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Abstract 

The intestine, is responsible for food digestion, nutrient absorption, endocrine secretion, food residue excretion, 
and immune defense. These function performances are based on the intricate composition of intestinal epithelial 
cells, encompassing differentiated mature cells, rapidly proliferative cells, and intestinal stem cells. Although the char‑
acteristics of these cell types are well-documented, in-depth exploration of their representative markers and transcrip‑
tion factors is critical for comprehensive cell fate trajectory analysis. Here, we unveiled the feature genes in different 
cell types of the human and mouse gut through single-cell RNA sequencing analysis. Further, the locations of some 
specific transcription factors and membrane proteins were determined by immunofluorescence staining, and their 
role in regulating the proliferation and differentiation of intestinal epithelial cells were explored by CRISPR/Cas9 
knockout. Therefore, this study not only reports new markers for various intestinal epithelial cell types but also elu‑
cidates the involvement of relevant genes in the determination of epithelial cell fate and maintenance of stem cell 
homeostasis, which facilitates the tracing and functional elucidation of intestinal epithelial cells.
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Background
The intestine is the vital organ responsible for diet diges-
tion, nutrient absorption, hormone secretion, microbial 
defense and immune response (Li et  al. 2021; Peter-
son and Artis 2014; Tremaroli and Bäckhed 2012). The 
maintenance of intestinal homeostasis depends on the 
function of epithelial cells in the mucosal layer and stro-
mal cells distributed in the intestinal lamina propria 
(Goto et  al. 2022; Holloway et  al. 2021; McCarthy et  al. 
2020). The epithelial cells include mature absorptive 

epithelial cells, secretory goblet cells and enteroendo-
crine cells (EECs), intestinal stem cells (ISCs), and transit 
amplifying (TA) cells (Beumer et al. 2018; Schuijers et al. 
2015; Serra et  al. 2019; Zorn and Wells 2009). Due to 
the advancements of single-cell transcriptome sequenc-
ing technology, our understanding of the functionality 
of these cells in the intestinal epithelium and their gene 
expression has been greatly enhanced. Single-cell tran-
scriptome survey of epithelial cells from different regions 
of murine small intestine revealed differential gene 
expression in enterocytes, Paneth cells (PCs), and SCs 
in the proximal versus distal regions, and new subsets of 
enteroendocrine cells and tuft cells were also identified 
(Grün et al. 2015; Wang et al. 2022). Through the analysis 
of differentially expressed genes, more novel cell mark-
ers and cell subtypes were identified in human intestine 
(Wang et al. 2020).

To further uncover the heterogeneity of gene expres-
sion and the related functions in mouse and human 
intestinal epithelial cells in great details, we analyzed 
the transcriptomes of 14,537 intestinal epithelial cells 
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from the human ileum, colon and rectum (Wang et  al. 
2020), and 4467 epithelial cells from the mouse small 
intestine (Liu et al. 2023). Specifically, transcription fac-
tors (TFs), membrane proteins and cell markers of spe-
cifical cell types were selected, and their expression levels 
were determined in vivo. To explore their functions, we 
knocked down these genes in mouse organoids. Our data 
revealed the transcriptomic variation in various intestinal 
epithelial cell types of mice and human, and uncovered 
the variation in the expression levels of the related genes 
in the patients with ulcerative colitis (UC) and tumors, 
which would facilitate the further investigation on their 
functions in the inflammatory bowel disease and cancer 
development.

Results
The transcriptome profiles of specific cell markers 
in the mouse and human intestine
Based on previously published single-cell RNA 
sequencing (scRNA-seq) results, we categorized 

epithelial cells of the mouse small intestine into ten 
distinct cell types utilizing unsupervised graph-based 
clustering techniques (Fig. 1A) (Liu et al. 2023). By ana-
lyzing their transcriptome profiles of these cell groups, 
we screened genes exhibiting specific expression pat-
tern within particular cell populations. These genes 
encode a diverse array of functional proteins, encom-
passing transcription regulators orchestrating the cell 
cycle, membrane-associated proteins pivotal in ion 
transport and signaling pathway activation, as well as 
cell markers exhibiting enriched expression in specific 
cell types.

During the process of cell cycle, several essential TFs 
play a crucial role in regulating the expression of cyc-
lins. These regulators facilitate the mitosis progression 
through cell cycle checkpoints while also participate in 
the degradation of cyclins at specific phases of cell cycle. 
Consequently, these transcription factors exhibit a pre-
dominant enrichment within TA cells, while fewer levels 
in SCs, including FOXM1, MYBL2 and UBE2C (Fig. 1B, 

Fig. 1  The transcriptome profiles of specific cell markers in the mouse and human intestine. A Cell clusters of mouse intestine based on scRNA-seq. 
B Expression (indicated by color saturation) of indicated genes in single cell of the mouse small intestine from the scRNA-seq analysis. C Expression 
patterns of the feature genes in mouse small intestinal epithelium. Each dot represents a gene, of which the color saturation indicates the average 
expression level (scaled by Z-core), and the size indicates the percentage of cells expressing the gene. D Expression patterns of the feature genes 
in human intestinal epithelium. Each dot represents a gene, of which the color saturation indicates the average expression level (scaled by Z-core), 
and the size indicates the percentage of cells expressing the gene
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C), which were similar in the human intestine (Fig. 1D) 
(Wang et al. 2020).

Among membrane-associated proteins, aminopepti-
dase encoded by ANPEP facilitates intestinal cholesterol 
endocytosis by binding to the enterocyte brush border 
membrane, which is enriched in enterocytes (Fig.  1B, 
C, D). Functioning as a receptor for insulin-like growth 
factors (IGFs), IGF1R is primarily expressed on the cell 
membrane of both SCs and TA cells. Likewise, two mem-
bers of the solute carrier family genes, SLC12A2 and 
SLC16A1, SLC12A2 facilitates the uptake of sodium and 
chloride ions, while SLC16A1 mediates the transport 
of monocarboxylate ions. Both genes exhibit enriched 
expression in SCs and TA cells, while at lower levels in 
absorptive enterocytes (Fig. 1B, C, D).

Apart from TFs and membrane-associated proteins, 
other feature genes were also identified. HSPD1 encodes 
the mitochondrial molecular chaperone protein, is nota-
bly pronounced in SCs and TA cells (Fig.  1B, C, D). 
Similarly, mitochondrial proteins encoded by C1QBP 
participate in diverse cellular activities and exhibit nota-
bly higher in SCs and TA cells (Fig. 1B, C, D). Carboxy-
peptidase E (CPE), serves as an indispensable enzyme 
involved in hormone biosynthesis, which emerges as a 
gene specifically expressed in EECs (Fig. 1B, C, D). Inter-
estingly, FABP5, which is instrumental in intracellular 
fatty acid transport and lipid metabolism, also demon-
strates specific expression in EECs (Fig. 1B, C, D).

In our preliminary investigation using scRNA-seq, we 
identified the various cell types and expression levels of 
the genes of interest, and ascertained the precise expres-
sion locations and functional roles of these genes within 
the tissues of mouse and human intestines.

The expression position of specific transcription factors 
in mouse and human intestine
Employing scRNA-seq analysis on both mouse and 
human ileum, our investigation unveiled distinctive 

expression patterns of several crucial TFs within TA 
cells and SCs, facilitating the intricate regulation of 
intestinal epithelial development, regeneration, and 
tumorigenesis. To precisely pinpoint their expression 
locations, we conducted an initial immunoblot assay, 
highlighting the specific expression of FOXM1, MYBL2, 
and UBE2C in the intestinal crypt region (Fig. 2A).

