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Fall of Parp3 restrains Lgr5+ stem cells proliferation
and mucosal renovation in intestinal aging
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Abstract

Background
The aging small intestine has a great impact on body health. One of the obvious characteristics is the
degeneration of epithelium turnover. The acknowledged Lgr5+ intestinal stem cell is the key factor.

Methods
We used Lgr5-EGFP transgenic mice in three different ages (young group:3-6 months, middle group:12-14
months and old group:22-24 months) to mark the Lgr5+ISCs. We collected the jejunum for histology,
immuno�uorescence, western-blotting and PCR, we isolated the crypts for organoid culture and sorted out
the Lgr5hi cells for bulk RNA sequence.

Results
In tissue, the crypts depth, proliferating cells and Lgr5+ISCs number increased in middle group (12-14
months) and then decreased in old group (22-24 months). The number of proliferating Lgr5+ISCs
gradually decreased from young to old. In organoids, the buddings number and projected area, Lgr5+ISCs
ratio also decreased from young to old. Both gene expression of Parp3 and protein level of Parp3
increased in middle and old group. Parp3 inhibitors slowed down organoids’ growth of the middle age.

Conclusion
Parp3 might participate in regulating the proliferation capacity of Lgr5+ISCs during aging.

Introduction
Small intestine (SI) is an organ which performs a wide range of functions in physiological processes,
including absorbing the nutrition, secretion, excretion as well as immune modulation [1]. Intestinal
homeostasis depends on the close cooperation between the intestinal epithelium, the microbiota and the
host immune system [2]. These factors are involved in maintaining intestinal homeostasis and their
functions decline with age, leading to signi�cant disturbances in intestinal homeostasis. As clinical
researches indicated, nutrient malabsorption is prevalent among the aged, followed by anemia and other
disease [3]. In addition, elderly individuals are prone to colorectal cancer, accounting for 88% of CRC
patients in the United States diagnosed in 2020[4]. Other than that, complications in the intestinal system
were found to increase with age, such as insulin resistance [5], obesity [6], even the overall health
condition problem. In conclusion, the aging small intestine shows decreasing ability of absorption,
microbiota dysbiosis, increasing in�ammatory response, and more susceptibility to infection and tumor
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[7]. As mentioned above, intestinal homeostasis is of signi�cance for its functionality and maintenance
of the epithelial barrier, without which health problems occur. Therefore, the study concerning aging
intestine appears vital in particular.

With a characteristic of rapidly self-renewing every 4-5 days [8], the small intestinal epithelium plays a
leading role in SI function and intestinal homeostasis. The continuous regeneration of the intestinal
epithelium highlights the vital role of intestinal stem cells (ISCs) in human body. ISCs, which express
markers such as Lgr5, are located at the bottom of crypts and perform persistent cell divisions to
renovate the intestinal epithelium during our whole life [9]. Previous studies showed that there was a
decline in the regeneration capacity of ISCs from the old mice compared to the young [10]. With the
aging-related changes in ISCs, structural differences were observed in old intestine crypts that there was
an increment in crypt length and width for the increase of cells in crypt, while the number of crypts had a
reduction [10]. Moreover, ISC dysfunction correlated with senescence was also seen in vitro organoids
forming that there was a signi�cant reduction in the number of organoids derived by crypts from old mice
and aged human [11]. These self-renewal and epithelium-forming hypofunctions in senescent ISCs also
declines the repair ability of the intestinal epithelium when ROS or short telomeres leads to DNA damage
[12, 13, 14]. Overall, senescent ISCs exert pressure for a constantly renewing epithelium as well as its
protective function, followed by intestinal homeostasis disorder and age-related diseases.

There are plenty of hypotheses that explain the senescence mechanism of ISCs, however, the decline of
Wnt signaling pathway seems to play a central role [15]. Under normal circumstances, the nutrition and
protection of Paneth cells can maintain the homeostasis of ISCs [16], while aged Paneth cells may
produce Notum, an extracellular Wnt inhibitor, which caused a decrease of Wnt signaling in ISCs [11]. The
decline of canonical Wnt signaling in ISCs would eventually lead to the senescence of ISCs and reduction
in regenerative capacity [17]. Moreover, ROS accumulation and autophagy system malfunction also
contribute to ISC senescence process [18, 19]. Previous article showed that ROS accumulation in aging
ISCs led to mitochondrial dysfunction and damage of DNA and protein [20]. And impaired autophagy-
related pathway disturbed the clearance and recycling of DNA and protein in ISCs [21]. In general, decline
of Wnt signaling, ROS accumulation and autophagy malfunction affect ISC senescence together.
However, the molecular mechanism of ISC senescence has not been elucidated, especially the special
mechanism that distinguishes it from other adult stem cells.

