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C A N C E R

Disruption of the intestinal clock drives dysbiosis and 
impaired barrier function in colorectal cancer
Rachel C. Fellows1, Sung Kook Chun1, Natalie Larson1, Bridget M. Fortin1, Alisa L. Mahieu1,  
Wei A. Song1, Marcus M. Seldin1,2, Nicholas R. Pannunzio1,2,3, Selma Masri1*

Diet is a robust entrainment cue that regulates diurnal rhythms of the gut microbiome. We and others have shown 
that disruption of the circadian clock drives the progression of colorectal cancer (CRC). While certain bacterial spe-
cies have been suggested to play driver roles in CRC, it is unknown whether the intestinal clock impinges on the 
microbiome to accelerate CRC pathogenesis. To address this, genetic disruption of the circadian clock, in an 
Apc-driven mouse model of CRC, was used to define the impact on the gut microbiome. When clock disruption is 
combined with CRC, metagenomic sequencing identified dysregulation of many bacterial genera including Bacteroides, 
Helicobacter, and Megasphaera. We identify functional changes to microbial pathways including dysregulated 
nucleic acid, amino acid, and carbohydrate metabolism, as well as disruption of intestinal barrier function. Our 
findings suggest that clock disruption impinges on microbiota composition and intestinal permeability that may 
contribute to CRC pathogenesis.

INTRODUCTION
Circadian rhythms are foundational to organismal physiology 
by consolidating sleep, feeding cycles, as well as metabolic and 
endocrine cues to a 24-hour period (1–5). These physiological 
processes are governed by a cell-autonomous molecular clock 
driven by the transcription factors CLOCK and BMAL1 (6–9). 
Moreover, many important gastrointestinal functions have a cir-
cadian rhythm, including intestinal stemness and cell prolifera-
tion governed by Wnt signaling (10–15), immune homeostasis 
(16–19), and gut permeability (20–23). The intestinal clock is of 
particular interest as altering the timing and content of food can 
affect host circadian rhythms and the composition of the micro-
biome (24–29).

Proper intestinal barrier function is essential for tissue homeo-
stasis as the intestine contains the most abundant and diverse com-
munity of symbiotic microorganisms in the body, which influence 
digestive (30–33), immune (34–37), and neural (38–41) systems. 
The intestinal microbiota plays an important role in modulating 
tissue-specific circadian rhythms, and daily fluctuations in bacterial 
abundance, species, and metabolism have been reported (25, 28, 
42–45). Conversely, circadian disruption can also alter microbiome 
homeostasis, as altering the light-dark cycle shifts the composition 
and rhythmicity of the microbiota (46–49), increases gut barrier de-
fects (20, 21), and alters expression of tight junction genes (20, 21, 
48). Aside from environmental alterations, the molecular clock has 
been directly implicated in controlling microbial rhythms as genetic 
loss of Bmal1 or Per1/2 changed oscillation patterns in microbial 
abundance (44–46).

Altering intestinal microbiota composition has important impli-
cations for health and disease. Intestinal dysbiosis has been 
widely reported in pathogenic conditions such as colorectal cancer 
(CRC) (50–57). It has been suggested that alterations to microbial 
abundance and subsequent barrier dysfunction could be a key 

contributor to early CRC pathogenesis (52, 58–63). Bacteria found to be 
enriched in CRC include Alistipes, Bacteroides, Bilophila, Coriobacteria, 
Escherichia, Fusobacteria, Parabacteroides, and Prevotella (50, 52, 
55, 64–67), while Bifidobacteria, Enterobacteria, Faecalibacterium, 
Roseburia, and Streptococcus were depleted (51, 52, 64, 68). In addi-
tion, specific bacteria, including Fusobacterium nucleatum (69–72) 
and Bacteroides fragilis (73–75), have been reported to play driver 
roles in CRC pathogenesis by directly modulating Wnt signaling 
and the activity of c-Myc. Together, these studies suggest that 
the gut microbiome and intestinal barrier function may play a role 
in CRC pathogenesis.

Circadian misalignment through night shift work has been im-
plicated as a risk factor for certain cancers (76–86). Using mouse 
models of intestinal cancer, we and others have shown that genetic 
and environmental disruption of the circadian clock promotes CRC 
progression (87–89). Therefore, both circadian disruption and gut 
dysbiosis are key features independently associated with CRC 
pathogenesis. However, whether the intestinal clock directly im-
pinges on microbial species diversity and abundance during CRC 
pathogenesis remains fully undefined. To address this, we use 
metagenomic sequencing to determine cancer-dependent and 
clock-associated bacteria. We find that certain bacterial species are 
predominantly cancer associated, including Fusobacterium mortiferum, 
Parasutterella excrementihominis, and Paramuribaculum intestinale. 
We also find that Bacteroides species including Bacteroides acidifaciens, 
Bacteroides caecimuri, and Bacteroides thetaiotaomicron are in-
creased upon clock disruption alone or in combination with cancer. 
Furthermore, we identify alterations in bacterial nucleic acid, amino 
acid, fatty acid, and carbohydrate metabolic pathways, including 
those related to mucus degradation, which are associated with re-
duced mucus staining in colorectal tumors. We also find significant 
perturbation to intestinal barrier function when the clock is disrupt-
ed in the presence of CRC, as we observe dysregulated tight junction 
and mucin gene expression, and increased permeability to fluores-
cein isothiocyanate (FITC)–dextran in  vitro and in  vivo. Overall, 
our findings indicate that the circadian clock is important for main-
taining both intestinal permeability and bacterial homeostasis, and 
these factors could be important for the pathogenesis of CRC.
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RESULTS
Clock disruption alters intestinal microbiota composition in 
a genetic model of CRC
During CRC development, gut dysbiosis and chronic inflammation 
have been well described for patients (90, 91) and in mouse models 
(92, 93). It has even been proposed that certain bacteria, such as 
F. nucleatum (69–72) and B. fragilis (73–75), might have driver 
roles in CRC progression. Despite findings showing that circadian 
disruption can alter the intestinal microbiome (46–49), it is cur-
rently unknown how clock mediated changes in bacterial abun-
dance influence CRC pathogenesis. We recently demonstrated that 
clock disruption accelerated CRC through use of a novel genetically 
engineered mouse model (GEMM) harboring intestine-specific 
heterozygous deletion of exons 1 to 15 of the tumor suppressor 
Apc (Apc+/Δex1-15 or Apc+/−) and deletion of exon 8 in both alleles of 
Bmal1 (Bmal1−/−) (Fig. 1A) (89). In this GEMM, levels of BMAL1 
protein are lost (fig. S1A), and this contributes to disruption of 

circadian gene expression in the intestine (fig. S1B) (89). To iden-
tify bacteria that might be involved in clock mediated acceleration 
of CRC, we performed metagenomic sequencing of feces from wild-
type (WT), Bmal1−/−, Apc+/−, and Apc+/−;Bmal1−/− mice (Fig. 1A). 
A significant decrease in species richness was observed between 
WT and Apc+/−;Bmal1−/− according to both Shannon (Fig.  1B) 
and Chao (Fig.  1C) α-diversity analyses. Next, we analyzed β-
diversity using Bray-Curtis principle covariant analysis to examine 
overall differences in microbiota composition between groups. WT, 
Bmal1−/−, and Apc+/− mice were more similar to each other, while 
the Apc+/−;Bmal1−/− group differed, with its ellipse partially sepa-
rating from the other genotypes (Fig. 1D). Analysis of similarities 
(ANOSIM) was performed to test whether the similarity between 
groups was greater or equal to the similarity within each group. The 
effect size (R) value was closer to 0 than 1 (R = 0.173), indicating 
that there was a small but significantly (P = 0.003) greater differ-
ence between groups, relative to within the group (Fig. 1E). Overall, 

