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Abstract

Emerging data show a rise in colorectal cancer (CRC) incidence in young men and women

that is often chemoresistant. One potential risk factor is an alteration in the microbiome. Here,
we investigated the role of TGF-B signaling on the intestinal microbiome and the efficacy

of chemotherapy for CRC induced by azoxymethane and dextran sodium sulfate in mice. We
used two genotypes of TGF-B-signaling-deficient mice (Smad4+/-and Smad4+/-/Sptbni+/-),
which developed CRC with similar phenotypes and had similar alterations in the intestinal
microbiome. Using these mice, we evaluated the intestinal microbiome and determined the effect
of dysfunctional TGF- signaling on the response to the chemotherapeutic agent 5-Fluoro-uracil
(5FU) after induction of CRC. Using shotgun metagenomic sequencing, we determined gut
microbiota composition in mice with CRC and found reduced amounts of beneficial species of
Bacteroides and Parabacteroides in the mutants compared to the WT mice. Furthermore, the
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mutant mice with CRC were resistant to 5FU. Whereas the abundances of £. boltae, B.dorej,
Lachnoclostridium sp., and Mordavella sp. were significantly reduced in mice with CRC, these
species only recovered to basal amounts after 5SFU treatment in WT mice, suggesting that the
alterations in the intestinal microbiome resulting from compromised TGF-p signaling impaired the
response to 5FU. These findings could have implications for inhibiting the TGF-p pathway in the
treatment of CRC or other cancers.
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1. Introduction

Advanced colorectal cancer (CRC) is the third most commonly diagnosed cancer in the
world and remains both lethal and difficult to treat, with over 130,000 new cases per
year in the U.S. [1]. Several critical drivers and pathways important for the initiation
and progression of CRC have been characterized [2-8]. These include the TGF-B, WNT,
RAS-MAPK, PI3K, P53, and DNA mismatch-repair pathways [9, 10].

The TGF- B pathway is commonly altered in many human cancers. The Cancer Genome
Atlas (TCGA) studies show that mutations affecting TGF-p signaling are observed in >80%
of proximal colon carcinomas [11]. Depending on the context, this pathway can be tumor
suppressive (typically early in tumorigenesis) or can promote metastasis (typically late in
cancer progression) [12-15]. TGF-B is a key regulator of multiple biological processes,
including cell proliferation, differentiation, migration, and apoptosis, and multiple types of
cells, including epithelial cells, immune cells, fibroblasts, and cancer cells [16-20]. Ligands
of the TGF-B subfamily bind and activate the serine-threonine kinase type Il TGF-
receptors (TGFBR2), which in turn phosphorylates TGFBR1 and forms an activated ligand-
receptor complex. Activated TGFBR1 recruits and phosphorylates downstream receptor-
regulated Smad2 and Smad3 at their C-terminal serines, enabling complex formation with
SMAD/4 [4, 19]. The resulting Smad complex translocates into the nucleus and interacts
with other transcription factors in a cell-specific manner to regulate TGF-B-responsive gene
expression. The outcome of such Smad activity depends upon multiple factors that include
adaptors, such as SARA and SPTBNL, as well as E3 ligases [20]. Downstream targets of
TGF-p signaling include genes encoding cell-cycle regulatory proteins that mediate cell
cycle arrest [21]. Activated TGF-p also activates Smad-independent activities, including
those implicated in CRC, such as MAPK and PI3K signaling [22].

TGF-p signaling functions as a tumor suppressor in normal and premalignant epithelial cells
through cell-autonomous roles. Tumor-suppressive functions also involve the stromal tissue
through suppression of inflammation and inhibition of stromal-derived mitogens. Current
data support TGF- signaling as a suppressor of colorectal cancers at the early stages

[3, 23]. In later diseases, metastatic CRCs escape the tumor-suppressor effects of TGF-p
signaling by becoming resistant to TGF-p-induced growth inhibition [24]. Because many
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cells and tissues beyond those of the cancerous cells respond to or produce TGF-f, TGF-B
signaling may have additional effects in promoting cancer progression [25, 26].

TGF- signaling is critically important for regulating the gastrointestinal immune system,
which in turn influences the gastrointestinal microbial populations [27, 28]. Gastrointestinal
(GI) microorganisms can impede chemotherapeutic outcomes by inactivating chemotherapy
drugs. In addition, the TGF-B pathway function in concert with microbial signaling in
humans [20, 29]. We showed that mice that are genetically deficient in TGF-B-signaling
(Smad4+1-Sptbni+/-) spontaneously develop CRC when housed under standard conditions
[14]. However, Tgfb1-I- Rag2-/- mice, which are both immune-compromised and unable
to respond to TGF- subfamily ligands, do not develop CRC when housed in a germ-free
environment [30]. We observed that altered bacterial composition was associated with colon
tumors in the Smad4+/-Sptbni+/- mice with defective TGF-p signaling: Some bacterial
species, such as Clostridium septicum, were increased and other species, such as the
beneficial Bacteroides vulgatus and Parabacteroides distasonis, were decreased [10]. Thus,
Smad4+/-Sptbni+/- mice represent useful models for assessing the role of TGF-f signaling
in CRC and for investigating the role of the microbiota in this process and the response to
therapy.

Because studies have linked CRC onset and progression, as well as treatment response,

with the gut microbiome [31-33], we investigated the connection between these events

and TGF- signaling using Smad4+/- and Smad4+/-Sptbni+/— mice to represent TGF-p
signaling-defective models. We selected mice heterozygous for Smad4 because (i) according
to data in cBioPortal, more than 63% of human CRCs are heterozygous for the gene
encoding a mediator common to TGF-f pathways, SMAD4[34], (ii) inactivating mutations
in SMAD4 correlate with metastasis of CRC [35], (iii) reduced abundance of SMAD4 is
associated with poor prognosis in patients receiving 5-fluorouracil (5FU) chemotherapy [36,
37] and (iv) 5FU resistance in an orthotopic mouse model [35].

