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CD47 is a negative regulator 
of intestinal epithelial cell self-
renewal following DSS-induced 
experimental colitis
Yueqin He  1,4, Xinlei Sun1,4, Weiwei Rong1,4, Rong Yang1, Hongwei Liang1, Ying Qi3, 
Limin Li1,2 ✉ & Ke Zen  1,2 ✉

CD47 deficient mice are resistant to dextran sulfate sodium (DSS)-induced experimental colitis. The 
underlying mechanism, however, remains incompletely understood. In this study, we characterized 
the role of CD47 in modulating homeostasis of gastrointestinal tract. We found that CD47 expression 
in both human and mouse intestinal epithelium was upregulated in colitic condition compared to 
that under normal condition. In line with this, CD47 deficiency protected mice from DSS-induced 
colitis. Analysis based on both intestinal organoid and cultured cell assays showed that CD47 
deficiency accelerated intestinal epithelial cell proliferation and migration. Mechanistically, western 
blot and functional assays indicated that CD47 deficiency promoting mouse intestinal epithelial cell 
proliferation and migration follow cell injury is likely through upregulating expression of four Yamanaka 
transcriptional factors Oct4, Sox2, Klf4 and c-Myc (OSKM in abbreviation). Our studies thus reveal CD47 
as a negative regulator in intestinal epithelial cell renewal during colitis through downregulating OSKM 
transcriptional factors.

Gastrointestinal epithelium is a unique system maintained by the balance between apoptosis and renewal of intes-
tinal epithelial cells (IECs). In general, the renewal of the entire intestinal epithelium occurs every 3 to 5 days1. 
Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), is characterized 
pathologically by intestinal inflammation and epithelial injury2,3. Increased intestinal epithelial cell (IEC) apop-
tosis has been detected in acute inflammatory colonic tissue from the biopsies of patients with UC and CD4. In 
the past, much attention has focused on how to suppress the inflammation-associated cell apoptosis of IECs to 
maintain the gastrointestinal epithelium homeostasis5,6. It has been reported that neutralization of inflammatory 
cytokines including TNFα and IFNγ can reduce epithelial apoptosis7,8. Opposite to epithelial cell apoptosis, cell 
self-renewal also plays a key role in the recovery of IBD. However, the mechanism of regulating intestinal epithe-
lial cells proliferation and wound repair in inflammatory bowel disease is still incompletely understood.

CD47 is a widely expressed transmembrane protein in various cells9. Besides serving as a self-recognition mol-
ecule that prevents cell phagocytosis by macrophages and other phagocytes via binding to its counter-receptor 
SIRPα10, CD47 itself also acts as a signaling molecule in modulating various cell functional aspects11. For exam-
ple, CD47 has been identified as a repressor of stem cell self-renewal in normal cells by limiting c-Myc level, and 
that knockdown of CD47 enhanced the proliferation of endothelial progenitor cell, mouse lung endothelial cells 
and renal tubular epithelial cells12–14. Previous studies also reported CD47-deficient (CD47−/−) mice were resist-
ant to 2% dextran sulfate sodium (DSS)-induced experimental colitis15 and TNBS-induced colitis16. Although 
chronic inflammation with less neutrophil production or lower percentage of SIRPα+CD103− DCs and Th17 
responses have been suggested to contribute to the resistance of CD47−/− mice to experimental colitis, the under-
lying mechanism remains elusive. It is not clear whether CD47 play a role in modulating epithelial cell renewal 
following the DSS-induced epithelial injury.
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In the present study, we found that CD47 expression is significantly increased in patients with UC and CD 
as well as in mouse experimental colitis models. The CD47 expression in IECs is correlated with the severity 
of colitis, and CD47 deficiency protects mice from DSS-induced colitis. Our studies have further shown that 
CD47 inhibits IEC proliferation and migration likely through suppressing four Yamanaka transcriptional fac-
tors (abbreviated as OSKM), octamer-binding transcription factor 4 (Oct4), sex-determining region Y-box 2 
(Sox2), Krüppel-like factor 4 (Klf4), and the cellular homolog of the v-Myc avian myelocytomatosis viral onco-
gene homolog (c-Myc)17–19.

Materials and Methods
Tissues, animals, cell lines and reagents. Colon biopsies of 6 CD patients and 6 UC patients, as well as 
6 subjects without IBD, were obtained from Jinling Hospital, Medical School of Nanjing University and the use 
of biopsy tissues was approved by the Ethics Research Committee of this institution (gov ID: NCT03578692). 
An informed consent for the use of tissue was obtained from each tissue donor. All methods were performed in 
accordance with this institution’s guidelines and regulations. HT29, CT26 and HCoEpiC cells were purchased 
from Chinese Academy of Sciences (Shanghai, China) and were cultured at 37 °C in a 5% CO2 humidified incu-
bator in Dulbecco’s modified Eagle medium (DMEM) (Gibco, CA, USA) or RPMI 1640 medium that contained 
10% fetal bovine serum, 100 units/ml of penicillin and 100 μg/ml of streptomycin (Gibco, Gaithersburg, MD, 
USA). Male C57BL/6 J wild-type mice and CD47-deficiency (CD47−/−) mice (T004437) with the same C57 back-
ground were obtained from the Animal Model Research Center (Nanjing, China). Animal experimental were 
approved by the Animal Care Committee of Nanjing University (Nanjing, China) and the procedures were oper-
ated according the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Wound healing assay. Wound healing assay can assess the migratory ability of cell as described previ-
ously20. CT26 were planted on 6-well plate and allowed to grow to 90–100% confluence. Then the cell monolayers 
were wounded by a 200 μl pipette tip and were washed 4 times with PBS. After the cell monolayers were incubated 
in serum-free DMEM with 100 ng/mL TNFα for 6 h. The distances of cell migrating were quantified.

