to promote Whnt signaling and intestinal stem cell proliferation, key steps in CRC
initiation and progression.11:33 Microbial diversity analysis across both genotype and diet
demonstrates strong microbial association with tumorigenesis in both a. and B diversity.

We characterize specific microbial taxa associated with both genetic and dietary effects.
Furthermore, the strong taxonomic and phylogenetic association of identified microbial
features points to conserved evolutionary signals strongly coupled to diet response and, to a
lesser extent, genotype. Our multi-omics analyses also show that diet is the strongest driver
of microbe-metabolite interactions, especially so in the identified BAs. Notably, MMvec

is an unsupervised neural network, indicating a high degree of confidence in our results,

as the multi-omics results concord with our supervised differential abundance analysis

of microbes and metabolites. Moreover, we identify potential gut microbes capable of
conjugating CAs including /leibacterium valens. lleibacterium valens has been recently
implicated in microbial-induced obesity and intestinal inflammation through its production
of interleukin-17 (IL-17) cytokines and antimicrobial peptides.3” Our findings show an
enrichment of //eibacterium valens strains in adenocarcinoma mouse models, suggesting that
this species may promote tumorigenesis.®

Cell Rep. Author manuscript; available in PMC 2024 February 29.
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In general, the modulation of gut microbiota and BA profiles holds promise as a novel
therapeutic approach for the treatment of gastrointestinal cancers and represents the next
frontier for gastrointestinal cancer research.

Limitations of the study

Human CRCs are heterogeneous, with the convergence of genetic and environmental factors
over a prolonged period thought to affect both the underlying genetic mutations and tumor
locations.*! In contrast, the dependency on a single mutation and the rapidity of tumor
development are considered limitations of the APC™MIV* model. In addition, the known
differences in the compositions of the intestinal microbiome and the BA pool between mice
and humans limit the direct translation of our studies. Furthermore, our HFD studies fail to
recapitulate the varied diets of people.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Drs. Ronald Evans (evans@salk.edu).

Materials availability—This study did not generate any new unique plasmids, mouse lines
or reagents.

Data and code availability

. Microbiome 16S rRNA gene amplicon and shotgun sequencing data reported
in this paper have been deposited at Qiita study ID 10955 (https://
giita.ucsd.edu/study/description/10955) and are publicly available. Serum and
cecum metabolite profiling data reported in this paper have been deposited
at MetaboL.ights (www.ebi.ac.uk/metabolights/MTBLS5765) and are publicly
available. Accession numbers are listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—WT C57BL/6J (Cat # 000664) and APCMIN* (Cat # 002020) were purchased
from Jackson Laboratory. All animal experiments were performed in the specific pathogen-
free facilities at the Salk Institute following the Institutional Animal Care and Use
Committee’s guidelines. WT and APC™i"* mice were maintained on a normal chow diet
(ND) or placed on a high-fat diet (HFD, Harlan Teklad, 60% of calories from fat) from 4
weeks of age. For early intervention experiments, Fexaramine D (FexD, 50 mg/kg in corn
oil) or vehicle was orally gavaged daily from 8 weeks of age for APC™M"* mice on ND,

or 6 weeks for APCM* mice on HFD.1! As all studies were performed in male mice, the
research findings may not be generalizable to female mice.
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Human cancer cell lines—The human cancer cell lines Caco2, HT29, and HEK293 cells
were acquired from ATCC and cultured according to the supplier’s instructions. Briefly, the
cells were maintained under standard cell culture conditions (37°C, 5% CO2) in DMEM
containing 10% (v/v) heat-inactivated fetal bovine serum, and 100x Penicillin-Streptomycin
(10,000 U/mL) (Gibco).

METHOD DETAILS

Isolation and generation of intestinal organoid—Intestines were washed in ice-cold
PBS (Mg?*/Ca2* (Corning, cat # 21-031-CM), containing 2% BSA (Gemini Bio-products,
cat #900-208) and 2% antibiotic-antimycotic (Gibco, cat #15240-062). Crypts and villi
were exposed by dicing the intestines into small pieces (1-2 cm long), followed by
extensive washes to remove contaminants. Then, a gentle cell dissociation reagent (Stem
cell technologies, cat #7174) was used according to the manufacturer’s instructions. Briefly,
intestinal pieces were incubated on a gently rotating platform for 15 min. After that, the
gentle cell dissociation reagent was removed and the intestines were washed 3 times with a
PBS wash buffer with vigorous pipetting. The first and second fractions that usually contain
loose pieces of mesenchyme and villi were not used. Fractions three and four containing the
intestinal crypts were collected and pooled. Isolated crypts were filtered through a 70mm
nylon cell strainer (Falcon, cat #352350). Crypts were counted, then embedded in Matrigel
(Corning, growth factor reduced, cat #354230), and cultured in Intesticult organoid growth
medium (Stem cell technologies, cat #6005). For mouse colon organoids, additional Wnt3a
(300 ng/uL, R&D, cat #5036-WN-010) was added. Intestinal organoids used in this study
were generated from WT and APCM"+ mice at 37°C, 5% CO2.