We hypothesized that defective TGF-f signaling would impact the gut microbiome to
produce a signature that correlates with CRC chemotherapy response. We used a well-
established model of chemically-induced CRC [38-40] and studied the microbiomes and
responses to chemotherapy with 5FU in both WT mice and mice that were TGF-p signaling-
deficient (Smad4+/- and Smad4+/-Sptbni+/-). Our study identified specific changes in

the gut microbiome that are associated with 5FU resistance in these mice and showed

that the gut microbiome response to 5FU differed between wild-type (WT) and the TGF-p
signaling-deficient mice.

2. Materials and Methods

2.1. Generation of transgenic mice

Smad4+- and Sptbni+/- mutant mice were generated as previously described [10, 14].
Sptbn1+/-mice were intercrossed with Smad4+/—mice to generate Smad4+/-Sptbnl+/-
mice. Genotypes were confirmed by PCR. All mice were on a 129SvEv/Black Swiss x
C57BL/6 background. Both male and female mice from WT mice (n = 16) and TGF-B
signaling-deficient mice (Smad4+/-/Sptbnl+/-mice, n = 12; and Smad4+/—mice, n = 6)
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between 10 — 16 weeks old were used. Experiments were performed in the conventional
unit of the animal facilities at George Washington University Institutional Animal Research
Center. All the animal research was approved by The George Washington University
Institutional Animal Care and Use Committee.

Induction of colon cancer

The induction of colitis-associated CRC was performed as previously described [38]. Male
and female mice were included in this study. In brief, mice were subjected to intraperitoneal
injection (i.p.) with 12.5 mg/kg azoxymethane (AOM; Sigma-Aldrich, A5486, MO, USA)
on Day 0. Dextran sodium sulfate (DSS) exposure was initiated at a concentration of 2.5%
in drinking water on Day 5 and was administered for five days [39, 40]. DSS cycles were
repeated twice with an interval of 14 days of normal drinking water between each cycle.

All DSS preparations were renewed after two days. After the third DSS cycle, mice of

each genotype were randomly divided into 5FU recipients or phosphate-buffered saline
(PBS) controls. Mice were injected (i.p.) with 100 mg/kg 5FU (Sigma-Aldrich, F6627,

MO, USA) [41-43] or PBS once a week for four weeks. Seven days after 5FU or PBS
treatment, mice were sacrificed, the colon was removed, and macroscopically visible tumors
were counted. Assessment of histopathological scores was performed on formalin-fixed,
paraffin-embedded (FFPE) colon sections after staining with hematoxylin and eosin (H&E).

Immunohistochemistry

Cryosections of paraformaldehyde (PFA)-fixed tissue samples were probed with antibodies
against Ki67 (Thermofisher Scientific, MA5-14520, IL, USA) and cleaved caspase-3 (Cell
signaling, #9664, Danvers, MA 01923). Biotinylated secondary antibodies (Vectastain Elite
ABC kit Peroxidase, PK6106, CO, USA), and the DAB kit (Dako, EnVision Dual-link
System HRT, K4065, CA, USA) were used for signal amplification and detection. To detect
cleaved caspase 3, we used a 1:500 antibody dilution and citrate buffer antigen retrieval.
Images were acquired with an Eclipse EB00 microscope equipped with a Dxm1200F
camera. To quantify cells positive for Ki67 or cleaved caspase 3, cells were counted using
the 40x objective by researchers blinded to the treatment condition. Positively stained cells
were counted from 5 randomly selected fields on each slide. For Ki67 quantification, the
percentage of cells Ki67-positive cells out of the total number of epithelial cells in the field
was determined. For caspase 3 quantification, the percentage of positive cells out of the total
number of cells in the field was determined.

2.4. Fecal sample collection

Microbial DNA was collected from fecal samples from age-matched and gender-matched
WT mice and TGF-p signaling-deficient mice (Smad4+/- and Smad4+/-/Sptbni+/-).
Samples were collected before CRC development and after treatment of CRC. Samples
collected before CRC induction were considered “basal” and those after CRC induction
and treatment with either 5FU or PBS as CRC (tumor). Mice were generally housed in
cages with 5 mice/cage. When collecting fecal samples, mice were temporarily housed in

a single autoclaved cage to avoid cross-contamination (2 — 4 fecal pellets per mouse). For
microbiome data analyses, we grouped the mice as follows: Before CRC induction as WT
basal (n = 16), TGF-B signaling-deficient mice basal [n = 16; Smad4+/~/Sptbn1+/-(n = 12)
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and Smad4+/- mice (n = 4)], and after CRC induction as WT-5FU (n = 7), WT-PBS (n =

7), TGF-B signaling-deficient mice PBS [n = 8; Smad4+/~/Sptbni+/-(n = 5) and Smad4+/-
mice (n = 3)], and TGF-p signaling-deficient mice 5FU [n = 10; Smad4+/~/Sptbnl+/-(n =
7) and Smad4+/- mice (n = 3)].

2.5. Shotgun metagenomic sequencing

2.6.

