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The role of gut microbiota in colon cancer caused by Apc mutation
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To construct a spontaneous colorectal cancer (CRC) mouse model with an Apc gene point mutation (4pct*%Y) using
CRISPR/Cas9 technology and preliminarily validate the composition and role of intestinal microbiota in colon
cancer induced by Apc mutations. Apc*** mice and wild-type (WT) controls were observed from 3 to 25 weeks of
age. Comprehensive analyses were performed to evaluate body weight, food consumption, survival rates, routine
blood parameters, and intestinal microbiota composition. Gut microbiota was assessed through high-throughput
sequencing of 16S rRNA genes. Combined receiver operating characteristic (ROC) analysis was conducted
to evaluate the diagnostic potential of gut microbiota composition for CRC. The Apc gene point mouse model
(Apct¥9%) was successfully generated, and the genetic stability of the strain was proved by the subsequent breeding
process. Male Apct**** mice showed significant differences in body weight and food intake compared to WT, while
female Apc 5’ mice did not. All male Apc>* mice died by 23 weeks, with a 15% survival rate in females. Blood
tests indicated inflammation and anemia in Apc**** mice. Histopathology revealed intestinal polyps and tumors,
mainly in the ileum, with no sex difference in tumor counts. Gut microbiota analysis showed significant differences
between Apc % and WT mice, with reduced Lactobacillus and increased Alistipes and Bacteroides. ROC analysis
showed area under the curve values of 0.72 for females and 0.67 for males. We established an Apc gene point
mutation mouse model, resulting in a spontaneous CRC model. Phenotypic validation of Apc***** mice indicated CRC
development between 15 and 20 weeks of age, with gut microbiota changes starting after 15 weeks. Alterations in
specific gut microbiota, such as reductions in lactobacilli, were associated with increased CRC risk. This model is
valuable for studying the Apc gene's biological function and CRC treatments. Gut microbiota composition showed
moderate potential as a non-invasive CRC diagnostic tool, with notable sex-specific differences. Further research is
needed to validate these findings and improve diagnostic accuracy.

1. INTRODUCTION

leads to the accumulation of free S-catenin in the cytoplasm and its
translocation to the nucleus, activating the Wnt pathway and related

Colorectal cancer (CRC) is a malignant tumor of the digestive tract
that arises from the abnormal proliferation of intestinal epithelial cells,
leading to sustained malignant transformation [1]. It has become the
third most common cancer in the world, with a mortality rate ranking
third in males and second in females [2]. The majority of colorectal
tumors are initially caused by familial adenomatous polyposis (FAP)
[3], an autosomal dominant hereditary disease resulting from mutations
in the adenomatous polyposis coli gene [4], with an incidence of
approximately 1/7,000-1/30,000 [5]. If left untreated, almost 100% of
FAP patients will develop CRC[6].

Apc gene-encoded protein is a tumor suppressor that promotes the
maintenance of degradation homeostasis of f-catenin, a critical
effecter molecule in the Wnt signaling pathway [7], through negative
regulation by binding to it. Loss or reduction of Apc gene function
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oncogenes such as KRAS mutations or inactivated tumor suppressor
gene TP53 [8,9]. Common forms of Apc gene mutations include
frameshift, nonsense, splice site abnormality, missense, and large
segment deletion, leading to the production of non-functional proteins
[10,11]. Multiple CRCs are characteristic of FAP, where Apc gene
truncation or mutation is inherited, while another allele may be lost
in adenomas [5,12]. Homozygous deletion of the Apc gene is very
rare [13], and Apc gene abnormalities are the main cause of FAP and
malignant tumor development [14,15].

The pathogenesis of CRC is complex, and changes in the composition
of gut microbiota are one of the contributing factors. The intestinal
microbiota, which is composed of a large number of microorganisms
[16], is present in the colon. It was suggested that dysbiosis of the gut
microbiota is closely related to CRC, and the role of microbiota in
initiating and promoting CRC is becoming increasingly apparent [16].
Recent studies have identified several bacteria as candidate pathogens
for CRC, including Streptococcus bovis, Bacteroides fragilis,
Fusobacterium nucleatum, Escherichia coli, and anaerobic bacteria.
The mechanisms by which gut microbiota is associated with CRC
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mainly include inflammatory response, immune regulation, dietary
components, metabolism, and genotoxins [17,18].

In 1990, the Apc*™* mouse model was first established by Dove
Lab of Wisconsin-Madison University. The researchers induced
C57BL/6J male mice using the mutagen ethylnitrosourea, followed by
crossbreeding with AKR/J female mice. They observed that a subset of
the offspring was prone to developing intestinal tumors, in which the
homologous Apc gene at amino acid position 850 was mutated from
Leu to a stop codon, leading to premature termination of translation
and the development of multiple intestinal adenomas [19]. In 1997,
the first conditional Apc functional deficiency model was developed
[20], leading to the occurrence of adenomas in the colon. To construct
more models for late-stage diseases, the Apc™™* mouse model was
developed and involved in investigating the common mutations of
oncogenes or tumor suppressor genes and their related genes [21].