Bacteria culture and synthesis of amino acid conjugated bile acids—Total
cecal bacteria were collected from WT and APCM"+ mice on ND and HFD. Briefly, 3-5
mice in each group were sacrificed and the cecum pouch was opened in an anaerobic
chamber. The cecum contents of the same group were pooled and washed with pre-reduced
anaerobic transport media (ATM) (#AS-911, Anaerobe System Inc). The pooled bacteria
pellets were divided and 1/5 were cultured on one plate of Yeast Casitone Fatty Acids Agar
with Carbohydrates either without or with blood (YCFAC or YCFAC-B) plates (#AS-675,
#AS-677, Anaerobe System Inc) in an anaerobic chamber or with oxygen. After 48—72

h culturing at 37°C, whole bacteria were harvested and pooled from 5 plates using ATM
media and combined to represent one group of mice. 100 uL of combined cecal suspension
was transferred to YCFAC broth with a gradient (from 1 ng/ml to 5 mg/ml) Cholic acid
(CA) as a substrate. After culturing at 37°C for 48—-72h, metabolites were extracted from
the supernatant and amino acid conjugated bile acids (AA-BAs) detected by LC-MS/MS
analysis (see description of sample preparation below).

Bacterial pellets from Ruminococcus gnavus strain VPI C7-9 (#29149) and Clostridium
scindens strain VPI 13733 (#35704), were purchased from ATCC and rehydrated in
0.5mL ATCC 260 broth medium Tryptic Soy Broth (BD 211825) 30g, Sheep Blood
50mL, DI water 950mL) under anaerobic conditions. 100mL of resuspended culture was
then plated on ATCC 260 Medium (Tryptic Soy Agar(BD 236950) 40g with 5% Sheep
Blood (defibrinated) 50 mL, DI Water 950 mL). The remaining rehydrated bacterial
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culture was transferred to 5mL ATCC 260 broth medium. Lactobacillus acidophilus

strain VPI 11091 (#9224) and Lactobacillus reuteri strain IDCC3701 (#BAA-2837), were
purchased from ATCC and rehydrated in 0.5mL ATCC 416 MRS broth medium. 100uL

of bacteria culture was then plated on ATCC 416 MRS agar. /leibacterium valens strain
NYU-BL-A3 (#TSD-63) was purchased from ATCC and rehydrated in 0.5mL MTGE

broth medium (anaerobe Systems).100pL of bacteria culture was then plated on Brucella
agar supplemented with 5% Sheep blood, Vitamin K, and Hemin (anaerobe Systems). All
cultures were incubated in an anaerobic atmosphere containing a gas mix of 5% hydrogen
and 95% nitrogen at 37°C for 24-48 h. Bacteria cultures were treated with cholic acid (final
concentrations from 1 ng/ml to 5 mg/ml) in each specific culturing medium and cultured

in total anaerobic conditions. After culturing for 48hrs, supernatants were collected for
untargeted metabolomics. To extract metabolites, supernatants (200 pL) were first mixed
with 600 pL LC-MS grade ice-cold methanol. The solution was placed in a —20°C freezer
for 2 h to denature and precipitate the proteins. Centrifugation (14000 rpm, 4°C, 15 min)
removed the precipitated proteins and the supernatant was carefully transferred to a new vial.
The solvent was evaporated in a Speedvac at 4°C. The dried sample was reconstituted in 200
uL solvent (ACN:H20 = 1:3, v/v). The reconstituted sample was centrifuged (14000 rpm,
4°C, 15 min) again to remove any insoluble particles. The final solution was transferred into
the LC glass insert for untargeted LC-MS/MS analysis in data-dependent acquisition mode
on a Bruker Impact Il Ultra-High Resolution Qg-Time-Of-Flight Mass Spectrometer (UHR-
QqTOF-MS) coupled with an Agilent 1290 Infinity 1l Ultra-High-Performance Liquid
Chromatography (UHPLC) system.

Fecal and serum bile acid analyses; total and compositional—Bile acids were
measured in mouse serum, cecum, and fecal samples by Total bile acid assay kit (Diazyme
laboratories, cat #DZ042A-K). Serum samples were diluted 1:5 with a blank buffer and
quantified using supplied controls. For fecal samples, total bile acids were extracted

from 500mg feces. Compositional analyses of the bile acids pool was achieved using
targeted Liquid chromatography-mass spectrometry (LC-MS). Authentic bile acid standards
were purchased from Sigma, except glycolithocholic acid (GLCA), murideoxycholic acid
(MDCA), HDCA, a-HCA, B-MCA, a-MCA «»-MCA, and Tauro-p-muricholic acid (T-
BMCA) which were purchased from Steraloids (Newport, RI), taurocholic acid (TCA)

from Calbiochem (San Diego, CA), and the deuterated bile acid standards cholic-2,2,4,4-
a4 acid, chenodeoxycholic-2,2,4,4-d4 acid, and lithocholic-2,2,4,4-d4 acid from C/D/N
Isotopes (Quebec, Canada). Mouse serum (20uL) was protein precipitated with 80uL of
ice-cold acetonitrile containing 3.28ng of deuterated cholic acid (2, 2, 4, 4-d4 cholic acid)
as an internal standard, vortexed 1min and centrifuged at 10,000 rpm for 10 min at 4°C.
The supernatant was evaporated under vacuum at room temperature and reconstituted in
assay mobile phase and transferred to a 96-well plate for analysis. Individual BA levels were
measured using a Nextera UPLC (SHIMADZU, Kyoto, Japan) system in combination with a
Q-TRAP 5500 Mass Spectrometer (AB SCIEX, Toronto, Canada) and Analyst Software
1.6.2.42 Chromatographic separations were performed with an ACQUITY (WATERS,
Milford, MA) UPLC BEH C18 column (1.7microns, 2.1 x 100mm). The temperatures of
the column and autosampler were 65°C and 12°C, respectively. The sample injection was
1uL. The mobile phase consisted of 10% acetonitrile and 10% methanol in water containing
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0.1% formic acid (Mobile Phase A) and 10% methanol in acetonitrile 0.1% Formic Acid
(Mobile Phase B) delivered as a gradient: 0-5min Mobile Phase B held at 22%; 5-12min
Mobile Phase B increased linearly to 60%, 12—15min Mobile Phase B increased linearly to
80% and 15-19min Mobile Phase B constant at 80% at a flow rate of 0.5 mL/min. The mass
spectrometer was operated in negative electrospray mode working in the multiple reaction
mode (MRM). Operating parameters were Curtain gas 30psi; lon spray voltage 4500 V;
Temperature 550°C; lon Source Gas 1 60psi; lon Source Gas 2 65psi. Transition MRMs,
declustering potential, entrance potentials, and collision cell exit potentials were optimized
using the Analyst software. Dwell times were 25msec. Relevant to data in Figures 3, S5,
S6B and S6D.