EdU staining. Cell proliferation was detected by Cell-LightTM EdU Apollo 488 In Vitro Imaging Kit (RiboBio, 
C103103), according to the instructions. Briefly, cells were treated with 25 mM EdU for 2 h and then fixed by 
4% paraformaldehyde. The cells were exposed to 1×Apollo reaction mixture for 30 minutes. Finally, the cells 
were incubated with DAPI for 15 min and then imaged under Two-photon laser confocal microscope (Lei TCS 
SP8-MaiTai MP). The signal of Edu+cells was analyzed by image J software.

Crypt isolation and intestinal organoid culture. Intestinal crypt was harvested from intestine of 
C57BL/6 and CD47−/− mice according to previous reports21–23. In brief, intestine was washed in cold Ca2+/
Mg2+-free PBS and cut into small pieces. Then these pieces of intestine were incubated in Cell Dissociation 
Buffer (absin, 07174- STEMCELL) at 15–25 °C for 15 min. After the cell dissociation was terminated by cold 
Ca2+/Mg2+-free PBS containing 0.1% BSA, crypt fractions were collected by passing through 70μm cell strainer 
repeatedly and purified by centrifugation. Collections were resuspended in ice Advanced DMEM/F-12 (Gibco, 
12634010) after washed by PBS and counted under microscope. Crypts collected were re-suspended in 150 μl 
IntestiCult™ Organoid Growth Medium (STEMCELL, 06005) and 150 μl Matrigel (Corning, 356231) and then 
seeded in a preheated 24-well plate. Finally, 750 μl IntestiCult™ Organoid Growth Medium was added into each 
well when Matrigel solidified after incubating at 37 °C for 10 min.

Epithelial cells isolation. Colon was washed in cold Ca2+/Mg2+-free PBS and then incubated in 2 mM cold 
EDTA chelation buffer (100 mM NaCl, 5 mM Na2HPO4, 2 mM KCl, 40 mM sucrose, 55 mM D-sorbitol, 0.5 mM 
dithiothreitol, 10 mM KH2PO4) for 60 min on ice. This tissue fragments were vigorously re-suspended in cold 
Ca2+/Mg2+-free PBS by pipette after removal of the chelation buffer. Epithelial cells were collected after passed 
through a 70-μm cell strainer and centrifugation.

RNA isolation and quantitative RT-PCR. Total RNA was extracted by TRIzol (Invitrogen, 15596018) 
according to its instructions. Then the total RNA was reverse-transcribed by AMV reverse transcriptase 
(Takara, 292–68901). The RNA sample in each reaction was equal and the mRNA expression was normalized 
by GAPDH. Quantitative RT-PCR was performed using SYBR GREEN I NUCLEIC (Invitrogen, CS7563). 
Sequences of the primers used were as follows: human CD47, 5′-AGAAGGTGAAACGATCATCGAGC-3′ 
and 5′-CTCATCCATACCACCGG ATCT-3′; human GAPDH: 5′-CTGGGCTACACTGAGCACC-3′ and 
5′-AAGTGGTCGTTGAGGGCAA TG-3′.

Mouse colitis model. WT C57BL/6 mice (Male, 6–8weeks) were fed with 2% Dextran sulfate sodium (DSS, 
Sigma-Aldrich, 42867) for 12 days. In another experiment, CD47−/− and WT C57BL/6 mice (Male, 6–8weeks) 
were fed with 2.5%DSS for 7 days. Mice of both these two experiments were evaluated daily for body weight 
change and overall body condition including distress and colitic symptoms (wet tool, diarrhea, and bloody diar-
rhea) and colonic tissue was collected on the indicated day.

Western Blot. Intestinal tissue and cells were lysed in RIPA lysis buffer (Beyotime, P0013B) with protease 
inhibitor cocktail (Sigma-Aldrich, P8340), phosphorylase inhibitor (Millipore, 361515) and PMSF (R&D Systems, 
4486/50). Then the 4× loading buffer (which is free of SDS for CD47) was added into the cell lysate. The mixture 
was heated on 60–65 °C for 5 minutes for CD47 while others were heated on 95–99 °C for 8 minutes. Protein levels 
were analyzed via Western blot using selective antibodies and normalized against the level of GAPDH. The fol-
lowing antibodies were used: anti-c-Myc (Cell Signaling, 2840 s), anti-KLF4 (Cell Signaling, 4083 s), anti-Oct-4A 
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(Cell Signaling, 2840 s), anti-Sox2 (Cell Signaling, 23064 s), anti-CD47 (R&D, BAF1866), anti-GAPDH (Santa 
Cruz Biotechnology, sc-32233). Quantification of bands was analyzed by software Image J software.

Transfection of cells with plasmid and siRNA. Cells were transfected at 60% confluence in basal 
medium using lipofectamine 2000 CD (Invitrogen, 12566014) in Opti-MEM medium (Thermo Fisher Scientific, 
31985062) according to its instruction. The final siRNA or plasmid concentration was 1 ng/ml. Conformation of 
target suppression was provided by Western blot. Mouse siRNA-CD47: 5′-GGAAUGACCUCUUUCACCATT-3′ 
and 5′-UGGUGAAAGAGG UCAUUCCTT-3′; Mouse siRNA control: 5′-UUCUCCGAACGUGUCACGUTT-3′ 
and 5 ′-ACGUGACA CGUUCGGAGAAT T-3 ′ .  Human Sox2 s iRNA target  gene sequence: 
ACCAGCGCATGGACAGTTA; Human c-Myc siRNA target gene sequence: CGACGACCTTCATCAAA; 
Human Klf4 siRNA target gene sequence: GACCTGGACTTTATTCTCT; Human OCT4 siRNA target gene 
sequence: CCAGAACTTAG CAGCTTAT. Cells were also transfected with pReceiver-M56-CD47 or control vec-
tor PReceiver-M56 plasmids (Fulen Gen Co., Ltd., Guangzhou China).

