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Abstract 31 

Aging usually suppresses the renewal and regeneration of intestinal epithelium. The 32 

imbalance of intestinal epithelial homeostasis may also be a promoter for aging. JWA 33 

responds to oxidative stress and repairs damaged DNA; it participates in multiple cellular 34 

processes like cell proliferation and differentiation. Here we identified JWA as a new 35 

aging-associated gene, whose deletion-accelerated aging in mice was related to intestinal 36 

epithelium atrophy. We further knocked out intestinal epithelial JWA and found it disrupted 37 

intestinal epithelial homeostasis, thus promoting aging in mice. Mechanistically, we 38 

discovered that JWA deficiency promoted Notch1 ubiquitination degradation via ERK/Fbxw7 39 

cascade and interfered with the PPARγ/Stat5 signal axis. This reduced the intestinal stem 40 

cell function and altered the intestinal epithelial cell lineage distribution, finally suppressing 41 

the renewal and regeneration of intestinal epithelium. Our results demonstrated that JWA is 42 

a new aging-associated gene essential for the renewal and regeneration of intestinal 43 

epithelium. We also provide a new idea that maintaining intestinal epithelial homeostasis 44 

may be a potential anti-aging strategy in humans or mammals. 45 

Keywords: JWA; Aging; Intestinal regeneration; Intestinal stem cell; Notch signal. 46 

 47 

Introduction 48 

The precise regulation of tissue renewal and regeneration is an effective mechanism to 49 

prevent and slow down tissue degeneration (Picerno et al, 2021). In mammals, the intestinal 50 

epithelium renews rapidly and usually turns over within 3-5 days, due to the organized cell 51 

proliferation, differentiation, migration, and apoptosis, as well as the regenerative capability 52 

of intestinal stem cells (ISCs) (Xiao et al, 2019). Unfortunately, these characteristics make 53 

intestinal epithelium more susceptible to external environmental factors like ionizing 54 

radiation. The high dose radiation exposure can induce intestinal epithelial injury followed by 55 

gastrointestinal syndrome (GIS). The ISCs respond immediately and regenerate quickly to 56 

repair the injured intestinal epithelium (Chaves-Perez et al, 2019). Therefore, certain factors 57 

that negatively affect the ISC maintenance can inevitably inhibit renewal and prevent 58 

regeneration of intestinal epithelium after injury.  59 

Aging means the age-dependent, progressive and irreversible decline in physiological 60 
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functions that eventually leads to death. The degradation of various tissues and organs 61 

usually accompanies the aging process, making aging one of the main risk factors for 62 

human pathologies such as cancer, diabetes, cardiovascular disorders, and 63 

neurodegenerative diseases (Lopez-Otin et al, 2013). The turnover of intestinal epithelium 64 

often decreases with age due to the functional declines of ISC and supporting niche cells, 65 

causing slower renewal and regeneration in aging intestinal epithelium after 66 

irradiation-induced damage (Pentinmikko et al, 2019).  67 

On the other hand, intestinal epithelium plays an essential role in nutrient absorption; it 68 

is also the primary immune barrier to prevent lumen microorganisms and toxic substances 69 

from entering the circulation. The imbalance of nutrient intake through the intestine 70 

epithelium can promote aging and affect health of the elderly (Sun et al, 2021), although the 71 

dietary restriction (DR) without malnutrition has many profound beneficial effects on 72 

longevity (Green et al, 2022; Wang et al, 2022). Meanwhile, aging is also potentially related 73 

to intestinal microbial imbalance and inflammation (Shrout et al, 2021). Therefore, loss of 74 

intestinal epithelial integrity may be the driver for aging and obstacle to healthy aging. 75 

Intestinal epithelial homeostasis alteration can also influence the lifespan of lower creatures 76 

such as nematode and Drosophila (Sasaki et al, 2021; Yang et al, 2021), making the 77 

intestine considered a potential target organ for anti-aging (Rera et al, 2013). However, 78 

limited evidence proves that intestinal epithelial disruption accelerates aging, especially in 79 

mammals. 80 

JWA, also named ADP-ribosylation-like factor 6 interacting protein 5 (Arl6ip5), is initially 81 

cloned from human bronchial epithelial (HBE) cells induced by all-trans retinoic acid. We 82 

previously demonstrated that JWA responded to oxidative stress and participated in DNA 83 

single-strand damage repair (Chen et al, 2007b; Wang et al, 2009), the unrepaired DNA 84 

damage accumulation-induced genome instability is one of the hallmarks of aging 85 

(Lopez-Otin et al., 2013). We further found that JWA exerted neuroprotective role in the 86 

mouse model of Parkinson's disease via alleviating oxidative stress and inhibiting 87 

inflammation (Wang et al, 2018; Zhao et al, 2017). However, there is not enough exploration 88 

and evidence to prove whether JWA is involved in aging. Moreover, JWA participates in 89 

multiple cellular processes like cell proliferation, differentiation, and apoptosis (Chen et al, 90 
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2004; Li et al, 2003), making it capable of regulating intestinal epithelial renewal and 91 

regeneration. Therefore, it is an exciting hypothesis that JWA regulates intestinal epithelial 92 

renewal and regeneration, thus affecting the aging process. 93 

In this study, we demonstrated that JWA was essential for the renewal and regeneration 94 

of intestinal epithelium, and for the first time we claimed that JWA deficiency accelerated 95 

aging through disrupting intestinal epithelial homeostasis in mice. Our results will also 96 

suggest the maintenance of intestinal epithelial homeostasis as a potential anti-aging 97 

strategy. 98 

 99 

Results 100 

JWA is a new aging-associated gene 101 

To confirm the relationship between JWA and aging, we firstly examined JWA in the 102 

spleens and livers of mice and found the old mice had lower JWA levels than young mice 103 

(Fig. 1A, B, Appendix Fig. S1A and B). We previously generated the JWA knockout (JWAko) 104 

mice, and in the present study we observed that JWAko mice exhibited thinner bodies (Fig. 105 

1C) and lower body weight than wild type (JWAwt) mice starting from 4-week-old (Fig. 1D). 106 

Subsequently, we built a mice cohort for survival analysis, the survival curves depicted that 107 

the medium lifespan of JWAko mice was only 290.0 days, which was significantly shorter 108 

than JWAwt mice (Fig. 1E). We performed a series of phenotypic analyses in mice at the 109 

young and relatively old stage and found multiple aging-related phenotypes in both young 110 

and old JWAko mice, such as lost hair (Appendix Fig. S2A and S3A), deformed spine 111 