Cell viability assay and cell luciferase assay—The human cancer cell lines Caco2,
HT29 and HEK293 cells were acquired from ATCC and cultured according to the supplier’s
instructions. FexD and novel AA-BAs (see synthesis methods below) were dissolved

in DMSOQ for /n vitro experiments. CellTiter-Glo Luminescent Cell Viability Assay Kit
(Promega, Cat #G7572) was used to assay cell viability after drug treatment. For luciferase
assays, cell lines transfected with FXRE-Luc plasmids (FXR response element) and human
or mouse FXR expression plasmids were treated with indicated compounds prior to
measuring luciferase activities via Dual-Luciferase Reporter kits (Promega cat #PRE1910).
Activation of TGR5 signaling was measured by Cignal cAMP response element Reporter
(Luc) Kit (Qiagen, CCS- 001L). Wnt signaling reporter assay by Cignal TCF/LEF Reporter
(Luc) Kit (Qiagen, CCS- 018L) was used.

Organoid studies—Organoids were treated with drugs either on day 2 or day 3 after
plating to capture the early growth phase. CellTiter-Glo Luminescent 3D Cell Viability
Assay Kit (Promega, Cat #G9683) was used to check cell viability after drug treatment.
Organoids were directly lysed using TRIzol reagent (Ambion, cat #15596026), followed by
a brief sonication (PowerLyzertm 24 MO Bio Laboratories Inc). RNeasy Mini Kit (Qiagen,
cat #74106) was used for RNA extraction.

Gene expression analysis—Total RNA was extracted in TRIzol. cDNA was synthesized
from 1pug of DNase-treated total RNA using Bio-Rad iScript Reverse Transcription
supermix (#1708841) and mRNA levels were quantified by quantitative PCR with Advanced
Universal SyBr Green Supermix (Bio-Rad, cat #725271). All samples were run in

technical triplicates and relative mRNA levels were calculated by using the standard curve
methodology and normalized to 36B4. All primers are listed in Table 1.

Cecum and serum sample preparation for untargeted LC-MS/MS—The cecum
contents were stored in —80°C prior to processing. Approximately 15 mg of cecum sample
were transferred to a 2.0 mL Thermo Scientific Screw Cap Micro Tube. For cecum sample,
glass beads were added into each tube followed by 1 mL of water. The cecum samples

were homogenized with the Mini-Beadbeater-24 (Biospec Products, Bartlesville, OK, USA)
at 3800 strokes/minute for 10 s and then cooled down on ice for 1 min. The bead beating
and cooling cycle was repeated 3 times. Five 100 pL aliquots of the homogenate were

then transferred into new Eppendorf tubes for standard addition. Both serum and cecum
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samples were then centrifuged (14000 rpm, 15 min, 4°C), and the supernatant was dried
down using a SpeedVac at 25°C. The samples were reconstituted in 50 pL of ACN and H,0O
(1:1, v/v) for LC-MS/MS analysis. For the serum samples, 100 pL of mouse serum was
first mixed with 400 pL ice-cold methanol. The mixture was vortexed for 2 s and stored at
—-20°C overnight for complete protein precipitation. The clear supernatant, which contains
metabolites, was separated from the precipitated protein by centrifugation at 14,000 rpm for
15min and dried using speed vac. Finally, the dried metabolite solution was reconstituted in
100 pL 1:1 ACN: H,0 for LC-MS analysis. Relevant to data in Figures 2 and 4, S2, S3, S4,
and S6E

Metabolomics data was processed in MS-DIAL*3 using default peak picking, alignment
parameter settings. Due to the low abundance of amino acid conjugated bile acids

in untargeted metabolomics results, their MS signals were further manually checked

for better quantitative precision and accuracy.** Uni-variate, multi-variate statistical
analyses and pathway enrichment analysis were performed in MetaboAnalyst (https://
www.metaboanalyst.ca).4>

Metabolomics data was further processed using feature-based molecular networking
followed by Qemistree 2246, Alpha and beta diversity calculations were performed in the
same way as the microbiome analysis. Songbird analysis was performed on metabolites
the same way as in the microbiome analysis.*6 The following parameters were used for
the Songbird model: epochs = 750, batch size = 5, differential prior = 1, learning rate =
0.0005 with the same formula as the metagenomics model. This model was compared to a
“null” model with no covariates to ensure the regression model was not overfit. We used
the Classyfire “subclass” taxonomic level to determine which metabolites were bile acids
and amino acids (plus derivatives). Novel BA assignments were confirmed by comparing
the assigned names with the known reference names. We followed up this confirmation by
ensuring that the metabolites we characterized as novel BA had the same m/z value as our
reference values.

