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p21 Regulates Wnt-Notch balance via DREAM/MMB/Rb-E2F1
and maintains intestinal stem cell homeostasis
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The crosstalk and balance regulation of Wnt-Notch have been known to be essential for cell fate decision and tissue regeneration,
however, how this balance is maintained and how the Wnt-Notch pathways are connected with cell cycle regulation is still not
clear. By analyzing the molecular alterations in mouse model with accelerated aging phenotypes due to loss of p21 function in a
Werner syndrome background, we observed that Wnt3 and β-Catenin were down-regulated, while Notch1 and Hes1 were up-
regulated. This disruption in Wnt-Notch signaling was accompanied by the loss of intestinal stem cell compartment, increase in
Bmi1 positive cells, loss of Olfm4/Lgr5 positive cells, and reduced secretory Paneth cells and goblet cells in the intestinal crypts of
p21TKO mice. BrdU incorporation, cleaved caspase 3, and Tunel assay results revealed the fast turnover of intestinal epithelia, which
may result in abnormal stem cell mobilization and exhaustion of the stem cell reservoir in the intestinal crypts. We further identified
shift of DREAM complex towards MMB complex due to the loss of p21 as the cause for faster turnover of intestinal epithelia.
Importantly, we identified the E2F1 as the transcriptional regulator for Notch1, which linked the p21-DREAM/MMB/Rb-E2F1
pathway with Wnt-Notch pathway. The overexpression of p21 rescued the DREAM pathway, as well as the imbalance of Wnt-Notch
pathway. In summary, our data identify p21 as an important factor in maintaining sequential mobilization, proliferation, and
homeostasis of intestinal stem cells.
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INTRODUCTION
Tissue stem cell maintenance is the basis of tissue renewal, tissue
regeneration and repair. The proliferation and differentiation of
tissue stem cells is tightly regulated by their respective tissue
microenvironment to meet the needs of tissue homeostasis. The
dysfunction of any of these mechanisms will lead to aging or
damage of tissue stem cells. The aging and damage of tissue stem
cells are reflected in alterations in stem cell numbers, shifts
between quiescent and proliferating states, and a decline in their
ability to proliferate and differentiate, ultimately resulting in tissue
dysfunction, aging, and disease [1, 2].
Due to the needs to maintain a higher proliferation potential,

compared with somatic cells, stem cells have a unique cell cycle
regulation mechanism, represented by a shorter G1 phase of the
cell cycle and a rapid entry into S phase, thus resulting in faster
cell cycle [3]. However, tissue stem cells need to re-enter the cell
cycle frequently from the quiescent state to meet the needs of
tissue renewal and repair, and their cell cycle regulation is more
complicated [4].
The regulation of cell cycle process is orchestrated by the

balance of regulatory mechanisms such as p53-p21-DREAM/MMB/
Rb-E2F1 (Drosophila Myb–E2F2/RBF transcriptional repressor
complex) pathway [5]. Binding of p21 to cyclin E/CDK1/2 proteins
and p16 to cyclin D/CDK4/6 proteins result in inhibition of cyclin/
CDK activity and prevent the phosphorylation of Rb family

proteins (Rb/Rb1, p130, p107). The activation of Rb family proteins
results in transcriptional suppression of downstream targets of
E2F1 and MMB, which leads to the inhibition of cell cycle. The
DREAM/MMB complex binds to both E2F elements (cell cycle
dependent element) on the promoters of G1/S genes, and the cell
cycle genes homology region (CHR) on the promoter sites of G2/M
genes, while RB-E2F complexes can only interact with E2F sites
[6–8]. Studies have shown that the expression of p21 and p16 in
embryonic stem cells is limited, and Myc can directly regulate the
transcriptional activity of E2F to promote the process of cell cycle
[9, 10]. This balance and homeostasis govern cellular stemness,
self-renewal, and differentiation, while also preventing tissue and
organ aging as well as the development of tumors.
The excessive consumption of stem cells may significantly

contribute to the depletion of the stem cell pool in aging tissues.
Therefore, regulating the cell cycle to maintain a balance between
the quiescent and active proliferative states of stem cells is crucial
for preserving the stem cell pool and ensuring effective tissue
repair. Studies have shown that the proliferation capacity and
absolute number of hematopoietic stem cells increased in p21
knockout mice without injury stimulation. However, when the
mice were exposed to the myelotoxic 5-FU, the hematopoietic
stem cells of the mice lost their self-renewal ability, resulting in a
significant decline in the repair ability of bone marrow injury [11].
Consistent with this, another study found that p21 deletion result
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in depletion of quiescent stem cells in mouse forebrain tissue,
these cells lost their ability to self-renew [12]. These studies
suggest that p21 maintains the sequentially regulation of tissue
stem cell self-renewal and tissue regeneration by maintaining the
resting state of tissue stem cells, however, the molecular
mechanism is unclear. They also showed that p21 loss improved
small intestine epithelial cell homeostasis and increased hemato-
poietic stem cell function by improving their ability of hemato-
poietic reconstruction upon transplantation [13]. This study
concluded that knockout of p21 can prolong the lifespan of
telomerase-deficient mice without increasing chromosome
instability or tumor incidence [13]. In addition, in premature
aging mouse models with Pot1b (Protection of Telomeres 1b)
knockout, p21 knockout alleviated the senescence phenotype and
significantly extended the lifespan of Pot1b knockout mice [14].
Unlike previous studies, these data suggest that p21 loss improves
stem cell function and tissue homeostasis. Thus, the role of p21 in
stem cell homeostasis and organ aging regulation remains
controversial, further data is needed to understand its regulating
function.
The Wnt-Notch signaling pathways are among the most

important regulatory pathways that drive self-renewal, tissue
regeneration, tissue repair, and homeostasis. The Wnt family
proteins activate β-Catenin and regulate the transcription of its
downstream target genes, such as Lgr5, Axin2, cMyc, cyclin, etc.,
and participate in the regulation of stem cell division, differentia-
tion, etc. [15]. The Notch proteins and its downstream targets Hes1
determine whether stem cells and early transient amplifying (TA)
cells differentiate into small intestinal epithelial cells or secretory
cells by balancing Hes1 and Math1 expression [16]. The Wnt and
Notch signaling pathways are interconnected and regulate each
other [17]. The Wnt-Notch signaling pathway and its related
regulatory molecules and the cells producing these factors form a
microenvironment (niche) of stem cell self-renewal and tissue
regeneration, which regulates the regeneration and repair of a
variety of tissues. The balance and crosstalk of Wnt-Notch
signaling is essential in regulating small intestinal stem cell
homeostasis [18].
In our previous study, we used a mouse model of premature

aging syndrome-Werner syndrome (WS) to study the regulatory
effects of p21 on aging progress induced by telomere dysfunction.
Werner syndrome is a hereditary disease caused by the mutation
of Wrn gene. The Wrn protein belongs to family of Recq DNA
helicases, and is essential for telomere DNA replication, especially
the DNA lagging strand synthesis. The WS mouse with double
knocked out of the telomerase RNA components mTerc and Wrn
gene (mTR−/−Wrn−/−), faithfully reproduced the phenotypes of
human Werner syndrome, such as shortened lifespan, cataract,
type II diabetes mellitus, osteoporosis, ischemic heart disease,
osteosarcoma, etc. [19, 20]. To study the regulatory effect of p21
on aging caused by telomere damage, the above WS mice (DKO,
mTR−/−Wrn−/−) were crossed with p21 knockout (p21−/−) mice,
and the G1, G2, and G3 generation of p21TKO mice with
progressively shortened telomeres were obtained. In this way,
we introduced p21 knockout in the WS background, thus
establishing the mouse model of mTR, Wrn, and p21 knockout
(p21TKO, p21−/−mTR−/−Wrn−/−) [21].
We were surprised to discover that the absence of p21 did not

slow the aging process in WS mice, but rather accelerated it.
Specifically, p21G3TKO mice exhibited a significantly reduced
lifespan and developed aging-related phenotypes, such as
osteoporosis and disrupted intestinal stem cell homeostasis, at
an earlier age [21]. Further studies on this basis may further
elucidate the regulatory mechanism of p21 on tissue stem cell
homeostasis.
The distinctive crypt and villus structure of the small intestine,

along with the well-defined distribution of stem cells and
proliferating cells, makes it an ideal organ for studying stem cell

proliferation and differentiation [22, 23]. Cytokines secreted by
mesenchymal cells, Paneth cells and immune cells in the small
intestine crypt are involved in the regulation of the crypt
microenvironment signal transduction pathway, such as Wnt,
Notch, Hh, BMP, etc., thus regulating the homeostasis of small
intestine stem cells [22, 24].
In this study, due to its availability and stability, we collect

mouse liver tissue to perform RNA-sequencing. Our results from
comparative analyses of the RNA-seq data of DKO and p21TKO
mouse liver revealed that the Wnt signaling pathway was down-
regulated while the Notch pathway was up-regulated. Due to the
hierarchy of stem cell structure, we choose small intestine to
verify the RNA-seq data. We validated the dysfunctional intestinal
stem cell homeostasis, and confirmed the down-regulation of the
Wnt pathway and up-regulation of the Notch pathway, as
identified by RNA-seq, which may contribute to this dysfunction.
Further investigation revealed that the loss of p21 leads to the
transition of the DREAM/Rb complex to the MMB/E2F1 complex,
resulting in E2F1-mediated transcription of Notch1. This shift
disrupts the regulatory balance between the Notch and Wnt
pathways. Furthermore, overexpression of p21 can rescue this
shift. These findings highlight the critical role of p21 in
maintaining intestinal stem cell homeostasis by regulating the
interplay between the DREAM/MMB/Rb-E2F1 and Wnt-Notch
pathways.