(Appendix Fig. S2B, C, S3B and C), disordered cardiovascular function (Appendix Fig 112 

S2D-G and S3D-G), and reduced basal metabolism (Appendix Fig. S2H-K and S3H-K). 113 

Furthermore, we observed elevated senescence-associated β-galactosidase (SA-β-gal) 114 

positive cells in the JWAko mice liver sections (Fig. 1F), indicating the cellular senescence. 115 

Our results suggested that JWA was a new aging-associated gene whose deletion 116 

accelerated mice aging. 117 

JWA deletion-accelerated aging originates from the intestine epithelium 118 

We explored the histomorphology of the principal organs of mice (Fig. 1G and Appendix 119 

Fig. S4) and found that the primary alteration was the atrophy of intestinal epithelium (Fig. 120 
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1G), which showed the reduced length of villi and crypts (Fig. 1H and I). We evaluated the 121 

intestine epithelium absorption through oral glucose tolerance test (OGTT) and found that 122 

JWAko mice exhibited poor glucose absorption (Fig. 1J and K). Moreover, JWAko mice 123 

consumed less food and water than JWAwt mice (Appendix Fig. S2H, I, S3H and I). These 124 

results further reminded us of the probable alterations of intestinal epithelial structure and 125 

function due to the JWA deficiency. Furthermore, we observed that JWA deletion delayed the 126 

development of intestinal epithelium in both embryonic (Fig. EV1A-D) and newborn mice 127 

(Fig. EV1E). However, there was no difference in the embryonic weight between JWAko and 128 

JWAwt mice (Fig. EV1F). These results alluded that the intestine epithelium might be the 129 

originate of JWA deletion-accelerated aging. 130 

JWA expresses higher in intestinal crypts than villi 131 

Through The Human Protein Atlas database (https://www.proteinatlas.org), we got that 132 

the JWA mRNA and protein expressed widely in the human tissues and organs (Appendix 133 

Fig. S5A and B). JWA protein was highest existing in the human duodenum and the whole 134 

small intestine (Appendix Fig. S5B and C). We also detected that the JWA protein exhibited 135 

high levels in mouse intestine (Appendix Fig. S5D), especially the middle intestine (jejunum) 136 

(Appendix Fig. S5E and F). Moreover, we observed that the protein level of JWA was higher 137 

in intestinal crypts than villi (Fig. 2A). Therefore, we hypothesized that JWA might play a 138 

critical role in renewal and regeneration of intestinal epithelium, owing to the intestinal stem 139 

cells (ISCs) and niche cells located in the crypts, which are involved in the maintenance of 140 

intestinal epithelium. 141 

Intestinal epithelial JWA deletion destroys the homeostasis of the intestinal 142 

epithelium and promotes mice aging 143 

To invest the role of JWA on intestinal epithelial homeostasis maintenance, we 144 

constructed the intestinal epithelial JWA knockout (JWAIEC-ko) and littermate wild type 145 

(JWAIEC-wt) mice (Fig. EV2A and B). We confirmed that both the mRNA and protein levels of 146 

JWA were significantly down-regulated in crypts (Fig. 2B-D, Fig. EV2C and D). In the mice 147 

cohort, we found that most of the JWAIEC-ko mice died before 10-month-old (Fig. 2E), and the 148 

survival rate of JWAIEC-ko mice was significantly lower than JWAIEC-wt mice (Fig. 2F). Like 149 

JWAko mice, JWAIEC-ko mice also showed thinner bodies and lighter weights than JWAIEC-wt 150 
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mice. Interestingly, this only manifested at 10-month-old, rather than 2-month-old (Fig. 2G 151 

and H). We dissected the euthanized 10-month-old mice and found that most JWAIEC-ko mice 152 

showed intestinal congestion and bloat signs (Fig. 2I). We then observed that JWAIEC-ko mice 153 

had shorted villi and crypts than JWAIEC-wt mice, especially at 10-month-old (Fig. 2J-L). 154 

Furthermore, to verify our hypothesis that JWA deletion-accelerated aging originated from 155 

intestine epithelium, we stained the SA-β-gal positive cells in liver sections from 156 

10-month-old mice and found more senescent cells in JWAIEC-ko mice than JWAIEC-wt mice 157 

(Fig. 2M). Moreover, we tested the activity of several redox-related enzymes such as 158 

superoxide dismutase (SOD), glutathione peroxidase (GSH-px), and catalase (CAT) in the 159 

serum of 10-month-old mice. We found the activities of the three enzymes were all reduced 160 

due to intestinal epithelial JWA deletion (Fig. EV2E-G), revealing the deterioration of 161 

antioxidant capacity potential, which was one of the hallmarks of aging. Our results 162 

suggested that intestinal epithelial JWA deletion could disrupt intestinal epithelial 163 

homeostasis, which might be an accelerator for the aging process in mice. 164 

Intestinal epithelial JWA deletion reduces intestinal stem cells 165 

Intestinal epithelial integrity depends on the proliferation, differentiation, migration of 166 

intestinal epithelial cells and function of intestinal stem cells. The ki67 staining showed 167 

intestinal epithelial JWA deletion inhibited the proliferation of crypt cells (Fig. 3A, B and Fig. 168 

EV3A). It also hindered the intestinal epithelium renewal, revealed by BrdU+ cell migration 169 

assay (Fig. 2C and D). We next found that intestinal epithelial JWA deletion markedly 170 

reduced the ISC number at the intestinal crypts, revealed by the decrease of olfactomedin 4 171 

(olfm4) positive cells (Fig. 3E, F and Fig. EV3B-D). Moreover, reduced mRNA levels of ISC 172 

markers such as Leucine-rich repeat containing G protein-coupled receptor 5 (lgr5), olfm4, 173 