In this study, we employed the highly efficient CRISPR/Cas9 gene
editing technique, to introduce a mutation targeting the Apc-202
transcript (ENSMUST00000079362.12) in vivo within the mouse
model through homology-directed repair. Specifically, we introduced
the mutation target site to replace the amino acid Leu at the 850th
position of the mouse Apc gene with a stop codon TAG (TTG to TAG).
As a result, we successfully established the Apc*%* point mutation
mouse model and conducted preliminary phenotype validation of
spontaneous intestinal cancer. We investigated the alterations in the
gut microbiota of mice with spontaneous CRC to explore potential
correlations between CRC and gut microbiota, thereby contributing
to the development of microbiome-targeted therapies and CRC
prevention strategies in the future.

2. MATERIALS AND METHODS

2.1. Mice

In all experiments, mice were maintained in a specific pathogen-free
environment, with ad libitum access to food and water under a 12-hour
light/dark cycle. All procedures employed in this study were approved
by the Institutional Animal Care and Use Committee of Shanghai
Laboratory Animal Research Center (Authorization numbers:
2211028081) and were conducted in accordance with relevant national
and international guidelines.

2.2. Generation of C57BL/6-Apc"*5"* Point Mutation Mice

C57BL/6-Apc5*Y point mutation mice, abbreviated as Apc*** mice
below, were generated by Shanghai Model Organisms Center, Inc.
(SMOC, Shanghai, China). This model was developed by CRISPR/
Cas9-mediated gene editing in zygotes.

The mouse Apc gene is located on chromosome 18 (Chromosome 18:
34,354,037-34,455,605) and the Apc-202 transcript is approximately
12.811 kb in length, consisting of 16 exons and 15 introns, with a total
of 2,842 amino acids. Based on the structure of the mouse Apc gene,
the mutation site and gRNA target were selected in the coding region
of exon 16. The gRNA target sequence was 5'-TTCTGAGAAAG-
ACAGAAGTT TGG-3'. An oligo donor DNA was synthesized for
the construction of the gRNA expression vector, with a sequence of
5'-GACTGTTCTTTCACCATATTTAAATACTACGGTATTGC-
CCAGCTCTTCTTCCTCAAGGGGAAGTTTAGACAGTTCTC-
GTTCTGAGAAAGACAGAAGTTAGTAGAGAGAGAGCGAG-
GTATTGGCCTCAGTGCTTACCATCCAACAACAGAAAAT-
GCAGGAACCTCATCAAAACGAGGTCTGCAGATCACTAC-
CACTGCAGCCCAGATAGCCAA-3'. The gRNA expression vector
pX-T7-sgRNA was linearized by enzyme digestion and transcribed in

vitro according to the instructions of the HiScribe T7 High Yield RNA
Synthesis Kit (New England Biolabs, MA). The Cas9 expression vec-
tor was linearized by Xbal digestion and transcribed in vitro according
to the instructions of the mMESSAGE mMACHINE T7 Ultra Tran-
scription Kit (Thermo Fisher Scientific, MA).

Cas9 mRNA, gRNA, and oligo donor DNA were mixed and
microinjected into the fertilized eggs of C57BL/6 wild-type mice
(WT mice). Subsequently, the injected embryos were transferred
into the uteri of pseudo-pregnant Institute of Cancer Research mice
female mice to obtain FO generation mice. F1 generation mice,
which were heterozygous for the Apc gene point mutation (Apct®™),
were generated by crossing the FO positive mice with WT mice.
Genotyping of F1 mice was performed using the primers targeting the
P1 (sequences: 5'-CATCCCTTCACGTTAGGAAACAG-3') and P2
(sequences: 5'-CTTTGGCATAAGGCATAGAGCAT-3"). The PCR
conditions consisted of an initial denaturation at 94°C for 3 minutes,
followed by 35 cycles of denaturation at 98°C for 15 seconds,
annealing at 58°C for 15 seconds, extension at 68°C for 1 minutes,
and a final extension at 68°C for 5 minutes. The PCR products were
subjected to 7-vector cloning and subsequently sequenced using
the sequencing primer sequences performed with P1 (sequences:
5'-CATCCCTTCACGTTAGGAAACAG-3'). F2 generation Apct#3%*
mice heterozygous for the Apc gene point mutation were obtained
by crossing F1 heterozygous mice with WT mice. The genotyping
strategy for F2 mice was the same as for F1 mice.

2.3. Measurement of Body Weight, Food Intake, and Survival
Curve

From postnatal day 20 to 150, daily observations were made to
record the time of death for each mouse, while weight and food
intake were measured and recorded weekly starting from 10 weeks
of age. A total of 40 mice were used in this study, with 16 males and
16 females (n = 16 per sex). At the beginning of each week, a pre-
weighed amount of standard laboratory chow was provided to each
mouse in its individual cage, and the initial weight was recorded. At
the end of the week, the remaining food, including scattered pieces,
was collected and weighed. The weekly food intake for each mouse
was calculated by subtracting the final weight of the remaining food
from the initial weight provided. The weekly food intake data, along
with body weight measurements, were systematically recorded for
each mouse. These records were used to analyze trends in food
consumption and correlate them with body weight changes and
survival rates.

2.4. Routine Blood Test

Blood samples were collected from the cheek vein plexus of 18-week-
old Apct#** and WT mice under isoflurane gas anesthesia for routine
blood examination. A total of 12 mice were used for this analysis, with
6 Apct*% mice and 6 WT mice (n = 6 per group). The differences
between Apct% mice and WT mice were analyzed and compared
based on various blood parameters.