Histopathological analysis. Intestinal tissue harvested was fixed in 4% paraformaldehyde for about 24 h 
at room temperature, dehydrated in different concentrations of ethanol, cleared by xylene and embedded by 

Figure 1. CD47 upregulation in human intestinal epithelium from IBD patients. (a) CD47 immunostaining 
(red) and E-cadherin (green) doubling staining of colonic tissue section. Nuclei were counterstained with DAPI 
(blue) (n = 6, per). (b) Statistical analysis of CD47 expression in intestinal epithelium from non-IBD control 
(n = 6), patients with UC (n = 6) and patients with CD (n = 6). ***P < 0.001 versus non-IBD control.
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paraffin. The prepared 3μm colon section slides were de-waxed. Finally, colon sections were stained with hema-
toxylin and eosin.

Immunofluorescence. Colon tissues were frozen in OCT, and then sliced by Leica CM1950 at 6μm thick-
ness, fixed in 4% paraformaldehyde, blocked with 10% FBS-PBS for 30 min, and incubated with anti-CD47 
(R&D, BAF186) and anti-E-cadherin (Abcam, 76055) primary antibodies overnight at 4 °C. After washing, the 
slides were incubated with fluorophore-conjugated secondary antibodies for 1 h, and the antibodies included 
Alexa FluorTM488 goat anti-mouse (Invitrogen, A11001), Alexa FluorTM594 donkey anti-rabbit (Invitrogen, 
A21207), Alexa FluorTM488 donkey anti-rabbit (Invitrogen, A21206) and Alexa FluorTM594 goat anti-mouse 
(Invitrogen, A11005) antibodies24. Finally, the slides were incubated with DAPI for 15 min and then imaged 
under Two-photon laser confocal microscope. The fluorescence intensity of images was analyzed by image J 
software.

Flow cytometric assays. HT29 or HCoEpiC cells were plated onto 6-well plates for overnight culture and 
then treated with IFNγ, TNFα, IL-17 (100 ng/ml) for 6 h, respectively. The harvested cells were washed twice with 
ice-cold PBS and then were incubated with blocking solution for 15 minutes. After that, FITC-conjugated CD47 
antibody (Santa Cruz Biotechnology, sc-21786) was added and incubated for 30 minutes at 4 °C. Following several 
washes with ice-cold PBS, the cells were analyzed using flow cytometer (BD, Franklin Lake, NJ, USA) with Win 
MDI 2.9 software.

Statistical analysis. The data were analyzed using the GraphPad Prism 6. Data are presented as the means 
± standard error of the mean (SEM). When only two groups were compared, Student’s t-test was used. More 
than two group differences were analyzed by ANOVA with Tukey-Kramer test. A P–value < 0.05 was considered 
statistically significant.

Results
Upregulation of CD47 in human intestinal epithelium in UC and CD patients and in mouse intes-
tinal epithelium during DSS-induced experimental colitis. To examine CD47 level in human intes-
tinal epithelium under IBD condition, we collected colonoscopic biopsies (6 each) from Crohn’s diseases (CD), 
ulcerative colitis (UC) patients and subjects without chronic intestinal inflammatory condition. In this experi-
ment, we co-stained tissue sections with antibodies against CD47 and epithelial marker E-cadherin. As shown 
in Fig. 1, compared to control subjects without intestinal inflammatory condition, patients with active CD and 

Figure 2. CD47 upregulation in mouse intestinal epithelium during DSS-induced experimental colitis. 
The mice (n = 20) were treated with 2%DSS for various time points. (a) CD47 immunostaining (red) and 
E-cadherin (green) doubling staining of colonic section in day 0, day 3, day 7, day 10 (n = 5). (b,c) Western 
blotting analysis of CD47 expression in dissected intestinal epithelium from DSS-treated mice on day 0, day 3, 
day 6, day 9 and day 12 post-treatment (n = 3). **P < 0.01, ***P < 0.001, ****P < 0.0001 versus day 0.
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UC both had a significantly upregulated CD47 expression in intestinal epithelium. In line with previous findings 
of large amount of infiltration of inflammatory immune cells in the intestine tissue of CD and UC patients25, we 
also observed more infiltration of CD11b+ immune cells (arrowheads) in CD and UC patients’ tissue sections 
compared to control tissue sections (Supplementary Fig. S1). Although the infiltration of CD47 positive immune 
cells might increase the total CD47 level in colonic tissues of CD and UC patients, it did not contribute to the 
enhancement of CD47 expression in the intestinal epithelium (marked with white frame).

Similar to observations in intestinal tissue samples from IBD patients, CD47 upregulation in IECs was also 
detected in DSS-induced murine experimental colitis model. The disease symptoms included rapid loss of body 
weight (Supplementary Fig. S2a), the significant increase of disease activity index (DAI) score (Supplementary 
Fig. S2b) and inflammatory cell infiltration and apparent damage in H&E staining (Supplementary Fig. S2c). 
Mice displayed body weight loss and colitis symptoms (diarrhea) from day 3 post-DSS treatment. The colitic 
condition was exacerbated around day 7, and the mice were eventually sacrificed on days 9 or 12. As shown 
in Fig. 2, the kinetic of CD47 induction in mouse IECs was determined by immunofluorescence labeling and 
western blotting on different days post-DSS treatment. Both immunofluorescence labeling (Fig. 2a) and western 
blotting (Fig. 2b,c) showed that CD47 expression in mouse intestinal epithelia was markedly increased after 7 
days DSS treatment. These results suggest that upregulation of intestinal epithelial CD47 may contribute to the 
colitis development.