β-Diversity (Bray-Curt is)
Genus level
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D E ANOSIM
R P

A

α-Diversity
Genus level

α-Diversity
Genus level

Fig. 1. Clock disruption and cancer alter microbial structure. (A) Experimental design of shotgun microbiome sequencing performed on feces from WT, Bmal1−/−, 
Apc+/−, and Apc+/−;Bmal1−/− mice (n = 9 for WT, n = 8 for Bmal1−/− and Apc+/−, and n = 10 for Apc+/−;Bmal1−/− mice). Comparisons of α-diversity in microbiome sequenc-
ing at the genus level using Shannon (B) and Chao (C) indices. Data are expressed as a box plot including the means ± the minimum and maximum values. Statistical 
significance was determined by the Wilcoxon signed-rank test, and P values from significant multiple comparisons are shown on the graph with * < 0.05. (D) β-Diversity 
as determined by principle covariant analysis (PCoA) using Bray-Curtis distances. Ellipsoids show the 95% confidence region. (E) Analysis of similarities (ANOSIM) among 
genotypes expressed as a box plot. Effect size (R) value indicates the degree of difference between groups (0, no difference; 1, greatest difference), and P value indicates 
the significance. Genotypes are indicated as follows: WT (W), Bmal1−/− (B), Apc+/− (A), and Apc+/−;Bmal1−/− (AB).
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shifts in microbial composition were found in the clock disrupted 
tumor-bearing Apc+/−;Bmal1−/− mice.

Bacterial species abundance is altered because of clock 
disruption and CRC
To investigate which specific bacteria were responsible for the 
changes to the microbiota community structure, we first examined 
the abundance of different taxonomic groups. The two most 
abundant phyla identified were Firmicutes and Bacteroidetes, with 
an average abundance across genotypes of 42 and 40%, respec-
tively (Fig.  2A). From WT to single mutants to double mutant, 
there was a sequential reduction in average Firmicutes and a 

sequential increase in average Bacteroidetes abundances (Fig. 2A). 
Bacterial species were further classified on the basis of alterations 
in the clock mutant mice, tumor-bearing animals, or in both 
groups relative to WT (Fig.  2, B to D). MaAsLin2 (microbiome 
multivariable associations with linear models) analysis was per-
formed to preserve statistical power while controlling for false 
discovery, an essential consideration in meta-omics data analysis 
(94). Clock-associated bacteria included B. acidifaciens, B. caecimuris, 
and Bacteroides congonensis, which significantly increased in 
Apc+/−;Bmal1−/− and showed a non-statistically significant in-
crease in Bmal1−/− mice (Fig. 2B). Another clock-dependent bac-
terium was Helicobacter apodemus, which significantly increased 

Phyla

A
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Act inobacteria

Firmicutes

Proteobacteria

B C D

Altered in clock mutants Altered in cancer Altered in both

Other

Other

Other
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Fig. 2. Clock disruption and CRC alter microbiome composition. (A) Relative abundance of microbial phyla and genera between WT, Bmal1−/−, Apc+/−, and 
Apc+/−;Bmal1−/− mice (n = 9 for WT, n = 8 for Bmal1−/− and Apc+/−, and n = 10 for Apc+/−;Bmal1−/− mice). Genotypes are indicated as follows: WT (W), Bmal1−/− (B), Apc+/− 
(A), and Apc+/−;Bmal1−/− (AB). Relative abundance of bacteria altered in fecal samples from clock mutants (B), cancer mutants (C), and in both clock and cancer mutants 
(D). Error bars represent SEM, significance was determined using MaAsLin2, and P values of pathways with significant q values (q > 0.25) are shown on the graph with 
* < 0.05, ** < 0.01, and *** < 0.001.
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in both Bmal1−/− and Apc+/−;Bmal1−/− (Fig. 2B). CRC-associated 
bacteria were identified as P. intestinale, P. excrementihominis, and 
Faecalibaculum rodentium, which were significantly increased in 
Apc+/−;Bmal1−/− mice with a nonsignificant increase in Apc+/−, 
while F. mortiferum was significantly increased only in Apc+/− 
mice (Fig. 2C). Last, bacterial species altered in both clock mutant 
and CRC mice were identified (Fig.  2D). Helicobacter bilis de-
creased in all mutant mice relative to WT, which was significant 
for Apc+/− mice. B. thetaiotaomicron significantly increased in 
Apc+/−;Bmal1−/− and showed nonsignificant increases in Bmal1−/− and 
Apc+/− mice (Fig. 2D). Together, these data classify bacterial species 
to be associated with intestinal clock disruption, tumor progression, 
or a combination of both.

Identification of bacterial biomarker species
Linear discriminant analysis effect size (LEfSe) analysis was per-
formed to identify key bacterial biomarker species that significantly 
contribute to the overall microbial phenotype (95). Cladograms dem-
onstrate the relationships between taxonomic levels, spanning from 
kingdom in the center to species on the outside of the circle (Fig. 3). 
Blocks of color on the figure indicate where a significant difference 
has been identified at the order, family, genus, or species level. Purple, 
green, blue, and red circles within the cladograms reflect significant 
differences in WT, Bmal1−/−, Apc+/−, or Apc+/−;Bmal1−/−, respective-
ly. Bacterial biomarker species ordered by the linear discriminant 
analysis (LDA) score, which describes the degree of difference be-
tween groups, are shown in fig. S2. WT–versus–single mutant com-
parisons were performed to investigate the contribution of Bmal1 
or Apc deletion alone (Fig.  3, A and B, and fig.  S2, A and B). 
B. caecimuri (e) and H. apodemus (b4) were associated with Bmal1−/− 
microbiomes, while Collinsella intestinalis (b), Faecalibacterium 
rodentium (b1), and Sutterella wadsworthensis (b3) were associated 
with WT microbiomes (Fig. 3A and fig. S2A). F. mortiferum (b2) was 
only linked to CRC in Apc+/− mice (Fig. 3B and fig. S2B). Similar to 
the MaAsLin2 analysis (Fig. 2D), B. thetaiotaomicron (h) was associ-
ated with both Bmal1−/− and Apc+/− mice (Fig. 3, A and B, and S2, A 
and B). These species biomarker data support our prior observations 
that Bacteroides and Helicobacter species are influenced by circadian 
clock disruption, while Fusobacteria are altered in CRC development 
(Fig. 2, B to D).