RESULTS
Loss of p21 function in the background of Werner syndrome
resulted in the up-regulation of Notch and down-regulation of
Wnt pathways
Previously we discovered that the deletion of p21 in the
background of Werner syndrome did not rescue the aging
phenotypes, on the contrary, it accelerated the aging progress
and caused early onset of progeroid symptoms, such as
exhaustion of stem cell reservoir [21]. To understand the
molecular pathways altered after p21 deletion, we performed
RNA-sequencing on tissues isolated from 3rd generation TKO mice
(G3 p21TKO, p21−/−mTR−/−Wrn−/−), which already showed
progeroid symptoms. The G3 DKO mice (mTR−/−Wrn−/−) were
used as control. Due to its availability and stability, we collect
mouse liver tissue to perform RNA-seq. The RNA-seq data was
analyzed by ssGSEA (single sample gene set enrichment analysis),
by this way, we could disclose the differentially regulated
pathways in response to the loss of p21 function (Fig. 1A). The
ssGSEA analysis revealed that the Notch pathway was up-
regulated in the liver tissue of 2-month-old p21G3TKO mice
compared to the same age G3DKO mice. On the other hand, the
Wnt pathway was down-regulated in the liver tissue of p21G3TKO
mice compared to the G3DKO mice (Fig. 1A). To further investigate
the genes involved in these pathways, we performed GSEA (gene
set enrichment analysis) using gene sets related to the Notch and
Wnt pathways. The top 50 down-regulated Wnt pathway genes in
p21G3TKO mouse tissue are displayed in Fig. 1B. Among these, we
identified several key components, including the receptor of Wnt
pathway-FZD family genes and Lrp6 gene, the Wnt signal
transduction factor-DVL gene, the cofactor for the transcription
activated by Wnt pathway-Lef1 gene, and the Wnt pathway’s
transcriptional product Myc. The Wnt5A and Wnt9A genes were
also found down-regulated. Interestingly, we found that the
negative regulator of Wnt pathway-Apc gene was down-regulated
in p21G3TKO mouse tissue. (Fig. 1B). The top 50 up-regulated
Notch pathway genes in p21G3TKO mouse tissue were plotted in
Fig. 1C. Among these, the Notch4, Notch1 genes were up-
regulated. Other than these, we also found the receptor of Notch
pathway-Dll gene, the transcription product of Notch pathway-
Hes1 and Hey1 gene, were up-regulated upon the loss of p21
function (Fig. 1C). These data suggested that the loss of p21
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resulted in the altered Wnt and Notch signaling, which might lead
to the alteration of tissue homeostasis.
Given the distinct crypt-villus structure and the well-defined

hierarchy of stem cells and proliferating cells in the small intestine,
we selected this tissue to validate the RNA-seq data and
investigate tissue stem cell homeostasis. We investigated the
differential expression of the key proteins in Wnt-Notch pathways
in small intestine compartments isolated from mice across the
four genotypes: the wild type (WT), the p21 single knock out (p21
null, p21−/−), the 2nd generation of WS double knock out (G2DKO,
mTR−/−Wrn−/−), the 2nd generation of p21 and WS triple knock
out (p21G2TKO, p21−/−mTR−/−Wrn−/−). Additionally, the mouse
embryo fibroblasts (MEFs) were established from these four
genotypes of mice for cell based experiments. The immunohis-
tochemistry staining of the intestinal villi illustrated that,
compared to the other three genotype of mice, the β-Catenin
was down-regulated in majority of the crypt cells of p21G2TKO
mouse, displaying a punctuate staining pattern (Fig. 2A,
β-Catenin). In contrast, Notch1 and Hes1 were up-regulated and
localized in the nuclei of crypt cells in p21G2TKO mice (Fig. 2A,
Notch1 and Hes1). When we found this altered expression of the
key proteins in Wnt-Notch pathways, we were wondering whether
the depletion of Lgr5+ stem cells we observed earlier [21] was due
to this imbalance between Wnt and Notch signaling. To further
understand the cell linage change that occurred upon loss of p21
function, we first performed immunohistochemistry staining of
the intestinal villi for Olfm4, the marker for crypt base columnar
stem cell (CBC). Our results showed that the abundance of Olfm4
positive cells was indeed reduced in the crypts of p21G2TKO mice
(Fig. 2A, Olfm4). Since the Paneth cells are known to be essential
in secreting Wnt proteins and forming CBC maintenance niche, we
then investigated the secretory cell linage by staining the Paneth
cells and goblet cells with lysozyme and Alcian blue, respectively.
The results revealed that abundance of both Paneth cells and

goblet cells decreased in the crypts of p21G2TKO mice, compared
with WT, p21 null, and G2DKO mice (Fig. 2A, lysozyme, Alcian
blue). The reduction of Paneth cells further supports the loss of
CBC in the crypts of p21G2TKO mice.
Since the crypts are the key compartments for CBC stem cells,

we isolated the crypts from the intestine of four genotypes of
mice and extracted the crypt proteins for Western blot. The results
revealed that Wnt3 was down-regulated, while Notch1 and Hes1
were up-regulated in the crypts of p21G2TKO mice, compared
with WT, p21 null, and G2DKO mice (Fig. 2B, Wnt3, Notch1, Hes1).
Consistent with the tissue immunohistochemistry results, the
Olfm4 was down-regulated in the crypts of both p21 null and
p21G2TKO mice compared with WT and G2DKO mice (Fig. 2B,
Olfm4). The lysozyme was down-regulated in the isolated
p21G2TKO crypts, confirming the decrease of Paneth cells
abundance in the crypts of p21G2TKO mice (Fig. 2B, lysozyme).
To further confirm these results, we prepared MEFs from the

above four genotypes of mice. Western blot data, consistent with
the tissue data, revealed that Wnt and β-Catenin were down-
regulated in p21G2TKO compared to G2DKO MEFs, while Notch1,
Hes1, and Rbpj were up-regulated in both p21 null and p21G2TKO
compared to G2DKO MEFs (Fig. 2C). By immunofluorescence
staining, we found that Wnt3 and β-Catenin were down-regulated
in p21G2TKO MEFs, compared with WT, p21 null, and G2DKO
MEFs (Fig. 2D, Wnt3, β-Catenin), while the Notch1 was up-
regulated and translocated into the nuclei of p21G2TKO MEFs (Fig.
2D, Notch1). Interestingly, the Notch1 downstream key protein
Hes1 was up-regulated in p21G2TKO MEFs, and translocated into
nuclei of the cells, suggesting the enhancement of its function in
transcription regulation (Fig. 2D, Hes1).
We then extracted the RNA from the crypts and performed RT-

qPCR to compare the expression level of Wnt genes. The results
revealed that Wnt3 and its downstream C-Myc, CD44, Axin genes
were down-regulated in isolated p21G2TKO crypts, compared