SPARC-related modular calcium-binding protein 2 (smoc2), Achaete-scute family BHLH 174 

transcription factor 2 (ascl2), and Musashi RNA binding protein 1 (msi1) were detected in 175 

crypts from JWAIEC-ko mice (Fig. 3G). These results further suggested that JWA deficiency 176 

might suppress the renewal and regeneration of intestinal epithelium.  177 

Intestinal epithelial JWA deletion skews the distributions of intestinal epithelial cells 178 

lineage 179 

The distribution balance of IEC lineages also plays an essential role in intestinal 180 
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epithelial homeostasis maintenance. To explore the impact of JWA deficiency on IEC 181 

lineages, we examined the levels of various IEC markers. Results showed markedly 182 

decreased lysozyme positive Paneth cells number in crypts (Fig. 3H, I and Fig. EV3G), 183 

elevated muc2 and Alcian blue positive goblet cells in villi (Fig. 3J, K and Fig. EV3E-G) due 184 

to intestinal epithelial JWA deletion. Moreover, the mRNA levels of mature IECs markers 185 

further revealed the disordered composition of intestinal cell types caused by intestinal 186 

epithelial JWA deletion. Such as lower absorptive enterocyte markers (Sis, Lct, Dpp4) in villi 187 

(Fig. 3L and Fig. EV3H) and Paneth cell markers (Lyz1, Mmp7) in crypts (Fig. 3M and Fig. 188 

EV3H); higher goblet cell markers (Muc2, Spink4, Tuff3), enteroendocrine cell markers (Gcg, 189 

Ngn3, Reg4), and tuft cell markers (Dclk1, Hck) in villi (Fig. 3N and Fig. EV3H). Our results 190 

suggested intestinal epithelial JWA deletion might lead to secretory intestinal epithelial cell 191 

differentiation lineages, except Paneth cells. 192 

Intestinal epithelial JWA deletion exacerbates the injury and prevents intestinal 193 

epithelial regeneration after whole abdomen X-ray irradiation exposure 194 

To investigate the regeneration capability of intestinal epithelium, we subjected the mice 195 

to whole abdomen X-ray irradiation (WAI) at a dose of 10 Gy. We sacrificed the mice at the 196 

indicated time points after WAI and collected crypts or paraffin sections from jejunum for 197 

later analysis (Fig. 4A and Fig. EV4A). We saw the rising of JWA in both mRNA and protein 198 

levels during the recovery period within five days after WAI, and returned to base levels on 199 

the seventh day (Fig. EV4B and C). In addition, interestingly, the mRNA levels of ISCs 200 

markers olfm4 and lgr5 altered consistently with JWA (Fig. EV4C). These further prompted 201 

us that JWA participated in the regeneration of ISC and intestinal epithelium. However, as 202 

we expected, intestinal epithelial JWA deletion exacerbated the injury and prevented the 203 

regeneration of intestinal epithelium. The body weights of JWAIEC-ko mice lost faster than 204 

JWAIEC-wt mice (Fig. 4B). We dissected the mice and found that JWAIEC-ko mice showed 205 

visible intestinal hyperemia and swelling and markedly shorter intestine rather than JWAIEC-wt 206 

mice (Fig. 4C and D). We performed the intestinal epithelial permeability assay in mice after 207 

WAI and found that the intestinal epithelial of JWAIEC-ko mice were more permeable to FD4 208 

than JWAIEC-wt mice (Fig. 4E). We also observed worse damaged crypts and villi (Fig. 4F-H) 209 

and more cleaved caspase-3 (CC3) positive cells (Fig. 4I) in intestine sections from 210 
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JWAIEC-ko mice, revealing more severe intestinal epithelial injury than JWAIEC-wt mice. 211 

Moreover, we found fewer ki67 positive regenerative crypts (Fig. 4J and K) and fewer olfm4 212 

positive cells (Fig. 4L and M) in regenerative crypts owing to intestinal epithelial JWA 213 

deletion. These results suggested intestinal epithelial JWA deletion exacerbated the injury 214 

and prevented intestinal epithelial regeneration after WAI. 215 

JWA regulates PPARγ/Stat5 axis through Notch signal pathway 216 

To explore the JWA deletion-induced molecule alterations, we distinguished the 217 

differential proteins in jejunum tissues between JWAwt and JWAko mice through proteomics 218 

analysis (Dataset. EV1). We discovered that JWA deletion distinctively down-regulated the 219 

protein levels of signal transducer and activator of transcription 5 (Stat5) (Fig. 5A), which 220 

was intimately related to the maintenance of ISC and intestinal epithelium. We then 221 

determined the reduced levels of stat5 in both jejunum from JWAko mice and crypts from 222 

JWAIEC-ko mice (Fig. 5B and C), nevertheless, we could neither detect the phosphorylated 223 

stat5 in jejunum nor in crypts. Therefore, we examined the upstream molecule of stat5, 224 

Janus Kinase 2 (JAK2), and phosphorylated JAK2 in crypts (Fig. 5C), which could 225 

phosphorylate stat5 at tyrosine residues. However, JWA deletion did not alter the 226 

phosphorylated levels of JAK2 in crypts (Fig. 5C), reminding that JWA deficiency might not 227 

affect the phosphorylation of stat5. According to the report, stat5 could face the 228 

transcriptional repression resulting from over-expression of the transcription factor 229 

peroxisome proliferator-activated receptor-gamma (PPARγ), which negatively affected ISCs 230 

maintenance. Results showed that JWA deletion did elevate the protein level of PPARγ and 231 

reduced the mRNA levels of stat5a and stat5b in crypts (Fig. 5C and D). Interestingly, JWA 232 

deletion also increased the mRNA level of PPARγ (Fig. 5D). We searched the JASPAR 233 

database (https://jaspar.genereg.net/) for the potential transcript factors (TFs) binding to the 234 

promoter region of PPARγ. We found that the primary TFs were the hairy and enhancer of 235 

splits (Hes), a target genes family of Notch signal (Appendix Table. S1). We quantified 236 

several Hes genes and found that JWA deletion drastically reduced the mRNA levels of hes1 237 

(Fig. 5E), a transcription repressor of PPARγ; these results informed us that JWA deletion 238 

might cause Notch signal inhibition. We then confirmed that JWA deletion down-regulated 239 

the levels of the cleaved (Cl) Notch1, Notch1 intracellular domain (NICD), and Hes1 in crypts 240 
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(Fig. 5F). However, the full-length (Fl) Notch1 showed no alterations in both protein and 241 

mRNA levels (Fig. 5F and G). Furthermore, we knocked down JWA levels in the rat intestinal 242 

epithelial cell line (IEC-6) by transfecting with short hairpin RNA of JWA (shJWA), and we 243 

observed the similar molecule changes as JWA deletion crypts (Fig. 5H). Fortunately, Hes1 244 

over-expression and the PPARγ antagonist GW9662 could retrieve the changes (Fig. 5I, J). 245 

