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Vitamin A (VA) deficiency remains prevalent in resource limited areas. Using Citrobacter
rodentium infection in mice as a model for diarrheal diseases, previous reports showed reduced
pathogen clearance and survival due to vitamin A deficient (VAD) status. To characterize the
impact of preexisting VA deficiency on gene expression patterns in the intestines, and to discover
novel target genes in VA-related biological pathways, VA deficiency in mice were induced by diet.
Total mMRNAS were extracted from small intestine (SI) and colon, and sequenced. Differentially
Expressed Gene (DEG), Gene Ontology (GO) enrichment, and co-expression network analyses
were performed. DEGs compared between VAS and VAD groups detected 49 Sl and 94 colon
genes. By GO information, SI DEGs were significantly enriched in categories relevant to retinoid
metabolic process, molecule binding, and immune function. Three co-expression modules showed
significant correlation with VA status in SI; these modules contained four known retinoic acid
targets. In addition, other SI genes of interest (e.g., Mbl2, Cxcl14, and NrOb2) in these modules
were suggested as new candidate genes regulated by VA. Furthermore, our analysis showed that
markers of two cell types in SI, mast cells and Tuft cells, were significantly altered by VA status.
In colon, “cell division” was the only enriched category and was negatively associated with VA.
Thus, these data suggested that SI and colon have distinct networks under the regulation of dietary
VA, and that preexisting VA deficiency could have a significant impact on the host response to a
variety of disease conditions.

Keywords

vitamin A deficiency; small intestine; colon; gene expression profile; RNAseq; Weighted Gene
Co-expression Network Analysis (WGCNA)

1. Introduction

Vitamin A (VA), retinol and its metabolites, is an essential micronutrient for vertebrates

of all ages, from early development throughout the life span. In humans, a nutritional
deficiency of VA is both a major cause of xerophthalmia and a risk factor for infectious
diseases [1]. VA deficiency (VAD) is estimated to affect nearly 20% of preschool aged
children worldwide [2]. The impact of VA on child health is well demonstrated by World
Health Organization (WHO) data showing that VA supplementation in preschoolage children
has reduced diarrhea-related mortality by 33% and measles-related mortality by 50% [1].

Several lines of evidence indicate that VA is a pleiotropic regulator of gut immunity [3].
Retinoic acid (RA), the most bioactive metabolite of VA, functions as a pleiotropic hormone
and ligand for nuclear retinoid receptors of the retinoic acid receptor (RAR) and retinoid

X receptor (RXR) families. One RAR heterodimerizes with one RXR to form a dimeric
complex that binds to retinoic acid response elements (RARE) in the promotor regions of
numerous RA-responsive genes [4]. RA has been shown to influence the differentiation [5]
and gut homing of T cells [6], secretory IgA production [7], and the balance of different
innate lymphoid cell (ILC) populations [3]. Regarding intestinal epithelial cells, VA affects
both cell differentiation and function of the intestinal epithelium [8]. In murine models, VA
deficiency has been associated with abnormality in goblet cell and Paneth cell ratios and
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activities [9], as well as weakened intestinal barrier integrity [10]. In sum, VA is a versatile
regulator of both innate and adaptive immunity in the gut.

Preexisting VA status has been shown to affect the immune response in several animal
models of gut infection, including infection with Citrobacter rodentium (C. rodentium), a
Gram-negative natural mouse intestinal pathogen that mimics enteropathogenic Escherichia
coli infection in humans [11]. Host VA status significantly affects the host response to C.
rodentium, for vitamin A sufficient (VAS) mice cleared the infection and survived, whereas
vitamin A deficient (VAD) mice suffered a 40% mortality rate and those mice that survived
the infection became non-symptomatic carriers of C. rodentium [12].

The initial VA status of mice at the time of infection could be an important factor in their
ability to respond to gut infection. Previous studies did not comprehensively examine gene
expression in the small intestine (SI) or colon of mice according to their VA status [13].

In the present study, we sought to determine key genes that may mediate the divergent

host responses between VVAS and VVAD mice, by comparing intestinal gene expression

in naive VAS and VAD mice prior to C. rodentium infection. Although C. rodentium

infects primarily the colon [14], the Sl is also relevant because it is a major site of retinol
uptake into enterocytes, formation of retinyl esters for absorption into the body, and local
conversion to metabolites such as RA [15]. In the steady state, retinol concentrations are
significantly higher in the SI and mesenteric lymph nodes compared with most other tissues,
excepting the liver, the major storage site of VA [16]. Intestinal epithelial cells and dendritic
cells (DCs) in Sl are producers of RA and the intestinal RA concentration generally follows
a gradient from proximal to distal S, correlating with the imprinting ability of resident DCs
[16]. Therefore, both SI and colon were of interest for our present study in which we have
used differential expression and co-expression analyses to characterize the effect of VA on
the transcriptomic profiles in these two organs. Additional experimental groups and analyses
focused on the effect of infection and interaction with VA status were also performed, and
will be reported separately. Here, we have focus on the effect of VA status alone as a
presumptive predetermining risk factor for the host response to gut infection.

Materials and methods

2.1. Animals

C57BL/6 mice, originally purchased from Jackson Laboratories (Bar Harbor, ME, USA),
were bred and maintained at the Pennsylvania State University (University Park, PA,
USA) for experiments. Mice were exposed to a 12-hour light, 12-hour dark cycle with

ad libitum access to food and water. All animal experiments were performed according to
the Pennsylvania State University’s Institutional Animal Care and Use Committee (IACUC)
guideline (IACUC # 43445). VAD and VAS mice were generated as previously described
[12, 17-19]. Briefly, VAS or VAD diets were fed to pregnant mothers and the weanlings.
VAS diet contained 25 /g of retinyl acetate per day whereas VAD diet did not contain

any VA. At weaning, mice were maintained on their respective diets until the end of

the experiments. Body weights were recorded prior to all studies. The Sl study lasted 5
days following C. rodentium infection, whereas the colon study ended during the peak of
infection (post-infection d 10). Those time points were chosen to ensure the presence of C.

J Nutr Biochem. Author manuscript; available in PMC 2022 March 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chai et al.