FOXM1, a transcription activator pivotal for orches-
trating the expression of cell cycle genes crucial in 
mitosis (Fu et al. 2008; Littler et al. 2010), has also been 
identified as an oncogenic factor, triggering DNA dam-
age repair, proliferation and migration of gastric cancer 
cells (Tan et al. 2023; Zhang et al. 2018b). Our observa-
tions revealed a pronounced expression of FOXM1 in 
the nucleus of proliferative cells within both the mouse 
and human intestine, as evidenced by co-immunostain-
ing with Ki67 (Fig. 2B and Fig. S1A).

As a downstream target gene of FOXM1 (Zhang et al. 
2018a), ubiquitin conjugating enzyme E2 C (UBE2C) 
encodes a member of the E2 ubiquitin-conjugating 
enzyme family catalyzing the ubiquitination and deg-
radation of cyclin A and B, collaborating with the E3 
ligase of the anaphase-promoting complex (APC) 
through the spindle assembly checkpoint. To identify 
the expression location of UBE2C, we performed the 
immunostaining and immunoblot assay and confirmed 
the increased level of UBE2C in the crypt region of 
mouse and human intestine (Fig. 2C and Fig. S1B).

MYBL2, encoding a member belonging to the MYB 
family of TFs, is required as a pioneer factor to enable 
the binding of FOXM1 to G2/M gene promoters (Down 
et  al. 2012). Suppression of MYBL2 induces a modest 
shift in cell-cycle distribution: a significant increase of 
cells accumulated in G2/M phase (Papetti and Augen-
licht 2010). In both the mouse and human intestine, 
MYBL2 presents the predominant co-expression of 
KI67+ proliferative cells through co-immunostaining 
(Fig. 2D and Fig. S1C).

Fig. 2  The expression of specific transcription factors, membrane-associated proteins and cell markers in human small and large intestine. A 
Immunoblot of protein FOXM1, MYBL2 and UBE2C in villus and crypt derived from mouse small intestine. B FOXM1 and KI67 immunostaining 
of small and large intestine derived from human specimens. Scale bars: 50 μm. C UBE2C immunostaining of large intestine derived from human 
specimens. Scale bars: 10 μm. D MYBL2 and KI67 immunostaining of small and large intestine derived from human specimens. Scale bars: 50 μm. 
E Immunoblot of protein ANPEP, SLC12A2, IGF1R and SLC16A1 in villus and crypt derived from mouse small intestine. F SLC12A2 immunostaining 
of small intestine derived from human specimens. Scale bars: 50 μm. G SLC16A1 and E-Cadherin immunostaining of small intestine derived 
from human specimens. Scale bars: 50 μm. H ANPEP and E-Cadherin immunostaining of small and large intestine derived from human specimens. 
Scale bars: 50 μm. I IGF1R immunostaining of small and large intestine derived from human specimens. Scale bars: 50 μm. J Immunoblot of protein 
HSPD1, CPE, FABP5 and C1QBP in villus and crypt derived from mouse small intestine. K CPE and Chromogranin A immunostaining of small 
and large intestine derived from human specimens. Scale bars: 50 μm. L HSPD1 and E-Cadherin immunostaining of small intestine derived 
from human specimens. Scale bars: 50 μm. M FABP5 and Chromogranin A immunostaining of small and large intestine derived from human 
specimens. Scale bars: 50 μm. N C1QBP and E-Cadherin immunostaining of small intestine derived from human specimens. Scale bars: 50 μm

(See figure on next page.)
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The location of specific membrane proteins in mouse 
and human intestine
Although the functions of intestinal epithelial subtypes 
have been extensively studied, the identification of spe-
cific membrane proteins suitable for live cell sorting 

remains obscure. To address the genes responsible for 
encoding membrane proteins in distinct epithelial cell 
types, scRNA-seq analysis was performed and a reper-
toire of membrane-related genes were identified, pre-
dominantly including receptors crucial for signaling 
activation and nutrient transporters.

Fig. 2  (See legend on previous page.)
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SLC12A2, a membrane cotransporter facilitating the 
transport and reabsorption of sodium and chloride 
across cellular membranes, participates in maintaining 
the proper ionic balance and cell volume (Payne et  al. 
1995; Yang et  al. 2020). Analysis of scRNA-seq results 
indicated the increased expression of SLC12A2 in both 
SCs and TA cells (Fig. 1), implying a potential impact of 
ion transport on the functionality of the SCs. In line with 
these findings, our observations consistently demon-
strated a higher expression of SLC12A2 in both SCs and 
proliferative cells within the crypt region of mouse and 
human intestine tissues (Fig. 2E, F and Fig. S1D).

Similar to SLC12A2, SLC16A1 expression is higher 
not only in the SCs, but also in absorptive enterocytes 
(Fig.  1). Functioning as a bidirectional proton-coupled 
monocarboxylate transporter, SLC16A1 catalyzes the 
swift transport of various monocarboxylates across the 
plasma membrane to the maintenance of intracellular pH 
(Reddy et al. 2020; Wang et al. 2021). We also confirmed 
that Slc16a1 exhibits predominant expression within the 
mouse crypt region (Fig. 2E and Fig. S1E), and the loca-
tion of SLC16A1 in the basolateral membrane of human 
intestinal crypts (Fig. 2G).

As a receptor of F4 fimbriae, alanyl aminopepti-
dase (ANPEP) induced clathrin-mediated endocytosis 
of enterocytes in the context of the intestinal mucosal 
immune response (Melkebeek et  al. 2012). In the intes-
tine, ANPEP shows a specific higher expression in 
absorptive enterocytes (Fig.  1). The heightened levels 
of ANPEP predominantly localized to the apical mem-
brane of enterocytes in the villus region in both mouse 
and human intestine tissues (Fig.  2E, H and Fig. S1F). 
Notably, in contrast to the human large intestine, where 
ANPEP expression is prominent, there was minimal 
expression of ANPEP detected in the epithelium of the 
mouse large intestine (Fig. S1F).

IGF1R encodes a high affinity receptor of insulin-like 
growth factor 1 (IGF1) with tyrosine kinase activity, 
which triggers downstream signaling pathway promot-
ing cellular proliferation, tumor transformation, and the 
survival of malignant cells (Penney and Li 2018). In align-
ment with the notable IGF1R expression in SCs besides 
myofibroblasts based on scRNA-seq analysis, our obser-
vations underscored a heightened expression of IGF1R 
specifically within the crypt region (Fig.  2E, I and Fig. 
S1G), which may suggest the specific regulation of IGF 
signaling for intestinal stemness maintenance.

The expression position of specific cell markers in mouse 
and human intestine
In addition to the TFs and membrane proteins men-
tioned above, we also screened some genes which are 
predominantly expressed in specific cell types through 

scRNA-seq analysis. The function of these genes may 
be involved in the regulation of proliferation and cell 
fate in intestinal homeostasis, thus we identified these 
genes as specific cell markers and determined their 
expression locations.