Fig. 1 RNA-seq data revealed the up-regulation of Notch and down-regulation of Wnt pathway upon the loss of p21 function in the
background of Werner syndrome. A The RNA-seq data showing the up-regulated Notch pathway and down-regulated Wnt pathway in
p21G2TKO mouse tissue. B The top 50 down-regulated Wnt pathway genes in p21G2TKO mouse tissue revealed by GSEA analysis. C The top
50 up-regulated Notch pathway genes in p21G2TKO mouse tissue revealed by GSEA analysis.
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with WT and G2DKO crypts (Fig. 2E). The CBC markers Lgr5 gene
was also down-regulated in isolated p21G2TKO crypts, compared
with WT and G2DKO crypts (Fig. 2E).
Collectively, these findings confirmed the loss of CBC stem

cells and Paneth cells in the intestines of p21G2TKO mice

compared to WT, p21 null, and G2DKO mice. This suggests an
alteration in intestinal stem cell differentiation and cell lineages,
potentially leading to the depletion of the stem cell reservoir,
likely due to changes in the Wnt-Notch pathways following
p21 loss.
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The shift of DREAM/Rb to MMB/E2F1 pathway promote cell
proliferation, cell cycle progression, and stem cell
mobilization upon the loss of p21 function
Other than the impact of altered Wnt-Notch signaling, given the
well-known function of p21 in inhibition of cell cycle progression,
we suspected that the CBC exhaustion could be the consequence
of over mobilization of quiescent stem cells via cellular prolifera-
tion upon p21 loss, especially in the background of Werner
syndrome. To test this hypothesis, we analyzed the cell migration,
proliferation, and apoptosis status along the various niches across
small intestine villi. The hematoxylin-eosin (H&E) staining results
revealed that the average villus height did not differ significantly
between G2DKO and p21G2TKO mice (Fig. 3A, quantified in B).
However, both the average crypt height and depth were increased
in p21G2TKO mice compared to G2DKO mice (Fig. 3A, quantified
in B), suggesting an enlargement of the crypts in p21G2TKO mice.
Interestingly, both cleaved capspase3 staining and Tunel staining
revealed a higher rate of cellular apoptosis in the small intestine
villi of p21G2TKO mice compared to other genotypes (Fig. 3A and
quantification in B). While at the same time, the cell proliferation
rate is also increased as shown by phosphorylated H3, a marker for
cells in M phase (Fig. 3A and quantification in B). The high rate of
cell apoptosis and proliferation suggested a much faster turnover
of cells in the villi of p21G2TKO mice. To verify this, we then traced
the cell migration along the villi of these four genotypes of mice
by BrdU incorporation. The results revealed that at 6 h after BrdU
injection, the BrdU signal was retained mostly in the crypt cells of
all four genotypes of mice (Fig. 3A, 6 H and quantification in 3B,
some BrdU labeled cells located in the middle of villi matrix were
disregarded as they do not belong to intestinal epithelia). While at
24 h after BrdU injection, a lot of BrdU labeled cells migrated along
the villi could still be observed in p21G2TKO and p21 null mice,
while most BrdU labeled cells still retained in the crypts of WT and
G2DKO mice (Fig. 3A, 24 H), the migration distance was
significantly different (Fig. 3B, 24 H). At 72 h after BrdU injection,
the BrdU labeled cells were no longer found in the villi epithelia of
p21G2TKO (Fig. 3A, 72 H), while we still could observe BrdU
labeled epithelia at the tip part of villi in WT, p21 null, and G2DKO
mice (Fig. 3A, 72 H, red arrow pointed cells). Together these data
support the fast migration and turnover of cells in the villi of
p21G2TKO mice, probably due to increased cell proliferation, as
well as apoptosis.
Given this fast turnover of cells, we were wondering what

would happen to the +4 stem cells (position 4 stem cells, zoned
between CSC and transient amplification (TA) cells) in the crypts.
Since Bmi1 is a marker for +4 stem cells, we stained crypts for
Bmi1 to visualize these cells. Surprisingly, our data showed a
reduction of Bmi1 expressing cells in the crypts of G2DKO mice
compared with WT and p21 null mice, while increased Bmi1
expressing cells in the crypts of p21G2TKO mice (Fig. 3C, Bmi1).
This increase in Bmi1-positive cells in the crypts of p21G2TKO
mice was further confirmed by immunofluorescence staining
(Supplementary Fig. 1). If Bmi1 was an exclusive marker for
+4 stem cells, these data would suggest an obvious increase of
+4 stem cells in the intestine of p21G2TKO mice. However, it is
more likely that these data indicate an increase in transient

amplification cells in the intestines of p21G2TKO mice, as Bmi1
can also serve as a marker for proliferating cells. To test this
hypothesis, we compared the staining patterns of proliferation
marker Ki67 and Bmi1 by performing immunohistochemistry
staining on serial sections, aiming to find similar structures and
merge the Ki67 and Bmi1 signals. The results showed that in the
crypts of WT, p21 null, and G2DKO mice, the Ki67 positive cells
were more abundant than the Bmi1 positive cells (Fig. 3C, 20X
and 40X, with red frames indicating similar structures in serial
sections. The signals were quantified in D). However, in the crypts
of p21G2TKO mice, where Bmi1 signals were robust, the number
of Ki67-positive cells matched that of Bmi1-positive cells (Fig. 3C,
20X and 40X, with red frames indicating similar structures in serial
sections. Signals were quantified in D). To further merge these
two signals, we select a single crypt to compare the signals of
Bmi1 and Ki67. The results revealed multiple colocalization of
Bmi1 and Ki67 in a crypt of p21G2TKO mice, whereas very few or
none was found in the crypts of WT, p21 null, and G2DKO mice
(Fig. 3C, Bmi1+ Ki67, red arrow pointed to the colocalization).
These data indicated the significant increase of proliferative cells
in the crypts of p21G2TKO mice, and these cells were Bmi1
positive.
We further analyzed Bmi1 expression using isolated crypt

protein extracts from the four mouse genotypes. The results
confirmed increased Bmi1 protein levels in both p21 null and
p21G2TKO mice compared to WT and G2DKO mice (Fig. 3E).
Interestingly, when we aligned these findings with the expression
pattern of Olfm4 in Fig. 2B, we observed that Olfm4 and Bmi1
were inversely regulated in p21 null and p21G2TKO crypts, i.e.,
when Olfm4 was down-regulated, Bmi1 was up-regulated (Fig. 2B
and Fig. 3E). Additionally, proliferative markers, such as the
phosphorylated H3 and PCNA, were only up-regulated in
p21G2TKO crypts (Fig. 3E). Together these data suggest that the
p21 loss itself already resulted in the switch of Olfm4+ cells to
Bmi1+ cells in the crypts, while only in p21G2TKO background, the
cells were highly proliferative.
It is well known that p21 regulates DREAM/MMB/Rb-E2F1

pathway (DREAM/Rb as the suppressive form, and MMB/E2F1 the
activated form) and inhibits cell cycle progression [8], we
investigated whether the proteins in DREAM/MMB/Rb-E2F1
complex and their binding partner proteins play any role in this
process. We used the MEFs from the four mouse genotypes to
perform Western blot and co-immunoprecipitation (Co-IP). We
found that the core protein of DREAM/MMB pathway Lin9 was
slightly down-regulated in p21G2TKO cells, while Lin54 was up-
regulated compared with G2DKO cells (Fig. 3F). Additionally, the
activating protein B-Myb and E2F1 were up-regulated, while the
inhibitory protein p130 were down-regulated in p21G2TKO cells
compared with G2DKO cells (Fig. 3F). Thus, although the
inhibitory protein p107 and Rb were slightly up-regulated in
p21G2TKO cells compared with G2DKO cells, the up-regulation
of down-stream target proteins Mcm2, Mcm7, Survivin indicated
the DREAM/MMB/Rb-E2F1 pathway was shifted to cell cycle
promoting form in p21G2TKO cells compared with G2DKO cells
(Fig. 3F). The up-regulation of cell cycle proteins PCNA, Ki67,
phosphorylated H3, Cdc2, phosphorylated Cdc2, Cdk2, Cdk4,

Fig. 2 The Notch pathway was up-regulated and the Wnt pathway was down-regulated in the intestinal crypts and MEFs of
p21G2TKO mice. A The immunohistochemistry staining indicates the up-regulation of Notch and down-regulation of Wnt pathways, along
with the reduction of CBC stem cells (Olfm4), Paneth cells (lysozyme), and goblet cells (Alcian blue) in the intestine villi of p21G2TKO mice.
B Western blotting of the proteins extracted from isolated crypts of four genotypes of mice confirm the up-regulation of Notch and down-
regulation of Wnt signaling, along with the reduction of Olfm4 and lysozyme in p21G2TKO crypts. C Western blotting of the proteins
extracted from MEFs further confirmed the up-regulation of Notch and down-regulation of Wnt signaling in p21G2TKO MEFs.
D Immunofluorescence staining reveal down-regulation of Wnt3 and β-Catenin, while the up-regulation and the nuclear translocation of
Notch1 and Hes1 in p21G2TKO MEFs. E The qPCR analysis the RNA from the isolated crypts further confirmed the down-regulation of Wnt3
and its downstream C-Myc, CD44, Axin genes in p21G2TKO crypts, along with CBC markers Lgr5 gene. N= 3, ns, no significance; *, p < 0.05;
**, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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Cdk6, Cdc25C, Cyclin B1, and Wee1 indicated the enhancement
of the cell cycle progression (Fig. 3G). Here, we again observed
the up-regulation of Bmi1 in p21 null and p21G2TKO cells (Fig.
3G). By Co-IP, we found that the core protein Lin9 bound more
B-Myb and less p130 in p21G2TKO cells compared with G2DKO,

indicated the DREAM/MMB/Rb-E2F1 complex shifted to the
active form for cell cycle progression in p21G2TKO cells (Fig. 3H).
Finally, the cell cycle analysis also revealed that p21G2TKO cells
contained less percentage of G1 phase cells and more
percentage of S phase cells (Fig. 3I).
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Together these data suggest that the loss of p21 in the G2TKO
background (p21G2TKO) promotes the active form of the DREAM/
MMB/Rb-E2F1 complex to drive cell cycle progression, which in
turn accelerate the turnover of intestine villi epithelia cells and
impact the stem cell mobilization.