Page 4

rodentium pathogen in the target organs [12]. With respect to vitamin A status, the deficient
and adequate states should remain the same, whether on d 5 or d 10 relative to infection,

as the mice had been on their designated diets for at least 9 weeks. In the validation study,
the VAD mice in the RA treatment group received a daily oral dose of 37.5 g of RA in

10 4L corn oil for four consecutive days prior to the day of sample collection, whereas

the VAD mice without repletion served as the control group which received 10 gL corn oil
as placebo. Each of the experimental groups contained three mice (9 — 11 weeks, young
adult) when tissue samples were collected. Serum retinol concentrations were measured by
Ultra Performance Liquid Chromatography (UPLC) to verify the VA status of experimental
animals.

2.2. Quantification of serum retinol by UPLC

Serum samples were saponified and quantified for total retinol concentration by UPLC

[20]. Briefly, serum aliquots (30-100 L) were incubated for 1 h in ethanol. Then 5%
potassium hydroxide and 1% pyrogallol were added. After saponification in a 55°C water
bath, hexanes (containing 0.1% butylated hydroxytoluene, BHT) and deionized water were
added to each sample for phase separation. The total lipid extract was transferred and mixed
with a known amount of internal standard, trimethylmethoxyphenyl-retinol (TMMP-retinol).
Samples were dried under nitrogen and re-constituted in methanol for UPLC analysis. The
serum total retinol concentrations were calculated based on the area under the curve relative
to that of the internal standard.

2.3. Statistical analysis

Statistical analyses were performed using GraphPad Prism software (GraphPad, La Jolla,
CA, USA). Two-way analysis of variance (ANOVA) with Bonferroni’s post-hoc tests were
used to compare serum retinol levels. Mann-Whitney U tests were employed to compare the
body weights. A<.05 was used as the cut off for a significant difference.

2.4. Tissue collection and RNA extraction

Tissues were collected at the end of each study. During tissue collection, the dissected
colons were first cut open to remove fecal contents. Both lower Sl and colon tissues

were separated into segments as diagramed in Fig. S1, stored in individual tubes, and

snap frozen in liquid nitrogen immediately upon tissue harvest. In the SI and the

validation studies, lower Sl tissue was used for total RNA extraction. In the colon

study, the distal colon tissue free of colonic content was used to extract total RNA. For

both tissues, total RNA extractions were performed using the Qiagen RNeasy Midi Kit
according to the manufacturer’s protocol. RNA concentrations were measured by Nanodrop
spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA). TURBO DNA-
free kit (Ambion, Austin, TX, USA) were used to remove genomic DNA. RNA quality,
assessed by RNA Integrity Number (RIN), were determined by Agilent Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA). RNA samples of sufficient quality (RIN > 8) were used
to construct RNA-seq libraries.

J Nutr Biochem. Author manuscript; available in PMC 2022 March 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chai et al.

Page 5

2.5. RNAseq library preparation, sequencing and mapping

2.6.

2.7.

Library preparation and sequencing were done in the Penn State Genomics Core Facility
(University Park, PA, USA). 200ng of RNA per sample were used as the input of TruSeq
Stranded mRNA Library Prep kit to make barcoded libraries according to the manufacturer’s
protocol (Illumina Inc., San Diego, CA, USA). The library concentration was determined by
gPCR using the Library Quantification Kit Illumina Platforms (Kapa Biosystems, Boston,
MA, USA). An equimolar pool of the barcoded libraries was made and the pool was
sequencing on a HiSeq 2500 system (Illumina) in Rapid Run mode using single ended

150 base-pair reads. 30-37 million reads were acquired for each library. Mapping were
done in the Penn State Bioinformatics Consulting Center. Quality trimming and adapter
removal was performed using trimmomatic [21]. The trimmed data were then mapped to

the mouse genome (mm10, NCBI) using hisat2 alignment program. Hisat2 alignment was
performed by specifying the ‘rna-strandness’ parameter. Default settings were used for all
the other parameters [22]. Coverages were obtained using bedtools [23]. Mapped data was
visualized and checked with IGV [24]. Reads mapped to each gene were counted using
featureCounts [25]. The two RNAseq datasets reported in this article are available in NCBI
Gene Expression Omnibus (GEO) under the accession number GSE143290.

Data pre-processing

The raw count of 7=24,421 transcripts was obtained after mapping in each of the two
studies. Transcripts with low expression levels were first removed, for the purpose of
assuring that each analysis would be focused on the tissue-specific mMRNAs and would

not be disrupted by the genes not expressed in that organ. In the Sl study, if the expression
level of a gene was lower than 10 in more than eight of the samples, or if the sum of the
expression level in all 12 samples was lower than 200, this transcript was removed from the
later analysis. In the colon study, if the expression level was lower than 10 in more than
10 of the samples, or if the sum of the expression level in all 16 samples was lower than
220, the transcript was regarded as lowly expressed gene and removed. As a result, 14,368
and 15,340 genes were remained in the SI and colon datasets, respectively. Both datasets,
following normalization according to DESeq?2 package, were used for the following DE
analysis and co-expression network analysis (Fig. 2).

Differential expression

Differential expression (DE) analysis were performed using the DESeq?2 package with

the mulfi-factor designs and Wald test Pvalues adjusted for multiple testing through the
procedure of Benjamini and Hochberg [26]. Due to the two-by-two factorial design, the
effect of VA, C. rodentium infection and VA x C. rodentium interaction were examined
separately. This article focused on the VA effect (the comparison between non-infected
VAS and the non-infected VAD groups, n=3 in each group), with adjusted A<.05 (to ensure
statistical significance) and |Fold change|>2 (to ensure biological significance) as the criteria
for differentially expressed genes (DEGSs). To visualize the result and prioritize genes of
interest, heatmaps and volcano plots were depicted using the R packages pheatmap, ggplot,
and ggrepel. The validation dataset involves a pair comparison design via the DESeg2,
where similar analysis and visualization were performed.