Inflammatory cytokines enhance intestinal epithelial cell CD47 expression. To confirm the 
upregulation of CD47 expression in colonic epithelial cells under inflammatory condition, we treated human 
intestinal epithelial cells, HT29 and HCoEpiC cells, with inflammatory cytokines IFNγ, TNFα or IL-17 (each 
100 ng/ml) for 6 h. Flow cytometry results showed that CD47 expression in human IECs was significantly 
increased after inflammatory cytokine treatment (Fig. 3a,b). The elevation of CD47 mRNA level by inflammatory 
cytokines was also detected by qRT-PCR assay (Fig. 3c,d).

CD47 deficient mice resist to DSS colitis. To further examine the inflammatory condition in WT and 
CD47−/− mice during intestinal inflammatory injures, mice were treated with 2.5% DSS for 7 days. Deficiency 
of CD47 in KO mice was confirmed by western blotting (Supplementary Fig. S3). In agreement with previous 
reports15, we found that CD47−/− mice are more resistant against DSS-experimental colitis. Compared to WT 
littermates, CD47−/− mice exhibited less bodyweight drop (Fig. 4a) and shortening of the intestine (Fig. 4b,c) 
induced by DSS treatment. Disease activity index (Fig. 4d), tissue section examination (Fig. 4e) and histological 

Figure 3. CD47 upregulation in human IECs by inflammatory cytokine treatment. (a,b) Analysis of CD47 
expression in HCoEpiC (a) and HT29 (b) cells with or without inflammatory cytokine treatment (100 ng/ml, 
6 h). CD47 was labeled with anti-CD47 Abs followed by FITC. (c, d) Relative mRNA levels of CD47in HCoEpiC 
(c) and HT29 (d) cells with or without inflammatory cytokine treatment. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 versus control.
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Figure 4. CD47 deficiency protects the mice from DSS-induced experimental colitis. Mice (male, 20–22 g, 
n = 6) were given 2.5% DSS in drinking water for 7 day. (a) Bodyweight loss. (b,c) Colin length. (d) Disease 
activity index. (e,f) Histology of colon tissue (H&E staining) (e) and histological scoring (f). NS, no significance, 
****P < 0.0001versus WT mice.

Figure 5. Negativecorrelation between the intestinal epithelial cell CD47 expression level and the cell 
proliferation capacity. (a) Organoids were stained with EDU (red). Nuclei were counterstained with DAPI 
(green). (b) EDU assay of proliferation of intestinal epithelial cells isolated from WT and CD47−/− mice. Cells 
were treated with or without various inflammatory cytokines (n = 5). ***P < 0.001.
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scoring (Fig. 4f) also clearly showed that CD47−/− mice displayed less intestinal epithelial tissue damage during 
DSS-induced experimental colitis.

CD47 deficiency promotes the proliferation and wound healing of IECs. To explore the mech-
anism underlying the protection of CD47 deficiency in intestinal epithelium against colitic injury, we isolated 
intestinal organoid from WT and CD47−/− mouse colon and cultured in Matrigel as previous described22. During 
culture, intestinal organoid was treated with or without IL-17 or TNFα (each 100 ng/ml, 24 h)26,27. As shown in 
Fig. 5a, CD47−/− intestinal organoids displayed significantly more proliferation in the crypt than WT intestinal 
organoids in the presence or absence of inflammatory cytokines. Quantitative analysis indicated that the numbers 
of Edu-positive cells in the crypt were significantly higher in organoids isolated from CD47−/− mice than those 
from WT mice with or without inflammatory cytokine treatment (Fig. 5b). This result indicates that CD47 defi-
ciency has a positive role in intestinal epithelial cell proliferation.

Next we performed cell wound healing assay to test the effect of CD47 on intestinal epithelial cell migration 
capacity28. In this experiment, CT26 cells were cultured on tissue culture plated to confluent. Prior to scratch using 
comb, cells were transfected with CD47-expression vector or CD47 siRNA oligonucleotides, as well as control 
vector or control oligonucleotide, to increase or decrease the cellular level of CD47 expression (Supplementary 
Fig. S4a). As shown in Fig. 6a, the wound closure of CT26 cells at 24 h post-injury was strongly inhibited by 
transfection with CD47 vector compared to that in control vector-infected cells, while depletion of cellular CD47 
via CD47 siRNA significantly enhanced the wound healing of CT26 cells compared to that in cells treated with 

Figure 6. Intestinal epithelil cell CD47 inhibits cell wound healing and proliferation processes. (a) 
Overexpression or depletion of CT26 epithelial cells CD47 inhibits or promotes cell wound healing, respectively. 
(b) EDU assay of proliferation of CT26 cells. Cells were overexpressed or depleted CD47 via transfecting with 
CD47-expressing vector or CD47 siRNA. *P < 0.05, ***P < 0.001.
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control siRNA. EDU assay also demonstrated that overexpression of CD47 or depletion of CD47 suppressed or 
promoted CT26 cells proliferation, respectively (Fig. 6b). Similar results of CD47-deficiency promoting cell pro-
liferation and wound healing were observed in intestinal epithelial HT29 cells (Supplementary Fig. S5).