2.5. Tumor Count and Histopathological Analysis

The number of intestinal tumors and histopathological changes were
assessed in mice euthanized by cervical dislocation at 120 days of age.
A total of 40 mice were used for this analysis, with 13 males and 13
females (n = 13 per sex). The small intestine and colon were dissected,
and the tumor count was recorded. Paraffin-embedded samples were
processed for hematoxylin and eosin staining for histopathological
observation.
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2.6. Gut Microbiota Composition Preparation

Feces samples were collected once a week from 3 to 25-week-old
mice, comprising a total of 10 Apc** female mice, 10 Apct0%
male mice, 10 WT female mice, and 10 WT male mice (n = 10 per
group). The samples were immediately stored at —80°C until further
analysis. Microbial community genomic DNA was extracted from
feces samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, GA,
US) according to the manufacturer’s instructions. The hypervariable
region V3-V4 of the bacterial 16S rRNA gene was amplified with
primer pairs 338F (5'-ACTCCTACGGGAGGCAGCAG-3) and
806R(5'-GGACTACHVGGGTWTCTAAT-3") by an ABI GeneAmp®
9700 PCR thermocycler (ABI, CA, USA). Purified amplicons were
pooled in equimolar and paired-end sequenced on an [llumina MiSeq
PE300 platform/NovaSeq PE250 platform (Illumina, San Diego,
USA) according to the standard protocols by Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China). The raw reads were deposited
into the NCBI Sequence Read Archive database.

2.7. Processing of Sequencing Data

The raw 16S rRNA gene sequencing reads were demultiplexed,
quality-filtered by fastp version 0.20.0 [22], and merged by FLASH
version 1.2.7 [23] with the following criteria: (i) the 300 bp reads
were truncated at any site receiving an average quality score of <20

over a 50 bp sliding window, and the truncated reads shorter than 50
bp were discarded, reads containing ambiguous characters were also
discarded; (ii) only overlapping sequences longer than 10 bp were
assembled according to their overlapped sequence. The maximum
mismatch ratio of the overlap region was 0.2. Reads that could not be
assembled were discarded; (iii) samples were distinguished according
to the barcode and primers, and the sequence direction was adjusted,
exact barcode matching, 2 nucleotide mismatch in primer matching.

Operational taxonomic units (OTUs) with a 97% similarity cut-off
[24,25] were clustered using UPARSE version 7.1 [24], and chimeric
sequences were identified and removed. The taxonomy of each OTU
representative sequence was analyzed by RDP Classifier version
2.2 [26] against the 16S rRNA database (e.g., Silva v138) using a
confidence threshold of 0.7.

2.8. Combined receiver operating characteristic (ROC)
Analysis

To evaluate the diagnostic accuracy of gut microbiota composition
in predicting CRC development, a combined ROC analysis was
performed using data from 25-week-old female Apc® mice and
23-week-old male Apct*% mice, compared with age-matched WT
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TTTCTGTCTTCAAACCTCTCTCTCTCTCCAT
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Figure 1. Construction of C57BL/6-Apc"*** point mutation mice. (a) Point mutation strategy, Cas9/gRNA, and oligo
donor DNA complexes point mutate the Apc gene by recognizing a target in the exon16 region; (b) Point mutation site in
Apct59% mice; (c) is the electrophoretic map for genotype identification. The band size of WT mice was 612 bp, and that
of heterozygous mice was 614 bp; (d) Representative sequencing of PCR reaction products, with a mutation stop codon

in the red box.
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mice (n = 10 per group). The aim was to identify differences in
microbiota composition between these groups at their respective ages.

Fecal samples were collected from 10 Apct% female mice, 10 Apct%%
male mice, 10 WT female mice, and 10 WT male mice. These samples
were used to analyze the gut microbiota composition through high-
throughput sequencing. The sequencing data were normalized using
relative abundance to account for differences in sequencing depth. Data
from the selected species were averaged to provide a comprehensive
overview of microbiota composition. ROC curve analysis was performed
to determine the sensitivity true positive rate (TPR) and specificity false
positive rate (FPR) of different bacterial taxa as potential biomarkers for
CRC. The area under the ROC curve (AUC) was calculated to assess the
overall performance of the diagnostic model. The confidence interval
(CI) threshold was set at 0.95.

Wang et al.: Journal of Applied Biology & Biotechnology 2025;13(2):55-67

Based on the phenotypic Apct*® mice and WT mice, bacterial
abundance data from high-throughput sequencing results were used
to create a binary classification label (CRC vs. non-CRC). We used
R software (version 3.3.1) with the plotROC package. This package
allows for the generation of ROC curves and the calculation of AUC
values, facilitating the comparison of different biomarkers' diagnostic
performance.

2.9. Statistical Analysis

Statistical analysis was performed using GraphPad 8.0 software.
All data were presented as Mean = SEM. Group comparisons were
analyzed using the #-test, and statistical significance was considered
when p <0.05.
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Figure 2. Body weight, food intake, and survival curves of Apct¥%

mice. (a) Changes in body weight of Apc ¥ mice

and WT mice from 10 to 18 weeks of age; (b) Food intake of Apc %Y mice and WT mice from 11 to 18 weeks of age; (c)
Survival curves of Apct** mice and WT mice. * p <0.05, **p <0.01, *** p <0.001, n = 16.
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3. RESULTS
3.1. Generation of C57BL/6-Apc'*** Point Mutation Mice

The construction strategy for Apc*** mice is shown in Figure la.
Cas9 mRNA and gRNA were obtained through in vitro transcription,
and oligo donor DNA was synthesized. The microinjected embryos
were transferred to pseudo-pregnant mice, and the newborn mice
were designated as FO generation. The genotyping strategy for FO
generation is shown in Figure 1a. Positive FO mice were bred with WT
C57BL/6 mice to obtain F1 generation point mutation heterozygous
mice. Positive F1 mice were bred with WT C57BL/6 mice to obtain
F2 generation point mutation heterozygous mice, while homozygous
positive mice were lethal, and PCR analysis followed by sequencing
confirmed the presence of the heterozygous mutant (Apct% mice).
The specific sequence information after the point mutation is depicted
in Figure 1b. The electrophoretic map for genotype identification
results is presented in Figure lc. The representative sequencing
diagram of PCR reaction product results is shown in Figure 1d.