In this study, we divided the mice in three groups according to different age: the young group (3-6
months), the middle group (12-14 months) and the old group (22-24months). Since we wanted to explore
the whole process of aging in small intestine, we added the middle group as transition between the
youngand old group. We used immuno�uorescence, crypt isolation, organoids culture and RNA sequence
to explore the Lgr5+ ISCs in different groups. We found that the proliferation capacity of Lgr5+ ISCs
decreased during aging and Parp3 protein may participate in regulating the proliferating function.

Material And Methods
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Ethics approval and Animals
The animal use and experiments were approved by the Ethics Committee of Third A�liated Hospital of
Sun Yat-Sen University. Mouse lines used: C57BL/6 mice, Lgr5-EGFP mice (Jackson lab, America). All the
C57BL/6 mice were housed in Animal Centre of the Third A�liated hospital, Sun Yat-Sen University. The
ISC marker leucine-rich repeat- containing G protein-coupled receptor 5 knock-in mice (Lgr5-EGFP mice)
was purchased from Jackson lab and breed on the Animal Centre. The mice were housed in microisolator
cages with unrestricted water and ad libitum. The 3-6 months mice were in the young group, the 12-14
months mice were in the middle group and the 22-24 months mice were in the old group. Each group of
mice were intraperitoneal injected BrdU (Abcam, America) solution (1mg/10g, 10mg/ml in normal saline).
After 72 hours, the mice were sacri�ced and taken the small intestine sample.

Intestinal crypt isolation
In brief, the section of the initial part of the small intestine was opened lengthwise, cleaned with cold PBS
5-10 times and, after removal of villi by scraping with a cold glass slide, sliced into small fragments
roughly 2mm in length. The tissue was then incubated in 5mM EDTA/PBS at 4°C for 30 min with shaking.
Supernatant was removed and pieces of intestine were re-suspended in DMEM/F12 (Gibco, America) with
0.1% BSA. The tissue was then shaken vigorously. To collect the �rst fraction, the suspension was passed
through a 100µm strainer. The remaining tissue pieces were collected from the strainer and fresh
DMEM/F12 (Gibco, America) with 0.1% BSA was added, followed by vigorous shaking. The crypt fraction
was again collected by passing through a 100µm strainer. In total, 4 fractions were collected. Each
fraction was centrifuged at 300g for 5 min at 4°C. Supernatant was removed and this procedure was
repeated three times to purify the crypts.

Organoid culture and passage
The crypts were counted under light microscope and the suspension with calculated volume was taken to
another tube. The suspension was centrifuged at 300g 5min to gain the precipitate. The precipitate was
resuspended with DMEM/F12 (Gibco, America) and mixed well. The suspension was centrifuged at 300g
5min to discard the supernatant. The crypts were mixed with Matrigel (Growth Factor Reduced, Corning,
America) in 1000/100µl by precooled pipette in ice box. The mixture was planted on a 24-holes plate
preheated in Cell incubator (37°C,5%CO2) with 50µl a hole. Then the plate was put into cell incubator for

20 min to make Matrigel (Growth Factor Reduced, Corning, America) solidify. Then the IntestiCultTM

Organoid Growth Medium (Mouse) (STEMCELL Technologies, Canada) was added in each hole. The
culture medium was changed twice in one week.

When the organoids cultured after 7-10 days, they could be passaged. The culture medium was moved
and GDCR (STEMCELL Technologies, Canada) was added. The liquid and Matrigel (Growth Factor
Reduced, Corning, America) was blown by �uid gun and collected in a tube. The tube was shaken 20 min
and centrifuged at 300g 5min. The precipitate was resuspended with DMEM/F12 (Gibco, America) and
mixed well. The suspension was centrifuged at 300g 5min to discard the supernatant. The precipitate
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was mixed with Matrigel (Growth Factor Reduced, Corning, America) and plated into the plate as above
mentioned. The organoids used for this article were no more than 2 passage.

The organoids were observed under a microscope (Axio Observer 3, Carl Zeiss) or Operetta CLSTM high-
content analysis system (PerkinElmer).

Histological analysis
Para�n-embedded jejunums were cut into 3µm thick section. The sections were used for hematoxylin
and eosin (Leagene, China) staining for histological analysis. And the sections were used for Alcian-blue
and Periodic Acid-Schiff (Leagene, China) staining to count the goblet cells.