Our results suggested that JWA deficiency disturbed PPARγ/Stat5a axis by inhibiting the 246 

Notch signal. 247 

JWA deficiency promotes ubiquitination degradation of Notch1 via ERK/Fbxw7 signal 248 

axis 249 

To verify if JWA deficiency affected the stability of Notch1 protein, we conducted the 250 

cycloheximide (CHX)-chase assay in IEC-6 cells. Results showed that JWA deficiency 251 

accelerated Notch1 protein degradation (Fig. 6A and B). We then performed the in vitro 252 

ubiquitination assay and found that JWA deficiency promoted the degradation of Notch1 via 253 

ubiquitin-proteasome pathway (Fig. 6C). To gain insight into the reason for JWA 254 

deficiency-induced Notch1 degradation, we predicted the potential E3 ubiquitin ligases 255 

acting on Notch1 through the UbiBrowser Database 256 

(https://ubibrowser.ncpsb.org.cn/ubibrowser/). We screened the top five high-confidence 257 

scored ligases (Fig. EV5A) and verified them in JWA deficiency crypts and cells. However, 258 

JWA deficiency did not increase their levels in crypts or cells (Fig. EV5B and C). We have 259 

previously confirmed JWA as an upstream activator of the ERK/MAPK signal. Reportedly, 260 

ERK negatively regulates F-box and WD repeat domain containing-7 (Fbxw7), a known E3 261 

ubiquitin ligase targets multiple substrates including Notch1. Fbxw7 is also a candidate in 262 

the predicted list although with low-confidence score. Therefore, we suspected that JWA 263 

deficiency might promote degradation of Notch1 through ERK/Fbxw7 axis. It was worth 264 

noting that we did observe that JWA deficiency inhibited phosphorylation of ERK1/2 and 265 

increased the levels of Fbxw7 in both crypts and cells (Fig. 6D and Fig. EV5D). To further 266 

clarify the role of the ERK/Fbxw7 signal axis on JWA deficiency-induced Notch1 degradation, 267 

we administrated the cells with Pamoic Acid (PA), an ERK agonist. The results showed that 268 

of ERK activation could effectively inhibit Fbxw7 expression, reverse JWA 269 

deficiency-induced Notch1 downregulation and downstream molecular changes (Fig. 6E and 270 
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Fig. EV5E). Meanwhile, we transfected the cells with the small interfering RNA of Fbxw7 271 

(siFbxw7) and achieved the same consequent as PA treatment (Fig. 6F and Fig. EV5F). 272 

Furthermore, we performed the CHX-chase assay and the in vitro ubiquitination assay in PA 273 

treated or siFbxw7 transfected cells. Results showed that PA treatment or siFbxw7 274 

transfection could effectively enhance the stability of Notch1 and reduce the ubiquitination 275 

degradation of Notch1 caused by JWA deficiency (Fig. 6G-L). Our results suggested that 276 

JWA negatively regulates the E3 ubiquitin ligase Fbxw7 via ERK/MAPK signal and 277 

maintained the stability of Notch1. JWA deficiency promoted Notch1 degradation through the 278 

ubiquitin-proteasome pathway. 279 

 280 

Discussion 281 

Aging is a progressive physiological process accompanying the age-dependent decline 282 

in physiological functions until the end of life. Aging is the result of gene and environment 283 

interactions. Excessive ROS produced by environmental stimuli can induce oxidative 284 

stresses and DNA damages; the body can resolve these issues through antioxidation and 285 

DNA repair pathways (Chesnokova et al, 2021; Lopez-Otin et al., 2013). However, 286 

deficiencies or mutants of the antioxidation and DNA repair genes such as NF-E2-related 287 

factor-2 (Nrf2) and X-Ray Repair Cross Complementing 1 (XRCC1) allow the accumulation 288 

of unrepaired DNA damage, inducing genomic instability and cell dysfunction or apoptosis, 289 

thus promoting aging (Wang et al, 2021; Zhao et al, 2021). Otherwise, increasing DNA repair 290 

capability facilitates longevity (Chesnokova et al., 2021). JWA is an environmental response 291 

gene upregulating under oxidative stress stimuli and regulates XRCC1 to repair the DNA 292 

single-strand breaks (Chen et al., 2007b; Wang et al., 2009). JWA also resists 293 

paraquat-induced oxidative stress in neurons by upregulating the Nrf2 level in Parkinson's 294 

disease (PD) mice model (Zhao et al., 2017). The present study found that genetic JWA 295 

deletion induced multiple aging-related phenotypes and dramatically shortened lifespan in 296 

mice, suggesting that JWA was a new aging-associated gene. 297 

Intestinal epithelium is a rapid renewal tissue composed of villi and crypts. The 298 

proliferative intestinal stem cells (ISCs) that reside in the bottom of crypts are responsible for 299 

epithelial maintenance. ISCs generate the transit-amplifying progenitor cells that 300 
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differentiate into mature intestinal epithelial cells (IECs) and migrate up to the villi to replace 301 

senescent or damaged IECs and complete epithelial renewal (Stine et al, 2019). These 302 

characteristics make the intestinal epithelium more susceptible to environmental factors 303 

such as ionizing radiation (Chaves-Perez et al., 2019). Since the reduced ISCs activity, the 304 

intestinal epithelium regenerates more slowly in old mice than young mice after 305 

irradiation-induced injury (He et al, 2020; Pentinmikko et al., 2019). The present study found 306 

intestinal epithelial JWA deletion dramatically inhibited the proliferating of crypt cells and 307 

reduced the number of lgr5+ ISCs, thus causing epithelial atrophy, which was more 308 

noticeable in elderly mice. Moreover, we found that JWA responded to X-ray irradiation and 309 

participated in epithelial regeneration. Intestinal JWA deletion aggravated injury and 310 

prevented regeneration of the epithelium in mice after 10 Gy X-ray exposure; these 311 

phenotypes were similar to aging mice. Our results suggested that JWA was a regulator for 312 

intestinal epithelial maintenance and aging. 313 

An important question is why JWA deficiency accelerates aging, considering the 314 

long-term nutrient malabsorption through depauperated intestinal epithelium. Dietary 315 

restriction (DR) without malnutrition is beneficial for improving aging and aging-related 316 

diseases. For example, reducing protein or specific EAAs is associated with longevity (Wang 317 

et al., 2022). However, nutrition like EAAs is a double-edged sword in health maintenance. 318 