J Nutr Biochem. Author manuscript; available in PMC 2022 March 10.
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2.8. WGCNA

For consistency and comparability, the same data matrix in differential expression were
used to build signed co-expression networks using WGCNA package in R [27]. In other
words, the dataset went through the same screening and normalization process as the
differential expression analysis (Fig. 2). As a result, all 12 and 16 samples were taken

into consideration during the construction of co-expression network in Sl and colon studies,
respectively. For each set of genes, a pair-wise correlation matrix was computed, and an
adjacency matrix was calculated by raising the correlation matrix to a power. A parameter
named Softpower was chosen using the scale-free topology criterion [28]. An advantage of
weighted correlation networks is the fact that the results are highly robust with respect to
the choice of the power parameter. For each pairs of genes, a robust measure of network
interconnectedness (topological overlap measure) was calculated based on the adjacency
matrix. The topological overlap (TO) based dissimilarity was then used as input for average
linkage hierarchical clustering. Finally, modules were defined as branches of the resulting
clustering tree. To cut the branches, a hybrid dynamic tree-cutting algorithm was used

[29]. To obtain moderately large and distinct modules, we set the minimum module size

to 30 genes and the minimum height for merging modules at 0.25. As per the standard

of WGCNA tool, modules were referred to by their color labels henceforth and marked

as Sl(Color) or Colon(Color). Genes that did not belong to any modules were assigned to
the Grey module. Color assignment together with hierarchical clustering dendrogram were
depicted. To visualize the expression pattern of each module, heatmap were drawn using
the pheatmap package in R. Eigengenes were computed and used as a representation of
individual modules. Eigengenes are the first principal component of each set of module
transcripts, describing most of the variance in the module gene expression. Eigengenes
provides a coarse-grained representation of the entire module as a single entity [30].

To identify modules of interest, module-trait relationships were analyzed. The modules
were tested for their associations with the traits by correlating module eigengenes with

trait measurements, /.e., categorical traits (\A status, infection status, and gender) and
numerical traits (shedding, body weight, body weight change percentage, and RIN score).
The correlation coefficient and significance (cutoff set at A<.01) of each correlation between
module eigengenes and traits were visualized in a labeled heatmap, color-coded by blue
(negative correlation) and red (positive correlation) shades. Because the present paper has a
focus on the VA effect, the only trait reported was the VA status. The correlation results from
all other traits were beyond the scope of this article and will be discussed elsewhere.

2.9. Functional enrichment analyses

Gene ontology (GO) and KEGG enrichment were assessed using clusterProfiler (v3.6.0)

in R [31]. For DEG list and co-expression modules, the background was set as the total

list of genes expressed in the SI (14,368 genes) or colon (15,340 genes), respectively. The
statistical significance threshold level for all GO enrichment analyses was p.adj (Benjamini
and Hochberg adjusted for multiple comparisons) <0.05.

J Nutr Biochem. Author manuscript; available in PMC 2022 March 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chai et al. Page 7

2.10. Cell type marker enrichment

The significance of cell type enrichment was assessed for each module in a given network
with a cell type marker list of the same organ, using a one-sided hypergeometric test (as we
were interested in testing for over-representation). To account for multiple comparisons,

a Bonferroni correction was applied on the basis of the number of cell types in the
organ-specific cell type marker list. The criterion for a module to significantly overlap
with a cell marker list was set as a corrected hypergeometric P value < .05 [[32-34].

The cell type marker lists of SI and colon were obtained from CellMarker database (http://
biocc.hrbmu.edu.cn/CellMarker/), a manually curated resource of cell markers [35].

2.11. Module visualization

A package named igraph was used to visualize the co-expression network of genes in each
individual modules based on the adjacency matrix computed by WGCNA. The connectivity
of a gene is defined as the sum of connection strength (adjacency) with the other module
members. In this way, the connectivity measures how correlated a gene is with all other
genes in the same module [36]. The top 50 genes in each module ranked by connectivity
were used for the visualization. In order to further improve network visibility, adjacencies
equal to 1 (adjacencies of a gene to itself) or lower than 0.7 (less important co-expression
relationships) were not shown in the diagram. Each node represents a gene. The width of
the lines between any two nodes was scaled based on the adjacency of this gene pair. The
size of the node was set proportional to the connectivity of this gene. For the shape of

the nodes, squares were used to represent all the mouse transcription factors (TFs), based
on AnimalTFDB 3.0 database (http://bioinfo.life.hust.edu.cn/AnimalTFDB/#!/) [37]. Circles
represent all the non-TFs. In terms of the color of the nodes, upregulated DEGs in the VAS
condition were marked with red color and downregulated DEGs in blue. For the font of

the gene labels, red bold italic was used to highlight genes which are cell type markers
according to CellMarker database (http://biocc.hrbmu.edu.cn/CellMarker/) [35].

2.12. Module preservation

Genes with low expression (based on the criteria stated in Differential Expression session) in
the Sl or Colon datasets were excluded from this analysis. In other words, only the probes
that were robustly expressed in both organs were used for module preservation analysis.
Therefore, reconstruction of co-expression networks were done in both datasets separately,
with minimum module size = 30 and the minimum height for merging modules = 0.25 [[27-
29]. All the modules from this analysis were marked as mpSI(Color) or mpColon(Color).

Color assignment was remapped so that the corresponding modules in the SI network

and the re-constructed mpSI network sharing the similar expression pattern were assigned
with the same color. Similarly, the modules in the re-constructed mpColon network were
also assigned same colors according to the expression pattern resemblance with their
corresponding Colon modules. In order to quantify network preservation between mpSI and
mpColon networks at the module level, permutation statistics is calculated in R function
modulePreservation, which is included in the updated WGCNA package [36]. Briefly,
module labels in the test network (mpColon network) were randomly permuted for 50 times
and the corresponding preservation statistics were computed, based on which Zsummary, a
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composite preservation statistic, were calculated. Zsummary combines multiple preservation
Z statistics into a single overall measure of preservation [36]. The higher the value of
Zsummary, the more preserved the module is between the two datasets. As for threshold, if
Zsummary >10, there is strong evidence that the module is preserved. If Zsummary is >2

but <10, there is weak to moderate evidence of preservation. If Zsummary <2, there is no
evidence that the module is preserved [36]. The Grey module contains uncharacterized genes
while the Gold module contains random genes. In general, those two modules should have
lower Z-scores than most of the other modules.

2.13. Module overlap

Module overlap is the number of common genes between one module and a different
module. The significance of module overlap can be measured using the hypergeometric
test. In order to quantify module comparison, in other words, to test if any of the modules
in the test network (mpColon network) significantly overlaps with the modules in the
reference network (mpSI network), the overlap between all possible pairs of modules was
calculated along with the probability of observing such overlaps by chance. The significance
of module overlap was assessed for each module in a given network with all modules in the
comparison network using a one-sided hypergeometric test (as we were interested in testing
for over-representation) [33]. To account for multiple comparisons, a Bonferroni correction
was applied on the basis of the number of modules in the comparison network (mpColon
network). Module pair with corrected hypergeometric P value < .05 was considered a
significant overlap.