When Bmal1−/− versus Apc+/−;Bmal1−/− microbiomes were com-
pared, many more bacteria from diverse phyla were identified (Fig. 3C 
and fig. S2C). Firmicutes were largely more associated with the non-
tumor microbiomes of Bmal1−/− (Fig. 3C and fig. S2C) or WT mice 
(fig. S2E). Key Apc+/−;Bmal1−/−-associated bacteria, according to the 
highest LDA score, were Muribaculum intestinale (j) and P. intestinale 
(k) (Fig. 3C and fig. S2C). Apc+/− versus Apc+/−;Bmal1−/− microbiomes 
were compared, and the entire family Bacteroidaceae was strongly 
associated with Apc+/−;Bmal1−/− rather than Apc+/− (Fig. 3D and 
S2D). Many bacteria enriched in Apc+/− were also enriched in WT or 
Bmal1−/− mice such as Lactonifactor longoviformis (q), Extibacter muris 
(y), Roseburia hominis (a1), and Helicobacter typhlonius (b7) (Fig. 3, 
C and D, and fig. S2, C to E). This suggests that these bacteria are 
only down-regulated when clock disruption and CRC are com-
bined. Conversely, Megasphaera elsdenii (r) and Bacteroides stercoris 
(g) were associated with the clock-driven adenocarcinoma state of 
Apc+/−;Bmal1−/− when compared to WT, Bmal1−/−, or Apc+/− micro-
biomes (Fig. 3, C and D, and fig. S2, C to E). M. elsdenii is a lactate-
utilizing bacterium and thus could be associated with more advanced 

CRC where tumor-derived lactate is at high concentrations in the 
intestinal epithelium (96). Overall, Bacteroides, Helicobacter, and 
Fusobacterium species are altered upon clock disruption or CRC, but 
the combination of these mutations results in more substantial bacte-
rial changes arising from a broad spectrum of taxonomic groups.

Identification of altered metabolic pathways upon clock 
disruption and CRC
Previous studies have suggested that, despite high interindividual 
variability in microbial species, the functional output of the micro-
biota remains relatively conserved (97). As metagenomic sequencing 
identifies many bacterial genes, rather than just the 16S gene, we 
used HUMAnN 3.0 to directly attribute bacterial gene sequences to 
altered functional pathways (98). The most abundant pathways 
across groups included uridine 5′-monophosphate biosynthesis, 
transfer RNA charging, folate transformations, and sucrose and va-
line biosynthesis, reflecting the major metabolic functions of the mi-
crobiota (fig.  S3). The top 50 significantly altered pathways, as 
determined by MaAsLin2 (94), are shown in Fig. 4A. The six path-
ways that were the most altered in Apc+/−;Bmal1−/− microbiomes 
were amino acid (methionine and Pre-Q0), vitamin (folate), carbo-
hydrate (anhydromuro-peptide and peptidoglycan), and nucleic acid 
(purine) metabolism (Fig. 4B and fig. S4A). The l-methionine, fo-
late, and purine nucleotide metabolic pathways were also increased 
significantly in Apc+/− microbiomes (Fig.  4B and fig.  S4A). Many 
pathways involving nucleic acid metabolism were up-regulated in 
the tumor-bearing Apc+/− and Apc+/−;Bmal1−/− microbial gene se-
quences (Fig.  4A). Furthermore, multiple fatty acid metabolic 
pathways were increased in Apc+/− microbiomes, including fatty 
acid elongation and 8-amino-7-oxononanoate biosynthesis, while 
amino acid metabolic pathways such as arginine biosynthesis and 
queuosine biosynthesis were up-regulated in Apc+/−;Bmal1−/− 
microbiomes (Fig.  4A). Of the top six pathways increased in 
Apc+/−;Bmal1−/− microbiomes, the carbohydrate metabolism–related 
anhydromuro-peptide recycling and peptidoglycan maturation 
pathways were also significantly increased in Bmal1−/− microbiomes 
(fig.  S4A). We identified five other pathways that increased in 
Bmal1−/− and Apc+/−;Bmal1−/− microbiomes, suggesting that they 
are associated with circadian disruption (fig.  S4B). These involved 
homolactic fermentation, thiamine metabolism, phospholipid bio-
synthesis, and purine nucleobases degradation.

The six most down-regulated pathways in Apc+/−;Bmal1−/− mi-
crobiomes involved carbohydrate (stachyose, glucose, hexuronide/
hexuronate, and cytidine 5′-monophosphate legionaminate), energy 
(anaerobic), and vitamin (biotin) metabolism (Fig. 4, A and C, and 
fig. S4C). The notable down-regulation of hexuronide and hexuro-
nate degradation pathways in our Apc+/−;Bmal1−/− mice (Fig.  4C) 
suggested alterations in carbohydrate metabolism. Additional path-
ways involving degradation of hexuronides and hexuronates were 
significantly down-regulated in Apc+/−;Bmal1−/− microbiomes in-
cluding d-galacturonate, d-fructuronate, and β-d-glucuronosides 
(comprising glucuronate and fructuronate) (fig. S4D). Pathways in-
volving galactose degradation were also reduced in Bmal1−/− and 
Apc+/−;Bmal1−/− microbiomes (fig. S4, D and E), and galactose is a 
key residue of mucin O-glycans (99, 100). This suggests a down-
regulation of dietary and host-derived carbohydrate degradation 
pathways, including mucus-derived sugars, in Apc+/−;Bmal1−/− mi-
crobiomes. In summary, we found that either clock disruption or 
CRC development altered many different bacterial metabolic 
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Fig. 3. Clock disruption and CRC alter microbiome biomarker species. Linear discriminant analysis effect size (LEfSe) of microbiome sequencing data from all four 
genotypes (n = 9 for WT, n = 8 for Bmal1−/− and Apc+/−, and n = 10 for Apc+/−;Bmal1−/− mice). Cladograms show comparisons between WT and Bmal1−/− (A), WT and 
Apc+/− (B), Bmal1−/− and Apc+/−;Bmal1−/− (C), and Apc+/− and Apc+/−;Bmal1−/− (D). Bacterial species corresponding to each letter are shown in the key below, grouped by 
phylum. Blocks of purple (WT), green (Bmal1−/−), blue (Apc+/−), or red (Apc+/−;Bmal1−/−) in the figure show a significant enrichment in the microbiota of that genotype has 
been identified at the order, family, genus, or species level. Circles in the same colors reflect where there is a significant difference at the genus or species level. Species are 
indicated by an alphanumeric key with full species names below the diagrams, grouped by phylum.