Absolute quantification of amino acid conjugated cholic acids (AA-CAs)—
Absolute quantification of amino acid conjugated cholic acids was performed using standard
addition method on a Thermo TSQ Quantis coupled to a Vanquish UHPLC system (Thermo
Fisher Scientific, Waltham, MA, USA) in LC-MRM mode. Amino acid conjugated bile acid
(alanine, glutamic acid, leucine, phenylalanine, serine, tyrosine, and tryptophan) and cholic
acid standards were pooled to generate five spiking solutions at 0 uM, 0.5 uM, 1.0 uM, 2.5
UM, and 5 uM. To the aliquots, 10 pL of spiking solution and 1000 pL of ice-cold MeOH
were added. The solutions were vortexed and incubated overnight at —20°C.

Metabolites were separated on a Waters reversed phase UPLC Acquity BEH C18 Column
(1.7 um, 1.0 pm x 100 pm, 130 A) (Milford, MA, USA). Mobile phases A and B were water
and acetonitrile, respectively, with 0.1% formic acid added. The gradient was set as follows:
0 min, 5% B; 8 min, 25% B; 14 min, 70% B; 20 min, 95% B; 23 min, 95% B; 23.01 min,
5% B; 30 min, 5% B. Column temperature was set to 25°C, and the flow rate was 0.150 mL
min~1. The injection volume was 5 pL. The MRM data was collected in positive ion mode,
and the settings were as follows: position ion spray voltage, 3500 V; sheath gas, 35; aux gas,
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7; ion transfer tube temperature, 300°C, and vaporizer temperature, 275°C. The precursor
ions, product ions, collision energies, and retention times can be found in Table A. Absolute
concentration of AA-CAs are listed in Table 2.

Analyte concentrations were obtained using the standard addition method. Calculations were
performed in R (ver. 4.1.3). The limit of detection was estimated using a sample that had
only four amino acid conjugated bile acids detected with very low intensities (approximately
103) in the solution spiked with the 0 mM standard pool. The limit of detection (LOD) was
calculated as three times the standard error of the fitted regression curve divided by the slope
for each target compound.

Synthesis and LC-MS analysis of amino acid conjugated cholic acids (AA-
CAs) in microbial culture—Amino acid conjugated cholic acid standard were prepared
as described in Gomez-Mendoza (2014). Specifically, cholic acid (1.0 eq) was activated with
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 2.0 eq) in dichloromethane (DCM,
30 V) prior to the dropwise addition of a solution of amino acid methyl ester (1.5 eq, HCI
salt), DIEA (5.0 eq) and 4-pyrrolidin-1-yI pyridine (0.5 eq) in DCM (20 V) at 0°C. After
stirring at 25°C for 12 h, silica gel thin-layer chromatography (TLC, petroleum ether: ethyl
acetate; 1: 1) established that the reaction had reached completion. The reaction mixture
was adjusted to pH 3 with HCI (1 M) at 25°C, diluted with H,O (20 V), then extracted
twice with DCM (10 V). The combined organic layers were dried over Na,SQOy, filtered,
and vacuum concentrated to yield the crude conjugated methy! esters. These crude products
(1.0 eq) were hydrolyzed with lithium hydroxide in aqueous methanol (LiOH (5.0 eq),
MeOH (20 V), H,0 (4V) degassed and purged 3 times with N5 then stirred at 25°C for

3 hunder Ny). TLC (petroleum ether: ethyl acetate; 1: 1) indicated the starting material
was completely consumed. The reaction was neutralized with HCI (1 M), filtered, and
vacuum concentrated prior to preparative HPLC (column: Waters Xbridge 150 * 255 mm;
mobile phases: A, H,O (10mM HCI), B, MeOH; gradient: 20%-50% B over 10 min) and
lyophilization to yield AA-BAs. Standard solutions were prepared (see Table below). 1.9 mg
T1,1.1mgT2,1.5mgT3,1.2mg T4, 1.5mg T5,1.2mg T6, and 1.3 mg T7 were each
dissolved in 1 mL solvent (ACN:H20 = 1:1, v/v), and then diluted 10 times in the same
solvent. The prepared solutions were transported into glass vials for LC-MS analysis.

Abb.  Name

T1 Tryptophan conjugated cholic acid
T2 Serine conjugated cholic acid

T3 Glutamate conjugated cholic acid

T4 Alanine conjugated cholic acid

T5 Phenylalanine conjugated cholic acid
T6 Tyrosine conjugated cholic acid

T7 Leucine conjugated cholic acid
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Targeted LC-MS analysis of serum and fecal bile acids—The LC-MS analysis was
performed on Bruker Impact 1l UHR-QqTOF (Ultra-High Resolution Qg-Time-Of-Flight)
mass spectrometer coupled with the Agilent 1290 Infinity 1l LC system. 2 pL of the seven
standard solutions and 10 pL of culture media solutions were injected in sequence onto

a Waters ACQUITY UPLC BEH C18 Column (130A, 1.7 pm, 1.0 mm x3 100 mm). 2

pL NaFA was injected for internal mass calibration. The mobile phase A was H20 (0.1%
Formic acid); mobile phase B was ACN (0.1% Formic acid). The chromatographic gradient
was run at a flow rate of 0.150 mL/min as follows: 0-8 min: linear gradient from 95% to
75% A; 8-14 min: linear gradient from 75% to 30% A; 14-20 min: linear gradient from
30% to 5% A; 20-23 min: hold at 5% A; 23-23.01 min: linear gradient from 5% to 95%

A; 23.01-30 min: hold at 95% A. The mass spectrometer was operated in Auto MS/MS and
positive mode. The ionization source capillary voltage was set to 4.5 kV. The nebulizer gas
pressure was set to 1.6 bar. The dry gas temperature was set to 220°C. The collision energy
for MS/MS was set to 7 eV. The data acquisition was performed in a range of 50-1200

m/z at a frequency of 8 Hz. Raw LC-MS data are publicly available on MetaboL ights
(www.ebi.ac.uk/metabolights/MTBLS5765).