2.14. RAR/RXR binding site prediction in promoter regions of genes of interest

CiiiDER is an integrated computational toolkit for transcription factor binding analysis [38].
It can be used to predict transcription factor binding sites (TFBSs) across the promoter
regions. Promoter regions were defined as spanning —1500 bases to +500 bases relative to
the transcription start site. A list of genes of interest, namely Scarb1, Bcol, Isx, Cd207,
Mbl2, Clecal, Mmp9, and NrObZ2, were analyze via CiiiDER using Ensembl 94 annotations
of the mouse GRCm38 genome and 2020 JASPAR core vertebrate matrices, with deficit
threshold of 0.25.

3. Results

3.1.

Model validation: Serum retinol is lower in VAD mice than VAS mice

VAS and VAD mice were generated by feeding diets that were either adequate or deficient
in VA to pregnant mice and to their offspring for eight to 10 weeks. The VA status of

our animal model was validated by determining serum retinol concentrations at the end of
the Sl study [19]. Serum retinol levels were significantly lower in VAD versus VAS mice
(P<.001) (Fig. 1), showing that VA deficiency was successfully induced in our model and
enabling us to further analyze the effect of VA status on intestinal gene expression. The
body weights of the VAD mice in the colon study were significantly lower than their VAS
counterparts (P=.02, Fig. S1). However, this statistical difference was not preserved in the SI
study (P=.13, Fig. S1).

J Nutr Biochem. Author manuscript; available in PMC 2022 March 10.
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3.2. Distribution of DEGs in Sl and colon and their co-expression

We elected to use whole tissue RNAseq analysis to provide a comprehensive exploratory
view of the expression profiles in both SI and colon [39]. Initial mapping for the SI

revealed 24,421 genes, which were subsequently screened for low expression transcripts and
normalized by DESeq2 (Fig. 2). Among the 14,368 Sl-expressed genes, 49 DEGs differed
with VA status, and 9 co-expression modules were identified. Similarly, among the 15,340
genes mapped in the colon dataset, 94 DEGs differed with VA status and 13 co-expression
modules were identified. Of these, 14,059 genes were shared between the two datasets and
were used for the module preservation analysis (Fig. 2).

3.3. Identification of DEGs

Of the 49 DEGs in the Sl that differed significantly by VA status, 18 were upregulated
(higher in VAS than VAD, Table S1) and 31 were downregulated (lower in VAS than VVAD,
Table S2). A heatmap of the DEGs in the Sl study is shown in Fig. S2. A volcano plot of
the SI DEGs (Fig. 3A) shows that genes with the largest negative or positive fold changes
as well as highest statistical significance included Ca207, Mcpt4, and Fcgr2b, which were
lower in VAS than VAD mice, and /sx, Cyp26b1, Mmp9, and Mb/2, which were higher in
VAS than VAD mice.

Of the 94 DEGs in the colon, 34 were more highly expressed in VAS than VAD mice (Table
S3) and 60 genes were of lower expression (Table S4). The heatmap for colon (Fig. S3)

and volcano plot (Fig. 3B) show that some of the most significantly upregulated DEGs are
also well-known players in goblet cell activities, for example, 7/3and Muc1 [40], known
as two goblet cell markers; and C/cal and Clca4b, known to regulate mucus production and
neutrophil recruitment [41]. Several genes with known regulatory functions were among the
most strongly regulated in our datasets: for example, three transcription factors (TFs), /sx,
Prdm1, and Zxadb were more highly expressed in VAS mice, while K/kZ, a mucus regulator
and Foxm1, a TF, were downregulated.

For the validation dataset, under the same criteria for DEG (adjusted A<.05 and |Fold
change|> 2), four genes were found upregulated in the RA-treated VAD mice compared to
the VAD mice without RA supplementation, including /sxand Mb/2 (Fig. 7A and Table
S8), whereas 13 genes were found downregulated in the RA-treated group, including Bcol,
Scarb1, and Cad207 (Fig. 7A and Table S9).

Full gene lists containing normalized counts, log2FoldChanges, and adjusted Pvalues of the
Sl, colon, and the validation studies are provided in Table S10-12.

3.4. GO and KEGG enrichment of DEGs

We next performed enrichment analysis separately on all DEGs, upregulated DEGs, and
downregulated DEGs to compare the VAS vs VAD condition in the two datasets (Fig. 2).
Not surprisingly, the 49 SI DEGs were significantly enriched in “retinoid metabolic process
(Fig. S4), including in VAD mice a higher expression of Bcol, a beta-carotene cleavage
enzyme, and in VAS mice a higher expression of Cyp26b1, a retinoic acid degrading
enzyme, and /sx, a master regulator and repressor of Bcol and other retinoid-pathway

J Nutr Biochem. Author manuscript; available in PMC 2022 March 10.
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genes. The 18 upregulated SI DEGs were significantly enriched in five Biological Processes,
whereas the 31 downregulated SI DEGs were significantly enriched in 11 categories of
Molecular Function (Fig. 3C).

In the colon, downregulated DEGs (/7=60) in VAS versus VAD mice were significantly
enriched in “Cell Division” (GO term) and “Cell Cycle” (KEGG term, mmu04110), while
upregulated colon DEGs (7=34) were not enriched in either GO or KEGG pathways.

3.5.  WGCNA modules significantly correlated with VA status

We next applied WGCNA as a systems biology approach to understanding gene networks
in contrast to individual genes (Fig. 2). In the SI, setting a soft threshold power gto 7 (Fig.
4A), WGCNA identified nine modules with module size (MS) ranging from 202 to 5,187
genes (Table S5). These modules in the SI network will be referred to henceforth by their
color labels [e.g., SI(Color)], which is a standard approach wherein the colors are merely
labels arbitrarily assigned to each module. Modules labeled by colors are depicted in the
hierarchical clustering dendrogram in Figure. 4B. The Grey module was used to hold all
genes that do not clearly belong to any other modules. The gene expression patterns of each
module across all samples are demonstrated as heatmaps (Fig. S5).

To determine if any of the nine modules of co-expressed Sl genes were associated with

VA status, we tested the correlations between the module eigengenes and VA status (Fig.
4C). Eigengene is defined as the first principal component of a given module and may be
considered as a representative of the gene expression profiles in that module [30]. Three
modules were significantly correlated with VA status: the Si(Yellow), SI(Pink), and SI(Red)
modules, with Pvalues of 6 x 1075, 8 x 1074 and .001, respectively.