DNA was extracted from the fecal samples using the QIAmp PowerFecal DNA Extraction
Kit (Qiagen, 12830-50, MD, USA). Double-stranded DNA (dsDNA) concentration was
assessed by NanoDrop, and the quality was evaluated by the Qubit dsSDNA Broad

Range DNA Assay Kit26. Samples were prepared for [llumina sequencing following the
manufacturer’s protocol using the Nextera XT DNA Library Preparation Kit (Illumina,
FC-131-1096). Paired-end sequencing was performed using a Mid Output v 2.5 (300 cycles)
kit (Illumina, 20024905) on a NextSeq 500, with dual indexing. Each dsDNA molecule

was sequenced 150 bases from the end of each strand. Each strand also had an 8-basepair
molecular barcode that was sequenced.

Bioinformatic analysis

The FASTQ files from the shotgun metagenomic sequencing in the previous step were
uploaded into the High-Performance Integrated Virtual Environment (HIVE-2) [44] for
bioinformatics analysis. The quality of the reads was assessed using quality assurance

(QA) and quality check (QC) methods as previously described [45]. Host DNA was
removed from all samples prior to metagenomics analysis using HIVE-Hexagon [46] and

a representative mouse reference genome, whereby (a) sample reads were aligned to the
most representative mouse reference genome, (b) the unaligned reads were archived, and

(c) further analysis was conducted on the archived unaligned reads (compiled of microbial
DNA). The most representative mouse genome was created by combining a mouse genome
(GCA_000001635.26) with mitochondrial mouse DNA with the accessions obtained from
proteome UP000000589 [47] using the HIVE tool called Hive-Seq [44]. The following
two-step metagenomics analysis pipeline was used to compile the relative abundance dataset
[45]. First, the taxonomic composition of each sample was assessed by using CensuScope
[48], a HIVVE application that performs taxonomic profiling using a census-based sampling
algorithm to map sample reads to a nonredundant nucleotide database, FilteredNTv6.0 [45].
All detected organisms with a match count of fewer than 10 reads were removed. Additional
manual QC and curation measures were performed to remove any remaining host DNA
identified in the CensuScope csv output files, such as plasmids, scaffolds, or primers that
were not detected for removal during the initial HIVE-Hexagon step. The final taxonomic
data were aggregated into a single csv file, creating a list of unique organisms derived from
all the samples; this file was then used as a reference base in the next step. Second, using
HIVE-Hexagon [46], a parallelized sequence aligner for NGS data analysis, the archived
unaligned reads from each sample were run against the mouseDB. The output from this
step includes a csv file per sample that contains taxomonic information and the number of
alignments or “hits’ to the mouseDB. Using the number of hits, bacterial relative abundances
were calculated per sample, all csv files were aggregated into a single relative abundance
dataset, and this final dataset was used for statistical analyses. For Fusobacterium analysis,
species with the matched count of fewer than 1 read were removed.
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2.7. Statistical analysis

Differences between 2 groups were evaluated using 2-tailed Student’s t-tests with GraphPad
Prism. For multiple comparisons, 1-way ANOVA with post-hoc Bonferroni’s test was used.
For contingency table comparison, we used Chi-square and Fisher’s exact test. Results

are presented as mean + SEM unless otherwise indicated. For all statistical analyses, p

< 0.05 was considered statistically significant. After normalization, the relative abundance
calculated in each sample was plotted using GraphPad Prism 7.0, and an unpaired #-festwas
used for statistical analysis.

3. Results

3.1 TGF-B signaling-deficient mice have a distinct gut microbiome signature

Using a well-established AOM/DSS method to rapidly induce colitis-associated CRC [9,
38-40, 49, 50], we induced CRC in WT, Smad4+/-Sptbn1+/-, and Smad4+/—mice. Tumors
were induced by AOM/DSS administration in all of the mutant mice but only a subset of the
WT mice (Table 1). Following the last DSS cycle, all mice were randomly divided into 5FU
or control (PBS) groups and administered 5FU or PBS once a week for 4 weeks (Figure 1A).

To identify the association of microbiota with defective TGF- signaling, shotgun
metagenomic analyses were performed in fecal samples collected from both WT and age-
matched mutant mice before CRC induction (basal) and after CRC induction and treatment
(5FU or PBS). By analyzing several disease-related bacterial species, we found similar
commensal intestinal bacterial populations in Smad4+/-Sptbnl+/-and Smad4+/—-mice
without CRC (Figure 1B, 1C, 1D). Therefore, we combined the data from both Smad4+/
=Sptbnl+/-and Smad4+/-mice as the TGF-p signaling—deficient (SKO) group for most
analyses. When compared with WT controls in the basal condition without CRC, Smad4+/-
Sptbni+/-and Smad4+/-mice in the basal condition had significantly reduced abundances
of many Bacteroides bacteria, including B. dorei, B.caccae, B. ovatus, B. thetaiotaomicron,
B. fragilis, and the beneficial bacteria B. vulgatus and Parabacteroides distasonis were also
decreased in samples from Smad4+/- Sptbnl+/-mice analyzed alone or in combination
with samples from Smad4+/- (SKO group) (Figure 1B, 1C). These findings are consistent
with our previous results from the analysis of the combined samples from Smad4+/
=Sptbni+/-and Sptbni+/- mice [10]. The abundance of pathogenic or disease-associated
species, such as Enterococcus faecalis, Alistipes finefoldii, A. shahii, and Halomonas sp.,
were significantly increased in Smad4+/-Sptbni+/—mice or SKO compared to the WT
controls (Figure 1C). Thus, TGF-p signaling-deficient mice had a unique gut microbiome
signature that could contribute to their increased susceptibility to colitis-induced CRC. We
also observed an increased abundance of human CRC-associated bacteria, Fusobacterium
nucleatum, in these TGF-B signaling—deficient mice (Smad4+/-Sptoni+/-, Smad4+/- or
SKO) when compared to WT mice (Figure 1D).