Immunohistochemistry and immuno�uorescence
For immunohistochemistry, the para�n sections were depara�nized and rehydrated. The section was
soaked into 3%H2O2 solution 10min and then into boiled pH6.0 citrate sodium 3 min for antigen retrieval.
The blocking buffer was used on section for 15min to bind the non-speci�c antibody. The section was
washed by PBST buffer. Then the section was incubated with primary antibody (MMP7, anti-rabbit, 1:400,
Cell Signaling Technology, America; PCNA, anti-rabbit, 1:200, Cell Signaling Technology, America) at 4°C
overnight and then with a secondary antibody at 37℃ for 120 min. The signal was detected with a
diaminobenzidine kit (Leagene, China) and the nuclear was stained by hematoxylin.

For immuno�uorescence, the para�n sections were treated as mentioned above before incubated
secondary antibody. The sections were incubated with secondary antibody at 37°C for 90min. Then the
sections were stained with DAPI for nuclear marker. The frozen sections were �xed with 4%
paraformaldehyde at 15min, permeated with 0.5% Triton 20min, and then incubated with the blocking
buffer 15min. The section was incubated with primary antibody (Olfm4, anti-rabbit, 1:400, Cell Signaling
Technology, America; BrdU, 1:100, Abcam, America; GFP, anti-rabbit, 1:200, ABclonal, China; GFP, anti-
mouse, 1:100, ABclonal, China; Ki67, anti-rabbit, 1:200, Abcam, America;Parp3, anti-rabbit, 1:100,
Invitrogen, America) at room temperature for 120 min and then with a species-appropriate secondary
antibody (Alexa FluorTM488, anti-rabbit; Alexa FluorTM488, anti-mouse; Alexa FluorTM488, anti-mouse;
Alexa FluorTM594, anti-rabbit, 1:400, Thermo Fisher SCIENTIFIC, America) at 120 min. The sections were
stained with DAPI for nuclear marker. The stained sections were then scanned using a microscope
(DM4000, Leica) or a confocal microscope (LSM880, Carl Zeiss) in single-photon mode with an
appropriate wavelength depending on the primary antibody and the presence of endogenous
�uorophores.

Total RNA extraction and real-time PCR
Total RNA was extracted from the intestinal mucosa scraping samples using Tissue RNA Extraction Kit
according to the manufacturer’s instruction. RNA was reversed transcription to cDNA with Kit (ReverTra
Acetm qPCR RT Master Mix) according to the manufacturer’s instruction. Real-time PCR was performed
on an ABI7500 using gene-speci�c primers and SYBR Mix. Each reaction consisted of 2µL of cDNA
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product, 2.5µM of primers and 7.2µl of SYBR® Green real-time PCR master mix. The reactions were
incubated in a 96-well plate at 95°C for 5 min, followed by 45 cycles of 95°C for 15s, 60°C for 20s and
72°C for 40s. After the reactions were completed, the threshold was manually set and the threshold cycle
(CT) was automatically recorded. The CT is de�ned as the fractional cycle number at which the
�uorescence signal passes the �xed threshold. All reactions were run in three replicates for each sample.

The comparative CT method was used to calculate the expression relative to the endogenous control.

(Parp3: Forward primer: ATGGCTCCAAAACGAAAGGC, Reverse primer: TCCTCCTCTGTCCCTTGTCG;

Actin: Forward primer: CGTGCGTGACATCAAAGAGAA, Reverse primer: CCAAGAAGGAAGGCTGGAAAA)

Protein extraction and western-blotting analysis
Tissue was homogenised in PBS using an electrical homogeniser and protein extracted in the presence of
protease inhibitors (in 325µl PBS, 25µl aprotinin (2.2mg/ml), 25µl trypsin inhibitor (5mg/ml), 25µl 10%
Nonidet, 25µl sterile water) on ice with periodic vortexing for 30–40 min, and lysates were cleared by
centrifugation at 10,000×g for 10min at 4°C, and the supernatants were used for immunoblotting
following boiling in 1×SDS-sample loading buffer for 5min. Protein concentrations were determined by
spectrophotometry with a BioRad protein assay (Bradfords’ method) (BioRad Laboratories, Munchen,
Germany). The standard curve was performed using 0, 2, 4, 8, and 16g of bovine serum albumin/ml.

For analysis samples (10–50µg protein) were separated on 8%, 10% or 12% SDS-polyacrylamide gels
followed by transfer to nitrocellulose membranes (Bio-Rad) and immunoblotting with the indicated
antibodies: Parp3 (1:500, anti-mouse, Santa Cruz Biotechnology, America) and β-Actin (1:2000, anti-
mouse, Santa Cruz Biotechnology, America). Blots were developed with chemiluminescence and detected
by ChemiDocTMImaging System (Bio-Rad).