Carboxypeptidase E (CPE) is identified as a sort-
ing receptor promoting preproprotein to generate the 
mature peptidase proteolytically. During hormone syn-
thesis, CPE acts as a prohormone processing enzyme 
in endocrine cells and directs prohormones to the 
regulated secretory pathway. Deficiency of CPE sup-
pressed the level of Neuropeptide Y (NPY) and Peptide 
YY (PYY), secreted by EECs (Karhausen et  al. 2014). 
Compared with villus region, the lower level of CPE 
was presented in the crypt region (Fig.  2J). Consist-
ently, CPE was mainly presented in villus region both in 
mouse and human intestine by co-staining with Chro-
mogranin A (Fig. 2K and Fig. S1H).

HSPD1, as a member of the chaperonin family, pre-
vents misfolding and promotes the refolding and 
proper assembly of unfolded polypeptides generated 
under stress conditions in the mitochondrial matrix 
(Levy‐Rimler et  al. 2001; Viitanen et  al. 1992). HSPD1 
shows a lower level in the villus than in the crypts 
through immunoblot verification (Fig.  2J), also, the 
enrich expression level of HSPD1 exhibited in the SCs 
of crypt region in mouse and human tissues (Fig.  2L 
and Fig. S1I).

In prior studies, FABP5 was highly and exclusively 
expressed in enteroendocrine K cells, maintaining 
the normal level of glucose-dependent insulinotropic 
polypeptide (GIP) (Sommer and Mostoslavsky 2014), 
which regulates diet-induced obesity in response to fat 
ingestion (Shibue et al. 2015). The immunoblot results 
showed that FABP5 is more enriched in villus com-
pared to the crypt region in mouse intestine (Fig.  2J). 
Furthermore, FABP5 overlapped significantly with 
Chromogranin A (ChgA), which was enriched in the 
villus region of small intestine and top half of crypt 
region of large intestine in mouse and human intestines 
(Fig. 2M and Fig. S1J).

C1QBP encodes a multifunctional and multicompart-
mental protein, involved in inflammation process, ribo-
some biogenesis and protein synthesis in mitochondria 
(Feichtinger et  al. 2017; Storz et  al. 2000). C1QBP is 
broadly expressed in intestinal epithelial cells, while a 
larger proportion of which is enriched in SCs and pro-
genitor cells (Fig.  1C, D), and the expression level of 
C1QBP was higher in the crypt region than in the villus 
through immunoblot verification (Fig.  2J). Furthermore, 
C1QBP is indeed enriched in crypt region and the bot-
tom half of villus region of mouse and human tissues 
through immunostaining (Fig. 2N and Fig. S1K).
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The effect of the related genes abrogation in the mucous 
layer on the fate regulation of epithelial cells
To further validate the involvement of these genes in 
regulating the proliferation, differentiation, and apoptosis 
of epithelial cells, we conducted experiments involving 
small intestinal organoids derived from Villin-CreERT2; 
Rosa26-fl-STOP-fl-Cas9egfp mice. These organoids were 
infected with adeno-associated virus (AAV) containing 
specific sgRNA sequences targeting the genes of interest. 
By employing Cas9 to target the corresponding sgRNA 
sequences, we effectively disrupted the normal transcrip-
tional processes within the epithelial cells.

As an upstream regulator facilitating the binding of 
the FOXM1 transcription factor to its promoter region, 
Mybl2 plays a crucial role in the regulation of epithelial 
cell proliferation. Upon knockdown of Mybl2, a marked 
depletion of its protein levels was observed in small 
intestinal organoids derived from mice (Fig. 3A), so as a 
significant decrease in the number of budding organoids 
and an increase in apoptotic cells (Fig. 3B). Furthermore, 
Mybl2 reduction significantly promoted the proliferation 
and differentiation of secretory cells (Fig.  3C). Mean-
while, diminished expression of Ube2c led to a notable 
reduction in organoid size and budding number (Fig. 3D, 
E). Moreover, the lower levels of Ube2c significantly 
inhibited proliferation and stemness while promoting 
Paneth cell differentiation within the epithelium (Fig. 3F).

Loss of Slc12a2, functioning as a membrane-associ-
ated transporter in SCs and TA cells, significantly pro-
moted proliferation and inhibited the differentiation of 
absorptive epithelial cells (Fig.  3G, H, I). Furthermore, 
as a receptor displaying high-affinity binding to the Igf1 
ligand, decreased expression of Igf1r resulted in the inac-
tivation of the IGF signaling pathway (Fig. 3J), alongside 
an increase in the size of spheroids (Fig. 3K). Notably, the 
inactivation of Igf1r significantly suppressed the prolifer-
ation and differentiation of absorptive enterocytes, while 
leaving the differentiation of secretory cells unaffected 
(Fig. 3L).

The expression levels of the feature genes in human colitis 
and colorectal cancer
After delineating the expression patterns of these genes 
in mouse and human intestine tissues, our research also 
focused on whether these genes are implicated in the 
onset of inflammation and the progression of tumors. To 
achieve this, we are conducting an analysis of the tran-
scriptome variations of the corresponding genes in speci-
mens obtained from patients diagnosed with UC and 
colorectal cancer (CRC).

Previous research has highlighted an upregulated 
expression of IGF1R in primary gastrointestinal sarco-
mas (Lasota et  al. 2013). Additionally, knockdown of 

IGF1R promotes apoptosis in CRC cells through the 
activation of the mitochondrial pathway by trigger-
ing the expression of MDA5 and RIG-I in the intestinal 
epithelium (Wang et al. 2019). Our investigation further 
reveals a significant reduction in the expression of IGF1R 
in patients diagnosed with UC (Fig. S2A). Intriguingly, 
despite this reduction in expression, the activation level 
of the IGF signaling pathway displays variability across 
primary CRC (Fig. S2B).

In both UC and CRC patients, the absence of 
SLC16A1 disrupts the transport of bacterial products 
via H+-coupled short-chain fatty acid transport mecha-
nisms (Sivaprakasam et  al. 2017). Furthermore, our 
observations indicate a notable suppression in the levels 
of SLC16A1 in both UC patients and primary CRC (Fig. 
S2A, B).

Additionally, loss of ANPEP has been shown to miti-
gate the clinical manifestations of colitis by dampening 
the activity of both activated and regulatory T cells (Bank 
et  al. 2006). Consistently, the lower expression levels of 
ANPEP observed in primary tumor tissues of CRC and 
UC patients further substantiate this phenomenon (Fig. 
S2A, B).

Abundant intraepithelial expression of HSPD1 during 
the early stages of CRC has been found to inhibit apop-
tosis by facilitating the binding of pro-caspase 3, thereby 
supporting cancer cell survival (C. Campanella and A.M. 
Czarnecka 2008; Rappa et al. 2016). Moreover, aside from 
the heightened expression levels observed in tumors, we 
have also identified a significant enrichment of HSPD1 in 
inflammatory samples (Fig. S2C, D).

The novel isoform of FOXM1 has been shown to 
directly interact with ROCK2, thereby activating Rho/
ROCKs signaling, which further promotes actin polym-
erization and impedes E-cadherin expression, ultimately 
culminating in epithelial-mesenchymal transition (EMT) 
and metastasis in CRC (Zhang et  al. 2016). In line with 
findings from tumor samples, FOXM1 expression was 
found to be enriched in colitis samples as well (Fig. S2C, 
D), suggesting its pivotal role in driving malignant prolif-
eration of tumor cells.