Upon the loss of p21 function, activated E2F1 up-regulated
the transcription of Notch1, resulting in the activation of
Notch pathway, and inhibition of Wnt pathway
Given the alteration of both Wnt-Notch, DREAM/MMB/Rb-E2F1
pathways, our next question was whether p21 loss affects Wnt-
Notch pathway via DREAM/MMB/Rb-E2F1. Since the DREAM/MMB/
Rb-E2F1 complex regulates its down-stream proteins by transcrip-
tional regulation, we investigated whether this mechanism
underlies the imbalance in the Wnt-Notch pathway.
We first performed Co-IP in MEFs from the four genotypes using

an anti-E2F1 antibody to assess changes in E2F1 binding pattern
upon the loss of p21. The data showed that both E2F1 and Rb

protein levels slightly elevated in p21G2TKO cells, however, the
level of E2F1 binding to Rb was reduced compared to G2TKO cells
(Fig. 4A). Interestingly, we also observed reduced binding of p107
to E2F1 in p21G2TKO cells (Fig. 4A). To test whether the released
E2F1 contributed to Notch1 transcription, we performed the ChIP
assay with an anti-E2F1 antibody. We found significantly more
E2F1 bound to the promoter of Notch1 in p21G2TKO cells
compared to the other three genotypes (Fig. 4B), suggesting that
the released E2F1 activity promote Notch1 transcription, lead to
increased Notch1 protein level in p21G2TKO cells. It has been
shown that Notch1 could bind to β-Catenin and inhibit Wnt
signaling. We then investigated the binding of Notch1 to
β-Catenin, in the four genotypes of cells by Co-IP. The results
indicated that more Notch1 and Rbpj proteins bound to β-Catenin
in p21G2TKO cells compared to other three genotype of cells (Fig.
4C), suggesting that the up-regulated Notch1 in p21G2TKO cells
enhanced its binding to β-Catenin, which might then enhance
transcription of Notch pathway and effectively sequester the

Fig. 3 The shift of DREAM/Rb to MMB/E2F1 pathway promoted the cell proliferation, cell cycle progression, and stem cell mobilization in
p21G2TKO mice. A The comparison of morphology (H&E), cell apoptosis (cleaved caspase3, Tunel), cell proliferation (phosphorylated H3 and
BrdU), and mobilization (BrdU) occurring in the intestine villi of different genotype of mice reveal the fast turnover of intestinal epithelia in
p21G2TKO mice. B The quantification of (A). N= 3, ns, no significance; **, p < 0.01; ***, p < 0.001. C The immunohistochemistry staining reveals
a robust increase of Bmi1+ cells (+4 stem cell marker) in the crypts of p21G2TKO mice, which partially overlapped with the proliferation
marker Ki67 by staining in serial sections. The red frames show the similar structures across serial sections, and the red arrows point to
colocalization. D The quantification of (C). N= 3, ns, no significance; ***, p < 0.001. E The Western blotting of isolated crypt protein extract
indicate an increased expression of Bmi1 in both p21 null and p21G2TKO (inverse expression pattern with Olfm4 in Fig. 2B), while the
phosphorylated H3 and PCNA were only up-regulated in p21G2TKO crypts. F The Western blotting of proteins from MEFs indicate the
expression of proteins favors the MMB/E2F1 complex than the DREAM/Rb complex in p21G2TKO cells. G The Western blotting of proteins
from MEFs indicate the down-stream proteins of DREAM/MMB/Rb-E2F1 pathway is shifted towards cell cycle promoting form (MMB/E2F1) in
p21G2TKO cells. H Co-IP confirm that the binding pattern of DREAM/MMB/Rb-E2F1 complex shifted towards the active form for cell cycle
progression in p21G2TKO cells. I The cell cycle analysis reveals that p21G2TKO cells contained lesser percentage of G1 phase cells and higher
percentage of S phase cells.

Fig. 4 The activated E2F1 up-regulated the transcription of Notch1, resulted in the activation of Notch pathway, and inhibition of Wnt
pathway in p21G2TKO MEFs. A Co-IP with anti-E2F1 antibody indicate that E2F1 binding Rb reduced in p21G2TKO cells. B ChIP assay with
anti-E2F1 antibody reveals that E2F1 binds Notch1 promoter with higher efficiency in p21G2TKO cells, suggesting the released E2F1 activity
promoted Notch1 transcription. N= 3, **, p < 0.01; ***, p < 0.001. C Co-IP with anti-β-Catenin antibody indicated more Notch1 and Rbpj
proteins are bound to β-Catenin in p21G2TKO cells, suggesting that the up-regulation of Notch1 results in its enhanced binding to β-Catenin.
D ChIP assay with anti-β-Catenin antibody showed that more β-Catenin bound to Hes1 promoter in p21G2TKO cells. N= 3, *, p < 0.05;
**, p < 0.01.
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β-Catenin from Wnt pathway. To verify this, we then conducted
the ChIP assay using an anti-β-Catenin antibody. The data showed
more β-Catenin bound to the Hes1 promoter in p21G2TKO cells
compared to G2TKO cells (Fig. 4D), explaining the up-regulation of
Hes1 protein in these cells. Interestingly, we also observed robust
binding of β-Catenin to the Hes1 promoter in WT cells (Fig. 4D),
which did not result in the up-regulation of Hes1 protein level.
Together these data indicate that the loss of p21 result in the

down-regulation of the inhibitory function of the Rb family, which
releases E2F1 protein activity. These released E2F1 in complex
with β-Catenin bind to Notch1 promoters and thus enhance Notch
signaling pathway. This, in turn, might inhibit Wnt pathway
signaling by competing for β-Catenin.

Overexpression of p21 rescued the imbalance of Wnt-Notch,
and shifted the DREAM/MMB/Rb-E2F1 complex towards its
inhibitory function
To further confirm the role of p21 in regulating the balance of
Wnt-Notch pathway, we overexpressed p21 back in the p21G2TKO
cells and investigated whether this could rescue the imbalance. By
transiently overexpressing p21 in p21G2TKO cells, we successfully
restored the expression of Wnt3, β-Catenin proteins, and
suppressed the expression of Nocth1, Hes1, and Rbpj (Fig. 5A,
OE-p21G2TKO). Additionally, overexpression of p21 in p21G2TKO
cells led to shift from MMB/E2F1 to DREAM/Rb activity, as
evidenced by the up-regulation of p130 and Rb, down-
regulation of Lin54, B-Myb, and E2F1 (Fig. 5B, OE-p21G2TKO).
Interestingly, the p107 was down-regulated by p21, the function
of this need to be further studied. Consistent with this, the MMB/
E2F1 down-stream Mcm2, Mcm7, Survivin were also suppressed
by p21 overexpression (Fig. 5B, OE-p21G2TKO). The suppression of
cell cycle related proteins Cdc2, phosphorylated Cdc2, Cdk2, Cdk4,
Cdk6, Cdc25C, Cyclin B, and Wee1 (Fig. 5C, OE-p21G2TKO), and the
down-regulation of phosphorylated H3, Bmi1, PCNA, and Ki67 also
indicated the inhibition of the cell cycle progression by p21 (Fig.
5C, OE-p21G2TKO), probably via DREAM/MMB/Rb-E2F1.
We further investigated the alteration of Wnt-Notch pathway

proteins by immunefluroscence staining. The results confirmed
the up-regulation of Wnt3 and β-Catenin, and suppression of
Nocth1, Hes1 protein level after overexpression of p21 (Fig. 5D,
OE-p21G2TKO).
These findings support the role of p21 in maintaining

appropriate levels of Notch1 and Wnt3, which is crucial for
balancing the Wnt-Notch pathways. The loss of p21 function leads
to an imbalance in the Wnt-Notch pathway, contributing to the
disruption of intestinal tissue stem cell homeostasis.