Fellows et al., Sci. Adv. 10, eado1458 (2024)     27 September 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

6 of 16

pathways, with activation of nucleic, amino and fatty acid–related 
pathways, and a decrease in carbohydrate and energy metabolism.

Host mucus metabolism is altered by circadian disruption 
and tumorigenesis
Among carbohydrate metabolic pathways that were identified (Fig. 4 
and fig. S3), many involved the degradation of sugars, such as hexuro-
nides, that are found in dietary nutrients and mucus (99). As dietary 

composition and food intake were unchanged in these mice (45, 89), 
alterations to downstream bacterial carbohydrate metabolic pathways 
could result from changes due to host mucus production. This is of 
particular interest as the mucus layer forms a key part of the epithelial 
barrier that enables absorption of nutrients while preventing translo-
cation of bacteria into the sterile submucosa and blood (101, 102) and 
increased intestinal and systemic inflammation (103). We therefore 
examined our previously published RNA sequencing (RNA-seq) data 

A B

C

Fig. 4. Microbial pathway analysis in clock disrupted and tumor-bearing mice. Microbial functional pathways were profiled with HUMAnN using microbiome se-
quencing data from all four genotypes (n = 9 for WT, n = 8 for Bmal1−/− and Apc+/−, and n = 10 for Apc+/−;Bmal1−/− mice). (A) Significant changes as determined by 
MaAsLin2 of microbial pathways altered in Bmal1−/−, Apc+/−, and Apc+/−;Bmal1−/− mice relative to WT. Pathways are colored by effect size adjusted by q value, with signs 
indicating the direction of change. Relative abundance in all genotypes of the top pathways most increased (B) or decreased (C) in Apc+/−;Bmal1−/− relative to 
WT. Additional pathways are shown in fig. S4 (A and B). Error bars represent SEM, significance was determined using MaAsLin2, and P values of pathways with significant 
q values (q > 0.25) are shown on the graph with ** < 0.01, *** < 0.001, and **** < 0.0001.



Fellows et al., Sci. Adv. 10, eado1458 (2024)     27 September 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 16

(89) for changes in the expression of genes related to mucus produc-
tion in our four genotypes. We found that expression of the four most 
highly expressed mucin genes—Muc2, Muc3, Muc3a, and Muc13 
(Fig. 5A), as well as the secretory and goblet cell markers Atoh1, Clca1, 
and Fcgbp (fig. S1C), was significantly decreased in organoids isolated 
from the intestinal epithelium of Apc+/−;Bmal1−/− mice.

As mucus thickness is known to be circadian (42, 104), mucin-
related gene expression was profiled over the circadian cycle from 
intestinal epithelial cells (IECs) from WT mice. We confirmed that 
there was a significant circadian rhythm in Bmal1, Cry2, Dbp, and 
Reverb-α gene expression in IECs, with period values close to 24 
(fig. S5A and table S2). We then investigated the rhythmic expression 

A

D

C

E

B

-/-

Apc+/- -/-Apc+/-WT

Fig. 5. Mucin gene expression and mucus levels are reduced in CRC. (A) Expression of the top four most highly expressed mucin genes as determined by RNA sequenc-
ing (RNA-seq) of small intestinal organoids from all four genotypes (n = 3 organoid lines derived from independent mice). (B) Expression of mucin genes in IECs from WT 
mice relative to zeitgeber time, as determined by quantitative polymerase chain reaction (qPCR; n = 5 independent mice per time point). Average circadian period is 
shown when the rhythmicity P value was less than 0.01. All values are shown in table S2. (C) Expression of mucin genes in WT and Bmal1−/− IECs collected from n = 3 in-
dependent mice at ZT4 and ZT16. (D) Expression of mucin genes in WT IECs and Apc+/−;Bmal1−/− tumors collected from n = 3 independent mice at ZT4 and ZT16. (E) Pe-
riodic acid–Schiff (PAS) staining on formalin-fixed paraffin-embedded small intestinal sections from WT, Bmal1−/−, Apc+/−, and Apc+/−;Bmal1−/− mice. Tumor-bearing 
genotypes are divided into predominantly normal (surrounding) or predominantly tumor containing (polyp) areas. Scale bars, 200 μm. Error bars represent SEM, and 
statistical significance was determined by DEseq2 for (A) and by one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons for (C) and (D). Asterisks repre-
sent false discovery rate (FDR) or P values from multiple comparisons with * < 0.05, ** < 0.01, and **** < 0.0001. Comparisons without labels are not significant.



Fellows et al., Sci. Adv. 10, eado1458 (2024)     27 September 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 16

of the four most expressed mucin genes according to our RNA-seq 
data. We found that, while Muc2 was significantly rhythmic, the oth-
er mucin genes did not display a clear circadian rhythm (Fig. 5B and 
table S2). A previous study found that Muc2 is not rhythmic in con-
ventional or germ free mice (105); however, another report identified 
that intestine-specific Bmal1 loss ablated Muc2 rhythmicity (45). 
Therefore, to determine whether genetic disruption of the circadian 
clock affects mucin gene expression, IECs were isolated from WT 
and Bmal1−/− mice at two different times of day. Core clock and 
clock-controlled genes were altered in Bmal1−/− IECs versus WT, as 
expected (fig. S5C). Consistent with Fig. 5B, no significant difference 
in expression in WT IECs between zeitgeber time 4 (ZT4) and ZT16 
was observed in mucin gene expression (Fig. 5C). However, the ex-
pression of Muc2 and Muc3 was significantly dampened in IECs iso-
lated from Bmal1−/− mice at ZT16 (Fig. 5C). With the exception of 
Muc2, many mucin genes are not dynamically rhythmic in  vivo. 
However, the expression of Muc2 and Muc3 is affected by genetic 
disruption of the circadian clock, suggesting a complex regulatory 
axis that could affect intestinal mucus turnover.