3.2 TGF-B signaling-deficient mice are more susceptible to AOM/DSS-induced CRC

Analysis of CRC in the animals at the end of the experiment showed that AOM/DSS
induced CRC at a 75% incidence rate in WT mice receiving with PBS (6/8), 50% in
WT mice treated with 5FU (4/8), a 100% incidence rate in both genotypes of TGF-p
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signaling-deficient mice (8/8) (Table 1). Thus, the mutant mice had increased susceptibility
to chemical-induced CRC.

Tumor phenotypes in Smad4+/— Sptbnl+/-and Smad4+/—mice were similar (Table 1, Table
3, Figure 2A, 2B) with a greater proportion of the more malignant form, adenocarcinoma
than was observed in the WT mice that developed CRC (Figure 2B). Therefore, we grouped
both genotypes together as TGF-p signaling-deficient group (SKO: Smad4+/-Sptbni+/-
and Smad4+/-). Histopathological analyses identified CRC tumors ranging from adenomas
with low- or high-grade intraepithelial carcinoma-in-situ to frank adenocarcinomas in
animals receiving PBS with WT mice developing tumors that were more frequently

lower grade and the TGF- signaling-deficient group developing higher-grade tumors at

a significantly higher frequency (p = 0.003) (Table 2).

Not only were the TGF-p signaling-deficient group more susceptible to colitis-induced CRC
that was more advanced, but this group was also developed a significantly increased number
of tumors compared to WT mice, the individual tumors were also significantly larger in the
combined mutant group compared to those in WT mice (Table 1), and the distribution of
tumor sizes was also significantly different (Table 3). These results supported our hypothesis
that TGF- signaling deficiency contributes to CRC development and indicated that TGF-p
signaling functions as a tumor suppressor at the early stage of CRC.

To determine if these findings with the mouse models were consistent with human CRC,

we analyzed data from TCGA. More than 70% of human CRCs have SMAD4 alterations
(mutations and/or heterozygous loss) and a smaller fraction (8%) have mutations in SPTBN1
(Figure 2C). Furthermore, these alterations correlated with significantly reduced disease-free
survival (survival without progression of the disease) (Log-rank test, p = 0.0169) but not
significantly different overall survival (the fact that the patient has not died from any cause)
(Log-rank test, p = 0.624) (Figure 2C).

3.3 Colon tumors in TGF-B signaling-deficient mice exhibit chemoresistance to 5FU

TGF- signaling defects have been linked with 5FU resistance [36, 51, 52]; therefore, we
compared 4 weeks of 5FU treatment to PBS treatment and evaluated the drug response both
in terms of tumor incidence and phenotypes and gut microbiome populations. None of the
TGF- signaling-deficient mice of either genotype had complete regression or absence of
detectable tumors after 5FU treatment, whereas 4 out of 8 WT mice were completely tumor-
free at the end of the treatment (Table 1). Additionally, the tumors in the TGF-B signaling-
deficient group, which includes mice from both mutant genotypes, that had received 5FU
treatment were more numerous and larger than those of the WT mice that received 5FU
treatment (Figure 3A, 3B). There was also a significant difference (p <0.05) in tumor size
distribution between these two groups (Figure 3C). Although the TGF-p signaling-deficient
group had a shift from predominantly large tumors after 5FU treatment, this 5FU-treated
group had more animals with larger tumors sizes (80% at 2 — 3 mm and 10% at < 2 mm)
than did the group of 5FU-treated WT animals (16.7% at 2 — 3 mm and 83.3% at < 2 mm)
(Figure 3C, Table 3). Collectively, these results indicated that TGF-f signaling-deficient
mice are more resistant to 5FU treatment of CRC compared to WT animals (Figure 3 and
Table 1, Table 2, Table 3).
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Analysis of human data showed that patients with SMAD4 defects have reduced
progression-free survival (Figure 2C). Consistent with this, we found that 1 of the TGF-

B signaling-deficient mice (Smad4+/-Sptbn1+/-) developed colon cancer liver metastasis
during 5FU treatment as confirmed by histopathological analysis (Figure 4). Although
results from a single mouse are insufficient to draw a conclusion, this finding suggested that
mutations associated with impaired or defective TGF- signaling enhance tumor progression
in CRC.

3.4 Proliferation is increased and apoptosis is decreased in tumors from TGF-p signaling-
deficient mice

To investigate the molecular mechanism by which TGF-p deficiency contributes to tumor
progression, we performed immunohistochemical analysis of cellular proliferation (Ki67) of
the colonic tumors from WT and TGF-p signaling-deficient mice from both genotypes. We
observed a significant increase in Ki67 index in the tumors of the TGF-p signaling-deficient
group compared to the tumors of the WT mice (40.2 + 3.5 vs 26.7 + 3.4, p < 0.05)

(Figure 5A-B). Moreover, we assessed the Ki67 index in normal adjacent colonic epithelial,
which provides the environment for precancerous colonic hyperplasia. Our results suggested
the normal adjacent colonic epithelium of mice in the TGF-B signaling-deficient group

has a significantly increased Ki67 index (33.8 + 2.6) compared to the same areas in WT
mice (26.7 £ 3.3). Even when treated with 5FU, tumors from mice in the TGF-p signaling-
deficient group (19.2 £ 3.6) had a significantly larger Ki67 index than tumors in the WT
mice (6.2 £ 0.8) (p < 0.05) (Figure 5B). Thus, tumors from the TGF- signaling-deficient
group had a higher proliferation that was less affected by 5FU than the tumors in the WT
mice.