DISCUSSION
It has been shown that both Wnt and Notch pathways are essential
for the stem cell renewal and the balance of Wnt-Notch signaling is
important for the proper mobilization, proliferation, and differentia-
tion of stem cells. While how the Wnt-Notch balance contributed to
the stemness maintenance is still controversial. A study on prostate
stem cells has found that induction of Wnt signaling promoted stem
cell proliferation and self-renewal, while Notch signaling inhibits the
proliferation of stem cells, suggesting that Wnt and Notch act
antagonistic balanced regulatory relationship in the proliferation and
differentiation of stem cells [25]. However, it has also been shown that
Notch inhibition induced rapid CBC cell loss, with reduced
proliferation, apoptotic cell death, and reduced efficiency of organoid
initiation [26]. It has been reported that either irradiation-induced
tissue damage or expressing active Notch1 could induce a subset of
Paneth cells to dedifferentiate, while constitutive activation of the
Wnt/β-catenin pathway did not induce dedifferentiation [27]. A study
revealed that levels of endoplasmic reticulum (ER) stress and
activation of the unfolded protein response are low in stem cells
compared to TA cells, the induction of ER stress causes loss of

stemness [28]. Using a new flow sorting protocol, the mouse colon
epithelial cells have been isolated to study the transcriptomic and
proteomic signatures of stemness and differentiation. The data reveal
that the RNA processing targets regulators of cell cycle, RNA, cell
adhesion, SUMOylation, and Wnt- Notch signaling [29]. These data
indicate that the crosstalk and balance between Wnt-Notch are quite
complicated, and more studies with different genetic or physiological
background are needed.
Also, it is still not clear how Wnt-Nocth pathways connect with cell

cycle regulators, such as p53-p21, p16-Rb pathways. It has been
shown that p21 dysfunction results in the depletion of stem cell
compartment [11, 12, 21]. However, the relationship between the
p21-regulated cell cycle pathway and the Wnt-Notch pathway has
remained unclear. In this study, we elucidate the mechanisms by
which p21 links the Wnt-Notch pathway with the DREAM/MMB/Rb-
E2F1 pathway, and explore how this interaction may influence cell
cycle regulation and intestinal stem cell homeostasis.
By comparing the molecular alterations in the mouse model

with accelerated aging phenotypes due to the loss of p21 function
in Werner syndrome background (p21G2TKO) with the mouse
model with normal p21 function (G2TKO), we could dissect the
function of p21 in Wnt-Notch pathways and stem cell home-
ostasis. It has been shown that the decline of canonical Wnt
signaling in intestinal stem cells leads to decreased stem cell
regenerative potential upon aging [30]. Consistent with this study,
we observed the down-regulation of Wnt3 and β-Catenin aligned
with the loss of intestinal stem cell compartment in p21TKO mice.
It has also been shown that ectopic Notch signaling in adult
intestinal progenitor cells creates a bias against secretory cell
fates, while ectopic Notch activation in the embryonic foregut
leads to reversible defects in villus morphogenesis and the loss of
the proliferative progenitor compartment [31]. We also observed
the up-regulation of Notch1 and Hes1 result in the decrease of
secretory Paneth cells and goblet cells. These data suggest the
loss of balance of Wnt-Notch signaling and the loss of stem cells,
as well as secretive cells in the intestine villi of p21TKO mice. Now
the question is where have those stem cell gone? We observed an
abnormal increase of Bmi1 positive cells in the intestine villi of
p21TKO mice. By overlapping the Bmi1 signals with Ki67 signals,
we identified a robust increase of proliferative cells in the small
intestine villi of p21TKO mice. It has been demonstrated that upon
the loss of Lgr5-expressing cells, the Bmi1-expressing cells serve as
an alternative stem cell pool to maintain normal intestinal
homeostasis [32, 33]. The existence of an inverse correlation
between p53/p21 and the expression of Bmi1 promotes the stem
cell self-renewal [34]. While in our case, we did observe the
increase of Bmi1 positive cells along with the loss of Olfm4/Lgr5
positive cells, however, the Bmi1 cells could not compensate for
the intestinal homeostasis. Instead, the Bmi1 markers, aligned with
other proliferative markers, such as Ki67, phosphorylated H3,
indicating the increasing of the cell proliferations in the intestine
villi of p21TKO mice. The BrdU incorporation, the cleaved caspase
3, and the Tunel assay of cells further revealed the fast turnover of
intestinal epithelia, which might exhaust the stem cell reservoir.
Given the downstream target of p21, we further identified the

shift of DREAM/Rb complex to MMB/E2F1 complex is responsible
for the rapid turnover of intestinal epithelia. Importantly, we
identified E2F1 as the transcription regulator of Notch1, thereby
linking the p21-DREAM/MMB/Rb-E2F1 pathway with Wnt-Notch
pathway. It has been found that increased E2F1 binding to the
Notch1 promoter leads to Notch1 upregulation in endothelial cells
[35]. Additionally, activated Notch1 (NICD) has been found to bind
to β-Catenin, regulating the expression level of Hes1 and
sequestering β-Catenin from Wnt pathway [36, 37]. Membrane-
bound Notch has also been found to physically associates with
β-Catenin in stem and colon cancer cells, negatively regulating the
post-translational accumulation of active β-Catenin protein [38].
E2F1 is also recognized as a potent and specific inhibitor of
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Fig. 5 Overexpression of p21 rescued the imbalance of Wnt-Notch, and shifted the DREAM/MMB/Rb-E2F1 complex towards its inhibitory
function. A Overexpression of p21 in p21G2TKO cells restored the expression of Wnt3, β-Catenin proteins, and suppressed the expression of
Nocth1, Hes1, and Rbpj. B Overexpression of p21 suppressed the expression of MMB/E2F1 proteins and restored the inhibition DREAM/Rb
proteins. C The MMB down-stream proteins and cell cycle related proteins were also suppressed by p21 overexpression.
D Immunofluorescence staining indicated the up-regulation of Wnt3 and β-Catenin, and suppression of Nocth1, Hes1 protein level after
overexpression of p21.
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β-catenin/T-cell factor (TCF)-dependent transcription [39]. Inter-
estingly, we observed a high level of β-catenin binding to HES1
promoter in WT cells compared with p21 null cells, despite similar
Hes1 protein levels. This raises the possibility that other cofactors
in WT cells might prevent active transcription of Hes1.
These findings collectively support that the loss of p21 function

results in the shift from the cell cycle inhibitory DREAM/Rb
complex to the activating MMB/E2F1 complex, leading to
increased E2F1 activity. This shift promotes cell cycle progression
in the aging context, facilitating cell proliferation and potentially
stem cell mobilization. Concurrently, the up-regulated E2F1 binds
to the Notch1 promoter, leading to the up-regulation of Notch1
and its downstream target Hes1. The increased Notch1 proteins
suppress Wnt3 signaling by competing for β-Catenin, causing up-
regulation of Notch signaling and down-regulation of Wnt
signaling, ultimately impacting tissue stem cell homeostasis.
Consistent with our finding, the early study has revealed that Rb

family triple knockout (TKO) mice develop a cell-intrinsic
myeloproliferation that originates from hyperproliferative early
hematopoietic progenitors and is accompanied by increased
apoptosis in lymphoid progenitor populations. The presence of a
single p107 allele is sufficient to largely rescue these defects [40].
In our case, p21 is further upstream of the Rb family. Interestingly,
we have also found that dysfunction of p16 another upstream
regulator for Rb family activity, rescues the loss of intestinal stem
cell compartment caused by Werner syndrome [21]. Thus, more
studies need to be conducted to understand the crosstalk and
balances between those pathways.
In summary, p21 may play an important role in maintaining the

sequential mobilization, proliferation, and homeostasis of small
intestinal tissue stem cells by regulating the balance of Wnt-Notch
pathway. It is surprising that a cell cycle inhibitor, p21, known to
be one of the markers for aging, could be essential in prevent
aging process by maintaining the proper stem cell homeostasis.
This highlights the double-edged sword role of p21 in aging
progression. While p21 may act as a quality controller for tissue
homeostasis, its dysfunction has consequences that are highly
dependent on the cellular context. Caution is needed when
considering p21 as a target for anti-aging strategies.