TUNEL staining
TUNEL staining of cells was carried out with the TUNEL Apoptosis Assay Kit (Servicebio, China)
according to the manufacturer’s instructions, respectively. Brie�y, cells were permeabilized with freshly
prepared 0.05% Triton X-100 and 0.1% sodium citrate for 15min at room temperature, and rinsed with
50µl of TUNEL reaction mixture for 6min at 37°C in the dark. Next, the cells were incubated with DAPI for
10 min. Images were captured using a �uorescence microscope (DM4000, Leica) or a confocal
microscope (LSM880, Carl Zeiss).

Senescence-associated β-galactosidase staining
Senescence β-galactosidase staining of cells was carried out with the Senescence β-Galactosidase
Staining Kit (Beyotime Biotech) according to the manufacturer’s instructions.

Brie�y, cells were washed in PBS, �xed in �xative solution (2% formaldehyde and 2% glutaraldehyde) for
15min, and stained with β-galactosidase staining solution overnight at 37°C. Images were acquired using
a microscope (Axio Observer 3, Carl Zeiss).
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FACS and bulk RNA-sequence
The FACScan �ow cytometer (BD Biosciences, Franklin Lakes, NJ) was used to perform FACS analysis as
previously described with minor modi�cation. Crypts were digested with Tryple Express for 30min to
separate into single cells. About 5×105 freshly FACS sorted GFP-Lgr5hi cells were re-suspended in TRIzol
reagent after washing with PBS. After isolated from the TRIzol lysate, the RNA samples were constructed
into RNA sequencing libraries by using a NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (E7530L,
New England Biolabs) according to the manufacturer's instructions.

Statistical analysis
Statistical analyses were performed using SPSS version 20.0. The data collected from organoids or
determined by PCR and western-blotting have been expressed as scar bar (mean ± SE). The Comparison
of three groups was done by Anova. Then a Bonferroni test was used to compare each two groups.
P<0.05 means signi�cant difference between two groups. The data collected from tissue or the single
organoid in different ages have been expressed as box plot. The comparison of three groups was done by
Kruskal-Wallis text. P<0.017 means signi�cant difference between two groups.

Results
Intestinal villus length and crypt base columnar cells (CBCs) were reduced in aging.

To explore the morphology of intestinal epithelium in three ages mice, we used hematoxylin-eosin
staining to count the villi height and crypt depths. Villi height was no difference between young and
middle groups, but decreased in old group compared with young and middle groups. Crypt depth was
increased in middle group compared with young group, but decreased in old group compared with middle
group (Fig. 1a). To count the major kinds of epithelium, we used Alcian blue and Periodic Acid-Schiff
staining, MMP-7 immunohistochemistry staining and Olfm4 immuno�uorescence to mark goblet cells,
Paneth cells and ISCs respectively. Goblet cells number in crypt-villi axis were no difference among three
groups (Fig. 1b). Paneth cells number was increased in middle group compared with young group, and
was no difference between middle group and old group (Fig. 1c). Olfm4+ crypt base columnar cells
(CBCs) were increased in the middle group compared with young group and then decreased in old group
(Fig. 1d). Crypt depth and number of Olfm4+CBCs showed similar tendency in aging. These results
indicated that the number of ISCs and proliferation might be increased in middle age and decreased in
old.

Lgr5 + intestinal stem cells (ISCs) were reduced in aging mice and intestinal organoids.

To verify the ISCs number in different ages, we used Lgr5-EGFP knock-in transgenic mice to mark the
Lgr5+ISCs. The number of Lgr5+ISCs in each crypt increased in middle group and then decrease in old
group (Fig. 2a), which is consistent with the number of Olfm4+CBCs (Fig. 1d). Next, we isolated the crypts
from Lgr5-EGFP mice in different ages and cultured organoids for 7 days to explore whether the ISCs
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from different ages mice were distinguish in culture condition. In the view of single organoids, the
buddings number and projected area were decreased both in middle group and old group compared with
young group and were no difference between middle group and old group (Fig. 2b). In the view of holes,
the Lgr5-GFP area tended to decrease in old group but had no statistical difference (P=0.067 among three
groups) (Fig. 2c). In the view of sections, the ratio of Lgr5+ISCs number to DAPI number decreased in old
group compared with young group (Fig. 2d). These results above suggested that the number of Lgr5+ISCs
decreased in old mice both in vivo and in vitro.

Intestinal cellular proliferation was downregulation in aging mice and intestinal organoids.