We also evaluated if apoptosis differed between the groups by quantifying cells positive for
cleaved caspase 3 (Figure 5C, D). We observed an increase in the number of cells positive
for cleaved caspase 3 in the WT tumors from mice treated with 5FU compared with WT
tumors from mice treated with PBS. In contrast, 5FU treatment failed to induce apoptosis
in the tumors of the TGF-B signaling-deficient group. Collectively, the proliferation and
apoptosis analyses suggested that enhanced proliferation and resistance to 5FU-induced
apoptosis underlie the differences in tumor phenotypes between the WT and TGF-p
signaling-deficient mice (Figure 5C, 5D).

3.5 Gut microbiome signatures associated with 5FU resistance and tumor progression
were identified

Increasing evidence suggests that the human gut microbiome plays a critical role not

only in tumor development but also in drug responsiveness. Thus, we performed shotgun
metagenomic (Figure6A) sequencing using fecal samples from these mice to identify

(i) changes in gut microbiota composition (eg. Family, Genus) (Figure6B—-C) before and
after tumor formation and (ii) changes in gut microbiota composition that correlated with
5FU response (Figure7). By analyzing the number and variety of bacterial species, we
identified some species (Enterocloster bolteae, Bacteroides dorei, Lachnoclostridium sp.,
and Mordavella sp. Marseille) that had similar amounts in both WT mice and mice in the
TGF-p signaling-deficient group, but these were significantly decreased after CRC induction
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by AOM/DSS. This decrease after CRC induction was the same for WT mice and mice

in the TGF-B signaling-deficient group. In contrast, 5FU treatment returned bacterial levels
to pre-CRC levels in the WT group but not in the mice in the SKO group (Figure 7A).
Among these bacteria, Bacteroides doreiis known to reduce LPS production and inhibit
atherosclerosis [53], whereas Lachnoclostridium sp. was shown to be present in higher
amounts in human colon adenoma [54]. Furthermore, our analysis revealed significantly
decreased abundances of beneficial species following CRC induction in both WT mice and
mice in the TGF-p signaling-deficient group (Figure 7B-C).

We also evaluated the bacteria associated with the tumors. Similar to the other Bacteroides
species, their numbers recovered after 5FU treatment in tumors from WT mice but not

in tumors from mice in the TGF-B signaling-deficient group. Most of these Bacteroides
have anti-inflammatory effects and some are reported in colitis (e.g. B. cellulosilyticus

[55], B. Ovatus, B. Caccae [56]) (Figure 7C). Surprisingly, Lactobacillus species commonly
regarded as “anti-infective microbiomes”, had significantly increased levels in CRC animals
but decreased upon 5FU treatment in WT mice. In mice in the TGF-p signaling-deficient
group, the Lactobacillus species were also greater than that of the WT mice prior to tumor
formation. After 5FU treatment, levels of Lactobacillus species were still greater in the
mice in the TGF-B signaling-deficient group than in the WT mice. Although we are unable
to conclude that Lactobacillus species are associated with 5FU resistance, at least 5FU
treatment alone did not alter Lactobacillus species abundance. Rather the TGF-B signaling
defect likely creates a microenvironment that allows the enrichment of Lactobacillus species
regardless of tumor status (Figure7C).

4. Discussion

Our analyses revealed that TGF-p signaling-deficient mice had significantly increased
numbers of certain bacterial species (E. faecalis, A. finefoldii, A. shahii,, and Halomonas
sp.) and several significantly decreased gut microbiome species such as B.vulgatus and P
distasonis. Gut microorganisms in the Gl tract play a critical role in cancer development

and drug response [31-33, 57]. These bacteria, as well as others such as Bacteroides
vulgatus and Parabacteroides distasonis, play an important role in multiple diseases. They
are all significantly reduced in TGF-p signaling-deficient mice but have not been well
studied in CRC [53, 58, 59]. Our studies suggest that our mice that are deficient in TGF-p
signaling, spontaneously develop CRC in part through the modulation of the gut microbiome
composition.

An increasing body of evidence has now linked gut microbiota to treatment response [31,
32, 57]. For example, Fusobacterium nucleatum (Fn), a well-known human CRC-associated
microbe, contributes to oxaliplatin and 5-FU resistance through the regulation of autophagy,
mediated by TLR4/MyD88/ miRNA-18a/ATG7 [33]. Crosstalk between TGF-p signaling
and gut microbiome also plays a critical role in colon cancer development, because CRC
fails to develop in germ-free mice with compromised signaling in the TGF-p pathway:
Helicobacter infection is required to induce CRC in Smad3-/- mice and 7gfb1-/- mice,
and germ-free 7gfbI-/- mice fail to develop CRC [30, 60]. Gut-microbial interaction

and host-immune response play critical roles in creating an inflammatory environment
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that contributes to colon cancer development with limited studies on drug resistance. In

this study, our goal was to explore whether gut microbiota composition affects CRC
chemotherapy response using mouse models. We also attempted to identify species or a
unique gut microbiome signature(s) that can predict 5FU response. By identifying a species
that is altered in the 5FU-resistant mice, one might be able to predict the response to

5FU or other interventions. There are a variety of CRC mouse models for exploring gut
microbiome and drug response. However, we were interested in the primary changes of the
gut microbiome and their contribution to non-cell-autonomous effects in tumor development
and drug response. Therefore, we used Smad4+/—-or Smad4+/-Sptbnl+/-mice rather than
an orthotopic animal model, which adds more variabilities of the host immune response due
to the implantation of human cell lines into mouse recipients [61]. Additionally, in human
colon cancer, SMAD4 deficiency contributes to 5FU resistance [36, 51, 52]. We found that
tumors that developed in Smad4+/-or Smad4+/-Sptbnl+/-mice are more resistant to 5FU
compared to tumors in WT mice. We identified a unique gut microbiome signature that is
associated with 5FU resistance in mice in the mice in the TGF-p signaling-deficient group,
comprised of both mutant genotypes. This is in contrast to our previous findings that a loss
of TGF-B signaling through Sptbnl knockdown in human cancer cell lines makes them more
sensitive to 5FU. Considered together, these data suggest that 5FU resistance in tumors that
develop in mice in the TGF-B signaling-deficient group represents a cell non-autonomous
function of TGF-p signaling, which further emphasizes the importance of the contribution
made by the gut microbiome and other microenvironmental factors to drug response [10,
33].