Among these three modules, Yellow module is the largest (MS=924), with a correlation
coefficient of —0.94 with VA status (Fig. 4C), thus, this module contains transcripts that
were lower in the SI of VAS mice vs. their VAD counterparts (Fig. S5). According

to ClusterProfiler, the SI(Yellow) module is functionally enriched in genes for adaptive
immunity and cytokine activity (Table S5). The SI(Yellow) module contains known key
players in RA metabolism (Bcol, Scarbl, Gsta4, AldhlaZ, and Aldhla3), as well as
potential RA targets (Rdhi1, Aldh3aZ, Aldh7al, and Aldh18al), along with several immune
cell markers (e.g., Cd1d1, Cad28, Cd44, Cd86, and Cd207).

The SI(Pink) module was positively correlated with VA status, however no functional
annotation was enriched in this module.

In contrast, the SI(Red) module was positively correlated with VA status and enriched

for functional categories involved in innate immune response (Table S5). SI(Red) module
includes genes previously reported as VA targets /sx, Ccr9, and Rarb, as well as some
immunological genes of interest, e.g., Lypd8, Cxcl14, Mmp9, Mbl2, Noxal, DuoxaZ,
Mucl3, Itgae, ltgam, Madcaml, 1122ra2, Pigr, Clcal, Clca3aZ, and Clca4b, as the product of
these genes could mediate the effects of VA status on infection. Overall, comparing VAS and
VAD groups, our analysis suggests that innate immune activity is stronger, while adaptive
immune response is weaker in the VAS SI.
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In order to visualize the co-expression relationships within the modules of interest, for each
of these three modules the top 50 genes selected by connectivity are depicted as networks in
Figure. 5. TFs are usually more central in the network, examples include Arob2 (Fig. 5A),
Isx (Fig. 5B), and Smad4 (Fig. 5C), where Nrob2and /sx were also identified as DEGs.

Using the same WGCNA analysis on colon transcriptomes (with soft threshold power g
of 26, Fig. 4D), 13 modules were identified and color-coded [referred by Colon(Color),
Fig. 4E and Fig. S6], with MS ranging from 87 to 5,799 genes (Table S6). Four modules,
Colon(Black), Colon(Green), Colon(Purple), and Colon(Red) differed significantly with
VA status, with Pvalues of 5 x 1074, .002, .004, and .004, respectively (Fig. 4F).
Among these four modules, Colon(Green) was enriched for “cytoplasmic translation,”
“ribosome biogenesis,” and “ncRNA processing,” while Colon(Red) was enriched for
“anion transmembrane transporter activity” (Table S6).

3.6. Associations with cell markers

3.7.

To further query whether the expression pattern of each module was mainly driven by a
regulatory effect of VA on cell differentiation, a cell type marker enrichment was performed.
This test identified four SI modules that significantly overlap with the list of SI cell markers
derived from the CellMarker database [35] (Fig. 6). The SI(Yellow) module, which as noted
above is negatively correlated with VA (Fig. 4C), contains 24 Tuft cell markers, reaching

a Bonferroni corrected Pvalue (CP) of 4 x 10 ~/. This suggested a negative regulation of
VA on the Tuft cell population. The SI(Green) module also significantly overlapped with
Tuft cell markers (CP=0.01). The SI(Turquoise) module, the largest module with MS=5,187
genes (Table S5), was significantly enriched for markers of goblet cells (CP = 1 x 107®) and
Paneth cells (CP=0.001).

Module preservation analysis suggests that gene networks controlled by VA are

poorly preserved between Sl and colon

To determine whether the modules identified as being significantly correlated with VA

in SI have a similar module structure in the colon, we performed module preservation
analysis using 14,059 genes that were robustly expressed in both datasets (Fig. 2). Network
constructions were plotted for SI and colon separately. The modules from this analysis are
referred as mpSI(Color) and mpColon(Color). Module preservation analysis was performed
on mpSI and mpColon networks. For all three mpSI modules that were significantly
correlated with VA status (Red, Pink, and Yellow), we found only “weak to moderate”
evidence of preservation in the mpColon network according to Zsummary (Table S7). In
addition, mpSI Red and Pink, two modules associated with VAS status (Fig. 4C), overlapped
merely with the mpColon modules broken up into Blackl and Black2 (Fig. S7) instead of an
intact mpColon(Black) module, which was originally also associated with VAS status (Fig.
4F). mpSl(Yellow), another SI module significantly correlated with VA status (Fig. 4C), had
a lower preservation score than the mpSI (Red) and mpSI(Pink) modules (Table S7), and did
not significantly overlap with any VVA-related modules (Black, Green, Purple, or Red) in the
mpColon network (Fig. S7).
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3.8. RAR/RXR binding sites were predicted in the promoter regions of genes of interest

To provide in silico evidence that the genes of interest were potentially direct targets of RA,
the promoter regions of Scarbl, Bcol, Isx, Ca207, Mbl2, Clcal, Mmp9, and NrOb2 were
analyzed by CiiiDER software. Results related to RAR and/or RXR binding were visualized
in Figure. 7B. All eight genes have multiple RAR/RXR binding sites predicted in their
designated promoter regions (—1500 bases to +500 bases relative to the transcription start
site).

4. Discussion

4.1. Differential expression analysis confirmed known targets under the control of VA in
Sl and validated the nutritional model

The approach we have taken in this study was to use rapidly frozen intact tissue to

capture a “bird’s eye” comprehensive view of an entire organ, Sl and colon individually,

in physiologically normal mice subjected to only dietary treatment as a means to represent
VA adequacy and deficiency in human populations. The use of intact tissue eliminated

the selective loss or enrichment of cells and genes within, such as could occur during
intestinal cell isolation protocols [34]. On the other hand, a limitation of our approach is
that signals from genes significantly regulated by VA but residing within low-abundance
cell types might have been overwhelmed and thereby missed. Additionally, the growth effect
may constitute a confounding factor during the discovery interpretation, especially in the
colon study, as the body weights were significantly lower in the VAD mice, although it

was not shown in the Sl study (Fig S1). We first found that, of the 49 DEGs differing

by VA status in Sl, there was a strong enrichment in “retinoid metabolic process” driven

by three DEGs: Cyp26b1 (Fold Change=14.1), /sx (Fold Change=3,231), and BcoI (Fold
Change= -8.7) in VAS verus VAD mice (Table S1 and S2). RA is known to induce the
transcription of CYP26B1, an enzyme that determines the magnitude of cellular exposure to
RA by inactivating intracellular RA, via nuclear receptor protein binding to multiple retinoic
acid response elements in the gene’s promoter region [42]; Cyp26b1 has been shown to

be dynamically regulated in rodent liver [43], lung [44], and SI [45]. RA also induces

the expression of 1ISX [46], a transcriptional repressor for both BCO1, which catalyzes
R-carotene cleavage, and SCARBL1, a receptor for carotene uptake, in the intestine [47].
Thus, the sum of the upregulation of Cyp26b1 and /sx, as well as the downregulation of
Scarbl and Bcol in the VAS SI, confirms the well-established negative feedback regulation
of dietary VA on the intestinal RA concentration.