Restriction and supplementation of specific EAAs both show promising outcomes in 319 

expanding lifespan. Nonetheless, long-term restriction or deficiency of EEAs may lead to 320 

adverse events, such as growth retardation and aging acceleration (Navik et al, 2021). In 321 

this study, JWA gene deletion resulted in intestinal epithelial dysplasia from the embryonic 322 

stage to the whole life cycle of mice. Intestinal epithelium is the predominant area for nutrient 323 

absorption. Therefore, epithelial atrophy may undoubtedly cause long-term malnutrition, 324 

thus inducing stunted growth and promoting aging. The present study showed that JWA 325 

deletion reduced food, water intake and intestinal absorption, caused light weight and thin 326 

body in mice. These results were parallel to the existing report on mice lacking the 327 

Glutamate transporter associated protein 3-18 (GTRAP3-18), an alternate name of JWA 328 

(Aoyama et al, 2018). Although JWA deletion-induced intestinal maldevelopment in mice 329 

embryo, it did not alter the embryo weight due to the independent of intestinal absorption in 330 
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embryonic growth. Our results suggested that JWA deficiency-induced intestinal epithelial 331 

atrophy might cause chronic malnutrition and accelerated aging. To detailly explain the 332 

reason for JWA deficiency accelerated aging, more research programs, such as epithelial 333 

absorption and metabonomic analysis for nutrients, need to conduct. 334 

Multiple signaling transduction pathways, including Wnt, Notch, EGF, BMI, YAP/TAZ, 335 

etc., independently or cooperatively maintain intestinal epithelial homeostasis through ISC 336 

dependent renewal and regeneration (Beumer & Clevers, 2021). JAK/STAT signaling 337 

pathway is a central node that regulates cellular processes through signal transduction (Hu 338 

et al, 2021). It responds to tissue turnover and regeneration via regulating stem cells, 339 

including hematopoietic stem cells (Holdreith et al, 2021), embryonic stem cells (Lin et al, 340 

2021), as well as ISCs (Du et al, 2020). It is also a maintainer for cancer stem cells and 341 

promoter for multiple cancers, such as colorectal cancer (Silva et al, 2021). Stat5, consisting 342 

of the transcription activator Stat5a and Stat5b, is a positive contributor to ISC and intestinal 343 

epithelial regeneration in the dextran sulfate sodium (DSS)-induced colitis, Clostridium 344 

difficile infection-induced Ileocolitis, and irradiation-induced intestinal injury mouse models 345 

(Gilbert et al, 2015; Liu et al, 2019). In the present study, our preliminary discovery on the 346 

mechanism was that JWA deficiency down-regulated Stat5 at both the transcription and 347 

translation levels, suggesting that JWA maintains intestinal epithelium through Stat5 348 

signaling. 349 

PPARs, consist of three subtypes (α, δ/β, and γ), are nuclear hormone receptors 350 

activated by fatty acids and endogenous ligands, and responsible for lipid and glucose 351 

metabolism homeostasis (Mihaylova et al, 2018; Trauner & Fuchs, 2022). PPARα and 352 

PPARδ/β is able to augment ISC function in high-fat diet, aging and injury (Mana et al, 2021; 353 

Mihaylova et al., 2018), and promotes intestinal tumorigenesis (Mana et al., 2021). PPARγ 354 

plays bidirectional roles in ISC and epithelial maintenance. On the one hand, PPARγ 355 

regulates the proliferation and differentiation of intestinal progenitor cells through the 356 

region-specific promotion of fatty acid oxidation, and maintains intestinal epithelial renewal 357 

(Stine et al., 2019). On the other hand, high PPARγ activity shows the inhibitory effect on 358 

Wnt/β-catenin signal pathway and impairs Lgr5+ ISC function (Pereira et al, 2020), and leads 359 

to colon cancer stem cells inhibition (Moon et al, 2014). Moreover, PPARγ activation inhibits 360 
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various signals, including JAK/STAT (Vallee et al, 2018). The inhibitory effect on leukemia 361 

stem cells works by suppressing Stat5 expression (Kumar et al, 2020). The present study 362 

showed that JWA deficiency elevated both transcription and translation levels of PPARγ, 363 

considering it a reason for Stat5 reduction. 364 

The Notch signal pathway regulates cell proliferation, differentiation, tumorigenesis, and 365 

stem cell maintenance (Siebel & Lendahl, 2017; Silva et al., 2021). Transcription repressor 366 

Hes1 is a target gene of Notch signal and plays an essential role in stem and progenitor cell 367 

maintenance; it is reported to prevent hematopoietic stem cell exhaustion by suppressing 368 

PPARγ expression (Ma et al, 2020; Wu et al, 2021). Moreover, Notch/Hes1 axis inhibition 369 

accompanied by PPARG activation can repress the progression of colorectal cancer via 370 

suppressing cancer stem cells (Moon et al., 2014). Here we reported that JWA deficiency 371 

inhibited Notch signal through ubiquitin-proteasome pathway-mediated degradation of the 372 

Notch1 receptor. The down-regulation of Notch target gene Hes1 was also the reason for 373 

PPARγ activation due to JWA deficiency. The E3-ubiquitin ligase Fbxw7 targets multiple 374 

substrates such as c-jun, c-myc, and Notch1; it works as a tumor suppressor for colorectal 375 

cancer by inhibiting Notch signal. However, Fbxw7 deletion alters the maintenance of 376 

intestinal stem/progenitor cells and the fate of differentiated cells and induces colorectal 377 

tumorigenesis via losing suppression on Notch in mice intestine (Babaei-Jadidi et al, 2011; 378 

Sancho et al, 2010). The tumor suppressor Fbxw7 expression is inversely correlated with 379 

ERK activation in pancreatic cancer, sustained activation of the Ras-Raf-MEK-ERK pathway 380 

phosphorylates Fbxw7 at Thr205, and destabilizes Fbxw7 (Ji et al, 2015; Ye et al, 2021). We 381 

previously demonstrated that JWA was an upstream activator of the ERK/MAPK signal 382 

pathway (Chen et al, 2007a; Mao et al, 2006). The present study showed that JWA 383 

deficiency up-regulated Fbxw7 expression by inhibiting the phosphorylation of ERK1/2, thus 384 

promoting Notch1 degradation via ubiquitin-proteasome pathway. However, more exact 385 

mechanism by which JWA regulates the Notch signal pathway need further investigation. 386 