Figure 7. CD47 deficiency upregulates the expression of OSKM in intestinal epithelial cells. (a) Western blot 
analysis of OSKM expression in intestinal epithelial cells from WT and CD47−/− mice treated with 2.5% DSS. 
(b) Overexpression or depletion of CD47 in CT26 cells reduced or enhanced the expression of OSKM factors, 
respectively. (c) Depletion of CD47 in HT29 cells enhanced the expression of OSKM. (d) Exogenous TSP1 can 
downregulate expression of Sox2, Oct4 and cMyc in HT29 cell line, but not Klf4. NS, no significance, *P < 0.05, 
**P < 0.01, ****P < 0.0001 versus WT or control.
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CD47 reduces the expression of Oct4, Klf4, Sox2 and c-Myc in intestinal epithelial cells. Recent 
studies by Rogers et al. implicated that CD47 might serve as an negative regulator of several essential cell pro-survival 
transcriptional factors, including Oct4, Klf4, Sox2 and c-Myc (termed as OKSM in abbreviation)14. To test whether 
inhibition of OKSM expression by CD47 can serve as a mechanism through which CD47 suppresses intestinal epi-
thelial proliferation and wound healing processes, we examined the levels of these 4 transcriptional factors in intesti-
nal epithelium isolated from WT and CD47−/− mice using Western blot analysis. As shown in Fig. 7a, levels of Oct4, 
Klf4, Sox2 and c-Myc in isolated intestinal epithelium were significantly higher in CD47−/− mice than those in WT 
mice. Upregulation of intestinal epithelial Oct4, Klf4, Sox2 and c-Myc levels in CD47 deficient mice was confirmed 
by directly increasing or depleting CD47 in CT26 cells. In this experiment, CT26 cells were overexpressed with 
CD47 vector or CD47 siRNA to increase or deplete cellular CD47. As can be seen, levels of cellular Oct4, Klf4, Sox2 
and c-Myc were significantly reduced in cells overexpressed with CD47 but enhanced in cells with CD47 depletion 
(Fig. 7b). The increase of OSKM levels caused by CD47 knockdown was further validated in intestinal epithelial 
HT29 cells (Fig. 7c) and knockdown of each OSKM factor can reverse the enhancement of cell proliferation induced 
by CD47 deficiency (Supplementary Fig. S5). As thrombospondin-1 (TSP1) can also suppresse OSKM via binding 
CD47 in renal tubular epithelial cells12–14, we incubated HT29 cells with exogenous TSP1 and found that TSP1 
downregulated the expression of Sox2, Oct4 and cMyc but not Klf4 in HT29 cells (Fig. 7d).

Discussion
In this study, we have demonstrated that epithelial cell CD47 contributes to the developing of IBD in human and 
mice. CD47 expression in the colon is strongly induced in patients with UC and CD and in mouse with DSS-induced 
experimental colitis. Results from cell cultures also showed the increase of CD47 expression after treatment with 
proinflammatory cytokines. CD47 deficiency specific in mouse intestinal epithelia premotes the proliferation and 
self-renew of IEC following the DSS-induced damage maintains the intergrity of the epithelial barrier.

Besides serving as SIRPα liangd to initiate inhibitory signal for macrophage phagocytosis against self cells15,29–

31, CD47 has been shown as a suppressor for tumor metastasis, and targeting it presents an potential and effective 
therapeutic strategy32–34. As CD47 is tightly associated with a number of aggressive cancers, CD47 may serve as 
a positive predictive marker of cancer progression and metastasis35–37. Our study demonstrated that intestinal 
epithelial cell CD47 was also markedly upregulated under inflammatory condition, and its expression was posi-
tively correlated with the severity of inflammatory colitis. From this angle of view, CD47 may serve as a new diag-
nostic marker and therapeutic target for IBD particularly at early stage. Our results further indicated that CD47 
deficiency protects mice from DSS-induced acute colitis and accelerates IEC recovery from damage induced by 
DSS treatment, suggesting that CD47 serves as a negative regulator for intestinal epithelial cell wound healing. 
Given that CD47 deficiency significantly relieved DSS-induced colitis, downregulation of CD47 expression in 
the IEC may improve the condition of IBD. The notion that CD47 downregulation can promote cell survival and 
renewal process is supported by previous reports from different groups. Lin et al.38 showed that CD47 blockade 
reduces ischemia-reperfusion injury and improves outcomes in a rat kidney transplant model. Employing skin 
graft model, Isenberg et al.39 found that suppressing CD47 expression drastically increases graft survival. The 
study by Soto-Pantoja et al.40 demonstrated that CD47 deficiency could protect cells and tissues against radiation 
damage by activating autophagy pathway. Moreover, in agreement with previous report by Bian et al.15 that CD47 
deficiency protected mouse colitis induced by low dosage of DSS, we also found that CD47 deficiency failed to 
rescue mouse colonic damage induced by 4% DSS treatment. These results suggest that protection by CD47 defi-
ciency may be limited against severely colonic damage by high dosage of DSS.

Mechanistic studies further demonstrated that CD47 signaling pathways may control cellular differentiation 
and responses to stress such as ionizing radiation through g11,41. Recent studies by Rogers et al. implicated that 
CD47 might be a negative regulator in the expression of cell pro-survival transcriptional factors, including Oct4, 
Klf4, Sox2 and c-Myc14. Testing the primary intestinal epithelial cells isolated from WT and CD47−/− mice, we 
found that levels of Oct4, Klf4, Sox2 and c-Myc in isolated intestinal epithelium from CD47−/− mice were indeed 
markedly higher than those in WT mice. In support of this, overexpression or depletion of CD47 in intestinal 
epithelial cell lines suppressed or enhanced the expression of cellular Oct4, Klf4, Sox2 and c-Myc, respectively. 
These results may suggest that CD47 modulates intestinal epithelial cells self-renewal through negatively regulat-
ing the expression of cell pro-survival transcriptional factors OKSM, which have been widely shown to activate 
cell dedifferentiation18,42 and proliferation43,44.