MATERIAL AND METHODS
RNA-sequencing and Bioinformatics analysis
The liver tissue from the 3rd generation TKO mice (p21G3TKO,
p21−/−mTR−/−Wrn−/−) and the control G3DKO mice (mTR−/−Wrn−/−) were
harvested to isolate total RNA for RNA-sequencing. The RNA-seq data was
analyzed by ssGSEA (single sample gene set enrichment analysis) to
identify the differentially regulated pathways in response to the loss of p21
function [41]. The C2 gene sets from Molecular Signatures database [42]
were used as the pathway database for ssGSEA analysis. The gene set
enrichment analysis (GSEA) was applied on RNA-seq data to further
analyze the individual gene sets involved in related pathways.

Mice and MEF cells
All mouse protocols have been approved by the Animal Care and Use
Committee of Guizhou Medical University. All mouse strains are on a
C57BL/6 background. We crossed the WS mice (double knock out, DKO,
mTR−/−Wrn−/−) with p21 null (p21−/−) mice and obtained the first
generation (G1) TKO mice p21G1TKO (G1 p21−/−mTR−/−Wrn−/−). The mice
were then inbred to get p21G2TKO (G2 p21−/−mTR−/−Wrn−/−) mice. The
WT (wild type), p21 null (p21−/−), G2DKO (G2 mTR−/−Wrn−/−) mice were
used as controls. All mice were maintained in a specific pathogen-free
mouse facility. Adult mice of both sexes aged 2–3 months were randomly
collected according to their genotypes and used for experiments. The MEF
cells derived from the four genotypes of mice were harvested on
e13.5 days and cultured in Dulbecco’s Modified Eagle Medium (DMEM)
with 10% fetal bovine serum at 37 °C with 5% CO2 and 3% O2. All
experiments with MEFs were performed with cells cultured for less than 5
passages.

Western blot
Cells were harvested and lysed in RIPA buffer containing protease inhibitor
cocktail (Roche, Switzerland). The 20 µg of total protein were separated by SDS-
PAGE and then transferred to PVDF membrane. After blocking in 10% non-fat
milk for 1 h at room temperature, membranes were incubated with primary
antibodies overnight at 4 °C. The membranes were then incubated with
horseradish peroxidase-labeled secondary antibodies and visualized with ECL.
The Western blot images were captured by Tanon 5200 imager (Tanon Tech,
China). For reference, all the original Western blot images are attached as
Supplemental Materials. The primary antibodies used were anti-Bmi1 (1:1000,
Abcam), anti-B-Myb (1:1000, Abmart), anti-β-Catenin (non-phosphorylated
(active), 1:1000, CST), anti-Cdc2 (1:1000, CST), anti-phosphorylated Cdc2 (p-
Try15, 1:1000, CST), anti-Cdc25c (1:1000, SAB), anti-Cdk2 (1:1000, CST), anti-
Cdk4 (1:1000, Santa Cruz), anti-Cdk6 (1:1000, CST), anti- Cyclin B1 (1:1000,
Abcam), anti-E2F1 (1:1000, NOVUS), anti-phosphorylated H3 (p-S10, 1:1000,
Abcam), anti-Hes1 (1:1000, CST), anti-Ki67 (1:1000, CST), anti-Lin54 (1:1000,
Abcam), anti-Lin9 (1:1000, Proteintech), anti-Lysozyme (1:1000, Abcam), anti-
Mcm2 (1:1000, Abcam), anti-Mcm7 (1:1000, Santa Cruz), anti-Notch1 (1:1000,
CST), anti-Olfm4 (1:1000, CST), anti-p107 (1:1000, Santa Cruz), anti-p130 (1:1000,
Abcam), anti-p21 (1:1000, Santa Cruz), anti-p53 (1:1000, Proteintech), anti-PCNA
(1:1000, Abcam), anti-Rb (1:1000, BD), anti-Rbpj (1:1000, CST), anti-Survivin
(1:1000, CST), anti-Wee1 (1:1000, Abcam), anti-Wnt3 (1:1000, Abcam), anti-
β-actin (1:1000, Santa Cruz), anti-GAPDH (1:5000, GeneTex), anti-H2B (1:1000,
Abcam).

Immunohistochemistry staining
The mouse small intestine tissue was harvested and fixed in 4%
paraformaldehyde at 4 °C overnight, then was alcohol-dehydrated and
embedded in paraffin. The paraffin-embedded tissue blocks were sliced
into 5 µm slices for experiments. For H&E staining, tissue sections were de-
paraffinized, rehydrated, and proceeded to H&E staining. For immunohis-
tochemistry staining, tissue sections were de-paraffinized and rehydrated,
then treated with 3% hydrogen peroxide to block endogenous peroxidase
activity. The antigen was retrieved by boiling in high pressure pot in
10mM citrate buffer (pH 6). The slides were incubated with 10% goat
serum and incubated with primary antibody overnight at 4°C. Secondary
antibody was applied for 20min at 37 °C after treated with secondary
antibody enhancement solution for 20min at 37 °C. After washing three
times in 1x PBS, the slides were incubated with 3,3-diaminobenzidin (DAB)
at room temperature in the dark. The images were captured by a Leica
DMLS microscope (Leica, Germany). About 5 to 6 images were collected for
quantitative analysis by ImageJ (USA). The primary antibodies used were
anti-Bmi1 (1:500, Abcam), anti-Caspase3 (cleaved, 1:300, CST), anti-Hes1
(1:300, CST), anti-β-Catenin (non-phosphorylated (active), 1:300, CST), anti-
phosphorylated H3 (p-S10, 1:500, Abcam), anti-Lysozyme (1:1200, Novus),
anti-Notch1 (1:500, CST), anti-Olfm4 (1:200, CST), anti-Ki67 (1:200, CST).

TUNEL assay
The slides were de-paraffinized, rehydrated, permeabilized, and applied to
the TdT activity test with a TUNEL assay kit (Elabscience). Briefly, each slide
sample was treated with 100 μL 1 × proteinase K working solution and
incubated in 37 °C for 20min. After rinsing three times with 1x PBS, the
endogenous catalase activity was blocked by 3% hydrogen peroxide
solution at room temperature for 10min and rinsed 3 times with 1x PBS.
100 μL TdT equilibration buffer was added to each sample and incubated
at 37 °C for 20min, then 50 μL TdT working solution was added and the
reaction was performed at 37 °C for 60min in dark. Finally, 100 μL
streptavidin-HRP working solution was added and incubated 30min at
37 °C in dark. After rinsing 3 times with 1x PBS, DAB solution was applied
for color development. The images were captured by a Leica DMLS
microscope (Leica, Germany). About 5–6 images were collected for
quantitative analysis by ImageJ (USA).

BrdU incorporation assay
The mice were injected intraperitoneally with BrdU (Sangon Biotech,
200 µg), the tissues were harvested at 6, 24, and 72 h post BrdU injection
and prepared for immunohistochemistry staining using BrdU kit (BD).
Briefly, after blocking with 10% goat serum, the anti-BrdU antibody (1:9)
was applied and incubated overnight at 4 °C. After rinsing 3 times with 1x
PBS, the DAB solution was applied for color development. The images were
captured by a Leica DMLS microscope (Leica, Germany). About 5–6 images
were collected for quantitative analysis by ImageJ (USA).
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Alcian blue staining
The tissue sections were dewaxed and rehydrated, then stained with
Alcian Blue kit (Solarbio). Briefly, the slides were stained with Alcian blue
solution for 10min. After washing with water, the 3% hydrogen peroxide
was added and treated for 5 min. After washing with water, the Schiff
staining solution was applied and stained for 15min. After washing with
water, the hematoxylin solution was applied for 30 s to stain the nuclei.
After washing with water, the acid differentiation solution was applied for
2 s for differentiation. The images were captured by a Leica DMLS
microscope (Leica, Germany). About 5–6 images were collected for
quantitative analysis by ImageJ (USA).

Isolation of intestine crypts
The mouse small intestine was cut lengthwise and washed 3 times in cold
1x PBS. After removed the villi with a glass slide, the small intestine was
washed three times in cold 1x PBS and cut into chunks of about 1 cm and
transferred to 5 mM EDTA for digestion at 4 °C for 40min. The intestinal
mass was removed, and the digestion solution was centrifuged at 800 rpm
for 5 min. The precipitate was collected and re-suspended in cold 1x PBS
and centrifuged at 600 rpm for 2min. The precipitate was collected as
isolated crypts for extracting crypt proteins and RNA.