To further verify the proliferation in aging, we used PCNA and Ki67 to mark the proliferating cells. The
results showed that proliferating cells in crypts increased in middle group compared with young group,
and then decreased in old group compared with middle group. The young group and old group were no
difference (Fig. 3a and 3b). To explore the movement of epithelium, we intraperitoneally injected BrdU (5-
bromo-2’-deoxyuridine) into mice and collected the samples after 72 hours. After BrdU
immuno�uorescence staining, we calculated the distance from the middle point of BrdU+ cells to the
bottom of villi. The result showed that the distance decreased gradually from young group to old group
(Fig. 3c). To verify the proliferation in organoids, we used organoids section for Ki67
immuno�uorescence. The ratio of Ki67+ cells decreased in old group compared with young group
(Fig. 4a). These results suggested that the proliferation decreased in old groups. In middle group, the
proliferation increased only in tissue.

Proliferation of Lgr5 + ISCs was restrained in aging mice.

According to the results above, we found that the number of Lgr5+ ISCs and its related proliferation
function changed in aging. Next, we intended to explore which status in Lgr5+ ISCs caused such results,
proliferation, apoptosis or cells senescence. We used Lgr5-EGFP mice to mark the Lgr5+ ISCs. Meanwhile,
we used Ki67 immuno�uorescence to mark the proliferating Lgr5+ ISCs and TUNEL to mark the apoptosis
Lgr5+ ISCs. The proportion of proliferating Lgr5+ ISCs decreased in middle and old group compared with
young group. The results of middle group and old group were no difference (Fig. 4a and 4d). Among all
the three group, none of Lgr5+ ISCs were TUNEL positive. Although some TUNEL+ fragments were
observed on the crypt basement in old group, these fragments did not overlap with nuclear or Lgr5-GFP
signals (Fig. 4b).

Lastly, we used a canonical cell senescent marker-β-galactosidase staining on isolated crypts and villi,
24-hours cultured organoids and 7-days cultured organoids to detect the cell senescence. The result
showed that all of the villi and the top of the crypts were blue, however, the bottom of the crypts were
unstaining in all three groups, which suggested the majority of intestinal epithelium were already
senescent at three months while ISCs were not. In addition, organoids from different groups were almost
staining blue, while some newborn buddings were unmarked (Fig. 4c and 4d).
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All the results showed that the proliferation Lgr5+ISCs function degenerated obviously.

Parp3 gene was upregulated in intestinal Lgr5+ stem cells of aging mice.

Since we found that the proliferation of Lgr5+ ISCs degenerating in aging impacted the renovation of
intestinal epithelium, to understand the molecular mechanism of Lgr5+ ISCs in different age, we isolated
the crypts, separated them into single cell and sorted the Lgr5high cells by FACS for bulk RNA sequence
(Fig. 5a). The �ow chart showed that the percentage of Lgr5high cells increased in middle group and
decreased in old group (Fig. 5B), which was consistent with former results (Fig. 2a). The whole heat map
showed that 9 samples were divided into three clusters according to gene expression, which were
consistent of the age groups (Fig. 5c). The majority of genes expression were similar between middle and
old group, with only 55 genes up-regulated and 85 genes down-regulated in old group. And 211 genes
upregulated and 93 genes downregulated in middle group compared with young group. Furthermore, we
used the pathway enrichment to analysis the signal transduction among the three groups. For example,
there were statistical differences in immune-related signaling pathways between the young and middle
group such as antigen processing and presentation pathway. (Fig. 5d) Between middle group and old
group, pathways such as DNA methylation and Meiotic Recombination had statistically signi�cant
difference (Fig. 5e). We noticed that the Parp3 had signi�cantly statistical difference in the young group
compared with both middle group and old group (Fig. 5f). Parp3 was also into the KEGG pathway “cell
growth death”. We hypothesized that this gene might relate to the alternation of Lgr5+ ISCs proliferation
in aging.

Parp3 was overexpressed in intestinal mucosa and intestinal organoids of aging mice.

To further verify the Parp3 expression in different ages, we used RT-PCR, western-blotting and Parp3
immuno�uorescence to determine the gene expression and protein expression of Parp3. Parp3 gene
expression increased in old group compared with young group and showed a tendency of increase in
middle group compare with young group but had no statistical difference (Fig. 6a). Parp3 protein
expression increased in middle group and old group compared with young group. And the protein
expression was no difference between middle group and old group (Fig. 6b). The results of Parp3
immuno�uorescence on tissue and organoids also showed Parp3 protein level increased in middle and
old group (Fig. 6c and 6d). These results indicated that Parp3 gene expression and protein level increased
in aging.