Similarly, upregulation of UBE2C has been associated 
with the amplification of copy number in chromosome 
20q and activation of MAPK1 signaling, thereby promot-
ing cell growth and invasive abilities of gastric cancer 
cells (Nicolau-Neto et al. 2018). Similarly, a high enrich-
ment of UBE2C in primary tumor cells was observed 
(Fig. S2D). Moreover, the elevated expression of UBE2C 
in inflammatory samples suggests that damaged tissues 
undergo regenerative repair by driving hyperproliferation 
(Fig. S2C).

To evaluate the impact of signature gene expression 
on patient survival, various tumor types were further 
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analyzed, including colon adenocarcinoma, stomach ade-
nocarcinoma, and lung adenocarcinoma (Gyorffy 2024a, 
b; Tang et al. 2019, 2017). High expression of transcrip-
tion factors FOXM1, MYBL2, and UBE2C (Fig. S3A, C, 

E) was associated with better survival in colon cancer 
patients, yet showed the opposite effect in stomach and 
lung cancers (Fig. S3B, D, F), aligning with our findings. 
Lower CPE expression correlated specifically with better 

Fig. 3  Functional validation of genes specifically expressed in stem cells and proliferative cells in the small intestine epithelium. A Immunoblot 
of the level of Mybl2 in small intestinal organoids after AAV infection. B Representative images of small intestinal organoids with Mybl2-knockdown 
at day 4 after AAV infection. Scale bars: 200 μm. C qRT-PCR of epithelial marker genes in small intestinal organoids with Mybl2-knockdown at day 4 
after AAV infection. D Immunoblot of the level of Ube2c in small intestinal organoids after AAV infection. E Representative images of small intestinal 
organoids with Ube2c-knockdown at day 4 after AAV infection. Scale bar: 200 μm. F qRT-PCR of epithelial marker genes in small intestinal organoids 
with Ube2c-knockdown at day 4 after AAV infection. G Immunoblot of the level of Slc12a2 in small intestinal organoids after AAV infection. H 
Representative images of small intestinal organoids with Slc12a2-knockdown at day 4 after AAV infection. Scale bar: 200 μm. I qRT-PCR of epithelial 
marker genes in small intestinal organoids with Slc12a2-knockdown at day 4 after AAV infection. J Immunoblot of the level of Igf1r in small intestinal 
organoids after AAV infection. K Representative images of small intestinal organoids with Igf1r-knockdown at day 4 after AAV infection. Scale bar: 
200 μm. L qRT-PCR of epithelial marker genes in small intestinal organoids with Igf1r-knockdown at day 4 after AAV infection. *p < 0.05, ** p < 0.01, 
***p < 0.001. Data are displayed as the mean ± SD by two-way ANOVA in (C), (F), (I) and (L)
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survival in stomach adenocarcinoma, while showed no 
impact on the survival in both colon and lung cancers 
(Fig. S3G, H).

Although HSPD1 was upregulated in all three adeno-
carcinomas, its association with reduced survival in 
colon cancer and better survival in lung cancer (Fig. S3I, 
J). Similarly, ANPEP showed higher progression in stom-
ach cancer and reduced survival in stomach cancer, and 
lower expression levels in colon and lung tumors with 
reduced survival in colon patients (Fig. S3K, L). Overall, 
these cell markers display distinct expression profiles and 
effects across tumor types, variably influencing progres-
sion and patient survival.

Discussion
As an organ capable of food digestion, nutrient absorp-
tion, immune defense and hormone secretion, intestine 
growth and development in homeostasis, damage repair 
and tumor formation under pathological conditions have 
been extensively studied. With the continuous progress 
of single-cell transcriptome sequencing technology, we 
have gained a deeper insight of the gene expression pat-
tern variation between different intestinal segments, dif-
ferent cell types, and in pathological tissues (Liu et  al. 
2023; Wang et  al. 2020), which promotes us to further 
explore the regulation of cell differentiation fate during 
intestinal development and the essential genes in intesti-
nal inflammation and tumorigenesis.

However, the function of some genes specifically 
expressed in certain cell types in the cell fate regulation 
of epithelial cells, inflammation and tumorigenesis is 
not well understood. In this study, we screened and vali-
dated some genes that are enriched expressed in specific 
cell types, including transcription factors regulating cell 
cycle, membrane-associated proteins involved in nutri-
ent transport and signaling activation, and cell markers 
related with functions of certain cell population. In addi-
tion, we verified the function of the related genes in epi-
thelial cell fate regulation by gene knockdown in small 
intestinal organoids, and further explored the possible 
role of these genes in inflammation and tumorigenesis by 
using pathological samples of patients.

ScRNA-seq analysis revealed that FABP5 is enriched 
in EECs of the mouse intestinal epithelium, whereas in 
humans, it is more broadly expressed across EECs. This 
expression difference was further confirmed by immu-
nofluorescence staining. C1QBP is broadly expressed in 
various epithelial cell types at the mRNA level in both 
human and mouse intestine, yet in human intestinal epi-
thelium, protein staining shows it is primarily enriched 
in the stem cell region. SLC12A2 is highly expressed in 
human stem cells and secretory cells, but in mice, it is 
mainly expressed in stem and TA cells. Immunostaining 

verified high SLC12A2 expression in stem and prolif-
erative cells for both species. In both human and mouse 
intestinal epithelium, HSPD1 shows low expression spec-
ificity, being abundant in the stem cell zone and widely 
distributed across mature cells. These specificity varia-
tions should be further studied to validate the representa-
tiveness of these markers.

Our data confirmed that inhibition of MYBL2 would 
promote a large number of proliferative cells to be stag-
nated in the G2/M phase, which is consistent with some 
earlier research, but as a transcription factor driving cells 
through the cell cycle checkpoint, UBE2C suppression 
induces the proliferation blockade and variation in the 
differentiation direction of epithelial cells. However, our 
data only verified the effect of the related genes deletion 
on the proliferation and differentiation of small intestinal 
epithelial cells at the transcriptional level, and did not 
reveal the effect of gene knock-down on the downstream 
regulated protein and some signaling pathways, further 
affecting the decision of cell differentiation fate. Also, 
inhibition of the IGF signaling pathway in organoids also 
revealed a transient damage repair process in organoids, 
which is similar to the rapid expansion during the fetal-
like state (Serra et  al. 2019). In addition, bioinformat-
ics analysis revealed differences in the expression of the 
related genes in patient samples, but the specific regula-
tory mechanisms of these genes during inflammation and 
tumorigenesis remain unclear. Exploring the expression 
level variation of these genes and the alterations in the 
related signaling pathways in mouse models would help 
to better understand the role of these genes in the devel-
opment of human diseases.

Conclusions
By analyzing scRNA-seq data and validating through 
immunofluorescence staining, we identified the expres-
sion levels of feature genes (Hspd1, Cpe, C1qbp, Fabp5), 
key transcription factors (Foxm1, Ube2c, Myble2) and 
membrane proteins (Anpep, Slc12a2, Igf1r, Slc16a1) 
across different intestinal epithelial cell types. Their func-
tions were further confirmed through gene knockdown 
experiments in intestinal organoids, highlighting their 
roles in intestinal inflammation and tumor development.