Data Interpretation of targeted bile acid analysis—Bruker Data Analysis was used
to calibrate the raw MS spectra and extract retention time, m/z, and intensity of the seven
standard metabolites from their chromatograms. The extracted information was subsequently
used as a reference to analyze the culture of media samples. We used the Bruker software
TargetAnalysis to identify and relatively quantify the seven metabolites in all the culture
media samples.?” The retention time, m/z, formula, and name of the seven metabolites

were registered in the searching database of the software. The key searching parameter

was set as follows: retention tolerance was 0.2-0.8 min; mass accuracy tolerance was 5-10
mDa; mSigma tolerance was 50-200. The chromatogram of each culture media sample was
calibrated by internally injected NaFA (250 mM) before targeting the seven metabolites
based upon retention time, m/z, and formula. The peak height and area of the corresponding
identified metabolite were displayed on the result panel. In addition, the MS/MS spectra
from the raw chromatogram were also manually validated for reassured identification.

Microbiome analysis—DNA extraction from mouse feces and shotgun sequencing were
performed by the Center for Microbiome Innovation (CMI) at University of California, San
Diego (UCSD). DNA sequencing libraries were prepared using Nextera Library Prep Kits

(Illumina). Shotgun DNA sequencing was performed on the Illumina HiSeq4000 platform.

QIIME 2 was used to calculate diversity metrics for both 16S rRNA gene amplicon (16S)
and metagenomics data. Faith’s phylogenetic diversity was calculated for each diet-genotype
combination and compared with t-tests. For 16S data, the deblurred SEPP insertion tree

was used with Greengenes 13_8 reference phylogeny. Shotgun metagenomic sequencing
data were aligned to the Web of Life database of 10,575 reference bacterial and archaeal
genomes using the SHOGUN v1.0.7 pipelinel® in the Bowtie2 alignment mode.13 Non-
unique alignments (i.e., where one read was simultaneously aligned to multiple reference
genomes) were excluded. The frequencies of reads assigned to individual reference genomes
were calculated. A feature table with columns as reference genomes (OGUs)*8 and rows as
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samples was constructed for downstream analysis. Unweighted UniFrac was used for both

data types to compute beta diversity within and among groups.

Songbird was used to compute feature differential ranks for both diet and genotype.14:28
Differential ranks and log-ratios were visualized and calculated using Qurro.49 Statistical
comparisons of sample log-ratios were performed using t-tests. The following parameters

were used for the Songbird model: epochs = 5000, batch size = 30, differential prior = 0.5,

learning rate = 0.0005. The following formula was used:

diet * genotype + host_age + sex + treatment_of_drug

The regression model was compared to a “null” model with no covariates to ensure there

was no overfitting. The phylogenetic tree of metagenomics features was created using

Empress (https://journals.asm.org/doi/10.1128/mSystems.01216-20) Feature differentials
were clipped to be centered around 0 and passed into Empress as feature metadata files.

Microbiome-metabolome association analysis—Co-occurrence probabilities
between microbes and metabolites were calculated using mmvec. The following MMvec
parameters were used: input prior = 1.0, output prior = 0.5, batch size = 30028, The input
metagenomics feature table was subset to include only APC™"* mice samples. For the
clustering analysis, the conditional ranks table was first subset to include only bile acids.
This table was then Z-scored across all microbes and filtered to exclude any microbes
that were highly co-occurrent (>2.5 SD) with fewer than 1% of bile acids. The network
package in Python was used to create a bipartite graph of the resulting features into
HFD/ND-associated bile acids and gOTUs.

PCR amplification of 16s rRNA—The presence of specific bacteria 16S rRNA genes in
sample materials was first determined using a nested-PCR approach. Briefly, a community’s
16S rRNA genes were amplified using universal bacterial primers (Table 1) and 20 to 30

ng of community DNA as template. Following amplification, 2 pL of PCR product was
analyzed by agarose gel electrophoresis to verify that 16S rRNA genes were amplified from
the community DNA. Then, 2 uL of 1:2 and 1:50 dilutions of the 16S rRNA gene amplicons
were used as templates in a second round of PCR with species-specific bacteria 16S rRNA
gene-specific primer pair.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were performed using Prism GraphPad. Normal distribution within sample groups
was first determined using the D’ Agostino & Pearson normality test. Subsequently, the
unpaired parametric t test (normal distribution) or A non-parametric Mann Whitney U-test
(nonnormal distribution) was utilized when comparing two groups. When comparing three
or more groups with one independent variable, parametric one-way ANOVA (normal
distribution) or non-parametric Kruskal-Wallis test (nonnormal distribution) statistical
analysis was utilized. two-way ANOVA was used when comparing more than 2 groups
and/or more than two independent variables, such as time and treatment. Data represent the
mean + SEM. *, #p < 0.05; **, # #p < 0.01; *** ###3 < 0.005. ns, non-significant. p < 0.05
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was considered statistically significant. Details of the statistical tests and methodology for
quantification are provided in the figure legends.