3.2. Measurement of Body Weight, Food Intake, and Survival
Curve

Starting at 10 weeks of age, the weekly changes in body weight
were documented. Figure 2a and b illustrated that from 10 to 18 weeks

of age, female Apc**** mice exhibited a significant decrease in body
weight compared to their WT counterparts of the same sex, with the
disparity becoming apparent at 11 weeks (*p < 0.05, ** p <0.01). In
contrast, male Apc*** mice showed lower body weights starting at
14 weeks. The study commenced recording weekly variations in food
consumption at 11 weeks of age, revealing discernible distinctions
between male Apct™ mice and male WT mice beginning at 16 weeks.
Conversely, no statistically significant variances were noted between
female Apc ¥ mice and the same-sex WT mice. The survival analysis
indicated a stark contrast in outcomes, with all male Apc%% mice
succumbing by 23 weeks, while only 15% of female Apct*™* mice
survived.

3.3. Routine Blood Test

As shown in Figure 3, compared to WT mice, Apct* mice exhibited
significant increases in WBC, MCV, PDW, MPV, NEUT#, MONO#
(*p <0.05, **p < 0.01, ***p <0.001, ****p <0.0001). On the other
hand, Apct$* mice showed significant decreases in RBC, HGB,
MCHC, LYMPH%, and EO% (**p < 0.01, **** p < 0.0001). No
relevant indicators related to reticulocytes were detected in Apct%%
mice. The results indicated that Apc%* mice were experiencing
symptoms of anemia and concurrently, there was inflammation present
in their bodies.
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Figure 3. Blood routine test of Apc**** mice. (a) Red blood cell count (RBC): 10712/1; (b) Mean corpuscular volume (MCV): fl ; (c)
Hemoglobin (HGB): g/1; (d) Mean corpuscular hemoglobin concentration (MCHC): g/1; (e) White blood cell count (WBC): 10"9/1; (f)
Lymphocyte percentage (LYMPH%): g/l ; (g) Neutrophil count (NEUT#): 10”9/ ; (h) Eosinophils (EO%); (i) Mononucleosis (MONO#);
(j) Platelet distribution width (PDW); (k) Mean platelet volume (MPV); (1) Reticulocyte (RET#): 10"9/1. * p <0.05, ** p <0.01, *** p
<0.001, n=6.
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Figure 4. The tumor count of intestinal tissues and pathology result. (a) intestinal samples from male Apc“**** mice and male WT mice; (b) intestinal samples from

female Apc5*** mice and female WT mice; (c) The number of tumors in the colon, duodenum, jejunum, and ileum of female and male Apc***** mice, n = 13; (d)
HE staining of intestinal sections.
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Figure 6. Gut microbiota composition analysis. (a) The relative abundance of various microorganisms in the samples of female 4Apc**** mice and female WT
mice aged 22-25 weeks; (b) The relative abundance of various microorganisms in the samples of male Apc"*** mice and male WT mice aged 22-23 weeks; (c)
Statistical comparison of the proportions of various bacteria in the gut microbiota of Apc*** mice and WT mice aged 22-25 weeks. * p <0 .05, **p <0.01, ***p
<0.001, n=10.

3.4. Tumor Count and Histopathological Analysis

As depicted in Figure 4, the tumors within the intestinal tract of Apct#%*
mice predominantly developed in the ileum, with the duodenum being
the secondary site. Among these, the number of tumors in female
mice slightly surpassed that in male mice; however, no statistically
significant difference in tumor count was observed between male and
female mice.

As shown in Figure 4d, no tumors were found in the intestinal Swiss
rolls of WT mice. In contrast, the intestinal Swiss rolls of Apcts%*
mice exhibited a higher number of polyps and areas of malignant
transformation. The tumor infiltrated the muscular layer of the
intestinal wall and invaded the surrounding tissues such as the serosa.
The tumor cells exhibited abnormal morphology, increased nuclear
division activity, cellular pleomorphism, and exhibited an abnormal
tumor response.

3.5. Gut Microbiota Composition

As shown in Figure 5, there was a clear separation in the gut
microbiota between Apc¥* and WT mice from 22 to 25 weeks of age.
Figure 5a and b showed species diversity, which described the degree
of diversity of microbial species in the gut microbiota. These figures
indicated a significant difference in the diversity of gut microbiota
between Apct¥* and WT mice.

Figure 6a The relative abundance of various microorganisms in
the gut microbiota of female mice aged 22-25 weeks. Significant
differences in the community structure and dominant species were
observed between Apct¥ ™ and WT mice. Specifically, after disease
onset, Apct %Y female mice exhibited a notable absence of Lactobacilli
and Dubosiella, along with an increase in Bacteroides, Alistipes,
Akkermansia, and unclassified Oscillospiraceae.