In order to explore the mechanism underlying the protection of CD47 deficiency onintestinal epithelial cells 
against DSS-induced injures, we established a stable system of intestinal organoids culture. The results of the 
staining with EDU of the intestinal organoids before and after the treatment of TNFα or IL-17 both indicated that 
CD47 deficiency can improve the proliferation and self-renewal of the IECs. Based on these results, we conclude 
that CD47 deficiency relieves the colitis mainly by enhancing the proliferation of the IEC which are the keys to 
cell recovery following the damage and cell apoptosis induced by DSS or proinflammatory cytokines. However, 
we should mention a very recent study by Reid et al., finding that IEC-expressing CD47 is in fact required for 
mucosal repair45. Employing similar IEC-psecific CD47-KO mouse model, they concluded that the defective 
wound repair in CD47 deficient cells is linked to decreased epithelial β1 integrin and focal adhesion signaling, 
two essential factors for cell migration. Different from our study that focused on IEC proliferation within 7 days 
of DSS-induced damage, the study by Reid et al. monitored IEC wound healing process (in which cell migration 
plays an important part) in 22–26 days along DSS-water-DSS cycle. The contraversial results from these two stud-
ies may suggest that the roles of CD47 in regulating intestinal epeithelial cell proliferation and migration process 
are different.

In conclusion, our resultshave demonstrated that CD47 deficiency protects intestinal epithelium against colitis 
by promoting proliferation and self-renewal of IEC and maintaining the intergrity of the epithelial barrier.

https://doi.org/10.1038/s41598-020-67152-w


1 0Scientific RepoRtS |        (2020) 10:10180  | https://doi.org/10.1038/s41598-020-67152-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Received: 30 September 2019; Accepted: 4 June 2020;
Published: xx xx xxxx

References
 1. Hall, P. A., Coates, P. J., Ansari, B. & Hopwood, D. Regulation of cell number in the mammalian gastrointestinal tract: the importance 

of apoptosis. J. Cell Sci. 107(Pt 12), 3569–3577 (1994).
 2. Podolsky, D. K. Inflamm. Bowel Disease. 347, 417–429, https://doi.org/10.1056/NEJMra020831 (2002).
 3. De Souza, H. S. & Fiocchi, C. Immunopathogenesis of IBD: current state of the art. Nat. Rev. Gastroenterol. Hepatol. 13, 13–27, 

https://doi.org/10.1038/nrgastro.2015.186 (2016).
 4. Di Sabatino, A. et al. Increased Enterocyte Apoptosis Inflamed Areas Crohn’s Disease. 46, 1498–1507, https://doi.org/10.1007/s10350-

004-6802-z (2003).
 5. Edelblum, K., Yan, F., Yamaoka, T. & Brent Polk, D. Regulation of apoptosis during homeostasis and disease in the intestinal epithelium. 

Vol. 12 (2006).
 6. Lin, W. et al. Raf kinase inhibitor protein mediates intestinal epithelial cell apoptosis and promotes IBDs in humans and mice. Gut 

66, 597–610, https://doi.org/10.1136/gutjnl-2015-310096 (2017).
 7. Balfour Sartor, R. Current concepts of the etiology and pathogenesis of ulcerative colitis and Crohn’s disease. Vol. 24 (1995).
 8. Marini, M. et al. TNF-alpha neutralization ameliorates the severity of murine Crohn’s-like ileitis by abrogation of intestinal epithelial 

cell apoptosis. Proc. Natl Acad. Sci. USA 100, 8366–8371, https://doi.org/10.1073/pnas.1432897100 (2003).
 9. Brown, E. J. & Frazier, W. A. Integrin-associated protein (CD47) and its ligands. Trends Cell Biol. 11, 130–135 (2001).
 10. Oldenborg, P. A. et al. Role of CD47 as a marker of self on red blood cells. Science 288, 2051–2054, https://doi.org/10.1126/

science.288.5473.2051 (2000).
 11. Soto-Pantoja, D. R., Kaur, S. & Roberts, D. D. CD47 signaling pathways controlling cellular differentiation and responses to stress. 

Crit. Rev. Biochem. Mol. Biol. 50, 212–230, https://doi.org/10.3109/10409238.2015.1014024 (2015).
 12. Smadja, D. M. et al. Thrombospondin-1 is a plasmatic marker of peripheral arterial disease that modulates endothelial progenitor 

cell angiogenic properties. Arterioscler. Thromb. Vasc. Biol. 31, 551–559, https://doi.org/10.1161/atvbaha.110.220624 (2011).
 13. Kaur, S. et al. Thrombospondin-1 signaling through CD47 inhibits self-renewal by regulating c-Myc and other stem cell transcription 

factors. Sci. Rep. 3, 1673, https://doi.org/10.1038/srep01673 (2013).
 14. Rogers, N. M., Zhang, Z. J., Wang, J. J., Thomson, A. W. & Isenberg, J. S. CD47 regulates renal tubular epithelial cell self-renewal and 

proliferation following renal ischemia reperfusion. Kidney Int. 90, 334–347, https://doi.org/10.1016/j.kint.2016.03.034 (2016).
 15. Bian, Z. et al. CD47 deficiency does not impede polymorphonuclear neutrophil transmigration but attenuates granulopoiesis at the 

postacute stage of colitis. J. Immunol. 190, 411–417, https://doi.org/10.4049/jimmunol.1201963 (2013).
 16. Fortin, G. et al. A role for CD47 in the development of experimental colitis mediated by SIRPα+CD103− dendritic cells. J. Exp. 

Med. 206, 1995–2011, https://doi.org/10.1084/jem.20082805 (2009).
 17. Ivanova, N. B. et al. A stem cell molecular signature. Science 298, 601–604, https://doi.org/10.1126/science.1073823 (2002).
 18. Takahashi, K. & Yamanaka, S. Induction of pluripotent siktem cells from mouse embryonic and adult fibroblast cultures by defined 

factors. Cell 126, 663–676, https://doi.org/10.1016/j.cell.2006.07.024 (2006).
 19. Ramalho-Santos, M. “Stemness”: Transcriptional Profiling of Embryonic and Adult Stem Cells. Science 298, 597–600, https://doi.

org/10.1126/science.1072530 (2002).
 20. Zhao, Q.-j, Yu, Y.-b, Zuo, X.-l, Dong, Y.-y & Li, Y.-q Milk fat globule-epidermal growth factor 8 is decreased in intestinal epithelium 

of ulcerative colitis patients and thereby causes increased apoptosis and impaired wound healing. Mol. Med. 18, 497–506, https://
doi.org/10.2119/molmed.2011.00369 (2012).