MaAsLin2 pathway analysis identified alterations in carbohy-
drate metabolism that likely affect mucus and intestinal barrier 
pathways (Fig.  4). To define whether mucus levels are altered in 
colorectal tumors, mucin gene expression analysis was performed at 
two time points from either WT IECs or Apc+/−;Bmal1−/− tumors. A 
significant reduction in the expression of multiple clock genes was 
observed (fig. S5E). This is consistent with reports that core clock 
genes are misregulated in CRC (13, 106–110). Mucin gene expres-
sion was down-regulated in Apc+/−;Bmal1−/− tumors (Fig.  5D), 
which corresponded to the loss of tumor-specific clock gene expres-
sion (fig. S5E). To determine whether changes to mucin expression 
resulted in functional alterations in mucus levels, periodic acid–
Schiff (PAS) staining was performed to quantify carbohydrates as 
PAS oxidizes and colors sugars found in glycoproteins and mucins. 
In particular, we wanted to define whether mucus levels are clock or 
tumor dependent. High-magnification images with black arrows in-
dicating goblet cells are shown in Fig. 5E, while lower-magnification 
images of biological replicates are in fig. S6A. We found no differ-
ences in PAS staining between WT and Bmal1−/− either qualitative-
ly by looking at the glycocalyx layer, in goblet cell numbers (Fig. 5E 
and fig. S6A), or by quantifying PAS staining relative to epithelial 
area (fig.  S6B). However, we found that mucus staining was de-
creased in the tumors of Apc+/− and Apc+/−;Bmal1−/− mice with a 
complete loss of goblet cells in large areas of the tumor (Fig. 5E and 
fig. S6, A and B). Collectively, we found altered intestinal expression 
of mucins upon genetic clock disruption and cancer; however, PAS 
staining identified a reduction in mucus levels only in advanced tu-
mor regions.

The intestinal clock governs expression of tight 
junction genes
While mucus production is a key part of barrier function, an addi-
tional essential aspect of intestinal integrity is the tight junctions 
that join epithelial cells, mediate paracellular permeability, and pre-
vent bacteria from invading underlying tissues (111, 112). RNA-seq 
data were interrogated to identify expression changes in tight junc-
tion genes upon clock disruption and CRC pathogenesis (89). A sig-
nificant increase in Cldn4 and Tjp1 (ZO-1) expression was found, 
with a significant decrease in Cldn7, Cldn15, Cldn23, and Ocln in 
Apc+/−;Bmal1−/− organoids relative to WT (Fig. 6A and fig. S1D). 

Cldn8 expression was significantly increased in Bmal1−/− organoids 
(Fig. 6A), with a similar trend in Apc+/−;Bmal1−/− organoids, sug-
gesting that it might be regulated by the circadian clock.

Previous studies have found that the expression of certain 
tight junction genes such as Cldn1, Cldn3, and Ocln exhibits 
time-of-day–dependent differences in the intestine (20, 113, 114), 
with additional rhythmic genes including Cldn2, Cldn4, and Cldn5 
identified in other tissues such as the kidney and liver (115–117). 
Therefore, expression analysis for tight junction genes was performed 
in WT IECs over the circadian cycle. Cldn8 showed significant circa-
dian oscillations in gene expression in IECs over the circadian day/
night cycle (Fig. 6B and table S2), while other genes were not signifi-
cantly rhythmic (Fig. 6B, fig. S5B, and table S2). To determine whether 
these gene expression changes were also Bmal1 dependent, quantita-
tive polymerase chain reaction (qPCR) was performed for tight junc-
tion genes using WT and Bmal1−/− IECs collected at two different 
times. Cldn8 was significantly up-regulated upon loss of Bmal1, and 
Tjp1 decreased, while changes to other tight junction genes were less 
apparent (Fig. 6C and fig. S5D). To determine whether tight junction 
gene expression was altered in tumors, we used WT IECs and 
Apc+/−;Bmal1−/− tumor samples at two circadian time points. A sig-
nificant reduction in tight junction gene expression was observed for 
Ocln and Tjp1, with dampening for Cldn7 and Cldn8 in tumor samples 
(Fig. 6D and fig. S5E). Together, our data indicate that genetic clock 
disruption alone has a modest impact on expression of tight junction 
genes, but this is exacerbated in the context of advanced CRC.

Clock-dependent control of intestinal barrier function
It has been reported that intestinal permeability oscillates over the 
day-night cycle (25). However, the contribution of clock disruption 
on intestinal permeability during tumor progression remains un-
known. To test this, an in vitro intestinal epithelial model using hu-
man Caco-2 cells was used to establish differentiated monolayers for 
permeability assays (118). We chose 12-hour intervals so that we 
could capture the entire 24-hour circadian cycle with two time 
points and thus be able to compare gene expression to permeability. 
We synchronized Caco-2 cells in culture and, as expected, found that 
the expression of BMAL1 and REVERBα was significantly higher at 
24 hours relative to 12 hours after synchronization (Fig.  7A). We 
then examined mucin genes and found that there was a significant 
difference in MUC2 and MUC17 (orthologous to mouse Muc3) but 
no difference in MUC3A and MUC13 between circadian time 12 
(CT12) and CT24 (Fig. 7B). We also examined tight junction genes 
and observed significant decreases in CLDN2, CLDN4, and CLDN7; 
significant increases in CLDN8 and OCLN; and no change in TJP1 
(Fig. 7C). On the basis of these changes in gene expression, we tested 
the permeability of Caco-2 epithelial monolayers grown on transwell 
supports to 4-kDa FITC-dextran at 12- and 24-hours after synchro-
nization. We observed a time-dependent control in FITC-dextran 
permeability in the Caco-2 monolayer (Fig. 7D). This was inversely 
correlated with BMAL1, REVERBα, CLDN8, and OCLN expression, 
in that lower expression correlated with higher permeability.

Our data suggest that there is a time-dependent correlation be-
tween tight junction and mucin gene expression, and intestinal 
permeability. Therefore, to investigate intestinal permeability 
in vivo, we leveraged our GEMM to determine whether the circa-
dian clock regulates intestinal barrier function alone or in the con-
text of CRC. Fasted mice were gavaged with 4-kDa FITC-dextran 
at ZT23, and serum fluorescence was measured at ZT0 as a readout 



Fellows et al., Sci. Adv. 10, eado1458 (2024)     27 September 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 16

for intestinal permeability. ZT0 was chosen on the basis of pub-
lished findings that illustrated a peak in gut barrier function (25), 
as we wanted to select the time when permeability was lowest in 
WT mice. As shown in Fig. 7E, the single-mutant Bmal1−/− and 
Apc+/− mice displayed a nonsignificant increase in intestinal per-
meability. However, there was a significant increase in intestinal 
permeability in the double-mutant Apc+/−;Bmal1−/− mice (Fig. 7E). 
This suggests that clock disruption and CRC progression together 
exacerbate intestinal barrier function. Together, our data demon-
strate that clock disruption and CRC development shift microbi-
ome composition, with altered abundance of bacteria such as 
Bacteroides, Helicobacter, and Megasphaera and changes in a wide 
range of microbial metabolites. These bacterial changes, accompa-
nied by reduced tumor mucus staining, altered tight junction gene 
expression, and defective intestinal barrier function, could exacer-
bate CRC progression.