The TGF-p signaling pathway is a master regulator of gut microbiome homeostasis,
inflammation, and the immune response [10, 15, 20, 27]. Our previous analysis of

TGF-p signaling-deficient mice, comprised of Smad4+/- Sptbni+/- mice and Sptbni+/-
mice, revealed that these mice had altered gut microbiome [10]. Comparing the results

of the previous analysis with the results presented here revealed consistent changes in

the gut microbiome across the two groups of TGF-f signaling-deficient mice, including
increased amounts of species associated with human CRC and decreased amounts of species
associated with a healthy microbiome. Collectively, these two studies provide strong support
for the importance of TGF-p signaling in preventing the development of a cancer-permissive
or cancer-promoting microbiome. At the molecular level, the unhealthy alteration in the

gut microbiome that resulted from impaired TGF-B signaling likely involves both altered
immune responses and the altered response of the colonic epithelium to bacteria. Indeed, the
bacterial sensor protein CEACAMS interacts with and inhibits the TGF-p receptor subunit
TGFBRL1 [10]. Future studies are required to determine the contribution of TGF-p-mediated
effects on immune function and on the colonic epithelia in regulating the gut microbiome.

TGF-p deficiency, caused by Smad4 deficiency, is associated with 5FU resistance [36,

51, 52]. Because we found that the Smad4+/- or Smad4+/- Sptbni+/- mice exhibited
similar microbiota profiles and tumor phenotypes, we combined the results from these
mice as the TGF-p signaling-deficient group for statistical analyses. We used a model of
AOM/DSS-induced CRC in mice in the TGF-p signaling-deficient group to explore the gut
microbiome of mice with 5FU resistance. We identified unique bacterial species patterns
related to the host’s 5FU response. The abundances of Enterocloster Boltae, Bacteroides
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dorel, Lachnoclostridium sp., and Moradavella sp. are markedly reduced in colon tumors.
5FU treatment returned these bacterial levels to normal in WT mice. However, 5FU
treatment, failed to return these levels to normal in mice in the TGF-p signaling-deficient
group. These data suggest that these bacterial species might be 5FU response-specific.
Notably, Bacteroides is the major type of gut bacteria that is altered by 5FU in WT mice

but not in mice in the TGF-p signaling-deficient group. This is not surprising, because
Bacteroides species hydrolyze anti-viral drugs to a product that can inactivate an enzyme
(dihydropyrimidine dehydrogenase) that detoxifies 5FU. This results in high 5FU levels that
may be toxic to patients [62]. Potentially, measuring Bacteroides levels could be utilized

for predicting a subject’s response to 5-FU. Some of the Bacteroides species, such as

B. dorei, B. cellulosilyticus, B. ovatus, and B. caccae are beneficial in that they possess
anti-inflammatory effects [53, 56, 63]. This could have important clinical ramifications,
insofar as 5FU remains the mainstay of chemotherapy for stage Il and 111 CRC, yet over
30% of patients have 5FU resistance [64]. Future studies will determine whether evaluating
the bacterial microbiome can be used for directing 5FU therapy. Additionally, we found that
some bacterial species are altered by 5FU treatment; however, this response is not related

to the host’s TGF-P status [65]. For example, Faecalibaculum _rodentium _strain_Alo17,
which is related to food digestion, is significantly reduced after 5SFU treatment with no
difference between WT mice and mice in the TGF-p signaling-deficient group. Levels

of Enterococcus faecalis _strain KUB3006 and Turicibacter sp. H121 are decreased by
5FU while levels of Candidatus arthromitu s _sp._ SFB-mouse-NL and Alistipes_finegoldii
strain_DSM_17242are increased. Both changes occur regardless of the TGF- signaling
status of the host.

In summary, we and others have shown that mice defective in TGF- signaling mice

are more susceptible to CRC. As expected, we observed a larger number and a larger

size of tumors in mice in the TGF-B signaling-deficient group as compared to the WT

mice. The gut microbiome composition of mice in the TGF-B signaling-deficient group
revealed a significantly different composition than that seen in WT mice. This observation
suggests that certain microbiomes might be more prone to cancer development by providing
a more permissible microenvironment for tumor development. We observed an increased
abundance of £ nucleatum in the TGF-B signaling—defective mice, which is consistent

with the previous report in human CRC [33] and our analysis of another group of TGF-p
signaling—defective mice [10]. We observed substantially decreased levels of beneficial
bacterial species, such as B. vulgutus [53] and P, distasonis [59, 66], in Smad4+/— deficient
mice. However, these species are not altered by 5FU treatment, suggesting these microbiotas
are related to CRC development but unlikely to be associated with drug response. In the
current study, we applied a different platform and more stringent parameters for analysis
than we used in our previous study [10] and we compared the effects of 5FU on WT and
TGF-B signaling—defective mice. Thus, our current microbiome analyses revealed additional
microbes that could be important for chemoresistance in humans. Surprisingly, Lactobacillus
species commonly known to be beneficial, were increased in AOM/DSS-induced tumor,

and decreased after 5FU treatment in WT mice but not in mice in the TGF-p signaling-
deficient group. Potentially this could arise from a self-defense mechanism reflecting the
host-immune response against the tumor; a follow-up study is required to determine whether
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this is truly the case. Additionally, our study identified species related to food digestion,
such as Bacteroides caecimuris_strain_148, Faecalibaculum_rodentium_strain _Alol7, were
reduced after AOM/DSS treatment to induce CRC, suggesting that in human inflammation-
associated CRC, disruption of the gut microbiome could impair normal food digestion.