Immunofluorescence
The cells cultured on cover slips were fixed with 2% paraformaldehyde and
2% sucrose in 1x PBS for 20min and then permeabilized with 1% NP-40.
After pre-incubation with 5% BSA/PBS, cells were incubated first with the
primary antibody overnight and then with the secondary antibody in 1%
BSA/PBS for 1 h at room temperature. The slides were mounted with anti-
fade mounting medium with DAPI (Solarbio). The images were captured by
an Olympus SpinSR10 confocal microscope (Olympus, Japan). The primary
antibodies used were anti-Hes1 (1:300, CST), anti-β-Catenin (non-phos-
phorylated (active), 1:300, CST), anti-Notch1 (1:300, CST), anti-Wnt3 (1:300,
Abcam).

qPCR
Total RNA from isolated crypts was isolated by Trizol followed by the
RNeasy Mini kit (Qiagen) purification. The cDNA was reverse transcribed,
and the quantitative PCR (qPCR) was performed on an ABI Prism
7300 sequence detection system with SYBR-Green PCR master mix
according to the manufacturer’s instructions (Applied Biosystems). The
primers used are as follows: Axin:Forward: TGCCCGTTTCCTCTAATGCT,
Reverse:CCGTCCATCAAGCTTGCATT; Lgr5:Forward: CCTCAGCGTCTTCACC
TC, Reverse:CATTTCCAGCAAGACGTAACT; Wnt3:Forward: CCGCAATTA-
CATCGAGATC, Reverse:TGCACGAAGGCCGATTCAC; C-Myc:Forward: CGCG
TCCGAGTGCATTG, Reverse:GGGCGGTGTCTCCTCATG; CD44:Forward: AAG
AAGGGCGAGTATAGAACA, Reverse:TCTGGGGTGCTCTTCTCGA; Actin: For-
ward: CCTCACTGTCCACCTTCC, Reverse:GGGTGTAAAACGCAGCTC.

Co-immunoprecipitation (Co-IP)
The WT, p21 null, G2DKO, and p21G2TKO MEF cells were harvested, and
cell lysates were prepared by mild RIPA buffer (Beyotime) containing
proteinase inhibitor cocktail (Roche). The protein concentration of cell
lysates was measured and adjusted to same concentrations. The cell
lysates were pre-clear with Protein A/G Magnetic Beads (Thermo) at 4°C for
2 h, the supernatants were collected and incubated with the same Protein
A/G Magnetic Beads and primary antibodies at 4°C overnight. The
precipitates were collected and applied to Western blotting analysis. The
primary antibodies used are: anti-Lin9 (1:100, Proteintech), anti-β-Catenin
(non-phosphorylated (active), 1:100, CST), anti-E2F1 (1:100, Novus).

Chromatin Immunoprecipitation (ChIP) assay
The ChIP assay was performed with the Pierce Magnetic ChIP Kit (Thermo)
according to the instruction of manufacturer. Briefly, the cell culture from
the WT, p21 null, G2DKO, and p21G2TKO cells were cross-linked by 1%
formaldehyde, and the cells were collected, and digested with lysis buffer
contain 2 units of micrococcal nuclease, followed by sonication. After
sonication, the supernatant was collected and incubated with ChIP grade
protein A magnetic beads and anti-E2F1 antibody (Novus, used 2 µg for
20 µg of chromatin DNA), or anti-β-Catenin antibody (non-phosphorylated
(active), CST, used 2 µg for 20 µg of chromatin DNA) overnight at 4 °C. The
anti-IgG (Thermo, used 2 µg for 20 µg of chromatin DNA) was used as
negative control, and anti-RNA Polymerase II antibody (Thermo, used 2 µg

for 20 µg of chromatin DNA) was used as positive control. The beads were
then washed and eluted. Twenty microliters of 5 M NaCl was added to the
eluted product and incubated at 65 °C for 1.5 h to reverse the crosslinking.
Immunoprecipitated genomic DNA was then purified and analyzed by
qPCR. The primers for qPCR were: Notch1: Forward: ACTGACCCCATGCTGC-
TAAC, Reverse: CCCATCTCCCTTGACACACC; Hes1: Forward: GCGTGTCTC
TTCCTCCCATT, Reverse: TCCAGGACCAAGGAGAGAGG;

Flow cytometry assay
The WT, p21 null, G2DKO, and p21G2TKO MEF cells were harvested and
fixed in ice-cold 70% ethanol overnight. The cells were then washed with
1x PBS and stained with 1x PBS based propidium iodide solution (50 µg/ml
PI, 100 µg/ml RNase A, 0.1% sodium citrate,0.1% Triton X-100) at 4 °C
overnight in dark. The stained cells were applied to flow cytometry
analyses (Agilent, USA).

Overexpression of p21
The p21 expression construct p21-pQXCIP was constructed previously [43].
Briefly, the p21 cDNA sequence was amplified from wild type MEFs and
cloned into pQXCIP plasmid. The construct and the p21 sequence were
confirmed by DNA sequencing. The p21-pQXCIP and the retrovirus
packaging plasmid pCL-Eco were transfected (Lipofectamine 3000,
Invitrogen) and packed in 293 T cells. The supernatant of transfected
293 T cells were collected and used to infect the p21G2TKO cells. After 48 h
of infection, 1 µg/ml Puromycin (Meilunbio) was added to the culture
medium to select the cells with p21 overexpression. After 48 h, the
p21G2TKO cells were collected and used for experiments.

Quantification and statistical analysis
All statistical data were processed and analyzed with Graphpad prism
(Version 5, http://www.graphpad-prism.cn/) by unpaired two-sided t-test.
All experiments were repeated at least three times (N= 3, biological
replicates). The results in figures were presented as mean ± SEM. Statistical
significance is indicated with asterisks as follows: ns, no significance;
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

DATA AVAILABILITY
The datasets have been deposited in GEO database, the materials used in this paper
will be available upon request.

REFERENCES
1. Blanpain C, Fuchs E. Stem cell plasticity. Plasticity of epithelial stem cells in tissue

regeneration. Science. 2014;344:1242281.
2. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of

aging. Cell. 2013;153:1194–217.
3. Kareta MS, Sage J, Wernig M. Crosstalk between stem cell and cell cycle

machineries. Curr Opin Cell Biol. 2015;37:68–74.
4. He S, Nakada D, Morrison SJ. Mechanisms of stem cell self-renewal. Annu Rev Cell

Dev Biol. 2009;25:377–406.
5. Lewis PW, Beall EL, Fleischer TC, Georlette D, Link AJ, Botchan MR. Identification

of a Drosophila Myb-E2F2/RBF transcriptional repressor complex. Genes Dev.
2004;18:2929–40.

6. Engeland K. Cell cycle arrest through indirect transcriptional repression by p53: I
have a DREAM. Cell Death Differ. 2018;25:114–32.

7. Satyanarayana A, Kaldis P. Mammalian cell-cycle regulation: several Cdks, numerous
cyclins and diverse compensatory mechanisms. Oncogene. 2009;28:2925–39.

8. Walston H, Iness AN, Litovchick L. DREAM on: cell cycle control in development
and disease. Annu Rev Genet. 2021;55:309–29.

9. Kim J, Woo AJ, Chu J, Snow JW, Fujiwara Y, Kim CG, et al. A Myc network accounts
for similarities between embryonic stem and cancer cell transcription programs.
Cell. 2010;143:313–24.

10. Singh AM, Dalton S. The cell cycle and Myc intersect with mechanisms that
regulate pluripotency and reprogramming. Cell Stem Cell. 2009;5:141–9.

11. Cheng T, Rodrigues N, Shen H, Yang Y, Dombkowski D, Sykes M, et al. Hematopoietic
stem cell quiescence maintained by p21cip1/waf1. Science. 2000;287:1804–8.

12. Kippin TE, Martens DJ, van der Kooy D. p21 loss compromises the relative
quiescence of forebrain stem cell proliferation leading to exhaustion of their
proliferation capacity. Genes Dev. 2005;19:756–67.

13. Choudhury AR, Ju Z, Djojosubroto MW, Schienke A, Lechel A, Schaetzlein S, et al.
Cdkn1a deletion improves stem cell function and lifespan of mice with dysfunctional
telomeres without accelerating cancer formation. Nat Genet. 2007;39:99–105.

L. Jiang et al.

11

Cell Death Discovery          (2024) 10:413 

http://www.graphpad-prism.cn/


14. Wang Y, Sharpless N, Chang S. p16(INK4a) protects against dysfunctional
telomere-induced ATR-dependent DNA damage responses. J Clin Investig.
2013;123:4489–501.

15. Clevers H, Loh KM, Nusse R. Stem cell signaling. An integral program for tissue
renewal and regeneration: Wnt signaling and stem cell control. Science.
2014;346:1248012.

16. Clevers H. The intestinal crypt, a prototype stem cell compartment. Cell.
2013;154:274–84.

17. Farin HF, Van Es JH, Clevers H. Redundant sources of Wnt regulate intestinal stem cells
and promote formation of Paneth cells. Gastroenterology. 2012;143:1518–29.e7.