DISCUSSION
We leveraged our GEMM of clock disruption and CRC to define 
alterations in the gut microbiome using metagenomic sequencing. 
We identified bacterial species that are increased upon Bmal1 loss, 
including B. caecimuri and H. apodemus, and bacteria that are in-
creased in an Apc-driven model of CRC, such as F. mortiferum 
(Figs. 2 and 3). Substantial shifts in microbiome composition were 
found when clock disruption and CRC were combined, with greater 
changes in Bacteroides species and identification of additional spe-
cies such as M. elsdenii (Figs.  1 to 3). Functionally, we found in-
creases in many bacterial pathways related to nucleic, amino, and 
fatty acid metabolism in CRC mice, while many carbohydrate deg-
radation pathways, including dietary and mucus-related sugars, 
were reduced in Apc+/−;Bmal1−/− microbiomes (Fig. 4). This could 
be linked to a reduction in host mucus, as we identified less mucus 
staining in advanced tumors (Fig.  5). We also observed rhythmic 

A

D

C

B

Fig. 6. Tight junction gene expression is clock dependent and disrupted in CRC. (A) Expression of five key tight junction genes as determined by RNA-seq of small 
intestinal organoids from all four genotypes (n = 3 organoid lines derived from independent mice). (B) Expression of tight junction genes in IECs from WT mice relative to 
zeitgeber time, as determined by qPCR (n = 5 independent mice per time point). Average circadian period is shown when the rhythmicity P value was less than 0.01. All 
values are shown in table S2. (C) Expression of tight junction genes in WT and Bmal1−/− IECs collected from n = 3 independent mice at ZT4 and ZT16. (D) Expression of 
tight junction genes in WT IECs and Apc+/−;Bmal1−/− tumors collected from n = 3 independent mice at ZT4 and ZT16. Error bars represent SEM, and statistical significance 
was determined by DEseq2 for (A) and by one-way ANOVA with Tukey’s multiple comparisons for (C) and (D). Asterisks represent FDR or P values from multiple compari-
sons with * < 0.05, ** < 0.01, and **** < 0.0001. Comparisons without labels are not significant.
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expression of the tight junction gene Cldn8 in WT IECs (Fig.  6). 
Last, we identified that the combination of clock disruption and 
CRC produces a significant increase in intestinal permeability 
in vivo (Fig. 7). Together, our findings indicate that the circadian 
clock plays a role in regulating intestinal barrier integrity and mi-
crobiome composition, and these effects are further exacerbated in 
the context of CRC.

Tight junctions are an important component of barrier func-
tion as they mediate paracellular permeability and their disrup-
tion can result in leakage of endotoxins into the circulation (111, 
112). We identified rhythmicity in Cldn8 and a decrease in Tjp1 

expression upon Bmal1 loss. The core clock, as a whole, may play 
an important role in regulating tight junctions, as a previous 
study found Per2-dependent rhythmicity in the expression of the 
tight junction genes Claudin1 and Occludin in mouse colon (22). 
We identified an increase in intestinal permeability in some 
Bmal1−/− mice, which was greatly exacerbated when combined 
with CRC. A previous study found that circadian disruption re-
sulted in barrier dysfunction, down-regulation of microbial path-
ways promoting beneficial host responses, and up-regulation of 
microbial genes involved in endotoxin production (48). There-
fore, circadian disruption may play an important role in breakdown 

D
Permeability	assay

E
Serum	FITC-dextran

C

A

B

Fig. 7. Cell monolayer permeability is clock dependent, and intestinal barrier function is reduced when clock dysregulation and CRC are combined. Expression 
of core clock (A), mucin (B), and tight junction (C) genes in DEX synchronized Caco-2 cells (n = 3 independent experiments). (D) Monolayer permeability of DEX synchro-
nized Caco-2 cells as determined by 4-kDa FITC-dextran transfer in a transwell assay (n = 3 independent experiments). (E) Intestinal permeability from WT, Bmal1, Apc+/−, 
and Apc+/−;Bmal1−/− mice as determined by gavage of 4-kDa FITC-dextran (600 mg/kg) at ZT23 and serum collection at ZT0 (n = 3 to 8 independent mice). Statistical 
significance was determined by Student’s unpaired t test for (A) to (D) and by one-way ANOVA with Tukey’s multiple comparisons for (E). Asterisks represent P values from 
unpaired t-test or multiple comparisons with * < 0.05, ** < 0.01, and *** < 0.001. Comparisons without labels are not significant.
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of barrier function during CRC development through regulation 
of tight junction proteins.

We identified a significant increase in F. mortiferum in the mi-
crobiomes of the tumor-bearing Apc+/− and Apc+/−;Bmal1−/− mice. 
Our findings are consistent with an enrichment of Fusobacterium in 
human CRC that has been previously reported across multiple stud-
ies (51, 53, 65, 119–127), and Fusobacterium has been suggested to 
play a driver role in CRC by modulating Wnt signaling through 
FadA (128). We also found that M. elsdenii was clock and cancer as-
sociated, as it was elevated in Apc+/−;Bmal1−/− intestinal microbiomes. 
M. elsdenii is a lactate-utilizing bacterium that has been linked to 
gastric cancer, but its association with CRC is unclear (96, 129). We 
propose that, in advanced CRC, tumors produce significant amounts 
of lactate that fuels lactate-consuming bacteria. We previously reported 
altered metabolites including lactate, as well as nucleotides, amino acids, 
and lipids in our Apc+/−;Bmal1−/− organoids using stable isotope 
tracing and metabolomics (89). In this study, we identified dysregu-
lation of similar bacterial metabolic pathways related to nucleic acid, 
fatty acid, and amino acid metabolism upon tumor development. 
Further work using metabolic tracing is required to investigate po-
tential cross-talk between bacteria and tumor-derived metabolites.

Many studies have identified an increase of the Bacteroides genus 
in patients with CRC, particularly B. fragilis (52, 53, 60, 64, 68, 119, 
130), although others have reported opposite data (55, 63, 66, 131). 
This highlights a challenge with microbiome studies with inter-study 
differences that could be due to experimental methods, cancer het-
erogeneity, environmental conditions, or geography (97, 132, 133). 
We identified a clock-related increase in the abundance of many dif-
ferent Bacteroides species, which have a wide capacity to degrade 
complex carbohydrates (134, 135). For example, B. thetaiotaomicron 
can switch its metabolism to host mucus-derived glycans when there 
are insufficient dietary polysaccharides (136), and over-colonization 
by mucus degrading bacteria can thin the mucus layer (137, 138). In 
our model, we found a decreased expression of several mucin genes 
in Bmal1−/− IECs and Apc+/−;Bmal1−/− tumors relative to WT IECs. 
We also identified reduced mucus staining in tumor regions of 
Apc+/− and Apc+/−;Bmal1−/− mice, which is consistent with observa-
tions using the Apc mutant mouse model (139). However, in our mi-
crobial pathway analysis, we identified a reduction in the degradation 
of mucus sugars such as hexuronates and galactose by Apc+/−;Bmal1−/− 
microbiomes. One possible explanation is that clock-mediated in-
crease in Bacteroides species results in increased mucus degradation 
and thinning of the mucus membrane. Less mucus abundance would 
subsequently shift bacteria away from mucus-dependent polysac-
charide metabolism toward other metabolic sources. An alternative 
possibility is that, during tumor development, a shift toward a stem-
like state results in a reduction of differentiated cells such as secretory 
or goblet cells that control mucus secretion. In turn, less host mucus 
production would shift microbial metabolism away from mucus deg-
radation. Further work is needed to better define these alterations in 
mucus metabolism in vivo.