Our data suggest that GI microorganisms altered in TGF- signaling-deficient mice might
significantly influence chemotherapeutic outcomes. Manipulating those species associated
with 5FU resistance could potentially increase drug response. While it remains challenging
to completely map the host microbiome, we believe manipulating the gut microbiome can be
a promising therapeutic intervention for CRC.
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Highlights:

. Mice with defective TGF-B signaling are more susceptible to chemically-
induced CRC

. CRC that develops in mice with defective TGF-p signaling is resistant to 5FU

. Mice with defective TGF-B signaling display an altered gut microbiome
signature
. 5FU resistance correlates with imbalanced intestinal microbial populations
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Figure 1.
Significantly altered basal proportions of gut microbiota species in TGF-p signaling-

deficient mice (SKO: Smad4+/-/Sptbn1+/-and Smad4+/-). (A) Schematic of AOM/DSS-
induced CRC mouse model to explore 5FU response and gut microbiome in WT (n =

16), Smad4+/-Sptbn1+/-(n = 12), and Smad4+/- (n = 4) mice. Fecal samples were
collected before CRC induction (basal) and after CRC induction and drug or control
treatment (5FU or PBS) at Week 15. (B — D) Relative abundances of bacteria in mice

of the indicated genotypes of mice before any treatment (basal). SKO (n = 16), combined
results from Smad4+/-Sptbni+/— (n = 12) and Smad4+/- (n = 4). Data are shown as the
average # SEM. Species shown in B-C are those that exhibited p < 0.01 between WT

and Smad4+/-Sptbn1+/-or WT and SKO as determined by unpaired f-fest. Fusobacterium
species (D) exhibited p < 0.05 between WT and SKO, or Smad4+/-Sptbnl+/-or Smad4+/-
as determined by unpaired #-fest.
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Figure 2.

Smad4+/-and Smad4+/-/Sptbni+/-mice are more susceptible to AOM/DSS-induced CRC.
(A) Representative colon tumors (top, arrow) and pathological analysis by hematoxylin-
eosin staining (middle and bottom) in a WT mouse (left) and Smad4+/~/Sptbn1+/-

mouse (right). WT mice colon tumor was diagnosed as a high-grade adenoma (i, iii,

and v); Smad4+/-/Sptbn1+/-colon tumor was diagnosed as a moderately differentiated
adenocarcinoma (ii, iv, and vi). Scale bars, 5 mm, 200 pm, and 100 um. (B) Bar graph
showing summary of histopathological analyses of tumors from TGF- signaling-deficient
mice [Smad4+/~/Sptbnl+/-(n = 5), Smad4+/-(n = 3)] and WT mice (n = 6). Significance
testing was performed with Chi-square. (C) Onco-Prints of genomic alterations of SMAD4
and SPTBNI from TCGA CRC data (n = 526) (top). Kaplan-Meier survival plots of patients
stratified according to genetic alterations of SMAD4 and SPTBNI including Disease-free
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survival (bottom left) and overall (bottom-right) survival, the P values were calculated by
log-rank test.
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Figure 3.

Smad4+/-and Smad4+/-/Sptbnl+/-tumors are resistant to 5FU. (A) Mice that are deficient
in TGF-B signaling (SKO: Smad4+/-/Sptbnl+/-and Smad4+/-) display significantly
increased tumor numbers compared to WT mice. 5FU treatment significantly reduced
tumor numbers in WT mice, but not in TGF-p signaling-deficient mice. Significance was
performed using an unpaired t-test. (B) SKO mice show the trend of enlarged tumor size
compared to WT mice. 5FU treatment significantly reduced tumor size in WT mice, but
not in SKO mice. Significance was performed using an unpaired t-test. (C) Tumor size
distribution analysis indicated significantly decreased tumor size in WT tumor after 5FU
treatment, but no statistical tumor size differences in SKO tumor after 5FU treatment.
Significance was performed using Chi-square, *p < 0.05. WT-PBS, n = 6; WT-5FU, n =

6; SKO-PBS (n =5, Smad4+/-Sptonl+/-; n = 3, Smad4+/-); SKO-5FU, (n =7, Smad4+/-
Sptbnl+/~ n = 3, Smad4+/-).
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Colon Cancer Colon Cancer Liver Metastasis

Figure 4.
Smad4+/-/Sptbn1+/-tumor after 5SFU treatment progresses to liver metastasis. Gross view

of primary colon tumors (A) and liver metastasis (B). The histopathological assessment
confirmed the tumors in A are primary CRC (C, E) and tumor nodules shown in the B are
colon cancer liver metastasis (D, F). Scale bars, 5 mm, 200 um and 100um.
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Figure 5.
Proliferation and apoptosis in TGF-p signaling—deficient tumors by Ki67 and cleaved

caspase 3 immunohistochemistry. (A) Representative colon sections from WT and
Smad4+/~/Sptbnl+/-mice stained for Ki67. Scale bars, 100 um, and 20 pm. The
percentage of Ki67+ nuclei per field (5 randomly selected fields) was determined. (B) 5FU
treatment significantly decreased the Ki67 index in both WT and TGF-p signaling—deficient
colon tumors. Compared to the WT colon tumor, TGF-p signaling—deficient colon tumor
showed a significantly higher Ki67 index even after 5FU treatment. (C-D) Representative
colon sections from each group with positive staining of cleaved caspase-3 (arrows)

and quantification of the number of cells with positive staining of cleaved caspase-3.
Significance was performed using a one-way ANOVA test for 4 groups comparison in