Notch signal promotes the IECs differentiation into enterocyte lineage while 387 

antagonizing secretory cell fate in intestine (Ludikhuize et al, 2020; Sancho et al., 2010), 388 

which is reversed by Fbxw7 deletion (Sancho et al., 2010). The present study found that 389 

intestinal JWA deletion promoted differentiated IECs into secretory cell lineages and 390 
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suppressed the absorbing cell lineages. However, Paneth cells were reduced, presumably 391 

due to the suppression of Paneth cells by JWA deficiency-caused stat5 down-regulation (Liu 392 

et al., 2019). Therefore, the typical phenotype of Notch signal inhibition, co-localization of 393 

Paneth cell marker Lysozyme and Goblet cell marker Muc2 in crypts (Stine et al., 2019), was 394 

not observed in JWAIEC-ko mice. The reason for JWA deficiency-caused differential regulation 395 

on Paneth cells and other secretory cell lineages is an interesting issue worthy of further 396 

exploration. 397 

In summary, the present study verified that JWA deficiency accelerated aging through 398 

disrupting intestinal epithelial homeostasis. Mechanistically, we found that JWA deficiency 399 

promoted Notch1 degradation via the ubiquitin-proteasome pathway in the ERK/Fbxw7 400 

dependent manner, thus disturbing the PPARγ/Stat5 axis. This is the reason for ISC function 401 

decline and IEC lineages skew. It will now be important to expound how JWA 402 

deficiency-induced intestinal epithelial atrophy accelerating aging, whether it is due to 403 

nutrient malabsorption or other complex issues. Our results may also provide the intestinal 404 

epithelial homeostasis maintenance as a potential anti-aging strategy. Moreover, JWA may 405 

also be a potential intervention target for stem cell-driven colorectal cancer, although JWA is 406 

a suppressor for gastric and breast cancer (Ren et al, 2021; Zhang et al, 2021). 407 

 408 

Materials and Methods 409 

Mouse 410 

JWAflox/flox, JWAwt and JWAko mice were described in our previous study (Gong et al, 411 

2012). Villin-cre mouse on a C57BL/6 background was obtained from Shanghai Model 412 

Organisms Center (Shanghai, China). Wild type C57BL/6 mouse was purchased from SLAC 413 

Laboratory Animal Co., Ltd (Shanghai, China). JWAIEC-ko mouse was generated by 414 

cross-mating Villin-cre mouse with JWAflox/flox mouse. All mice were maintained in the Animal 415 

Core Facility of Nanjing Medical University in a specific pathogen-free (SPF) condition. The 416 

animal operations were approved by the Institutional Animal Care and Use Committee of 417 

Nanjing Medical University (Approval No. IACUC-2004044). 418 

SA-β-gal staining  419 

Freshly isolated liver tissue was embedded in the Tissue-Tek O.C.T compound (Sakura, 420 
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Tokyo, Japan) and quick-frozen on dry ice. The 10 μm thickness frozen section was 421 

prepared on the CM1950 cryostat (Leica Biosystem, Wetzlar, Germany) and stained using a 422 

Senescent cell β-galactosidase staining kit (Servicebio, Wuhan, China) according to the 423 

manufacturer’s guidelines. 424 

Intestinal absorption assay by oral glucose tolerance test 425 

    Mouse was orally administrated with 6 mg/kg glucose. The blood glucose levels at 426 

indicated time points were measured using a handheld blood glucometer (Sinocare, 427 

Changsha, China) through tail tips. 428 

BrdU+ cell migration assay 429 

    Mouse was intraperitoneally injected with 100 mg/kg BrdU (APExBIO, Houston, TX, 430 

USA) dissolved in saline. The jejunum was isolated and fixed in 4% paraformaldehyde 3 431 

hours after injection. The BrdU+ cells were detected by immunofluorescence using the BrdU 432 

antibody. 433 

Serum oxidoreductase activity detection 434 

The whole blood was collected from the post-ocular vein of mouse and centrifugated to 435 

separate the serum. Enzymatic activities were measured using the Total Superoxide 436 

Dismutase (SOD) Assay Kit (Beyotime, Shanghai, China), Catalase (CAT) Detection Kit, and 437 

Glutathione Peroxidase (GSH-Px) Detection Kit (Aifang Biological, Changsha, China) 438 

according to the manufacturer’s protocol. 439 

Intestinal villus and crypt isolation 440 

    Mouse intestine was isolated and flushed with phosphate-buffered saline (PBS) 441 

supplemented with penicillin/streptomycin. The jejunum was opened longitudinally and 442 

scraped by coverslip to separate the villus composition, which was washed several times in 443 

PBS with penicillin/streptomycin. The remained jejunum was washed several times in PBS 444 

and cut into 5 mm pellets, crypts were isolated by shaking the pellets violently in PBS 445 

supplemented with 5 mM EDTA. 446 

X-ray exposure 447 

Mouse was anesthetized and placed into the RS 2000 Pro X-ray irradiator (Rad Source 448 

Technologies, Buford, GA, USA) to receive X-ray exposure (10 Gy, 1.5 Gy/min), the 449 

exposure area was limited to the whole abdomen by the control of built-in beam limiter in the 450 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 21, 2022. ; https://doi.org/10.1101/2022.01.17.476552doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.17.476552
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 
 

instrument. Mouse was sacrificed on the indicated days after irradiation, the blood and 451 

intestine were collected for further experiment. 452 

Intestinal permeability assay 453 

    Mouse was orally administrated with 15 mg fluorescein isothiocyanate isomer-dextran 4 454 

kDa (FD4, Sigma-Aldrich, St. Louis, MO, USA), serum was collected 4 hours later. The total 455 

fluorescence intensity (Excitation: 485 nm, Emission: 528 nm) in serum was detected on the 456 

Infinite M200 PRO fluorescence microplate reader (TECAN, Männedorf, Switzerland). The 457 

concentration of FD4 was calculated via a standard curve prepared with serial dilutions of 458 

FD4. 459 

Histology, immunohistochemistry, and immunofluorescence 460 

    Isolated tissue was fixed in 4% paraformaldehyde and embedded in paraffin. The 6 μm 461 

thickness section was prepared on the Microm HM 340 E rotary microtome (Thermo 462 