Wang et al.: Journal of Applied Biology & Biotechnology 2025;13(2):55-67

62

S=UT000> D ssese 100> s '§0°0 >
SOIM G7—¢ POSE AJIW J A\ PUR 3JIW ,,2d} JO BIOIGOIOIUI JNT A} UI BLIDIORG SnOLIRA JO suoniodoid oy o uostreduod [eonsnels§ (0) ($39om ¢7—¢ pase 901U y,2dp d[eu Jo sojdwes ay) ul SwWsIue3100101w
SNOLIBA JO 90UBPUNGE JANR[I Y, (q) $Y09M G7—¢ POSe 901 y,..,0d} S[ed) JO sI[dWes oy} Ul SWSIUBSIO0IdNW SNOLIBA JO 9dUBpUNge dANR[AI Y], (B) sdSueyd sisAJeue uonisodwod 8jo1qoIoru jn) */ 3Ingiy

SR F o & & S O N & & & 2 S & S o & S &
JE AT AT S T R PP S S ST PEANPE N T T JEANPT  SE F F
A A < S /N /N /N 4 A < < /N /N /N 4 A < < /N /N /N 4 A < < /N /N /N
ha L ha N \4 i hd s L ha N \4 2 hd ha IS 2 h \d hd hd ks | ha h A4 hd hd
== I = = = o o o — 0
oo ' 200 500
L vor F1o .
k200 o0 ' i
° Leoo g ° o3 Lzo 3 rsio 3
$0°0 ] 800 3 3 reo 3
o ° 3 == Fro 3 Leo 3 Lezo &
Fsoo 8 Fzio § 3 Leo 3
900 S, Fvio 9 F¥o 9 9
o Loro @ " FSE0 o
200 @ * 10 o @ o
2 — Lo 2 FET Fs0 2 rve 2
- 80 € c c
° 800 & > o o ] Lepo 8
3 orx tzo 3 = 3 3
o 600 @ Soor |y ® o F90 o - Fso @
= R o W0 w — 7] — 7]
* Fo e vz - Lo S0
Firo Hork o = Lozo Loo
Lzio Lgz0 Lgo Ls90
aeaoe1dso||19s0” § juelou sadysi|y sn|j1oeqojoe] wnuajoeqopyig
> > > & S S S S
A& ra e a & & & & & A e I & &
sioyio & & o N L & & & & o NI v 4 <
snocoooseiuz [l o re
ejeisogna Ml
_ o o
dnoiB~9g L VpHNeesoeidsouyoe [l
sadysosseuy [l sioyo I
sinoquioy [l 2o sadysoseeuy [l Lzo
elebiys-eoueyos3 Il seuowweyooes smepipued Il
1eequopo 200-90N eeedeUBRqOLOD [l
wnjnoequnyy I Feo dnoiB N6 60y eeaoeieuay Il Leo
wnynoeqyeose4 [ wnjnoeqyecoe I
sesoeudsouyoe] | peyssejoun [l ouguoynse I
dno6TInB~ oY eeeejeusy Il — Fvo N wninoequniy Il Fvo w
2 ejaisoana I ES
H eisinoquioy Il H
Fso & 4noJ6”LEgENN oes0RRI0NSI ] Fso &
I 5 eieionaidoyy Il 5
sepiosspeqesed [l m.. sesoeudsoliosoJ juesou Il m
10s0 ™ uesou il 90 2 snjoeg Il 9o 2
eji@ionsidoyy Il eisuewsoy Il
oy | . By .
dnosb L gaesN"sesoeyelonai [l Lo vl ! e
s0d . I T
100-50N"0e80EIBIONIY — | I Lo
saweqouny [l I | ] I e [R— ] —_— = &0
1L0-O0N eIpUISO|D 0 yuelou § ueiou [ B
sopiosereg ll — Lo oo
snioeqooe [l — snjioeqope Il
wnueeqopyg Il — wnuspeqopyg
seaoeinoeqUNy S Huesou il L, seaoeinoequniyJ yuesou il L,
Al jojdieq 201w ajep 1SA] jojdaeq Ay 291w djeway e




Wang et al.: The role of gut microbiota in colon cancer caused by Apc mutation 2025;13(2):55-67

63

a Female mice Combine ROC analysis on Genus level

) "
,_ ]

—1 AUC = 0.72(95% Cl: 0.48-0.96)

1z

T T T T T T

0 01 02 03 04 05 06 07 08 09 1
1-Specificity

Sensitivity

b

Male mice Combine ROC analysis on Genus level

. >
0.9+ 4‘

o ' —1 AUC = 0.67(95% CI: 0.41-0.93)

0 01 02 03 04 05 06 07 08 09 1
1-Specificity

Figure 8. Combined ROC analysis of gut microbiota composition for CRC prediction. The ROC curves for (a) female mice and (b)
male mice plot the sensitivity (TPR) against 1-specificity (FPR). The X-axis represents 1-specificity, ranging from 0 to 1, and the Y-axis
represents sensitivity, also ranging from 0 to 1. Points marked on the curves indicate the optimal threshold values, with the values in
parentheses representing the corresponding specificity and sensitivity at those points, n = 10.