Inhibition of Parp3 depressed intestinal organoids growth in aging.

Since we found that the Parp3 increased from the middle age and keeping high level in the old, next, we
explored the effect of Parp3 on epithelium. We cultured the organoids from 12 months Lgr5-EGFP mice.
We used two kinds of Parp3 non-selective inhibitors, AZD-2461 and ME0328, with a concentration of
2µmol/L and 10µmol/L respectively. The inhibitors were added into the culture medium in day 4, and the
culture medium was changed every day until day 7. We added the equally volume of DMSO in culture
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�uids as control groups. We traced the organoids in these groups in day 4 and compared the organoids
shape every day after adding the inhibitors. The organoids in both of AZD-2461 groups and ME0328
group grew less volume and buddings compared with control group (Fig. 7a-c). To observe the expression
of Parp3, we used Parp3 immuno�uorescence to detect the Parp3 protein in organoids after 7-days
cultured. The results showed that Parp3 had a lower lever in the two groups adding inhibitors compared
with control group (Fig. 7d). All the results showed that inhibition of Parp3 depressed the middle age
organoids growth.

Discussion
We started our research with history analysis. As mentioned in the literature, the villi height and crypt
depth measured in different articles varied [22]. Moreover, previous studies evaluating the number of
goblet cells, Paneth cells and stem cells also observed inconsistent results [23, 24]. This discrepancy
could be attributed to the following two reasons. First, the samples taken by different researchers may be
situated in different parts of the small intestine, which account for different results. An article about a
single cell survey of intestinal epithelium revealed that the mRNA expression from jejunum to ileum
gradually changed [25]. Therefore, in our research, we used the jejunum (proximal small intestine) sample
in a similar location to compare.

There is, however, another possible explanation revealed in our article--the aging process can be divided
into 2 stages with different characteristics. This opinion was further veri�ed by the results of bulk RNA
sequence of Lgr5hi cells. Generally speaking, compared with young age (3-6 months), mice jejuna in
middle age group (12-14 months) have the following changes. According to the BrdU staining results, the
turnover of intestinal epithelium in middle age slowed down but can still reach the top in the third day (72
hours after injection). However, the crypts length, the number of proliferating cells and ISCs in each crypt
increased in the middle age group. The villi height can still be maintained in the middle age. These results
suggested that in the middle age, proliferation enhanced to maintain the villi length. The old age (22-24
months) mice showed function drops in comparison with the middle age mice. In the old mice, the villi
height decreased and renovation of intestinal epithelium obviously slowed down. The crypts depth,
number of proliferating cells and ISCs in each crypt decreased as well. These results showed that in old
mice, the proliferation function is severely impaired, causing the functional area to decrease. Otherwise, in
all three groups of this study, the number of goblet cells in each crypt-villi axis shows no difference, which
might because of the low density of goblet cells in jejunum [26]. The number of Paneth cells increased
during aging, which is consistent with the �ndings previous articles presented [27].

Based on the result we showed above, we found the key point of intestinal epithelium homeostasis during
aging is crypts. To further detect whether the crypts from different age of mice have intrinsically
difference, we isolated the crypts and cultured the organoids in vitro [28]. Under the organoid cultured
conditions, the culture conditions among three groups were same and the mechanism of other systemic
homeostasis regulation was absence so that the in�uence of other systems such as immune system,
vessel system and the mesenchyme in aging process could be excluded [29]. Although the organoids
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growth is related to density of crypts, we still found that the maximum number of buddings and projected
area on each organoid decreased in middle and old age, which is consistent with the previous article. [24]
In addition, the result also showed that the Lgr5 expression and the proliferating cells gradually
decreased from young group to old group. However, we noticed that in the cultured condition organoids
from the middle groups didn’t show increase on proliferation and Lgr5+ISCs, which is inconsistent with
the results in vivo. It might be related to the systemic regulation mechanism in vivo.

Next, we explored what led to the ISCs dysfunction and decreased, and we supposed that it was caused
by cell senescence, apoptosis or proliferation. Initially, we used β-galactosidase staining to mark the
senescence cells in 24-hour cultured and seven-day cultured organoids. To our surprise, the negative cells
were hardly seen in all groups and the average density is no difference. Then we stained the isolated
crypts and villi fragment and found that in all three groups, the basement of crypts, where the ISCs
located, was negative. So, we realized that this canonical senescence marker might not suitable for ISCs.
Moreover, we used the TUNEL staining to detect the level of apoptosis of ISCs. The result showed that the
old ISCs had no apoptosis, but some positive fragments were observed in the old crypt basement. Finally,
the proliferation is the only obvious difference. In situ, the ratio of proliferating Lgr5+ISCs decreased in the
middle groups and old groups, which was consistent with the buddings and projected area of organoids.