Supplementary Material

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

Microbiome and metabolome changes during colorectal cancer (CRC)
progression

High-fat diet is a dominant determinant of cecal microbiome in CRC-
susceptible APCM"* mice

Microbially conjugated bile acids increase with high-fat diet
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Figure 1. Genetics and diet reshape the gut microbiome
(A) a diversity of wild-type (WT) and APC™"*+ mice maintained on normal chow diet

(ND) and high-fat diet (HFD). Within-sample diversity is measured by Faith’s phylogenetic
diversity. Metrics from shotgun metagenomics sequencing data of cecum samples are
presented by genotype-diet combination. Whiskers represent 1.5x interquartile range of data.
(B) Unweighted Unifrac measures of b diversity in mice from (A). Metrics from shotgun
metagenomic sequencing data are stratified by genotype and diet factors and visualized
using principal-coordinate analysis (PCoA).

(C and D) Ultrametric phylogenetic tree generated from shotgun metagenomics data of
cecum samples in mice from (A). Microbial features colored by Songbird genotype (C)

and diet (D) differentials. Red indicates positive association, while blue indicates negative
association (both relative to all other features).
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(E and F) The differential rank plot of selected microbial features separating samples by
genotype (E) and diet (F). Features in red correspond to those in the numerator, while those
in blue correspond to features in the denominator. Features that are colored gray are not
factored into the log ratio calculations.

(G) Log ratios of selected microbial families separating samples across genotype (left)

and diet (right). Family selection was performed by using Qurro to inspect differentially
abundant microbial groups according to Songbird differentials. p values calculated from
two-sided t test.
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Figure 2. Genetics and diet affect serum and fecal metabolomes )
(A\) Principal-component analysis (PCA) of cecum metabolites from WT and APC™"* mice

maintained on ND and HFD.

(B) Partial least square-discriminant analysis (PLS-DA) score plots of cecum (left) and
serum metabolites (right) from mice in (A), with a model p <0.01.

(C and D) Songbird differential rank plots of the association of metabolites with genotype
(left) and diet (right). Differentials were calculated with multinomial regression and
validated by comparison to a null model.

See also Figures S2-S4.
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Figure 3. Genetics and diet affect fecal bile acids

WT and APCMIV* mice were maintained on ND or HFD from 4 weeks of age.
(A and B) Total fecal bile acids of 12 weeks old mice after 8 weeks of ND or HFD (A)
and proportions of primary and secondary bile acids in feces (B). Each data point represents

samples pooled from 5 mice (one cage) (n = 15 per arm).

(C and D) Progressive changes in bacterially mediated conversion of tauro-cholic acid
(T-CA\) to CA and deoxycholic acid (DCA) in serum (C) and feces (D) from APCMIV* mice.

Cell Rep. Author manuscript; available in PMC 2024 February 29.
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Serum samples were collected from mice at the indicated time (n = 3 per time point). Fecal
data points represent samples pooled from 5 mice (n = 5 per time point).

(E) Temporal changes in intestinal tumor burden (n = 3) and fecal DCA levels in APCMIN*
mice on ND (n = 3-5).

(F) Temporal changes in bacterial load and DCA in feces from APC™"* mice on ND
(pooled sample, n = 3-5).

(G) Temporal changes of fecal DCA levels in WT (left panel) and APC™"* mice (right
panel) maintained on ND and HFD during tumor progression (16-24 weeks) (each data
point represents samples pooled from 5 mice (one cage), n = 5).

(H) Fecal bile acid levels in WT and APC™"* mice on ND and HFD treated with the FXR
agonist FexD (50 mg/kg/day) or vehicle for 8 weeks (n = 6 per arm). Data represent the
mean + SEM. For two-group comparation, Student’s unpaired t test was used. For more than
two-group comparation, one-way ANOVA was used. *, #p < 0.05; **, ##p < 0.01; ***, ###p
< 0.005.

See also Figure S5.
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Figure 4. Non-classic amino acid-conjugated bile acids in cecum sample
(A) MS/MS spectra network analysis of the detected 7 novel bile acids. Chemical structure

and molecular weight are presented.

(B) MMvec microbe-metabolite co-occurrences study of tumor progression in APCMIN*
mice on ND (adenoma) and HFD (adenocarcinoma). Conditional probabilities exhibit

a biclustering pattern between bile acids and gOTUS corresponding to ND and HFD.
Connections between microbes and metabolites correspond to increased or decreased
co-occurrence probability relative to all other microbes. Association was assigned by
comparing cluster features to both metagenomic and metabolomic Songbird differentials.
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(C) Biplot of MMvec results from APCMN* mice. Points represent metabolites, and arrows
represent most informative microbial features. Color of points corresponds to the Songbird-
calculated association of each metabolite with the HFD compared with the ND. Novel

bile acids are highlighted with different colors. Spearman correlation between PC1 of the
MMvec ordination and the HFD differential was 0.77.

See also Figure S6.
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Figure 5. Biological activity of non-classic conjugated Bas
(A) Dose-dependent activation of exogenous mouse FXR by amino acid-conjugated

CA species. Luciferase activity in HEK293 cells expressing a luciferase reporter gene
functionally linked to an FXR-responsive element (FXRE-Luc). n = 8 per concentration.
(B) Dose-dependent activation of exogenous mouse TGR5 by amino acid-conjugated

CA species. Luciferase activity in HEK293 cells expressing a luciferase reporter gene
functionally linked to a cAMP-responsive element that is downstream of TGR5. n = 8 per
concentration.