Figure 6b The relative abundance of various microorganisms in the
gut microbiota of male mice aged 22-25 weeks. Similar significant
differences in community structure and dominant species were
observed between Apct ™ and WT male mice.

The box plots in Figure 6¢ Statistical comparison of the proportions of
various bacteria in the gut microbiota of Apct*** and WT mice aged 22—
25 weeks. The top six bacterial species showing statistically significant
differences were Lactobacillus, Alistipes, Bacteroides, Dubosiella,
Akkermansia, and unclassified Oscillospiraceae. The proportion of
Lactobacillus and Dubosiella in Apc*** mice feces was significantly
lower than in WT mice, while the proportions of Alistipes, Bacteroides,
Akkermansia, and unclassified Oscillospiraceae were significantly higher.

Figure 7a presented the alterations in dominant species, relative
abundances, and community structure within the gut microbiota
of Apct% mice aged 3-25 weeks. These data highlighted notable
variations in the gut microbiota composition and dominant species
with age in Apct* mice. Specifically, as the disease progresses, a
decline in the proportions of Lactobacillus and Bifidobacterium was
observed, accompanied by an increase in the abundance of Alistipes.

Figure 7b illustrated similar analyses for male mice. Significant
differences in the gut microbiota composition and community
structure were observed between male Apct®® and WT mice at
different ages. Notable shifts included a decrease in Lactobacillus
and Bifidobacterium and an increase in Alistipes and norank of
Oscillospiraceae.

The box plots at the bottom in Figure 7c showed the results of the
Kruskal-Wallis H test, further highlighting the significant differences
in the relative abundances of these bacterial taxa across different ages
in both male and female mice.

3.6. COMBINED ROC ANALYSIS

To evaluate the diagnostic accuracy of gut microbiota composition
in predicting CRC development, a combined ROC analysis was
performed using data from 25-week-old female Apc*** mice and WT
mice, as well as 23-week-old male Apc**** mice and WT mice. The

aim was to identify differences in microbiota composition between
these two groups at the same age.

The ROC curve for female mice in Figure 8a showed an AUC of 0.72
with a 95% CI of 0.48-0.96. The curve plots sensitivity (TPR) versus
1-specificity (FPR), with the points on the curve indicating the optimal
threshold and the values in parentheses indicating the specificity and
sensitivity corresponding to these points.

The ROC curve for mice in Figure 8b showed an AUC of 0.67 with a
95% CI of 0.41-0.93, indicating a lower level of diagnostic accuracy
compared to female mice. Similar to the ROC curve for females,
this curve also plotted sensitivity versus 1-specificity, with optimal
threshold values marked along the curve.

4. DISCUSSION

In our study, we employed the CRISPR/Cas9 system to introduce a
point mutation in the Apc gene of mice by homologous recombination
repair within exon 16, replacing the 850th amino acid residue (Leu)
to a stop codon, resulting in an Apc gene missense mutation. This
mutation caused the loss of tumor suppressor function. Furthermore,
this mouse strain exhibited genetic stability during subsequent
breeding and conservation processes, providing evidence that our
design strategy was an efficient and rapid method for obtaining mice
with point mutations in the Apc gene.

The phenotypic validation of Apct%* mice revealed significant

differences in body weight and food consumption between male Apct5%*
mice and their male WT counterparts. The observed phenomenon can
be attributed to the deteriorating health status of the Apc % mice post
disease onset, leading to reduced appetite. The decrease in food intake
subsequently resulted in a decline in body weight. In comparison to
female WT mice, Apc®* female mice exhibited a decrease in body
weight without significant changes in food consumption. Furthermore,
female Apct®’® mice showed a relatively milder trend of body
weight reduction compared to male Apct™ mice. Survival curve
analysis showed that all male Apc*** mice died at 23 weeks, while
female Apct* mice survival was 15%. Based on the differences
observed in the weight changes, food consumption, and survival
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curve results between male and female mice, we hypothesized that
female hormones, such as estradiol, played a multifaceted role which
included the regulation of inflammation and immune responses [27].
Research indicated that female hormones had the ability to suppress
inflammatory reactions and reduce damage to the intestinal mucosa,
thereby contributing to a decreased risk of CRC [28].

In the blood routine tests, Apc*** mice exhibited significant
increases in WBC, MCV, PDW, MPV, NEUT#, and MONO#
compared to WT mice. These elevated parameters suggested an
inflammatory response occurring within the Apct®%" mice. The
decrease in RBC, HGB MCHC, LYMPH%, and EO% suggested
concurrent symptoms of anemia in Apct®% mice. This could
possibly be attributed to long-term bleeding from polyps in the
gut of Apct¥™mice [29]. The chronic bleeding from the polyps
may lead to a reduction in red blood cells and hemoglobin levels,
resulting in anemia. Additionally, the presence of inflammation
in the gut may also contribute to the changes in lymphocyte and
eosinophil percentages [30].

To ensure the occurrence of the disease, mice aged 22 weeks and
above were selected for the analysis of microbiota composition.
The analysis of the intestinal microbiota in Apc"*** mice compared
to WT mice, between 22 and 26 weeks of age, revealed distinct
clustering and significant differences in the composition and
proportions of intrinsic bacterial populations. In the intestines of
WT mice, a significant proportion of Lactobacillus, a beneficial
lactic acid bacterium, was maintained. In contrast, the proportion
of Lactobacillus in the intestinal microbiota of Apct** mice was
significantly reduced, replaced by Alistipes and Bacteroides genera.
Studies have shown that Alistipes and Bacteroides genera have
pathogenic properties in CRC, and dysbiosis of Bacteroides can
promote cancer development due to its negative impact on the host's
physiology, metabolism, and immune system, thus facilitating tumor
growth. Alistipes and Bacteroides are considered major initiators and
promoters of human CRC [20,30].