Materials and methods
Human sample analysis
TCGA-COAD gene expression data and clinical informa-
tion were obtained using GDCRNATools (access date: 
Sep 27, 2023), which facilitated the organization and inte-
grative analysis of RNA expression data in the Genomic 
Data Commons (GDC) Data Portal (Liu et al. 2023; Nico-
lau-Neto et al. 2018). Microarray data were derived from 
Gene Expression Omnibus (GEO) dataset [GSE38713 
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(Planell et  al. 2013) and GSE53306 (Zhao et  al. 2015)]. 
The datasets were directly accessed through the R (v4.2.1) 
package GEOquery to retrieve normalized expression 
data. Then, the R (v4.2.1) package ggpubr (https://​cran.r-​
proje​ct.​org/​web/​packa​ges/​ggpubr/​index.​html) was used 
to generate box plots and calculate respective P value, 
and Wilcoxon rank sum tests were used to compare two 
conditions.

Mice
Villin-CreERT2 mice were a gift from Dr. Sylvie Robine 
(Institute Curie-CNRS, Paris), and Rosa26-loxp-stop-
loxp-Cas9-EGFP mice from Dr. Jianwei Wang (Tsing-
hua University). All mice were performed as previously 
described (Wang and Liu 2023). All animal studies were 
performed in accordance with the guidelines and under 
the approval of the Institutional Animal Care and Use 
Committee of Tsinghua University (YGC-19).

Immunofluorescence staining
Intestinal tissues were fixed with 4% formaldehyde solu-
tion for overnight and dehydrated with gradient concen-
tration ethanol. Then, tissues were embedded in paraffin 
with paraffin embedding machine (Arcadia H + C; Leica), 
and sections were prepared with paraffin slicing machine 
(RM2255; Leica). For frozen sections, intestine tis-
sues were fixed with 4% formaldehyde solution for 2 
h at 4 °C, followed by dehydrating in 30% sucrose solu-
tion at 4 °C overnight. Next, the tissues were embedded 
in optimal cutting temperature compound (Sakura) and 
stored at -80 °C. Sections were prepared with freezing 
slicing machine (CM1950; Leica). For staining, the sec-
tions were permeabilized with PBST solution (3% bovine 
serum albumin and 0.1% Triton X-100 in PBS) and then 
incubated overnight with the primary antibody at 4 °C. 
The fluorescein-labeled secondary antibodies (1:800; the 
Jackson Laboratory) for immunofluorescence or second-
ary horseradish peroxidase conjugated goat anti-rabbit 
antibody (ZSGB-BIO) for immunohistochemistry were 
added for 2 h at room temperature. Confocal laser scan-
ning (FV3000; Olympus) or 3,30-diaminobenzidine chro-
mogenic fluid (ZSGBBIO) was used to detect the staining 
signals.

Antibodies
Mouse anti-Ki67 (1:200; 9449, CST), mouse anti-E-
cadherin (1:1000; 610,182, BD Biosciences), mouse 
anti-chromogranin A (1:200; sc-393941, Santa Cruz), 
rabbit anti-Foxm1 (1:100; ab207298, Abcam), rab-
bit anti-Ube2c (1:50; 12,134–2-AP, Proteintech), rabbit 
anti-Mybl2 (1:100; ab76009, Abcam), rabbit anti-Anpep 
(1:50; 14,553–1-AP, Proteintech), rabbit anti-Slc12a2 
(1:50; 13,884–1-AP, Proteintech), rabbit anti-Slc16a1 

(1:50; 20,139–1-AP, Proteintech), rabbit anti-Igf1r (1:100; 
ab182408, Abcam), rabbit anti-Cpe (1:50; 13,710–1-AP, 
Proteintech), rabbit anti-Hspd1 (1:50; 15,282–1-AP, Pro-
teintech), rabbit anti-C1qbp (1:50; 24,474–1-AP, Protein-
tech), rabbit anti-Fabp5 (1:100; ab255276, Abcam).

qRT‑PCR analysis
The cultured organoids were precipitated, and RNA was 
purified using the RNeasy Kit (mf167-01, Mei5 Biotech) 
and converted into cDNA using the NovoScript One-
Step RT-PCR kit (Novoprotein). Real-time PCR reac-
tions were performed in triplicates on a LightCycler 480 
(Roche).

Virus production and organoid infection
Villin-CreERT2;Rosa26loxp-stop-loxp-Cas9-EGFP orga-
noids were pretreated with 5 μM 4-OHT to induce Cas9 
expression. Recombinant adeno-associated virus (AAV) 
were produced as previously described (Liu et al. 2023). 
Before virus infection, organoids were cultured with 
the expansion medium with 10 mM nicotinamide for 
3 days. Then, the organoids were digested with TrypLE 
(Gibco, 12,604,021) and re-suspended with the expansion 
medium with 10 mg/mL polybrene (Macgene, MC032) 
containing virus. We added 250 mL of expansion 
medium plus polybrene containing cells and virus on the 
pre-solidified Matrigel and incubated overnight at 37 ℃. 
And then, we removed the medium and washed the virus 
with warm PBS. Then, we overlaid 15 μL Matrigel and 
cultured the organoids with expansion medium.

Single‑cell RNA‑seq analysis
The single-cell RNA-seq of mouse intestine has been 
reported (Liu et al. 2023). Briefly, Raw reads were aligned 
to the GRCm38/mm10 mouse genome, and Cell Ranger 
(v3.1.0) was used to estimate unique molecular identi-
fiers. Raw aligned features were loaded and processed 
using the Seurat package (v4.0.2) in R version 4.0.5. Low-
quality cells were filtered if they expressed no more than 
200 genes or with more than 20% of mitochondrial genes. 
Then, the unsupervised clustering and gene expression 
were analyzed.

Abbreviations
CRISPR	� Clustered Regularly Interspaced Short Palindromic Repeats
FOXM1	� Forkhead box M1
MYBL2	� MYB proto-oncogene like 2
UBE2C	� Ubiquitin conjugating enzyme E2 C
ANPEP	� Alanyl aminopeptidase
IGF1R	� Insulin like growth factor 1 receptor
SLC12A2	� Solute carrier family 12 member 2
SLC16A1	� Solute carrier family 16 member 1
HSPD1	� Heat shock protein family D (Hsp60) member 1
C1QBP	� Complement C1q binding protein
FABP5	� Fatty acid binding protein 5
Ki67	� Marker of proliferation Ki-67
MDA5(IFIH1)	� Interferon induced with helicase C domain 1

https://cran.r-project.org/web/packages/ggpubr/index.html
https://cran.r-project.org/web/packages/ggpubr/index.html


Page 10 of 11Lou et al. Cell Regeneration           (2024) 13:24 

RIG-I	� RNA sensor RIG-I
Rho	� Rhodopsin
ROCKs	� Rho associated coiled-coil containing protein kinase
MAPK1	� Mitogen-activated protein kinase 1
NC	� Negative Control
KD	� Knock down

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13619-​024-​00208-8.

Supplementary Material 1. Supplementary Table. Primers used for qRT-PCR 
analysis. Fig S1. The expression of specific transcription factors, membrane 
proteins and cell markers in mouse small and large intestine. Fig S2. The 
expression levels of the related membrane proteins and cell markers in 
human colitis and primary tumor samples from colorectal cancer. Fig S3. 
The expression levels of relevant cell markers in three cancer types and 
their association with patient survival across various tumors.

Acknowledgements
We thank Wei Fu and Xin Zhou for the clinical samples. We thank Di Zhou, Wei 
He, Xiaochen Xiong, Qiurong Wu, Ting Wang, Xinyu Sun, Mengxian Zhang and 
Liang Jin for technical assistance.