(C) Dose-dependent proliferation of intestinal organoids from WT mice treated with CA
(left), Ala-CA (center), and Trp-CA (right), measured by luminescent cell viability assay. n
= 6 per concentration.

(D) Relative expression of FXR and TGRS target genes and intestinal stem cell marker
genes in intestinal organoids from WT mice treated with amino acid-conjugated cholic acid
species (10 uM for 24 h, n = 3 per treatment).

(E) Cellular transport of amino acid-conjugated cholic acid species, as determined by the
efflux ratio in Caco2 cells. Atenolol and propranolol serve as negative and positive controls,
respectively. Digoxin serves as a positive control for P-glycoprotein-mediated efflux (n = 2).
Data represent the mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.005. Student’s unpaired t
test.

See also Figure S7.
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Figure 6. Bacterial synthesis of non-classic conjugated Bas
(A) Dose-dependent generation of conjugated CA species in anaerobic cultures of cecal

bacteria from WT and APC™"* mice on ND and HFD. Cultures were supplemented with
increasing concentrations of CA for 48 h prior to mass spectral analysis.

(B) Dose-dependent generation of conjugated cholic acid species in anaerobic cultures of
Ruminococcus gnavus (left panel), Clostridium scindens (middle panel), and /leibacterium
valens (right panel). Cultures were supplemented with increasing concentrations of CA for
48 h prior to mass spectral analysis.

(C) Dose-dependent generation of conjugated CA species in anaerobic cultures of
lleibacterium valens. Cultures were supplemented with increasing concentrations of T-CA
for 48 h prior to mass spectral analysis.

(D) Changes in lleibacterium valens, Ruminococcus gnavus, and Clostridium scindens levels
in ND- and HFD-fed APC™"* mice treated with FexD or vehicle for 8 weeks, determined
by gPCR. Data represent the mean £ SEM. For two-group comparation, Student’s unpaired
t test was used. For more than two-group comparation, one-way ANOVA was used. *, #p <
0.05; **, ##p < 0.01; ***, ###p < 0.005.

See also Figure S8.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Ruminococcus gnavus strain VVPI C7-9 ATCC Cat #29149
Clostridium scindens strain VP 13733 ATCC Cat #35704
lleibacterium valens strain NYU-BL-A3 ATCC Cat #TSD-63
Lactobacillus acidophilus strain VPI 11091 ATCC Cat # 9224
Lactobacillus reuteri strain IDCC3701 ATCC Cat # BAA-2837

Chemicals, peptides, and recombinant proteins

Tauro-chenodeoxycholic acid (T-CDCA)
Glyco-chenodeoxycholic acid (G-CDCA)
Chenodeoxycholic acid (CDCA)
Tauro-p-muricholic acid (T-BMCA)
B-muricholic acid (BMCA)
a-muricholic acid (aMCA)
Tauro-cholic acid (T-CA)

Glyco-cholic acid (G-CA)

Cholic acid (CA)

Tauro-deoxycholic acid (T-DCA)
Glyco-deoxycholic acid (G-DCA)
Deoxycholic acid (DCA)

Lithocholic acid (LCA)
Tauro-lithocholic acid (T-LCA)
Glyco-lithocholic acid (G-LCA)
w-muricholic acid (wMCA)

v -muricholic acid (y-MCA)
Tauro-hyodeoxycholic Acid (T-HDCA)
Glyco-hyodeoxycholic Acid (G-HDCA)
Hyodeoxycholic Acid (HDCA)
Tauro-Ursodeoxycholic Acid (T-UDCA)
Glyco-ursodeoxycholic Acid (G-UDCA)
Ursodeoxycholic Acid (UDCA)
Cholic-2,2,4,4-d4 acid
Chenodeoxycholic-2,2,4,4-d4 acid
Lithocholic-2,2,4,4-d4 acid

Fexaramine D

Serine conjugated cholic acid (Ser-CA)

Alanine conjugated cholic acid (Ala-CA)

Phenyalanine conjugated cholic acid (Phe-CA)

Tyrosine conjugated cholic acid (Tyr-CA)

Caymen Chemical
Caymen Chemical
Steraloids
Steraloids
Steraloids
Steraloids
Caymen Chemical
Caymen Chemical
Caymen Chemical
Caymen Chemical
Caymen Chemical
Steraloids
Steraloids
Caymen Chemical
Caymen Chemical
Steraloids
Steraloids
Caymen Chemical
Caymen Chemical
Steraloids
Caymen Chemical
Caymen Chemical
Caymen Chemical
C/DIN lsotopes
C/DIN lsotopes
C/DIN lsotopes
WUXI

WUXI

WUXI

WUXI

WUXI

Item# 20275
Item# 16942
Cat# C0940-000
Cat# C1899-000
Cat#C1895-000
Cat#C1890-000
Item# 16215
Item# 20276
Item# 20253
Item# 15935
Item# 20274
Cat# C1070-015
Cat# C1420-000
Item# 17275
Item# 21723
Cat#C1888-000
Cat# C1850-000
Item# 21956
Item# 22643
Cat# C0885-000
Item# 20277
Item# 21698
Item# 15121
D-2452