18. Gao J, Fan L, Zhao L, Su Y. The interaction of Notch and Wnt signaling pathways
in vertebrate regeneration. Cell Regen. 2021;10:11.

19. Chang S, Multani AS, Cabrera NG, Naylor ML, Laud P, Lombard D, et al. Essential
role of limiting telomeres in the pathogenesis of Werner syndrome. Nat Genet.
2004;36:877–82.

20. Du X, Shen J, Kugan N, Furth EE, Lombard DB, Cheung C, et al. Telomere
shortening exposes functions for the mouse Werner and Bloom syndrome genes.
Mol Cell Biol. 2004;24:8437–46.

21. Zhang Y, Shao C, Li H, Wu K, Gong L, Zheng Q, et al. The distinct function of
p21(Waf1/Cip1) with p16(Ink4a) in modulating aging phenotypes of Werner
Syndrome by affecting tissue homeostasis. Front Genet. 2021;12:597566.

22. Sailaja BS, He XC, Li L. The regulatory niche of intestinal stem cells. J Physiol.
2016;594:4827–36.

23. Gehart H, Clevers H. Tales from the crypt: new insights into intestinal stem cells.
Nat Rev Gastroenterol Hepatol. 2019;16:19–34.

24. Spit M, Koo BK, Maurice MM. Tales from the crypt: intestinal niche signals in tissue
renewal, plasticity and cancer. Open Biol. 2018;8:180120.

25. Shahi P, Seethammagari MR, Valdez JM, Xin L, Spencer DM. Wnt and Notch
pathways have interrelated opposing roles on prostate progenitor cell pro-
liferation and differentiation. Stem Cells. 2011;29:678–88.

26. VanDussen KL, Carulli AJ, Keeley TM, Patel SR, Puthoff BJ, Magness ST, et al. Notch
signaling modulates proliferation and differentiation of intestinal crypt base
columnar stem cells. Development. 2012;139:488–97.

27. Yu S, Tong K, Zhao Y, Balasubramanian I, Yap GS, Ferraris RP, et al. Paneth cell
multipotency induced by Notch activation following injury. Cell Stem Cell.
2018;23:46–59.e5.

28. Heijmans J, van Lidth de Jeude JF, Koo BK, Rosekrans SL, Wielenga MC, van de
Wetering M, et al. ER stress causes rapid loss of intestinal epithelial stemness
through activation of the unfolded protein response. Cell Rep. 2013;3:1128–39.

29. Habowski AN, Flesher JL, Bates JM, Tsai CF, Martin K, Zhao R, et al. Transcriptomic
and proteomic signatures of stemness and differentiation in the colon crypt.
Commun Biol. 2020;3:453.

30. Nalapareddy K, Nattamai KJ, Kumar RS, Karns R, Wikenheiser-Brokamp KA,
Sampson LL, et al. Canonical Wnt signaling ameliorates aging of intestinal stem
cells. Cell Rep. 2017;18:2608–21.

31. Stanger BZ, Datar R, Murtaugh LC, Melton DA. Direct regulation of intestinal fate
by Notch. Proc Natl Acad Sci USA. 2005;102:12443–8.

32. Tian H, Biehs B, Warming S, Leong KG, Rangell L, Klein OD, et al. A reserve stem
cell population in small intestine renders Lgr5-positive cells dispensable. Nature.
2011;478:255–9.

33. Yan KS, Chia LA, Li X, Ootani A, Su J, Lee JY, et al. The intestinal stem cell markers
Bmi1 and Lgr5 identify two functionally distinct populations. Proc Natl Acad Sci
USA. 2012;109:466–71.

34. Zhang Z, Oh M, Sasaki JI, Nor JE. Inverse and reciprocal regulation of p53/p21 and
Bmi-1 modulates vasculogenic differentiation of dental pulp stem cells. Cell
Death Dis. 2021;12:644.

35. Sahoo S, Li Y, de Jesus D, Sembrat J, Rojas MM, Goncharova E, et al.
Notch2 suppression mimicking changes in human pulmonary hypertension
modulates Notch1 and promotes endothelial cell proliferation. Am J Physiol
Heart Circ Physiol. 2021;321:H542–H57.

36. Yamamizu K, Matsunaga T, Uosaki H, Fukushima H, Katayama S, Hiraoka-Kanie M,
et al. Convergence of Notch and beta-catenin signaling induces arterial fate in
vascular progenitors. J Cell Biol. 2010;189:325–38.

37. Li B, Jia Z, Wang T, Wang W, Zhang C, Chen P, et al. Interaction of Wnt/beta-
catenin and notch signaling in the early stage of cardiac differentiation of P19CL6
cells. J Cell Biochem. 2012;113:629–39.

38. Kwon C, Cheng P, King IN, Andersen P, Shenje L, Nigam V, et al. Notch post-
translationally regulates beta-catenin protein in stem and progenitor cells. Nat
Cell Biol. 2011;13:1244–51.

39. Morris EJ, Ji JY, Yang F, Di Stefano L, Herr A, Moon NS, et al. E2F1 represses beta-
catenin transcription and is antagonized by both pRB and CDK8. Nature.
2008;455:552–6.

40. Viatour P, Somervaille TC, Venkatasubrahmanyam S, Kogan S, McLaughlin ME,
Weissman IL, et al. Hematopoietic stem cell quiescence is maintained by compound
contributions of the retinoblastoma gene family. Cell Stem Cell. 2008;3:416–28.

41. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al.
Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci USA. 2005;102:15545–50.

42. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P, Mesirov
JP. Molecular signatures database (MSigDB) 3.0. Bioinformatics. 2011;27:1739–40.

43. Wu X, Jia S, Zhang X, Si X, Tang W, Luo Y. Two mechanisms underlying the loss of
p16(Ink4a) function are associated with distinct tumorigenic consequences for
WS MEFs escaping from senescence. Mech Ageing Dev. 2012;133:549–55.

ACKNOWLEDGEMENTS
We thank Dr. Sandy Chang from Yale University and Dr. Ronald A Depinho from MD
Anderson Cancer Center for providing the WS mouse strain (The Wrn−/− mouse strain is
kindly provided by Dr. Leonard Pershing Guarente from MIT). We thank Dr. Tyler Jacks
from MIT for providing p21−/− mouse strain. This work is supported by Natural Science
Foundation of Guizhou province (ZK[2024]033), and NSFC grant (32260139) to YL.

AUTHOR CONTRIBUTIONS
LJ, JT, and JY conducted the HE, IHC, IF, WB, ChIP, Co-IP, TUNEL assays, etc., and
statistical analysis. RL performed the qPCR and BrdU assays. YZ and CS were in charge
of the mouse breeding strategy, maintenance, and RNA-seq sample preparation. XW
and JD constructed the p21 overexpression construct and performed the RNA-seq
analysis. YL and BG designed the study and wrote the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All methods were performed in accordance with the relevant guidelines and
regulations. All mouse protocols have been approved by the Animal Care and Use
Committee of Guizhou Medical University (registration number 2303162).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-024-02192-z.

Correspondence and requests for materials should be addressed to Ying Luo.

Reprints and permission information is available at http://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 anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted 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 licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

L. Jiang et al.

12

Cell Death Discovery          (2024) 10:413 

https://doi.org/10.1038/s41420-024-02192-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	p21 Regulates Wnt-Notch balance via DREAM/MMB/Rb-E2F1 and maintains intestinal stem cell homeostasis
	Introduction
	Results
	Loss of p21 function in the background of Werner syndrome resulted in the up-regulation of Notch and down-regulation of Wnt pathways
	The shift of DREAM/Rb to MMB/E2F1 pathway promote cell proliferation, cell cycle progression, and stem cell mobilization upon the loss of p21 function
	Upon the loss of p21 function, activated E2F1 up-regulated the transcription of Notch1, resulting in the activation of Notch pathway, and inhibition of Wnt pathway
	Overexpression of p21 rescued the imbalance of Wnt-Notch, and shifted the DREAM/MMB/Rb-E2F1 complex towards its inhibitory function

	Discussion
	Material and methods
	RNA-sequencing and Bioinformatics analysis
	Mice and MEF cells
	Western blot
	Immunohistochemistry staining
	TUNEL assay
	BrdU incorporation assay
	Alcian blue staining
	Isolation of intestine crypts
	Immunofluorescence
	qPCR
	Co-immunoprecipitation (Co-IP)
	Chromatin Immunoprecipitation (ChIP) assay
	Flow cytometry assay
	Overexpression of p21
	Quantification and statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