 21. Sato, T. et al. Single Lgr5 stem cells build crypt–villus structures in vitro without a mesenchymal niche. Nature 459, 262, https://doi.
org/10.1038/nature07935

 22. Sato, T. et al. Long-term expansion of epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett’s epithelium. 
Gastroenterology 141, 1762–1772, https://doi.org/10.1053/j.gastro.2011.07.050 (2011).

 23. Mikawa, S. et al. Serotonin 3 receptor signaling regulates 5-fluorouracil–mediated apoptosis indirectly via TNF-α production by 
enhancing serotonin release from enterochromaffin cells. FASEB J. 33, 1669–1680, https://doi.org/10.1096/fj.201701200RR (2019).

 24. Li, L. et al. Signal regulatory protein α protects podocytes through promoting autophagic activity. JCI Insight 5, e124747, https://doi.
org/10.1172/jci.insight.124747 (2019).

 25. Neurath, M. F. Targeting immune cell circuits and trafficking in inflammatory bowel disease. Nat. Immunology 20, 970–979, https://
doi.org/10.1038/s41590-019-0415-0 (2019).

 26. Sui, G., Qiu, Y., Yu, H., Kong, Q. & Zhen, B. Interleukin-17 promotes the development of cisplatin resistance in colorectal cancer. 
Oncology Letters 17, https://doi.org/10.3892/ol.2018.9645 (2018).

 27. Bayrer, J. R. et al. LRH-1 mitigates intestinal inflammatory disease by maintaining epithelial homeostasis and cell survival. Nat. 
Commun. 9, 4055–4055, https://doi.org/10.1038/s41467-018-06137-w (2018).

 28. Grada, A., Otero-Vinas, M., Prieto-Castrillo, F., Obagi, Z. & Falanga, V. Research Techniques Made Simple: Analysis of Collective 
Cell Migration Using the Wound Healing Assay. J. Invest. Dermatol. 137, e11–e16, https://doi.org/10.1016/j.jid.2016.11.020 (2017).

 29. Bian, Z. et al. Cd47-Sirpalpha interaction and IL-10 constrain inflammation-induced macrophage phagocytosis of healthy self-cells. 
Proc. Natl Acad. Sci. USA 113, E5434–5443, https://doi.org/10.1073/pnas.1521069113 (2016).

 30. Matlung, H. L., Szilagyi, K., Barclay, N. A. & van den Berg, T. K. The CD47-SIRPalpha signaling axis as an innate immune checkpoint 
in cancer. Immunol. Rev. 276, 145–164, https://doi.org/10.1111/imr.12527 (2017).

 31. van den Berg, T. K. & van der Schoot, C. E. Innate immune ‘self ’ recognition: a role for CD47-SIRPalpha interactions in 
hematopoietic stem cell transplantation. Trends Immunol. 29, 203–206, https://doi.org/10.1016/j.it.2008.02.004 (2008).

 32. Zhao, H. et al. CD47 Promotes Tumor Invasion and Metastasis in Non-small Cell Lung Cancer. Sci. Rep. 6, 29719, https://doi.
org/10.1038/srep29719 (2016).

 33. Ngo, M. et al. Antibody Therapy Targeting CD47 and CD271 Effectively Suppresses Melanoma Metastasis in Patient-Derived 
Xenografts. Cell Rep. 16, 1701–1716, https://doi.org/10.1016/j.celrep.2016.07.004 (2016).

 34. Liu, X., Kwon, H., Li, Z. & Fu, Y. X. Is CD47 an innate immune checkpoint for tumor evasion? J. Hematol. Oncol. 10, 12, https://doi.
org/10.1186/s13045-016-0381-z (2017).

 35. Fujiwara-Tani, R. et al. Concurrent Expression of CD47 and CD44 in Colorectal Cancer Promotes Malignancy. Pathobiology, 1–8, 
https://doi.org/10.1159/000496027 (2019).

 36. Fu, W., Li, J., Zhang, W. & Li, P. High expression of CD47 predicts adverse prognosis in Chinese patients and suppresses immune 
response in melanoma. Biomed. Pharmacother. 93, 1190–1196, https://doi.org/10.1016/j.biopha.2017.06.030 (2017).

 37. Marcucci, F., Rumio, C. & Corti, A. Tumor cell-associated immune checkpoint molecules - Drivers of malignancy and stemness. 
Biochim. Biophys. Acta Rev. Cancer 1868, 571–583, https://doi.org/10.1016/j.bbcan.2017.10.006 (2017).

 38. Lin, Y. et al. CD47 blockade reduces ischemia-reperfusion injury and improves outcomes in a rat kidney transplant model. 
Transplantation 98, 394–401, https://doi.org/10.1097/tp.0000000000000252 (2014).

 39. Isenberg, J. S. et al. Blockade of thrombospondin-1-CD47 interactions prevents necrosis of full thickness skin grafts. Ann. Surg. 247, 
180–190, https://doi.org/10.1097/SLA.0b013e31815685dc (2008).