At the same time, a series of immunological genes previously reported to be regulated by
VA, albeit in a variety of tissues, were also identified in the Sl dataset, including Mmp9,
Cd207, and enzymes produced by mast cells. The SI contains the body’s largest population
of immune cells [48], with many cell types present, and thus finding genes in this category
in our study was not unexpected. However, finding genes in this category that are sensitive
to VA status may be informative for designing future studies. MMP9 is an extracellular
matrix-degrading enzyme [49] that plays important immunological roles in macrophages and
DCs [50], wherein Mmp9expression is induced by RA. In mouse myeloid DCs, chromatin
immunoprecipitation assays showed that Mmp9 expression was enhanced by RA through
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a transcriptional mechanism involving greater RAR-alpha promoter binding and chromatin
remodeling [51]. CD207, also known as langerin, is a marker of the langerin* DCs, a

cell type normally only abundant in skin but not in the gut [52]. However, it has been
reported that RA deficiency can change DC subtypes in the intestine and dramatically
elevate langerin* DC numbers [53], which is in concordance with our SI study, where
Cd207 expression was significantly higher in the VAD group (Fig. 3A and Table S2). Mast
cell proteases (MCPT) 1, 2, 4, and 6 (also known as TPSB2 or tryptase beta 2) were
uniformly downregulated in the VVAS group, an observation in line with previous reports
that retinol and RA inhibit the growth and differentiation of human leukemic mast cells
(HMC-1) [54], and the mast cells derived from peripheral blood or cord blood samples [55].
In addition, peritoneal mast cell numbers were also reported to be 1.5 times higher in VAD
rats [56]. Overall, both predictable observations based on previous analysis of the S, and
observations in the Sl that are congruent with the effects of VA and RA shown in other cell
types, lend support to the strong impact that VA nutrition has on retinoid homeostasis and
immune-related genes in the SI.

4.2. Potential new target genes regulated by VA in SI

Our analysis also uncovered several genes that were significantly regulated by VA status
that may be targets for further study in the context of gut infections. One of these is

MbIZ, an active player in gut immunity, the expression of which may be controlled by

VA in SI (Fig. 3A). Mannose-binding lectin (MBL) is an important pattern-recognition
receptor in the innate immune system [57], and MBLs are protective against gut infection
by selectively recognizing and binding sugars presented on the pathogens [58]. This

binding can neutralize the pathogen and inhibit infection by complement activation through
opsonization or through the lectin pathway. Low levels of MBL have been related to
increased susceptibility to several pathogens such as Neisseria meningitidis, Staphylococcus
aureus, and Streptococcus pneumoniae [59]. In regards of the transcriptional regulation. SI
is a predominant site of extrahepatic expression of MBL. Allelic variants of Mb/2have

been associated with deficiencies in MBL protein production, which may increase the risk
of mother-to-child HIV transmission [60]. However, interestingly, among infants with Mb/2
variants, VA plus S-carotene supplementation partially counteracted the increased risk of
transmission [61]. Currently, no mechanistic study has investigated how VA affects Mb/2
gene expression; however, since Mb/2is an upregulated DEG ranked high in terms of both
statistical significance and Fold Change (Fig. 3A and Table S1), we postulate that VA may
be an inducer of Mb/2 gene expression. If so, studies of this gene may provide another line
of evidence that VA participates in the regulation of the innate mucosal immunity.

Another candidate identified in our analysis is the NrOb2 (nuclear receptor subfamily 0,
group B, member 2), encoding the TF small heterodimer partner (SHP). SHP is an atypical
nuclear receptor that binds to a variety of nuclear receptors [62]. In liver, SHP plays an
important role in controlling cholesterol, bile acid, and glucose metabolism. Hepatic Nrob2
is retinoid-responsive both /n vitro and in vivo [63, 64]. In the hepatocyte cell line AML12,
Nrob2was upregulated dose-dependently by RA [63, 65]. However, in our Sl study, Nrob2
was downregulated by VA (Fig. 3A and Table S2). This may be due to organ specificity in
the transcriptional regulation on Arob2 gene, and/or may reflect the different roles played by
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liver and Sl in cholesterol metabolism. ArObZ2ranks relatively high regarding connectivity in
our Sl(Yellow) module (Fig. 5A), which is in line with its annotation as a TF.

4.3. RA treatment study and in silico prediction validated VA targets in SI

As an orthogonal verification, transcriptomes of lower Sl of mice that were either VA
deficient or VA deficient treated four times with an oral dose RA, the bioactive form of

VA, were compared (Fig. 7A, Tables S8, S9, and S12). This validation dataset of oral RA
supplementation focused on the acute transcriptional regulation by RA, which differs from
the more accumulative state of VA deficiency that mimics the nutrient-deficient population
living in resource-limited areas, a frequently studied topic in the field of nutritional science.
With the stringent cutoff for DEG (adjusted ~<.05 and |Fold change|> 2), the discoveries

of the Scarbl, Bcol, Isx, Cd207, and Mbl2 corresponding to the VA effect in our SI

study were replicated (Fig. 7A, Tables S8 and S9). Furthermore, Clcal, Mmp9, Nr0obZ2, and
Cxcl14 were partially replicated because although they all had adjusted ~<.05, their absolute
fold changes were between 1.55 and 1.95 (Table S12), close to but not reaching the more
stringent criteria of |[Fold change|> 2, which we used in the analysis of our main study. The
observed consistency between the genes discovered in the situation of acute RA treatment
and with long-term VA status, taken together with the fact that RAR/RXR binding sites were
predicted in the promoter regions of those genes (Fig. 7B), further suggests that those DEGs
we have identified could be direct targets under the transcriptional regulation of RA in SI.