Furthermore, the combined ROC analysis of gut microbiota
composition for CRC prediction supports these findings by quantifying
the diagnostic potential of microbial alterations. For female mice, the
ROC curve analysis showed an AUC of 0.72 (95% CI: 0.48-0.96),
indicating moderate diagnostic accuracy. For male mice, the AUC
was 0.67 (95% CI: 0.41-0.93), suggesting slightly lower diagnostic
accuracy. These results underscore the potential of gut microbiota
composition as a non-invasive diagnostic tool for CRC. However,
while the AUC values indicate better-than-random classification, there
is still considerable room for improvement.

The difference in AUC values between female and male mice
highlights the importance of considering sex-specific factors when
developing microbiota-based diagnostic tools. The higher diagnostic
accuracy in females suggests that hormonal differences, immune
responses, or other sex-specific factors may influence gut microbiota
composition and its association with CRC. Future research should
explore these sex-specific differences in greater detail to improve
diagnostic accuracy and tailor interventions accordingly.

To gain a more comprehensive understanding of these shifts, we
conducted a longitudinal analysis tracking microbiota changes from 3
to 25 weeks of age. This analysis revealed dynamic alterations in the
relative abundances of key bacterial taxa, including a marked decrease
in beneficial bacteria such as Lactobacillus and Bifidobacterium and
a concurrent increase in potentially pathogenic taxa like Alistipes
and Bacteroides. These longitudinal findings are crucial, as they

highlight the temporal dynamics of gut microbiota in relation to CRC
development. The progressive loss of beneficial bacteria and the rise
in harmful taxa suggest a causal relationship between microbiota
dysbiosis and tumorigenesis in the Apct*® model. By examining
these changes over time, our study provides deeper insights into the
potential mechanisms by which gut microbiota may influence CRC
progression.

In addition to identifying diagnostic biomarkers, the temporal
dynamics of gut microbiota changes are also crucial. As demonstrated
in earlier analyses (Figure 7a and b), significant shifts in bacterial
populations were observed over time, correlating with disease
progression. Early detection of such shifts could be pivotal for
timely interventions. For example, a decrease in beneficial bacteria
like Lactobacillus and Bifidobacterium and an increase in harmful
bacteria such as Alistipes might serve as early warning signs of CRC
development.

While our study primarily identifies correlations between specific
gut microbiota alterations and CRC development in Apc % mice,
further investigation into the underlying mechanisms is crucial for a
deeper understanding of how these microbial changes drive cancer
progression [31].

One potential mechanism involves the role of inflammation in CRC.
Dysbiosis, characterized by an overrepresentation of pathogenic
bacteria such as Alistipes and Bacteroides, has been associated with
chronic inflammation in the gut. These bacteria can produce pro-
inflammatory molecules, including lipopolysaccharides and other
toxins, which may activate immune responses and lead to sustained
inflammation. Chronic inflammation is a well-established risk
factor for CRC, as it can create a microenvironment conducive to
tumorigenesis by promoting cellular proliferation, angiogenesis, and
DNA damage [32].

Another mechanism by which gut microbiota may influence CRC
progression is through metabolic disruption. Beneficial bacteria
like Lactobacillus and Bifidobacterium are known for their roles in
producing short-chain fatty acids (SCFAs) such as butyrate, which
have anti-inflammatory and anti-carcinogenic properties. The observed
reduction in these beneficial taxa in Apct*™ mice could lead to a
decrease in SCFA production, weakening the protective barrier of the
intestinal mucosa and allowing for increased intestinal permeability.
This, in turn, could facilitate the translocation of bacteria and their
toxins into the systemic circulation, further promoting inflammation
and cancer progression [33].

Moreover, the gut microbiota may impact CRC through immune
modulation. The gut microbiota interacts closely with the host’s
immune system, influencing the balance between pro-inflammatory
and anti-inflammatory responses. The loss of microbial diversity and
the shift towards a more pathogenic community structure could impair
the immune system’s ability to recognize and eliminate pre-cancerous
cells, allowing for unchecked tumor growth [34].

To validate these proposed mechanisms, future studies should focus
on exploring the causal relationships between specific bacterial taxa
and CRC development. Experimental approaches, such as germ-free
mouse models or antibiotic treatment to modulate the gut microbiota,
could be used to determine the direct effects of these microbial changes
on tumor formation [35]. Additionally, investigating the molecular
pathways involved in microbiota-host interactions, including
signaling pathways related to inflammation, metabolism, and immune
responses, would provide valuable insights into how gut microbiota
contribute to CRC pathogenesis.
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Additionally, understanding the mechanisms by which gut microbiota
influence CRC development is essential. Dysbiosis may contribute to
CRC through several pathways, including chronic inflammation, immune
modulation, and metabolic disruptions. Alistipes and Bacteroides,
for example, are known to produce pro-inflammatory molecules and
metabolites that can damage the intestinal mucosa, promote carcinogenesis,
and alter immune responses. Unraveling these mechanisms could lead to
targeted therapies that restore a healthy microbiota balance, potentially
preventing CRC or slowing its progression.