A temporal rhythm in bacterial abundance has been previously 
reported that is genotype-dependent and heavily influenced by 
feeding (24, 28, 43, 46). A previous study found that Per1/2 deletion 
resulted in the loss of rhythmic fluctuations in commensal bacterial 
abundance including Bacteroidales, while light feeding shifted the 
rhythm of cycling operational taxonomic units (OTUs) including 
those of the Bacteroides genus (42). In addition, Bmal1 loss resulted 
in nonrhythmic and more abundant Bacteroides (44). A recent study 

identified that loss of intestinal Bmal1 results in more than half of 
rhythmic OTUs becoming arrhythmic (45). At the phylum level, 
both Firmicutes and Bacteroidetes rhythmicity was maintained in 
Bmal1−/− by relative abundance analysis, but there was loss of rhyth-
micity of Firmicutes by quantitative analysis upon intestine-specific 
Bmal1 loss (45). Further longitudinal studies are needed to define 
whether alterations in rhythmicity of bacterial abundance affect 
CRC development, and this is especially relevant given the alarming 
increase in early-onset CRC cases where dietary and lifestyle factors 
likely contribute to the underlying disease etiology (140–142). Col-
lectively, our data further implicates the circadian clock in main-
taining intestinal homeostasis and delineates how disruption of the 
clock is involved in susceptibility to stressors such as CRC.

Limitations of the study
We have focused on the effects of clock disruption on the microbi-
ome relative to intestinal tumor development. However, our study 
does not causally link these clock-modulated bacteria to enhanced 
CRC severity. Future studies are required, for example, mono-
colonization with key Bacteroides species, to determine whether these 
bacteria can drive CRC development and help to delineate how mi-
crobiota interventions can affect disease phenotype.

MATERIALS AND METHODS
Mice
Mice containing flox sites flanking one allele of Apc exons 1 to 15 
(Apc+/Δex1-15) (the Jackson Laboratory, strain 009045) (143) were 
crossed with mice with flox sites flanking both alleles of exon 8 of 
Bmal1 (Bmal1fl/fl) (the Jackson Laboratory, strain 007668) (144). These 
mice were crossed with Villin-Cre mice (the Jackson Laboratory, 
strain 004586) (145) to create intestine-specific Apc+/Δex1-15;Bmal1fl/fl 
animals. Experiments were performed in compliance with the Institu-
tional Animal Care and Use Committee (IACUC) guidelines at the 
University of California, Irvine (IACUC study number AUP-23-069). 
Mice were kept in standard 12-hour light/dark paradigm and 
fed ad  libitum. Experiments were performed with 10-month-old 
mice, and groups contained even split of males and females.

Microbiome sequencing
Fecal samples were collected during the middle of the light period at 
ZT8 to minimize differences in food intake between mice. Sample 
size of 8 to 10 mice was chosen to allow for the variability usually seen 
in microbiome data (97, 132, 133). Feces were homogenized with 1 ml 
of DNA/RNA shield (Zymo Research, Irvine, CA). Fecal samples 
were processed, sequenced, and analyzed by Zymo Research (Irvine, 
CA) with the ZymoBIOMICS Shotgun Metagenomic Sequencing 
Service for Microbiome Analysis. In brief, DNA was extracted using 
the ZymoBIOMICS-96 MagBead DNA Kit (Zymo Research, Irvine, 
CA). Sequencing libraries were prepared with the Nextera DNA Flex 
Library Prep Kit (Illumina, San Diego, CA) using 100 ng of DNA in-
put and internal dual-index 8–base pair (bp) barcodes with Nextera 
adapters (Illumina, San Diego, CA) according to the manufacturers 
protocol. All libraries were quantified with TapeStation (Agilent 
Technologies, Santa Clara, CA) and then pooled in equal abundance. 
The final pool was quantified using qPCR, and the library was se-
quenced on the Illumina NovaSeq (San Diego, CA). Raw sequence 
reads were trimmed with Trimmomatic-0.33 quality trimming with 
a 6-bp sliding window, a quality cutoff of 20, and a length cutoff of 



Fellows et al., Sci. Adv. 10, eado1458 (2024)     27 September 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

12 of 16

70 bp (146). Microbial composition was profiled with Centrifuge 
(147) using bacterial, viral, fungal, mouse, and human genome datas-
ets. Strain-level abundance information was extracted from the 
Centrifuge outputs and further analyzed. α-Diversity analysis was 
performed using the phyloseq package in R. Statistical significance 
was determined using the Wilcoxon signed-rank test. β-Diversity 
analysis was performed in R using the vegan and ecodist packages with 
Bray-Curtis distances followed by graphing using ggplot2 and the 
stat ellipse function. ANOSIM analysis was performed in R us-
ing the vegan and ggvegan packages using the Gower distance method. 
To perform functional analysis, mouse and viral DNA were first re-
moved using KneadData followed by functional pathway analysis using 
HUMAnN with the ChocoPhlAn nucleotide and uniref90 protein 
databases (98). Significance of bacterial species abundance (Centrifuge) 
and functional pathway abundance (HUMAnN) was determined us-
ing MaAsLin2 with default parameters and a q value significance 
threshold of 0.25 (94). Biomarker discovery was performed using 
LEfSe (95) with default settings (P > 0.05 and LDA effect size > 2).

Intestinal organoid culture
The following protocol was used for intestinal crypt isolation and 
organoid isolation based on previously published methods (89, 148). 
The ileum from mice of each genotype was dissected, washed with 
cold phosphate-buffered saline (PBS), and opened longitudinally. 
The intestine was cut into 2- to 5-mm pieces and rotated in cold PBS, 
with 2 mM EDTA and 10 μM Rho kinase (ROCK) inhibitor (Y-27632) 
for 1 hour. Next, tissue pieces were shaken vigorously in cold 
PBS and filtered with a 70-μm cell strainer. Crypt-enriched fractions 
were centrifuged at 290g and resuspended in 50 μl of growth factor 
reduced Matrigel (Corning Inc.). After Matrigel polymerization, epi-
dermal growth factor (EGF)-Noggin-R-spondin (ENR) medium 
was added. ENR was prepared by adding 3 mM l-glutamine, primo-
cin (50 mg/ml), 10 mM Hepes, recombinant murine EGF (50 ng/ml; 
PeproTech), recombinant murine Noggin (50 ng/ml; PeproTech), 
1 mM N-acetylcysteine, and 20% v/v of R-spondin conditioned 
medium (Cultrex Rspo1-expressing cells, Trevigen) to Advanced 
Dulbecco’s modified Eagle’s medium/Ham’s F12 medium. After 5 to 
7 days, organoids were passaged by solubilizing Matrigel in ice-cold 
PBS for 10 min and centrifuging. Pelleted organoids were resus-
pended in basal medium (ENR medium without growth factors), 
vigorously broken apart by pipetting, and centrifuged. Organoid pel-
lets were then resuspended in Matrigel and plated in 24-well plates. 
After polymerization at 37°C, ENR medium was added.