4.4. VA as a potential regulator of the Sl Tuft cell population

An interesting observation that emerged from using the CellMarker database to identify cell
type-selective genes in the Sl dataset was the significance enrichment of Tuft cell markers
in the SI(Yellow) module (Fig. 6). As this module is negatively correlated with VVAS status,
this enrichment suggests that the SI Tuft cell population may be more abundant under VAD
status (Fig. 4C and Fig. S5). Tuft cells normally represent only about 0.5% of the epithelial
cells in the murine small and large intestines, with a slightly more prevalent distribution in
the distal SI [66]. As Tuft cells are a relatively newly identified secretory cell type [67], they
have not yet been well studied. We found no literature on this cell type with respect to VA
status. A speculation is that VVAD status is associated with higher numbers of ILC2 cells,
which stimulate Tuft cell differentiation. VA is known to regulate the balance between ILC2s
and ILC3s in the intestinal mucosa [3]. VA deficiency has been shown to suppress ILC3 cell
proliferation and function, and reciprocally to promote ILC2s [3]. IL-13 is one of the ILC2
cytokines that can drive the differentiation of epithelial precursors towards the Tuft lineage
[66]. One of the advantages of the co-expression network analysis used in our study is that
cell type-specific information may be derived through the analysis of whole intact tissues,
without the isolation of homogeneous populations of cells [33, 34]. Given the small number
of Tuft cells, isolation may prove difficult but approaches such as single-cell RNAseq, laser
capture microdissection, and immunohistochemistry may be useful in the future. Although
markers of goblet and Paneth cell were significantly enriched in SI(Turquoise) module, this
module did not show significant correlation with VA status (Fig. 4C).
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4.5. VA differentially regulates Sl and colon transcriptomes

In general, DEGs in the SI were fewer in number but were condensed in more biological
activities than those in the colon. The 49 DEGs in Sl not only included cell markers (Table
S2), but also genes in immunological and retinoid metabolic pathways (Fig. 3C and Fig.
S4). Compared with the Sl, the colon was enriched for fewer categories that differed by VA
status. The 60 downregulated DEGs in colon under VAS condition were enriched for the GO
term of cell division, which suggests that the primary transcriptional role of VA in colon

is related to inhibition of cell proliferation and induction of epithelial differentiation, two
widely applicable functions of RA. Together with the upregulation of goblet cell markers
(713, Mucl, Clcal, and Clca4b), our results are consistent with a differentiation-promoting
effect of VA in the colon (Table S3). Nur et al. [13] reported vitamin A deficiency caused
inflammatory changes in the rat colon that were similar to chemically induced colitis via
DNA microarray. However, this was not replicated in the current colon RNAseq dataset,
likely due to species and/or technical differences. Additionally, even though /sxwas a DEG
responsive to VA in both Sl and colon, we did not find BcoZ and Scarb1 to be differentially
expressed in the colon, in line with the processes of carotenoid digestion and absorption
taking place primarily in SI. Other than /sxand Cxc/14, a potent chemoattractant for
immune cells [68], no other genes in our studies were induced by VA in both organs.

Additionally, co-expression network analysis of the VA-correlated modules revealed very
distinctive module structures between the SI and colon. Although most genes were
commonly expressed in both organs (/7=14,059, Fig. 2), the preservation and overlap of
VA-correlated modules between the two organs were likely to be insignificant as judged
from the Zsummary score (Table S7) and the lack of counterpart modules (Fig. S7). In sum,
the networks under the influence of VA in Sl appeared poorly preserved in colon. This is a
further proof that although SI and colon are consecutive organs with similar developmental
origins, their biological functions, especially their roles in VA metabolism, are very distinct
from each other.

4.6. Limitations and future directions

Major limitations of the current work included: regarding the bulk RNAseq study design,
relatively small sample sizes (n=3 in most groups), and whole tissue were used, leading

to limited statistical power, and lack of direct evidence on the scale of specific cell types.
The validation dataset focused on Sl-only but lack the colon counterpart, and is potentially
involved with a discrepancy between the effect of acute oral RA supplementation and the
long-term accumulative effect of VA status. Finally, to strengthen the discoveries, functional
verifications of immune players (e.g. Mbl2) under the regulation of VA, are highly desired.

In the future, larger sample sizes should be considered to increase power [69]. Single

cell techniques may be employed to tease out the cell-type specific phenomena. For our
validation study, we opted to study Sl because when RA treatment is given orally, RA is
readily absorbed in the SI and thus little RA reaches the colon; therefore, we focused on

the region in which RA is absorbed. Validation of the discoveries in colon might require a
different model system other than oral RA treatment (e.g., transgenic mice that conditionally
express dominant negative RAR in colon, or colonic instillation of RA). Furthermore, future
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validation studies should also be expanded to the protein and functional levels. Our current
work compared Sl and colon on the scale of co-expression network. Alternative analysis
focusing on the differential expression of individual genes between the two organs is also of
future interest.

5. Conclusions

Taken together, the results of our analyses suggest the following: DEGs corresponding to VA
effect are present in both the SI and colon. In SI, DEGs altered by VA are mainly involved
in the retinoid metabolic pathway and immunity-related pathways. Our analysis uncovered
novel target genes (e.g., Mbl2, Cxcl14, and NrOb2) and moreover suggested that certain cell
types—mast cells based on differential expression analysis and Tuft cells based on marker
analysis—are under the regulation of VA, and therefore appear to be promising targets for
further study. With regard to the colon, VA appears to play an overall suppressive role on
cell division while promoting cell differentiation, consistent with known functions of VA

in other organ systems. Finally, the comparison of co-expression modules between Sl and
colon indicates distinct regulatory networks with few overlaps under the control of VA.
Collectively, these data provide a new framework for further investigations of VVA-regulated
cell differentiation in the Sl and colon, and for studies of the impact of infection on genes
regulated by VA.
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Fig. 1.
VAD mice have lower serum retinol levels than VVAS mice. Serum retinol concentrations

were measured by UPLC on post-infection day 5. Values are the mean + SEM of

n=3-6 mice per group. Two-way ANOVA test. *** A<.001. Abbreviations. vitamin

A (VA), vitamin A deficient (VAD), vitamin A sufficient (VAS), Ultra Performance
Liquid Chromatography (UPLC), standard error of the mean (SEM), analysis of variance
(ANOVA).
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Fig. 2.