D-2772

D-3742

Custom order
Custom order
Custom order
Custom order

Custom order
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REAGENT or RESOURCE SOURCE IDENTIFIER
Leucine conjugated cholic acid (Leu-CA) WUXI Custom order
Glutamate conjugated cholic acid (Glu-CA) WUXI Custom order
Tryptophan conjugated cholic acid (Trp-CA) WUXI Custom order

INT-777
pre-reduced anaerobic transport media (ATM)
Anaerobic Enrichment Broth (MTGE BROTH)

Yeast Casitone Fatty Acids Agar with Carbohydrates without
blood (YCFAC) plates

Yeast Casitone Fatty Acids Agar with Carbohydrates with
blood (YCFAC-B) plates

Brucella Blood Agar

ATCC 260 Tryptic Soy Broth
ATCC 260 Tryptic Soy Agar
ATCC 416 MRS broth medium
Water

Acetonitrile

Methanol

Formic acid

Caymen Chemical
Anaerobe System Inc
Anaerobe System Inc

Anaerobe System Inc

Anaerobe System Inc

Anaerobe System Inc
Fisher scientific
Fisher scientific
Fisher scientific
Fisher scientific
Fisher scientific
Fisher scientific

Fisher scientific

Item# 17678

Cat #AS-911
Cat # AS-778
Cat # AS-675

Cat # AS-677

Cat # AS-141
BD 211825
BD 236950
BD 288130
we64

A9554
A4564
A117-50

Critical commercial assays

Total bile acid assay kit

CellTiter-Glo Luminescent Cell Viability Assay Kit
CellTiter-Glo Luminescent 3D Cell Viability Assay Kit
Dual-Luciferase reporter kit

Cignal TCF/LEF Reporter (luc) Kit

RNeasy Mini Kit

RNeasy Micro Kit

Bio-Rad iScript Reverse Transcription supermix
Advanced Universal SyBr Green Supermix
Matrigel, growth factor reduced

Gentle cell dissociation buffer

Intesticult organoid growth medium

PBS (Mg2+/Ca2+) solution

FBS

Antibiotic-Antimycotic solution

Penicillin-Streptomycin

Diazyme laboratories
Promega Corporation
Promega Corporation
Promega Corporation
Qiagen

Qiagen

Qiagen

Bio-rad

Bio-rad

Corning

Stem Cell Inc

Stem Cell Inc
Corning

Gemini Bio-products
Gibco

Gibco

Cat #DZ042A-K
Cat #G7572

Cat #G9683

Cat #PRE1910
Cat#CCS-018L
Cat #74106

Cat #74004

Cat #1708841
Cat #725271
Cat #354230
Cat #7174

Cat #6005

Cat # 21-031-CM
Cat #900-208
Cat #15240062
Cat #15070063

Deposited data

Microbiome 16S rRNA gene amplicon and shotgun
sequencing data

Serum and Cecum Metabolites profiling data

Illumina HiSeq4000 platform

Bruker Impact 1™
UHR-QqTOF (Ultra-High
Resolution Qg-Time-Of-
Flight) mass spectrometer

Qiita study 1D 10955

MetaboL.ights (www.ebi.ac.uk/metabolights/

MTBLS5765)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

coupled with the Agilent 1290
Infinity™ 11 LC system

Experimental models: Cell lines

HT29
CACO2
HEK293

ATCC
ATCC
ATCC

Cat# HTB-38, RRID:CVCL_0320
Cat# HTB-37, RRID:CVCL_0025
Cat# PTA-4488, RRID:CVCL_0045

Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: C57BL/6J-ApcMin/J

The Jackson Laboratory

The Jackson Laboratory

Cat# JAX:000664,
RRID:IMSR_JAX:000664

Cat# JAX:002020,
RRID:IMSR_JAX:002020

Oligonucleotides

Primers for RT-gPCR, see Table S2.

IDT

Designed using Primer 3 software

Software and algorithms

STAR

RSEM

rsem-generate-data-matrix and rsem-run-ebseq commands

GSEA
Emperor
SurvExpress
Homer
CASAVA-1.8.2

Fiji
FreeStyle

Dobin et al.32; https:/
github.com/alexdobin/STAR

https://deweylab.github.io/
RSEM/

https://deweylab.github.io/
RSEM/rsem-run-ebseq.html

https://www.gsea-msigdb.org/
gsea/index.jsp

https://biocore.github.io/
emperor/

https://ngdc.cncb.ac.cn/
databasecommons/
database/id/1097

http://homer.ucsd.edu/homer/
https://www.illumina.com/
https://fiji.sc/

Thermo Fisher Scientific

N/A

N/A

N/A

N/A

N/A

N/A

Illumina
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MRM parameters for the targeted analysis of amino acid conjugated bile acids (AA-CA).

AA-CA Ql(m/z) Q3(m/z) Ce(V) RT(min)
alanine 480.33 426.3 17 12

cholic acid 817.58 355.27 35 12.6
glutamic acid  538.33 484.31 19 11.6
leucine 522.38 468.35 17 13
phenylalanine  556.36 502.33 17 13.1
serine 496.33 442.3 19 115
tryptophan 595.37 541.34 20 13
tyrosine 572.36 518.33 17 121
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Table B.

Limits of Detection (LOD)

AA_BAs LOD (uM)
cholic acid 0.213
phenylalanocholic acid 0.016
tyrosocholic acid 0.011
leucocholic acid 0.031
tryptophan conjugated CA  0.020
serine conjugated CA 0.013
alanine conjugated CA 0.015
glutamate conjugated CA  0.016
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