The observed survival rate discrepancies between male and female
ApctS% mice, with all males dying by 23 weeks while 15% of females
survived, highlight significant sex-specific differences in CRC
progression and overall health outcomes. These differences warrant
further investigation to uncover the underlying biological mechanisms
and improve the applicability of the Apc % mouse model for CRC
research.

One possible explanation for the longer survival observed in female
mice is the protective role of female hormones, particularly estradiol.
Estradiol has been shown to exert anti-inflammatory effects, modulate
immune responses, and maintain the integrity of the intestinal mucosa
[36]. These properties could help mitigate the inflammatory processes
and mucosal damage associated with CRC, leading to slower disease
progression and extended survival in female mice.

Additionally, the immune system may respond differently in male
and female mice, with females potentially having a more robust or
regulated immune response that could better control tumor growth
[37]. The interplay between hormones and immune function is a
critical area that needs further exploration to understand how these
factors contribute to the observed differences in survival rates.

The metabolic differences between males and females could also play
arole. Females might metabolize certain nutrients or drugs differently,
leading to variations in energy availability and the ability to manage
the metabolic demands of a growing tumor [38]. Understanding
these metabolic pathways could provide insights into sex-specific
vulnerabilities and resilience in CRC.

To fully elucidate the reasons behind these sex-specific survival
discrepancies, future studies should consider detailed analyses of
hormonal levels, immune profiles, and metabolic markers in both
male and female Apct*% mice. Such investigations could reveal key
biological insights that not only explain the differences in survival but
also inform the development of sex-specific therapeutic strategies.

Combining gut microbiota analysis with other diagnostic methods
could significantly enhance overall diagnostic performance and
reliability. For instance, integrating metagenomic data with
metabolomic profiles, host genetic information, and traditional clinical
markers could provide a more comprehensive and accurate diagnosis.
Such multi-modal approaches could leverage the strengths of each
method, compensating for their individual limitations.

Addressing these survival discrepancies is crucial for improving the
predictive power and translational relevance of the 4Apc % mouse
model. By understanding and accounting for these sex-specific
differences, researchers can better tailor interventions and improve
the model's applicability to human CRC, where similar sex-related
differences in disease progression and outcomes have been observed.

While our findings highlight the diagnostic potential of gut microbiota
composition in predicting CRC, these results are preliminary and
derived from a controlled mouse model. To confirm the robustness and
applicability of these findings, broader validation is essential. Future

studies should involve larger and more diverse cohorts, including
various genetic backgrounds, environmental conditions, and dietary
patterns, to ensure the generalizability of the results. Expanding
these studies to include human cohorts is particularly important for
translating our findings into clinical practice. Human studies could
validate the diagnostic biomarkers identified in the 4pct*™ mouse
model and assess their effectiveness across different populations and
stages of CRC.

Translating these findings from the Apc* mouse model to human
CRC research requires careful consideration of several factors. The
mouse model, while valuable, does not fully replicate the complexity
of human CRC, which involves a multifaceted interplay of genetic,
environmental, and lifestyle factors [39]. Differences in gut
microbiota composition between mice and humans, as well as species-
specific immune responses and metabolic processes, pose significant
challenges in directly applying these results to human patients.

To bridge this gap, it is crucial to undertake comparative studies that
evaluate the consistency of gut microbiota biomarkers across species.
Integrating data from mouse models with human clinical data through
multi-omics approaches, such as metagenomics, metabolomics, and
transcriptomics, could enhance our understanding of the shared and
divergent pathways involved in CRC progression. Additionally, the
development of humanized mouse models, where human microbiota
or immune cells are introduced into mice, could provide a more
accurate platform for studying the interactions between microbiota
and host in a context that more closely resembles human biology [40].

Moreover, the clinical relevance of our findings depends on the ability
to implement microbiota-based diagnostics in a clinical setting. This
involves addressing practical challenges such as standardizing sample
collection and processing, ensuring reproducibility across different
laboratories, and developing cost-effective and scalable diagnostic
tools. Collaboration with clinical researchers and healthcare providers
will be essential to refine these methods and establish protocols that
can be seamlessly integrated into existing CRC screening programs.

Insummary, while our study offers promising insights into the role of gut
microbiota in CRC, broader validation with diverse cohorts, including
human studies, is necessary to confirm these findings. Translating
these insights into human CRC research and clinical practice will
require overcoming significant challenges, but the potential benefits,
including more accurate diagnostics and personalized treatments,
make this a worthwhile endeavor.

5. CONCLUSION

In conclusion, our findings emphasize the significant role of gut
microbiota in CRC development and their potential as diagnostic
biomarkers. While the current diagnostic accuracy is moderate,
further research into sex-specific differences, temporal dynamics, and
multi-modal diagnostic approaches could enhance the utility of gut
microbiota analysis. Ultimately, this research paves the way for non-
invasive, microbiota-based diagnostics and personalized treatments,
improving outcomes for CRC patients.

This study presents a significant advancement in CRC research
through the establishment of a spontaneous CRC mouse model with
an Apc gene point mutation using CRISPR/Cas9 technology. The
comprehensive analyses and innovative approaches employed provide
valuable insights into CRC development and the role of gut microbiota.
However, addressing the outlined opportunities for improvement, such
as enhancing mechanistic insights, ensuring adequate sample sizes,
and validating findings in broader contexts, would further solidify the
study's contributions to the field.
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