https://doi.org/10.1038/s41598-020-67152-w
https://doi.org/10.1056/NEJMra020831
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1007/s10350-004-6802-z
https://doi.org/10.1007/s10350-004-6802-z
https://doi.org/10.1136/gutjnl-2015-310096
https://doi.org/10.1073/pnas.1432897100
https://doi.org/10.1126/science.288.5473.2051
https://doi.org/10.1126/science.288.5473.2051
https://doi.org/10.3109/10409238.2015.1014024
https://doi.org/10.1161/atvbaha.110.220624
https://doi.org/10.1038/srep01673
https://doi.org/10.1016/j.kint.2016.03.034
https://doi.org/10.4049/jimmunol.1201963
https://doi.org/10.1084/jem.20082805
https://doi.org/10.1126/science.1073823
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1126/science.1072530
https://doi.org/10.1126/science.1072530
https://doi.org/10.2119/molmed.2011.00369
https://doi.org/10.2119/molmed.2011.00369
https://doi.org/10.1038/nature07935
https://doi.org/10.1038/nature07935
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1096/fj.201701200RR
https://doi.org/10.1172/jci.insight.124747
https://doi.org/10.1172/jci.insight.124747
https://doi.org/10.1038/s41590-019-0415-0
https://doi.org/10.1038/s41590-019-0415-0
https://doi.org/10.3892/ol.2018.9645
https://doi.org/10.1038/s41467-018-06137-w
https://doi.org/10.1016/j.jid.2016.11.020
https://doi.org/10.1073/pnas.1521069113
https://doi.org/10.1111/imr.12527
https://doi.org/10.1016/j.it.2008.02.004
https://doi.org/10.1038/srep29719
https://doi.org/10.1038/srep29719
https://doi.org/10.1016/j.celrep.2016.07.004
https://doi.org/10.1186/s13045-016-0381-z
https://doi.org/10.1186/s13045-016-0381-z
https://doi.org/10.1159/000496027
https://doi.org/10.1016/j.biopha.2017.06.030
https://doi.org/10.1016/j.bbcan.2017.10.006
https://doi.org/10.1097/tp.0000000000000252
https://doi.org/10.1097/SLA.0b013e31815685dc


1 1Scientific RepoRtS |        (2020) 10:10180  | https://doi.org/10.1038/s41598-020-67152-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

 40. Soto-Pantoja, D. R. et al. CD47 deficiency confers cell and tissue radioprotection by activation of autophagy. Autophagy 8, 
1628–1642, https://doi.org/10.4161/auto.21562 (2012).

 41. Miller, T. W. et al. CD47 Receptor Globally Regulates Metabolic Pathways That Control Resistance to Ionizing Radiation. J. Biol. 
Chem. 290, 24858–24874, https://doi.org/10.1074/jbc.M115.665752 (2015).

 42. Takahashi, K. et al. Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell 131, 861–872, https://
doi.org/10.1016/j.cell.2007.11.019 (2007).

 43. Dang, C. et al. The c-Myc target gene network. Vol. 16 (2006).
 44. Bretones, G., Delgado, M. D. & Leon, J. Myc and cell cycle control. Biochim. Biophys. Acta 1849, 506–516, https://doi.org/10.1016/j.

bbagrm.2014.03.013 (2015).
 45. Reed, M. et al. Epithelial CD47 is critical for mucosal repair in the murine intestine in vivo. Nat. Commun. 10, 5004, https://doi.

org/10.1038/s41467-019-12968-y (2019).

Acknowledgements
The authors also thank Drs. Jill Leslie Littrell and Koby Shane Kidder (Georgia State University, Atlanta, GA) 
for critical reading and constructive discussion of the manuscript. This work was supported by grants from the 
Ministry of Science and Technology of China (2018YFA0507100), National Natural Science Foundation of China 
(31670917, 31770981), Natural Science Foundation of Jiangsu Province (BK20170076), Six-Talent-Peak project of 
Jiangsu Province, and Fundamental Research Funds for the Central Universities (020814380095, 020814380082).

Author contributions
K.Z. and L.L. designed the experiments. Y.H., X.S., W.R., R.Y., H.L., Y.Q. performed the experiments and analyzed 
results. Y.H. and K.Z. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-67152-w.
Correspondence and requests for materials should be addressed to L.L. or K.Z.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-67152-w
https://doi.org/10.4161/auto.21562
https://doi.org/10.1074/jbc.M115.665752
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.bbagrm.2014.03.013
https://doi.org/10.1016/j.bbagrm.2014.03.013
https://doi.org/10.1038/s41467-019-12968-y
https://doi.org/10.1038/s41467-019-12968-y
https://doi.org/10.1038/s41598-020-67152-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	CD47 is a negative regulator of intestinal epithelial cell self-renewal following DSS-induced experimental colitis
	Materials and Methods
	Tissues, animals, cell lines and reagents. 
	Wound healing assay. 
	EdU staining. 
	Crypt isolation and intestinal organoid culture. 
	Epithelial cells isolation. 
	RNA isolation and quantitative RT-PCR. 
	Mouse colitis model. 
	Western Blot. 
	Transfection of cells with plasmid and siRNA. 
	Histopathological analysis. 
	Immunofluorescence. 
	Flow cytometric assays. 
	Statistical analysis. 

	Results
	Upregulation of CD47 in human intestinal epithelium in UC and CD patients and in mouse intestinal epithelium during DSS-ind ...
	Inflammatory cytokines enhance intestinal epithelial cell CD47 expression. 
	CD47 deficient mice resist to DSS colitis. 
	CD47 deficiency promotes the proliferation and wound healing of IECs. 
	CD47 reduces the expression of Oct4, Klf4, Sox2 and c-Myc in intestinal epithelial cells. 

	Discussion
	Acknowledgements
	Figure 1 CD47 upregulation in human intestinal epithelium from IBD patients.
	Figure 2 CD47 upregulation in mouse intestinal epithelium during DSS-induced experimental colitis.
	Figure 3 CD47 upregulation in human IECs by inflammatory cytokine treatment.
	Figure 4 CD47 deficiency protects the mice from DSS-induced experimental colitis.
	Figure 5 Negativecorrelation between the intestinal epithelial cell CD47 expression level and the cell proliferation capacity.
	Figure 6 Intestinal epithelil cell CD47 inhibits cell wound healing and proliferation processes.
	Figure 7 CD47 deficiency upregulates the expression of OSKM in intestinal epithelial cells.