Scientific, Waltham, MA, USA), and dewaxed in xylene and serial concentrations of ethanol 463 

before staining. For hematoxylin-eosin (H&E) and Alcian blue staining, the dewaxed section 464 

was stained using the H&E staining kit or Alcian blue staining kit (Servicebio, Wuhan, China) 465 

according to the manufacturer’s protocol. For immunohistochemistry, the dewaxed section 466 

was boiled in Tris-EDTA antigen retrieval buffer (0.01 M Tris, 1 mM EDTA, 0.05% Tween 20, 467 

pH 9.0) for 10 min and incubated with the primary antibody (Appendix Table S2) at 4℃ 468 

overnight after being blocked with 5% bovine serum albumin (BSA). Then the section was 469 

incubated with horseradish peroxidase (HRP)-labeled secondary antibody and stained using 470 

the DAB Color Development Kit (Servicebio, Wuhan, China). The section was permanently 471 

mounted using the glycerol jelly mounting medium (Servicebio, Wuhan, China) after 472 

dehydrated and clarified in ethanol and xylene. For immunofluorescence, the section was 473 

incubated with Alexa Fluor dye-labeled secondary antibody and mounted using the ProLong 474 

Diamond Antifade Mountant with DAPI (Thermo Scientific, Waltham, MA, USA). The images 475 

were obtained using the Pannoramic MIDI digital slide scanner system (3DHISTECH, 476 

Budapest, Hungary). 477 

Proteomics analysis 478 

    Freshly isolated jejunum was flushed with PBS with penicillin/streptomycin, and 479 

quick-frozen in liquid nitrogen. The protein spectrum analysis was performed by CapitalBio 480 
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Technology (Beijing, China). 481 

Cell culture, transfection, and treatment 482 

Rat small intestinal epithelial crypt (IEC-6) cell (Zhong Qiao Xin Zhou, Shanghai, China) 483 

was cultured in Dulbecco's modified eagle medium supplemented with 10% fetal bovine 484 

serum (TransGen Biotech, Beijing, China), 100U/ml penicillin, 0.1mg/ml streptomycin 485 

(Biyotime, Shanghai, China) and 10 μg/ml recombinant human insulin (Zhong Qiao Xin Zhou, 486 

Shanghai, China). For cell transfection, shRNA plasmids for JWA (Keris, Nanjing, China), 487 

siRNA for Fbxw7 (GenPharma, Shanghai, China) and their nonspecific control were 488 

synthesized (Appendix Table S3), and the commercial HA-hes1 plasmid was purchased 489 

(Youbio, Changsha, China). The plasmids and siRNA were transfected or co-transfected 490 

using the Lipo8000 transfection reagent (Biyotime, Shanghai, China) following the 491 

manufacturer’s protocol. To activate the phosphorylation of ERK1/2 or suppress the 492 

expression of PPARγ, the cell was treated with 10 μM pamoic acid (Macklin, Shanghai, 493 

China) or 10 μM GW9662 (MedChemExpress, Monmouth Junction, NJ, USA) for 24 hours. 494 

For the CHX-chase assay, the cell was treated with 100 μg/ml cycloheximide (CHX) at the 495 

indicated time points. 496 

Immunoblotting 497 

Total protein was extracted using the RIPA lysis buffer (50mM Tris, 150mM NaCl, 1% 498 

Triton X-100, 1% sodium deoxycholate, 0.1% SDS, pH 7.4) supplemented with protease and 499 

phosphatase inhibitor cocktail (NCM, Suzhou, China) and quantified using the bicinchoninic 500 

acid assay (BCA) kit (Beyotime, Shanghai, China). Protein (20-40 μg/lane) was separated 501 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto 502 

polyvinylidene fluoride (PVDF) membrane. The membrane was probed with diluted primary 503 

antibody (Appendix Table S2) at 4 °C overnight after being blocked in 5% non-fat powder 504 

milk. The blot was detected using an Enhanced Chemiluminescence (ECL) detection kit 505 

(Vazyme, Nanjing, China) on the Chemiluminescence Image Analysis System (Tanon, 506 

Shanghai, China) after the HRP-labeled secondary antibody incubation. 507 

Quantitative reverse transcription and polymerase chain reaction (qRT-PCR) 508 

    Total mRNA was isolated using the RNAiso Plus reagent (Takara, Beijing, China) and 509 

reverse transcribed using the HiScript II 1st Strand cDNA Synthesis Kit with gDNA wiper 510 
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(Vazyme, Nanjing, China). The PCR reaction procedure was carried out on the ABI 7900HT 511 

Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA) with the AceQ qPCR 512 

SYBR Green Master Mix (Vazyme, Nanjing, China) following the manufacturer’s instruction. 513 

The synthetic cDNA was used as the template in the reaction, the primer pairs were listed in 514 

Appendix Table S4. 515 

In vitro ubiquitination assay 516 

The cell was transfected with ubiquitin plasmid and treated with 10 μM MG132 (Selleck, 517 

Houston, TX, USA) for 6 hours. Total protein was then isolated using RIPA lysis buffer. 518 

Approximately 500 μg/250 μl protein per sample was incubated with the Notch1 antibody at 519 

4 °C overnight and followed by incubated with Protein A/G Plus-Agarose (Beyotime, 520 

Shanghai, China) at 4 °C overnight. After being washed in PBS and centrifuged, the 521 

ubiquitin level in the precipitation was detected by immunoblotting. 522 

Statistical analysis 523 

Data was analyzed on GraphPad Prism 8.0 software with the two-tail independent 524 

samples student’s t test, log-rank test, or Fisher's exact test according to demand. The 525 

number of sample (n) was indicated in the figure legends. Data was presented as mean with 526 

standard deviation (mean ± SD) in the figures. P <0.05 was defined as the statistical 527 

difference. 528 

 529 

Data availability 530 

Source data supporting this study was available upon request. 531 
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Figure 1. JWA is a new aging-associated gene whose deletion accelerates aging 723 

through disrupting intestinal epithelial homeostasis. 724 

A, B. Immunoblotting of JWA (A) and relatively JWA levels (B) in the liver and spleen of 725 

young (2-month-old, n=3) and old (20-month-old, n=3) mice. 726 

C. Representative photograph of 6-month-old JWAwt and JWAko mice. 727 

D. Body weight curve of JWAwt and JWAko mice from 1-month-old to 10-month-old; n=6 for 728 

each genotype. 729 

E. Survival curve of JWAwt and JWAko mice; n=12 for JWAwt mice and n=11 for JWAko mice.  730 

F. SA-β-gal staining in the liver sections of JWAwt and JWAko mice. Scale bar: 20 μm. 731 

G-I. H&E staining of the jejunum sections (K), and the length measurement of villi (L) and 732 

crypts (M) in 6-month-old JWAwt and JWAko mice; n=3 for each genotype; scale bar: 100 μm. 733 