Western blot
Intestinal organoid pellets were lysed in ice-cold radioimmunopre-
cipitation assay lysis buffer [50 mM tris (pH 8), 150 mM NaCl, 5 mM 
EDTA, 15 mM MgCl2, and 1% NP-40] containing appropriate inhibi-
tors [1× complete EDTA-free cocktail tablet (Sigma-Aldrich), 0.5 mM 
phenylmethylsulfonyl fluoride, 20 mM NaF, 1 mM Na3VO4, and 1 μM 
trichostatin A]. Lysates were centrifugated, and protein concentration 
of supernatant was measured using Bradford reagent (Thermo Fisher 
Scientific). Protein lysates were resolved on an SDS–polyacrylamide 
gel electrophoresis gel and immunoblotting performed using BMAL1 
(Abcam, ab93806) and α-tubulin (Sigma-Aldrich, T516B) antibodies.

IEC dissociation
Mice were housed in 12-hour light/12-hour dark conditions and 
sacrificed at the required ZT. Mouse ileum was dissected, cut 

longitudinally, and washed in PBS. The tissue was shaken vigorously 
in wash solution [Hanks’ balanced salt solution with 15 mM Hepes 
(Sigma-Aldrich) and 1% penicillin/streptomycin] and centrifuged 
at 720g and 4°C. The intestine was shaken vigorously for 30 s and 
incubated at 37°C for 10 min in wash solution supplemented with 
10 mM EDTA and 5% fetal bovine serum (FBS). After vigorously 
shaking again, tissue pieces were removed, and cells were collected 
by centrifugation at 720g, 4°C. The cells were washed with PBS once 
and pelleted for further analysis.

RNA isolation, cDNA synthesis, and qPCR
For intestinal organoids, RNA was isolated using the Direct-Zol 
RNA microprep kit (Zymo Research, R2060), according to the man-
ufacturer’s recommendation. Samples were prepared together to 
avoid introducing technical bias. For IECs and Caco-2 cells, RNA 
was isolated using Trizol reagent according to manufacturer’s rec-
ommendations. To synthesize cDNA, 1 μg of RNA was incubated 
with the Maxima H Minus cDNA Synthesis Master Mix (Life Tech-
nologies, Thermo Fisher Scientific, M1662). Equivalent amounts of 
cDNA were combined with 0.3 μM forward and reverse primers and 
1× PowerUp SYBR green Master Mix (Applied Biosystems, A25741). 
18S ribosomal RNA primers were used to normalize gene expres-
sion. All primers used in qPCR experiments are listed in table S1. To 
determine statistical significance, Student’s unpaired t test or one-
way analysis of variance (ANOVA) with Tukey’s multiple compari-
sons was used depending on the number of groups as recommended 
by GraphPad Prism version 10. Circadian period, phase, amplitude, 
goodness of fit, and rhythmicity P value were calculated for each 
replicate using BioDare2 linear detrending Fast Fourier Transform 
Non Linear Least Squares (FFT NLLS) and averaged (149). 

Organoid RNA-seq
Full details of the experimental methods and analysis have been pre-
viously reported (89). In brief, crypts were isolated from each geno-
type, and intestinal organoids were derived and cultured using 
Matrigel and required growth factors. Unsynchronized organoids 
were collected for RNA isolation as previously described (89). Reads 
were aligned and quantified, and differential expression analysis 
(DESeq2) was performed as previously described (89). DESeq2 sta-
tistical approach was used as this enables quantitative analysis deter-
mining the strength of differential expression and adjusts for small 
replicate numbers and a large dynamic range (150).

Caco-2 culture and barrier function test
Caco-2 cell line (American Type Culture Collection, HTB-37) de-
rived from human male colon was grown in Eagle’s minimal essential 
medium (EMEM) culture medium (ECM) supplemented with 20% 
FBS, 1% penicillin/streptomycin, 1% nonessential amino acids, and 
sodium pyruvate (0.11 g/liter). Caco-2 monolayers were established 
using cells at passages 2 to 6 according to a previously published rap-
id method (151). Twenty-four–well 1.0 μM Transwell permeable in-
serts (Corning) were coated with collagen I (5 μg/cm2). Cells were 
seeded at 0.5 × 105 to 1 × 105 cells per well and incubated in ECM 
with 0.1% MITO+ serum extender (Corning). After 24 hours, the 
medium was changed to ECM containing 0.1% MITO+ and 2 mM 
sodium butyrate. Monolayers were used 72 hours after seeding 
when confluency had been confirmed by light microscopy. Barrier 
tests were performed by adding 4-kDa FITC-dextran (1 mg/ml) to 
the apical compartment and collecting medium from the basal 
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compartment every 15 min. Fluorescence was measured at 485/515 nm 
alongside a FITC-dextran standard curve. Cumulative FITC-dextran 
was plotted against time to determine FITC-dextran transport in 
nanograms per milliliter per minute. Monolayers or confluent cells 
were synchronized with 1 mM dexamethasone for 1 hour.

FITC-dextran permeability assay
Mice were fasted for 12 to 16 hours before gavage. At ZT23, mice were 
gavaged with 4-kDa FITC-dextran (600 mg/kg; Sigma-Aldrich). 
After 1 hour, mice were euthanized, and blood was collected. To 
collect serum, blood was coagulated for 30 min at room temperature 
and spun at 800g. Fluorescence was measured in diluted serum at 
530 nm with excitation at 485 nm, and 4-kDa FITC-dextran concen-
tration was determined using a standard curve from 0 to 8000 ng/ml.

Histology
Flushed and linearized small intestines were fixed in Bouin’s solu-
tion and then paraffin embedded and sectioned by the Chao Family 
Comprehensive Cancer Center Experimental Tissue Resource. 
Slides were rehydrated and incubated in 0.5% periodic acid for 5 min, 
Schiff ’s reagent for 15 min, and Harris modified hematoxylin for 
90 s with washes in water in between. After dehydration, slides were 
mounted with VECTASHIELD (Vector Laboratories).

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
Tables S1 and S2
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