B (p <0.0001) and D (p = 0.0013). In B, by Bonferroni’s multiple comparisons test

for Ki67: **p<0.005 for WT-PBS vs. WT-5FU; *p<0.05 for SKO-PBS vs. WT-PBS;
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**p<0.005 for SKO-PBS vs. SKO-5FU; *p<0.05 for WT-5FU vs SKO-5FU. In D, by
Bonferroni’s multiple comparisons test for caspase 3: **p<0.005 for WT-PBS vs. WT-5FU;
no significance between SKO-PBS vs. WT-PBS or between SKO-PBS vs SKO-5FU;
**p<0.005 for WT-5FU vs SKO-5FU. WT-PBS, n = 6; WT-5FU, n = 6; SKO -PBS (n

=5, Smad4+/-Sptbnl+/-;n = 3, Smad4+/-); SKO -5FU, (n =7, Smad4+/-Sptbnl+/-;n =
3, Smad4+/-).
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Figure 6.

Shotgun metagenomic sequencing data analyses of the gut microbiome. A) The
bioinformatics analysis workflow utilizes two HIVE platform tools, CensuScope and HIVE-
Hexagon. CensuScope is used to determine the taxonomic composition of each sample.
HIVE-Hexagon is an alignment tool used to remove host DNA and determine the number of
alignments or “hits’ made to the reference base. After the two-step metagenomics pipeline,
relative abundance is calculated using the number of hits. The final abundance profile lists
all the bacteria present in the samples and their relative abundances. B-C) Differences in

gut microbiota composition on a family-level (B) and a genus-level (C) are observed in
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mice fecal samples. The bar plots were generated using the Microbiome R package (https://
microbiome.github.io/tutorials/). WT-basal, n = 16; WT-tumor-PBS, n = 7; WT-tumor-5FU,
n =7; SKO-PBS n =8 (n =5, Smad4+/-Sptbn1+/-;n = 3, Smad4+/-); SKO-5FU, n = 10 (n
=7, Smad4+/-Sptbni+/-;n = 3, Smad4+/-).
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Figure 7.

Unique gut microbiome signatu

re in 5FU resistant SKO, Smad4+/-and Smad4+/~/

Sptbni+/- CRCs. (A) Bacteria species and strains that are significantly reduced in AOM/
DSS-induced tumors and recover to basal levels after 5FU treatment in WT mice but not

in SKO mice. (B) Bacteria spec

ies and strains that are significantly reduced in AOM/DSS-

induced tumors and SKO mice at basal levels before any treatment. Data in A-B are plotted
as the average of relative abundance + SEM, the significance is performed using an unpaired
t-test, WT-basal, n = 16; WT-tumor + PBS, n = 7; WT-tumor + 5FU, n = 7; SKO-PBS, n =

16; SKO-tumor + PBS,n =8 (n

=5, Smad4+/-Sptbni+/-;n = 3, Smad4+/-); SKO-tumor

+5FU, n =10 (n =7, Smad4+/-Sptbn1+/-;n = 3, Smad4+/-); *p < 0.05. (C) A Heatmap
of Bacteroides and Lactobacillus species and strains that are altered in AOM/DSS induced
tumors and recovered to basal levels after 5FU treatment in WT mice but not recovered in

SKO mice deficient in TGF-B s

ignaling.
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Table 1

Experiment mice number, tumor incidence, tumor number and size. SKO-PBS, Smaad4*/~Sptbnb1*/~ (n =
5) and Smad4*/~ (n = 3); SKO-5FU, Smad4*/~Sptbnb1*~ (n = 7) and Smad4*/~ (n = 3). Significance was
determined using an unpaired t-test.

Group Tumor incidence  Number of. tumors per animal (mean + SE)  Average tumor size in mm (mean + SE)
WT-PBS 6/8 (75%) 5.5+1.4 2.17+0.3

WT-5FU - 4/8 (50%) 1672067 0832037

SKO-PBS  8/8 (100%) 10.25%1.5 3.63+0.7

SKO-5FU  10/10 (100%) 6.911.2b 2'510.317

aP < 0.05, WT-PBS compared to WT-5FU

bP > 0.1, no significant difference between SKO-PBS and SKO-5FU
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Table 2.

Histopathology of CRC tumors in WT and TGF-p signaling-deficient mice receiving PBS. SKO,
Smaad4*/~Sptbnb1*/~ (n = 5) and Smad4*/~ (n = 3); WT (n = 6). Significance was determined using Chi-square
test.

Group Intraepithelial neoplasia Low-grade  Intraepithelial neoplasia high-grade  Adenocarcinoma P value
WT-PBS  43% 38% 19%

0.003
SKO-PBS  17% 53% 30%
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Table 3.

Tumor size distribution. WT-PBS (n = 6); WT-5FU (n = 4); SKO-PBS, Smad4*/~Sptbnb1*’~ (n = 5) and
Smad4*’~ (n = 3); SKO-5FU, Smad4*/~Sptbnb1*/~ (n = 7) and Smad4*/~ (n = 3). Significance was determined
using Fisher’s exact test.

Group Tumor<2mm  Tumor 2-3mm  Tumor >2 mm
WT-PBS 16.7% 83.3% 0

WT—5FUa 83.3% 16.7% 0

SKO-PBS 0 37.5% 62.5%
SKO-SFUb 10% 80% 10%

aP =0.02, WT-PBS compared to WT-5FU

bP =0.11, no significant difference between SKO-PBS and SKO-5FU
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