Overview of the results of bioinformatics analyses. Initial mapping identified 24,421 genes.
After data pre-processing, 14,368 genes in the Sl study and 15,340 genes in the colon study
were maintained in the two datasets. Starting from the 14,368 Sl-expressed genes, 49 DEGs
corresponded to VA effect, and 9 co-expression modules were identified. Similarly, for the
colon study, 94 DEGs and 13 modules were identified among the 15,340 colon-expressed
genes in the colon study. A total of 14,059 genes were shared between the two datasets and
were used to for the module preservation analysis. Abbreviations: differentially expressed
gene (DEG), small intestine (SI), vitamin A (VA).
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Fig. 3.

Transcriptional changes in the intestines corres
of DEGs in SI (A) and in colon (B). Red: DEG

ponding to VA status. A, B, Volcano plots
s upregulated in non-infected VAS group

compared with non-infected VAD group; Blue: DEGs downregulated in non-infected VAS

group compared with non-infected VVAD group

; Black: non-DEGs. Each experimental group

contained 3 mice. Criteria: |Fold Change|=2 is marked out by two black vertical lines

x=1 and x=-1. padj=0.05 is marked out by a horizontal black line y=—L0g10(0.05). (C),
GO enrichment terms upregulated (orange) or downregulated (blue) by VA in Sl. Criteria:
p.adj<0.05. Abbreviations: padj (adjusted Pvalue according to DESeq?2), differentially

expressed gene (DEG), small intestine (SI), vit

amin A sufficient (VAS), vitamin A deficient

(VAD), Gene ontology (GO), BH-adjusted P value from the hypergeometric test conducted

by ClusterProfiler (p.adj).
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Fig. 4.

Cc?—expression network construction in the intestines via WGCNA. A, B, C, Results from

Sl study (12 samples involved). D, E, F, Results from colon study (16 samples involved).

A, D, Soft threshold power beta were chosen for SI (A) and colon (D) networks according
to the scale-free topology criteria (horizontal red lines). B, E, Clustering dendrograms of co-
expression modules in SI (B) and colon (E). Transcripts are represented as vertical lines and
are arranged in branches according to topological overlap similarity using the hierarchical
clustering. The dynamic treecut algorithm was used to automatically detect a series of highly
connected modules, referred to by a color designation. Module color designation are shown
below the dendrogram. C, F, Correlation of module eigengenes with VA status in SI (C)

and colon (F) networks. Upper numbers in each cell: Correlation coefficient between the
module and the trait. Lower numbers in parentheses: Pvalue of the correlation. Significant
correlations (P <0.01) were obtained between VA status and the Sl(Yellow), SI(Pink),
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SI(Red) (C), Colon(Black), Colon(Green), Colon(Purple), and Colon(Red) (F) modules.
Abbreviation: weighted gene co-expression network analysis (WGCNA), small intestine
(SI), vitamin A (VA).
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Visualization of the co-expression network in three modules of interest in SI. A, Si(Yellow),
B, SI(Red), and C, SI(Pink). In each of the modules of interest, the top 50 genes ranked

by connectivity are depicted using igraph in R. Each node represents a gene. The size of

the node is proportional to the connectivity of the gene. The shape of the nodes is coded:
squares = TFs, circles = non-TFs. Color of the nodes denote: Blue = downregulated DEGs in
VAS condition, Red =upregulated DEGs in VVAS condition. Font: red bold italic = cell type
markers. Thickness of lines between nodes: proportional to the adjacency value of the gene
pair. In order to improve network visibility, adjacencies equal to 1 or lower than 0.7 were
omitted. Abbreviations: small intestine (SI), transcription factor (TF), vitamin A sufficient

(VAS).
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Overlap between module genes and SI cell markers. The cell type marker lists of SI

were obtained from CellMarker, a manually curated database. Upper numbers in each cell:
Number of probes shared between the designated module (y axis) and the cell marker

list (x axis). Lower numbers in parentheses: Bonferroni corrected P value (CP) of the one-
sided hypergeometric test, which evaluates if the gene list of a module significantly over-
represents any cell type markers. Criteria; CP<0.05. Color shade of each cell is according to
-log10(CP). Four significant overlaps were highlighted with red shades.

J Nutr Biochem. Author manuscript; available in PMC 2022 March 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chai et al. Page 28

Scarb1
I:Am
Isx
150.
K]
£100.
S
=
=3
o
-
0
50 .
Sicbal4
Prdt2
Ghas iz
“oFip1
CGZW_ *|Akric14
YN
BC089597 P2c66,
-5 0 5
Log2 Fold Change
e T T S
op2 - ——— | | | | i
sami | ] - 1 | |
s e . 5
[
. L B
: [ [
| | | | | |
| |
i 1
B RARA RARA:RXRA RARA::RXRG B RARA(var.2) B rab
Rarb(var.2) B RARB(var.3) B Rrarg B Rarg(var.2) B RARG(var.3)
B Rxra RXRB B RXRB(var.2) I RXRG RXRG(var.2)

Fig. 7.

E)?perimental and bioinformatic validation study results. A, Volcano plot of DEGs in

the validation dataset of SI. Red: DEGs upregulated in VAD mice orally treated with

four times RA compared with VAD mice without oral RA supplementation; Blue: DEGs
downregulated in VAD mice orally treated with four times RA compared with VAD mice
without oral RA supplementation; Black: non-DEGs. Each experimental group contained
three mice. Criteria: |Fold Change|=2 is marked out by two black vertical lines x=1 and
x=-1. padj=0.05 is marked out by a horizontal black line y=—L0g10(0.05). B. Visualization
of RAR/RXR binding sites predicted in the promoter regions of Nrob2, Scarb1, Ca207,
Clcal, Becol, Mmp9, Isx, and Mbl2. Promoter regions were defined as spanning —1500
bases to +500 bases relative to the transcription start site. CiiiDER software was employed,
using Ensembl 94 annotations of the mouse GRCm38 genome and 2020 JASPAR core
vertebrate matrices, with deficit threshold set at 0.25. Binding sites of other transcription
factors were computed but not shown here. Abbreviations. padj (adjusted Pvalue according
to DESeq?2), differentially expressed gene (DEG), small intestine (SI), vitamin A deficient
(VAD), retinoic acid (RA), retinoic acid receptors (RAR), retinoid X receptor (RXR).
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