Our study showed that the regenerative capacity of Lgr5+ISCs were impaired in aging intestine and the
number of Lgr5+ISCs changed with age. Furthermore, we isolated the Lgr5hicells in crypts from the three
different age classes and the RNA sequence results showed that the gene expression of the cells in
middle-aged group was similar to the old rather than that in the young group. It is consistent with the age-
related trend in the ratio of proliferating Lgr5+ISCs in situ, the buddings number and projected area of
organoids in vitro. Then, focusing on the “cell growth and death” of KEGG second class, we identi�ed
Parp3 as a factor performing such functional role in the age-related changes of Lgr5+ISCs.

Poly (ADP-ribose) polymerase 3 (Parp3) is a member of ARTD (Parp) family which can synthesize poly
(ADP-ribose) at the expense of NAD+ [30]. Previous studies showed that Parp3 was involved in the cellular
response to DNA damage [31], mitotic progression [32], chromosomal rearrangements [33], the regulation
of redox homeostasis [34] and tumor aggressiveness [35]. Moreover, Parp3 inhibitor ME0328 was found
to cause cell cycle arrest in breast cancer cells [36]. Thus, after we respectively added two kinds of Parp3
inhibitor in the organoids derived from the middle age (12 months) mice, the organoids growth was
obviously blocked. Our results suggest that increased Parp3 underlies Lgr5+ISCs in aged groups to
maintain the proliferation function, but the molecular mechanism is needed to be further explored. It is
likely that Parp3 has similar homeostatic roles in other stem cells during aging, which is needed to be
further explored.

Conclusion
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In summary, we found the number and proliferation of Lgr5+ISCs increased in middle age and decreased
in old age. Parp3 expression increased in middle and old age. Parp3 inhibitors depressed intestinal
organoids growth in middle age. Parp3 might play an important role in Lgr5+ISCs regulation in aging.
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Figure 1

Intestinal villus length and crypt base columnar (CBC) were reduced in aging.

(a) The picture showed the hematoxylin-eosin staining of small intestine. The villi length and crypt depth
were counted in 5 100×�eld each sample (30-40 units). Values are presented in box plots, n=5 in each
group; *P<0.017 between two groups. (b) The goblet cells were marked by Alcian blue and Periodic Acid-
Schiff staining (blue). The number of goblet cells in each crypt-villi axis was counted in 5 100×�eld each
sample (25-30 units). Values are presented in box plots, n=5 in each group. (c) The Paneth cells were
marked by MMP-7 immunohistochemistry staining (brown). The number of Paneth cells in each crypt
was counted in 5 high power �eld (HP,400×) (25-30 units). Values are presented in box plots, n=5 in each
group; *P<0.017 between two groups. (d) The intestinal stem cells (ISCs) were marked by Olfm4
immuno�uorescence (green). The number of Olfm4+ crypt base columnar (CBC) in each crypt was
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counted in 5 HP each sample (25-30 units). Values are presented in box plots, n=5 in each group;
*P<0.017 between two groups.

Figure 2

Lgr5+ intestinal stem cells (ISCs) were reduced in aging mice and intestinal organoids.

(a) The Lgr5+ISCs was marked by auto�uorescence of Lgr5-eGFP knock-in transgenetic mice (green). The
number of Lgr5+ISCs in each crypt was counted in 5 HP (25-30 units). Values are presented in box plots,
n=5 in each group; *P<0.017 between two groups. (b) The picture showed the organoids after 7 days
cultured under bright �eld. 10 largest organoids of each group were chosen to count the buddings
number and projected area. Values are presented in box plots. *P<0.017 between two groups. (c) The
picture showed organoids after 7 days cultured under high-content cell analyzer. The Lgr5+ISCs was
marked by auto�uorescence(green). The area of GFP was counted by high-content cell analyzer. Values
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are means ± SE, n=8 in each group. P=0.067 among three groups. (d) The Lgr5+ISCs was marked by
auto�uorescence. The number of Lgr5+ISCs and number of DAPI was counted in 5 HP and their ratio was
calculated. Values are means ± SE. *P<0.05 between young and old group.

Figure 3

Intestinal cellular proliferation was downregulation in aging mice and intestinal organoids.