Authors’ contributions
R.L., Y.W. and Y.-G.C. designed the study. R.L., Y.W. carried out most of the exper‑
iments. Y.L., X.W., W.S. and S.Y. performed the bioinformatic analysis. R.L., Y.W. 
and Y.-G.C. wrote the manuscript. All authors contributed to intellectual inputs.

Funding
This work was supported by grants from the National Natural Science Foun‑
dation of China (31988101 to Y.-G.C., 32300586 to Y.L.W.), the National Key 
Research and Development Program of China (2023YFA1800603 to Y.-G.C), 
Major Project of Guangzhou National Laboratory (GZNL2023A02008 to Y.L.W.), 
and Young Talent Support Project of Guangzhou Association for Science 
and Technology (QT2024-019 to Y.L.W.). The funders had no role in study 
design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

Data availability
All data needed to evaluate the conclusions in the paper are present in the 
paper and/or the Supplementary Materials.

Declarations

Ethics approval and consent to participate
The experiments using human materials have been approved by the Peking 
University Third Hospital Medical Science Research Ethics Committee 
(M2018083). All relevant ethical regulations of Peking University Third Hospital 
Medical Science Research Ethics Committee were followed.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests. Y.-G.C. is the 
Editor-in-Chief of Cell Regeneration. He was not involved in the review of deci‑
sion related to this manuscript.

Received: 5 August 2024   Revised: 30 October 2024   Accepted: 1 Novem-
ber 2024

References
Bank U, Heimburg A, Helmuth M, Stefin S, Lendeckel U, Reinhold D, et al. 

Triggering endogenous immunosuppressive mechanisms by combined 
targeting of Dipeptidyl peptidase IV (DPIV/CD26) and Aminopeptidase 
N (APN/ CD13) — A novel approach for the treatment of inflammatory 
bowel disease. Int Immunopharmacol. 2006;6(13–14):1925–34. https://​
doi.​org/​10.​1016/j.​intimp.​2006.​09.​014.

Beumer J, Artegiani B, Post Y, Reimann F, Gribble F, Nguyen TN, et al. Enteroen‑
docrine cells switch hormone expression along the crypt-to-villus BMP 
signalling gradient. Nat Cell Biol. 2018;20(8):909–16. https://​doi.​org/​10.​
1038/​s41556-​018-​0143-y.

Campanella C, Bucchieri F, Ardizzone NM, Marino Gammazza A, Montalbano 
A, Ribbene A, et al. Upon oxidative stress, the antiapoptotic Hsp60/pro‑
caspase-3 complex persists in mucoepidermoid carcinoma cells. Eur J 
Histochem. 2008;52(4):221–8. https://​doi.​org/​10.​4081/​1220.

Down CF, Millour J, Lam EWF, Watson RJ. Binding of FoxM1 to G2/M gene 
promoters is dependent upon B-Myb. Biochimica et Biophysica Acta 
(BBA) - Gene Regulatory Mechanisms. 2012;1819(8):855–62. https://​doi.​
org/​10.​1016/j.​bbagrm.​2012.​03.​008.

Feichtinger RG, Oláhová M, Kishita Y, Garone C, Kremer LS, Yagi M, et al. Biallelic 
C1QBP Mutations Cause Severe Neonatal-, Childhood-, or Later-Onset 
Cardiomyopathy Associated with Combined Respiratory-Chain Deficien‑
cies. The American Journal of Human Genetics. 2017;101(4):525–38. 
https://​doi.​org/​10.​1016/j.​ajhg.​2017.​08.​015.

Fu Z, Malureanu L, Huang J, Wang W, Li H, van Deursen JM, et al. Plk1-depend‑
ent phosphorylation of FoxM1 regulates a transcriptional programme 
required for mitotic progression. Nat Cell Biol. 2008;10(9):1076–82. 
https://​doi.​org/​10.​1038/​ncb17​67.

Goto N, Goto S, Imada S, Hosseini S, Deshpande V, Yilmaz ÖH. Lymphatics and 
fibroblasts support intestinal stem cells in homeostasis and injury. Cell 
Stem Cell. 2022;29(8):1246-61.e6. https://​doi.​org/​10.​1016/j.​stem.​2022.​06.​
013.

Grün D, Lyubimova A, Kester L, Wiebrands K, Basak O, Sasaki N, et al. Single-cell 
messenger RNA sequencing reveals rare intestinal cell types. Nature. 
2015;525(7568):251–5. https://​doi.​org/​10.​1038/​natur​e14966.

Gyorffy B. Integrated analysis of public datasets for the discovery and valida‑
tion of survival-associated genes in solid tumors. Innovation (Camb). 
2024a;5(3): 100625. https://​doi.​org/​10.​1016/j.​xinn.​2024.​100625.

Gyorffy B. Transcriptome-level discovery of survival-associated biomark‑
ers and therapy targets in non-small-cell lung cancer. Br J Pharmacol. 
2024b;181(3):362–74. https://​doi.​org/​10.​1111/​bph.​16257.

Holloway EM, Czerwinski M, Tsai Y-H, Wu JH, Wu A, Childs CJ, et al. Mapping 
Development of the Human Intestinal Niche at Single-Cell Resolution. 
Cell Stem Cell. 2021;28(3):568-80.e4. https://​doi.​org/​10.​1016/j.​stem.​2020.​
11.​008.

Karhausen J, Bär F, Föh B, Pagel R, Schröder T, Schlichting H, et al. Carboxy‑
peptidase E Modulates Intestinal Immune Homeostasis and Protects 
against Experimental Colitis in Mice. PLoS ONE. 2014;9(7). https://​doi.​org/​
10.​1371/​journ​al.​pone.​01023​47.

Lasota J, Wang Z, Kim SY, Helman L, Miettinen M. Expression of the Receptor 
for Type I Insulin-like Growth Factor (IGF1R) in Gastrointestinal Stromal 
Tumors. Am J Surg Pathol. 2013;37(1):114–9. https://​doi.​org/​10.​1097/​PAS.​
0b013​e3182​613c86.

Levy-Rimler G, Viitanen P, Weiss C, Sharkia R, Greenberg A, Niv A, et al. The 
effect of nucleotides and mitochondrial chaperonin 10 on the structure 
and chaperone activity of mitochondrial chaperonin 60. Eur J Biochem. 
2001;268(12):3465–72. https://​doi.​org/​10.​1046/j.​1432-​1327.​2001.​02243.x.

Li H, Wang Y, Zhang M, Wang H, Cui A, Zhao J, et al. Establishment of porcine 
and monkey colonic organoids for drug toxicity study. Cell Regen. 
2021;10(1):32. https://​doi.​org/​10.​1186/​s13619-​021-​00094-4.

Littler DR, Alvarez-Fernandez M, Stein A, Hibbert RG, Heidebrecht T, Aloy 
P, et al. Structure of the FoxM1 DNA-recognition domain bound to a 
promoter sequence. Nucleic Acids Res. 2010;38(13):4527–38. https://​doi.​
org/​10.​1093/​nar/​gkq194.

Liu Y, Huang M, Wang X, Liu Z, Li S, Chen Y-G. Segregation of the stemness 
program from the proliferation program in intestinal stem cells. Stem Cell 
Reports. 2023;18(5):1196–210. https://​doi.​org/​10.​1016/j.​stemcr.​2023.​03.​
007.