 (a) The proliferating cells were marked by PCNA immunohistochemistry staining (brown). The number of
proliferating cells in each crypt was counted in 5 HP (15-20 units). Values are presented in box plots, n=5
in each group; *P<0.017 between two groups. (b) The proliferating cells were marked by Ki67
immuno�uorescence staining. (red) The number of proliferating cells in each crypt was counted in 5 HP
(15-20 units). Values are presented in box plots, n=3 in each group; *P<0.017 between two groups. (c) The
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wild type mice were intraperitoneal injected with 1mg/10g BrdU solution. The jejunum sample was
collected after 72 hours. The BrdU was marked by BrdU immuno�uorescence staining (green). The
distance from the bottom of villi to the middle point of BrdU+ cells was counted in 5 100×�eld each
sample(20-30 units). Values are presented in box plots, n=3 in each group. *P<0.017 between two groups.
(d) The proliferating cells in 7-day cultured organoids was marked by Ki67 immuno�uorescence staining.
The number of proliferating cells and number of DAPI was counted in 5 HP each group and their ratio
were calculated. Values are means ± SE. *P<0.05 between young and old group.
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Figure 4

Proliferation of Lgr5+ ISCs was restrained in aging mice.

(a) The upper picture showed the double immuno�uorescence staining of Ki67 (red) and Lgr5-GFP
(green). The lower pictures were taken by confocal microscope. The Lgr5+ISCs was marked by
auto�uorescence and proliferating cells was marked by Ki67 immuno�uorescence staining. (b) The
apoptosis cells were marked by TUNEL staining and the Lgr5+ ISCs was marked by auto�uorescence. The
lower pictures were taken by confocal microscope. (c)The senescent cells were marked by β-
galactosidase staining. (blue). Red circles marked the crypts. (d) The number of proliferating Lgr5+ISCs
and number of Lgr5+ISCs was counted in 5 HP each sample and their ratio were calculated. Values are
presented in box plots, n=3 in each group. *P<0.017 between two groups. The intensity of β-gal of each 7-
day cultured organoids was counted. Values are presented in box plots, n=17 in each group.
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Figure 5

Parp3 gene was upregulated in intestinal Lgr5+ stem cells of aging mice.

(a)The picture showed the procedure of Lgr5+ stem cells isolation. 1/3 length of proximal small intestine
was cut from Lgr5-eGFP knock-in mouse (n=3 in each group). The crypts and villi were isolated from
tissue by incubated with 5mM EDTA solution. The crypts were isolated through 100μm cell �lters. Then
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the crypts were digested into single cells for FASC. (b) The �ow chart showed the ratio of Lgr5hi cells in
crypt cells. The cells into the square were sorted for bulk sequence. (c) According to the gene expression,
9 samples were divided into 3 clusters. The clusters are consistent with the actual age groups. (d) The top
30 pathways with statistical signi�cance ranked by p value between young group and middle group. (e)
The top 30 pathways with statistical signi�cance ranked by p value between middle group and old group.
(f) The gene expression of Parp3. Values are mean±SE, n=3 each group.*P<0.05 between two group.

Figure 6

Parp3 was overexpressed in intestinal mucosa and intestinal organoids of aging mice.

(a) The Parp3 gene expression was determined by RT-PCR. Values are mean±SE, n=4 each group. *P<0.05
between young and old group. (b) The protein level of Parp3 was determined by western-blotting. The
values are mean±SE, n=3 each group. *P<0.05 between two groups. (c)The picture showed the tissue
section staining. Parp3 was marked by immuno�uorescence (red) and Lgr5+ ISCs were marked by
auto�uorescence (green). (d)The picture showed the organoids section staining. Parp3 was marked by
immuno�uorescence (red) and Lgr5+ ISCs were marked by GFP immuno�uorescence (green).
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Figure 7

Inhibition of Parp3 depressed intestinal organoids growth in aging.

(a) Organoids isolated from middle age mice were after three days normal cultured. In the fourth day,
Parp3 inhibition (AZD-2461 and ME0328) and DMSO were added into culture medium repeating in �fth
day and sixth day. 12 organoids in each group were chosen to count the projected area and the number
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of newborn buddings every day lasting from the fourth day to the seventh day. (b) The number of
newborn buddings were counted every day after treatment. Values are mean±SE. The adding projected
area every day was the difference value compared with former day. Values are mean±SE.*P<0.05 (c) The
picture showed the organoids section staining. Parp3 was marked by immuno�uorescence (red) and
Lgr5+ ISCs were marked by auto�uorescence (green).

Figure 8

Lgr5+ stem cells and intestinal aging

From young to middle age, the crypts depth, Lgr5+ ISCs number and proliferating cells are increased
which might relate to increase expression of Parp3. From middle age to old age, the level of Parp3 has no
difference with middle age. The decrease of Lgr5+ ISCs and proliferation cause the villi height decreased.