McCarthy N, Manieri E, Storm EE, Saadatpour A, Luoma AM, Kapoor VN, et al. 
Distinct Mesenchymal Cell Populations Generate the Essential Intestinal 

https://doi.org/10.1186/s13619-024-00208-8
https://doi.org/10.1186/s13619-024-00208-8
https://doi.org/10.1016/j.intimp.2006.09.014
https://doi.org/10.1016/j.intimp.2006.09.014
https://doi.org/10.1038/s41556-018-0143-y
https://doi.org/10.1038/s41556-018-0143-y
https://doi.org/10.4081/1220
https://doi.org/10.1016/j.bbagrm.2012.03.008
https://doi.org/10.1016/j.bbagrm.2012.03.008
https://doi.org/10.1016/j.ajhg.2017.08.015
https://doi.org/10.1038/ncb1767
https://doi.org/10.1016/j.stem.2022.06.013
https://doi.org/10.1016/j.stem.2022.06.013
https://doi.org/10.1038/nature14966
https://doi.org/10.1016/j.xinn.2024.100625
https://doi.org/10.1111/bph.16257
https://doi.org/10.1016/j.stem.2020.11.008
https://doi.org/10.1016/j.stem.2020.11.008
https://doi.org/10.1371/journal.pone.0102347
https://doi.org/10.1371/journal.pone.0102347
https://doi.org/10.1097/PAS.0b013e3182613c86
https://doi.org/10.1097/PAS.0b013e3182613c86
https://doi.org/10.1046/j.1432-1327.2001.02243.x
https://doi.org/10.1186/s13619-021-00094-4
https://doi.org/10.1093/nar/gkq194
https://doi.org/10.1093/nar/gkq194
https://doi.org/10.1016/j.stemcr.2023.03.007
https://doi.org/10.1016/j.stemcr.2023.03.007


Page 11 of 11Lou et al. Cell Regeneration           (2024) 13:24 	

BMP Signaling Gradient. Cell Stem Cell. 2020;26(3):391-402.e5. https://​doi.​
org/​10.​1016/j.​stem.​2020.​01.​008.

Melkebeek V, Rasschaert K, Bellot P, Tilleman K, Favoreel H, Deforce D, et al. Tar‑
geting aminopeptidase N, a newly identified receptor for F4ac fimbriae, 
enhances the intestinal mucosal immune response. Mucosal Immunol. 
2012;5(6):635–45. https://​doi.​org/​10.​1038/​mi.​2012.​37.

Nicolau-Neto P, Palumbo A, De Martino M, Esposito F, de Almeida Simão T, 
Fusco A, et al. UBE2C Is a Transcriptional Target of the Cell Cycle Regulator 
FOXM1. Genes. 2018;9(4). https://​doi.​org/​10.​3390/​genes​90401​88.

Papetti M, Augenlicht LH. MYBL2, a link between proliferation and differentia‑
tion in maturing colon epithelial cells. J Cell Physiol. 2010;226(3):785–91. 
https://​doi.​org/​10.​1002/​jcp.​22399.

Payne JA, Xu J-C, Haas M, Lytle CY, Ward D, Forbush B. Primary Structure, Func‑
tional Expression, and Chromosomal Localization of the Bumetanide-
sensitive Na-K-Cl Cotransporter in Human Colon. J Biol Chem. 
1995;270(30):17977–85. https://​doi.​org/​10.​1074/​jbc.​270.​30.​17977.

Penney J, Li J. Protegrin 1 Enhances Innate Cellular Defense via the Insulin-Like 
Growth Factor 1 Receptor Pathway. Frontiers in Cellular and Infection 
Microbiology. 2018;8. https://​doi.​org/​10.​3389/​fcimb.​2018.​00331.

Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function 
and immune homeostasis. Nat Rev Immunol. 2014;14(3):141–53. https://​
doi.​org/​10.​1038/​nri36​08.

Planell N, Lozano JJ, Mora-Buch R, Masamunt MC, Jimeno M, Ordás I, et al. 
Transcriptional analysis of the intestinal mucosa of patients with ulcera‑
tive colitis in remission reveals lasting epithelial cell alterations. Gut. 
2013;62(7):967–76. https://​doi.​org/​10.​1136/​gutjnl-​2012-​303333.

Rappa F, Pitruzzella A, Marino Gammazza A, Barone R, Mocciaro E, Tomasello G, 
et al. Quantitative patterns of Hsps in tubular adenoma compared with 
normal and tumor tissues reveal the value of Hsp10 and Hsp60 in early 
diagnosis of large bowel cancer. Cell Stress Chaperones. 2016;21(5):927–
33. https://​doi.​org/​10.​1007/​s12192-​016-​0721-5.

Reddy A, Bozi LHM, Yaghi OK, Mills EL, Xiao H, Nicholson HE, et al. pH-Gated 
Succinate Secretion Regulates Muscle Remodeling in Response to Exer‑
cise. Cell. 2020;183(1):62-75.e17. https://​doi.​org/​10.​1016/j.​cell.​2020.​08.​039.

Schuijers J, Junker Jan P, Mokry M, Hatzis P, Koo B-K, Sasselli V, et al. Ascl2 Acts 
as an R-spondin/Wnt-Responsive Switch to Control Stemness in Intestinal 
Crypts. Cell Stem Cell. 2015;16(2):158–70. https://​doi.​org/​10.​1016/j.​stem.​
2014.​12.​006.

Serra D, Mayr U, Boni A, Lukonin I, Rempfler M, Challet Meylan L, et al. 
Self-organization and symmetry breaking in intestinal organoid 
development. Nature. 2019;569(7754):66–72. https://​doi.​org/​10.​1038/​
s41586-​019-​1146-y.

Shibue K, Yamane S, Harada N, Hamasaki A, Suzuki K, Joo E, et al. Fatty acid-
binding protein 5 regulates diet-induced obesity via GIP secretion from 
enteroendocrine K cells in response to fat ingestion. American Journal of 
Physiology-Endocrinology and Metabolism. 2015;308(7):E583–91. https://​
doi.​org/​10.​1152/​ajpen​do.​00543.​2014.

Sivaprakasam S, Bhutia YD, Yang S, Ganapathy V. Short-Chain Fatty Acid Trans‑
porters: Role in Colonic Homeostasis. Compr Physiol. 2017;8(1):299–314. 
https://​doi.​org/​10.​1002/​cphy.​c1700​14.

Sommer CA, Mostoslavsky G. RNA-Seq Analysis of Enteroendocrine Cells 
Reveals a Role for FABP5 in the Control of GIP Secretion. Mol Endocrinol. 
2014;28(11):1855–65. https://​doi.​org/​10.​1210/​me.​2014-​1194.

Storz P, Hausser A, Link G, Dedio J, Ghebrehiwet B, Pfizenmaier K, et al. Protein 
Kinase C μ Is Regulated by the Multifunctional Chaperon Protein p32. 
J Biol Chem. 2000;275(32):24601–7. https://​doi.​org/​10.​1074/​jbc.​M0029​
64200.

Tan Y, Raychaudhuri P, Costa RH. Chk2 Mediates Stabilization of the FoxM1 
Transcription Factor To Stimulate Expression of DNA Repair Genes. Mol 
Cell Biol. 2023;27(3):1007–16. https://​doi.​org/​10.​1128/​mcb.​01068-​06.

Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for cancer and 
normal gene expression profiling and interactive analyses. Nucleic Acids 
Res. 2017;45(W1):W98–102. https://​doi.​org/​10.​1093/​nar/​gkx247.

Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: an enhanced web server for 
large-scale expression profiling and interactive analysis. Nucleic Acids 
Res. 2019;47(W1):W556–60. https://​doi.​org/​10.​1093/​nar/​gkz430.

Tremaroli V, Bäckhed F. Functional interactions between the gut microbiota 
and host metabolism. Nature. 2012;489(7415):242–9. https://​doi.​org/​10.​
1038/​natur​e11552.

Viitanen PV, Lorimer GH, Seetharam R, Gupta RS, Oppenheim J, Thomas JO, 
et al. Mammalian mitochondrial chaperonin 60 functions as a single 

toroidal ring. J Biol Chem. 1992;267(2):695–8. https://​doi.​org/​10.​1016/​
s0021-​9258(18)​48338-x.

Wang Y, Song W, Wang J, Wang T, Xiong X, Qi Z, et al. Single-cell transcriptome 
analysis reveals differential nutrient absorption functions in human 
intestine. Journal of Experimental Medicine. 2020;217(2). https://​doi.​org/​
10.​1084/​jem.​20191​130.

Wang S-Q, Yang X-Y, Yu X-F, Cui S-X, Qu X-J. Knockdown of IGF-1R Triggers 
Viral RNA Sensor MDA5- and RIG-I-Mediated Mitochondrial Apoptosis in 
Colonic Cancer Cells. Molecular Therapy - Nucleic Acids. 2019;16:105–17. 
https://​doi.​org/​10.​1016/j.​omtn.​2019.​02.​008.

Wang N, Jiang X, Zhang S, Zhu A, Yuan Y, Xu H, et al. Structural basis of human 
monocarboxylate transporter 1 inhibition by anti-cancer drug candi‑
dates. Cell. 2021;184(2):370-83.e13. https://​doi.​org/​10.​1016/j.​cell.​2020.​11.​
043.

Wang Y, Song W, Yu S, Liu Y, Chen YG. Intestinal cellular heterogeneity and 
disease development revealed by single-cell technology. Cell Regen. 
2022;11(1):26. https://​doi.​org/​10.​1186/​s13619-​022-​00127-6.

Yalong Wang RL, Zhe Zhang, Chuyu Xiao, Shicheng Yu, Siting Wei,, Yuan 
Liu WF, Baojie Li, Ye-Guang Chen. Stromal BMP signaling regulates 
mucin production in the large intestine via interleukin-1/17. Sci Adv. 
2023;9:eadi1827.

Yang X, Wang Q, Cao E. Structure of the human cation–chloride cotrans‑
porter NKCC1 determined by single-particle electron cryo-micros‑
copy. Nature Communications. 2020;11(1). https://​doi.​org/​10.​1038/​
s41467-​020-​14790-3.

Zhang J, Liu X, Yu G, Liu L, Wang J, Chen X, et al. UBE2C Is a Potential Biomarker 
of Intestinal-Type Gastric Cancer With Chromosomal Instability. Frontiers 
in Pharmacology. 2018a;9. https://​doi.​org/​10.​3389/​fphar.​2018.​00847.

Zhang X, Zhang L, Du Y, Zheng H, Zhang P, Sun Y, et al. A novel FOXM1 
isoform, FOXM1D, promotes epithelial–mesenchymal transition and 
metastasis through ROCKs activation in colorectal cancer. Oncogene. 
2016;36(6):807–19. https://​doi.​org/​10.​1038/​onc.​2016.​249.

Zhang Y, Ye X, Chen L, Wu Q, Gao Y, Li Y. PARI functions as a new transcriptional 
target of FOXM1 involved in gastric cancer development. Int J Biol Sci. 
2018;14(5):531–41. https://​doi.​org/​10.​7150/​ijbs.​23945.

Zhao X, Fan J, Zhi F, Li A, Li C, Berger AE, et al. Mobilization of epithelial mesen‑
chymal transition genes distinguishes active from inactive lesional tissue 
in patients with ulcerative colitis. Hum Mol Genet. 2015;24(16):4615–24. 
https://​doi.​org/​10.​1093/​hmg/​ddv192.

Zorn AM, Wells JM. Vertebrate Endoderm Development and Organ Formation. 
Annu Rev Cell Dev Biol. 2009;25(1):221–51. https://​doi.​org/​10.​1146/​annur​
ev.​cellb​io.​042308.​113344.

https://doi.org/10.1016/j.stem.2020.01.008
https://doi.org/10.1016/j.stem.2020.01.008
https://doi.org/10.1038/mi.2012.37
https://doi.org/10.3390/genes9040188
https://doi.org/10.1002/jcp.22399
https://doi.org/10.1074/jbc.270.30.17977
https://doi.org/10.3389/fcimb.2018.00331
https://doi.org/10.1038/nri3608
https://doi.org/10.1038/nri3608
https://doi.org/10.1136/gutjnl-2012-303333
https://doi.org/10.1007/s12192-016-0721-5
https://doi.org/10.1016/j.cell.2020.08.039
https://doi.org/10.1016/j.stem.2014.12.006
https://doi.org/10.1016/j.stem.2014.12.006
https://doi.org/10.1038/s41586-019-1146-y
https://doi.org/10.1038/s41586-019-1146-y
https://doi.org/10.1152/ajpendo.00543.2014
https://doi.org/10.1152/ajpendo.00543.2014
https://doi.org/10.1002/cphy.c170014
https://doi.org/10.1210/me.2014-1194
https://doi.org/10.1074/jbc.M002964200
https://doi.org/10.1074/jbc.M002964200
https://doi.org/10.1128/mcb.01068-06
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552
https://doi.org/10.1016/s0021-9258(18)48338-x
https://doi.org/10.1016/s0021-9258(18)48338-x
https://doi.org/10.1084/jem.20191130
https://doi.org/10.1084/jem.20191130
https://doi.org/10.1016/j.omtn.2019.02.008
https://doi.org/10.1016/j.cell.2020.11.043
https://doi.org/10.1016/j.cell.2020.11.043
https://doi.org/10.1186/s13619-022-00127-6
https://doi.org/10.1038/s41467-020-14790-3
https://doi.org/10.1038/s41467-020-14790-3
https://doi.org/10.3389/fphar.2018.00847
https://doi.org/10.1038/onc.2016.249
https://doi.org/10.7150/ijbs.23945
https://doi.org/10.1093/hmg/ddv192
https://doi.org/10.1146/annurev.cellbio.042308.113344
https://doi.org/10.1146/annurev.cellbio.042308.113344

	Identification of feature genes in intestinal epithelial cell types
	Abstract 
	Background
	Results
	The transcriptome profiles of specific cell markers in the mouse and human intestine
	The expression position of specific transcription factors in mouse and human intestine
	The location of specific membrane proteins in mouse and human intestine
	The expression position of specific cell markers in mouse and human intestine
	The effect of the related genes abrogation in the mucous layer on the fate regulation of epithelial cells
	The expression levels of the feature genes in human colitis and colorectal cancer

	Discussion
	Conclusions
	Materials and methods
	Human sample analysis
	Mice
	Immunofluorescence staining
	Antibodies
	qRT-PCR analysis
	Virus production and organoid infection
	Single-cell RNA-seq analysis

	Acknowledgements
	References