J, K. OGTT curve (N) and the AUC measurement (O) in 6-month-old JWAwt and JWAko mice; 734 

n=12 for each genotype.  735 

Data information: In (B, D, H-K), data are presented as mean ± SD, *P <0.05, **P <0.01 and 736 

***P <0.001 (Student’s t-test). In (E), ***P <0.001 (Log-Rank test). 737 

  738 
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 739 

 740 

Figure 2. Intestinal epithelial JWA deletion disrupts intestinal epithelial homeostasis 741 

and accelerates mice aging. 742 

A. Immunoblotting of JWA in intestinal villi and crypts of wild-type mice; n=3, “v” represents 743 

“villi”; “c” represents “crypts”. 744 

B, C. Immunoblotting of JWA protein (B) and relatively JWA levels (C) in crypts of JWAIEC-wt 745 

and JWAIEC-ko mice; n=3 for each genotype. 746 

D. QRT–PCR detection of JWA levels in crypts of JWAIEC-wt and JWAIEC-ko mice; n=3 for each 747 

genotype. 748 
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E. Statistics of death and survival JWAIEC-wt and JWAIEC-ko mice by the end of 10-month-old; 749 

n=13 for each genotype at initial. 750 

F. Survival curve of JWAIEC-wt and JWAIEC-ko mice by the end of 10-month-old; n=30 for each 751 

genotype. 752 

G. Representative photograph of JWAIEC-wt and JWAIEC-ko mice at 2-month-old and 753 

10-month-old respectively. 754 

H. Body weight of JWAIEC-wt and JWAIEC-ko mice at 2-month-old and 10-month-old 755 

respectively; n=6-11 for each genotype. 756 

I. Representative abdominal cavity images of JWAIEC-wt and JWAIEC-ko mice at 10-month-old. 757 

J-L. H&E staining of the jejunum sections (J), and the length measurement of villi (K) and 758 

crypts (L) in JWAIEC-wt and JWAIEC-ko mice at 2-month-old and 10-month-old respectively; 759 

n=3 for each genotype; scale bar: 100μm. 760 

M. SA-β-gal staining in the liver sections of JWAIEC-wt and JWAIEC-ko mice at 10-month-old. 761 

Scale bar: 20 μm. 762 

Data information: In (C, D, H, K, L), data are presented as mean ± SD, ns No significance, **P 763 

<0.01 and ***P <0.001 (Student’s t-test). In (E), **P <0.01 (Fisher's exact test). In (F), ***P 764 

<0.001 (Log-Rank test). 765 
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 767 

Figure 3. Intestinal epithelial JWA deletion reduces intestinal stem cells and skews 768 

the distributions of intestinal epithelial cells lineage. 769 

A, B. Immunochemistry staining of ki67 in the intestinal sections of JWAIEC-wt and JWAIEC-ko 770 

mice (A), and the ki67 positive cell counts in crypts (B); n=3 for each genotype; scale bar: 50 771 

μm. 772 

C, D. Immunofluorescence staining of BrdU in the intestinal sections of JWAIEC-wt and 773 

JWAIEC-ko mice (C), and the BrdU positive cells migration measurement (D); n=3 for each 774 

genotype; scale bar: 100 μm. 775 

E, F. Immunochemistry staining of olfm4 in the intestinal sections of JWAIEC-wt and JWAIEC-ko 776 
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mice (E), and the olfm4 positive cell counts in crypts (F); n=3 for each genotype; scale bar: 777 

50 μm. 778 

G. QRT–PCR detection of ISC markers in the intestinal sections of JWAIEC-wt and JWAIEC-ko 779 

mice; n=3 for each genotype. 780 

H, I. Immunochemistry staining of lysozyme in the intestinal sections of JWAIEC-wt and 781 

JWAIEC-ko mice (H), and the lysozyme positive cell counts in crypts (I); n=3 for each genotype; 782 

scale bar: 50 μm. 783 

J, K. Immunofluorescence staining of muc2 in the intestinal sections of JWAIEC-wt and 784 

JWAIEC-ko mice (H), and the muc2 positive cell counts in villus-crypt units (I); n=3 for each 785 

genotype; scale bar: 100 μm. 786 

L-N. QRT–PCR detection of the absorption enterocytes marker sis in villi (L), Paneth cell 787 

marker lyz1 in crypts (M), goblet cell marker muc2, enteroendocrine cell marker gcg, and tuft 788 

cell marker dclk1 in villi (N) of JWAIEC-wt and JWAIEC-ko mice; n=3 for each genotype. 789 

Data information: In (B, D, F, G, I, K-N), data are presented as mean ± SD, *P <0.05, **P 790 

<0.01 and ***P <0.001 (Student’s t-test). 791 
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 792 

Figure 4. Intestinal epithelial JWA deletion exacerbates injury and prevents 793 

regeneration of intestinal epithelium after X-ray exposure. 794 

A. Timeline of the X-ray exposure model performed on JWAIEC-wt and JWAIEC-ko mice. 795 

B. Bodyweight curve of JWAIEC-wt and JWAIEC-ko mice after X-ray exposure; n=6 for JWAIEC-wt 796 

mice and n=5 for JWAIEC-ko mice. 797 

C. Representative abdominal cavity and intestinal images of JWAIEC-wt and JWAIEC-ko mice 798 

after X-ray exposure. 799 

D. Intestinal length of JWAIEC-wt and JWAIEC-ko mice after X-ray exposure; n=6 for each 800 

genotype. 801 

E. Evaluate of intestinal epithelial permeability to FD4 in the JWAIEC-wt and JWAIEC-ko mice 802 

after X-ray exposure; n=6 for each genotype. 803 

F-H. H&E staining of the jejunum sections of JWAIEC-wt and JWAIEC-ko mice after X-ray 804 
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exposure (F), and the length measurement of villi (G) and crypts (H); n=3 for each genotype; 805 

scale bar: 100μm. 806 

I. Immunofluorescence staining of Cleaved caspase-3 in the intestinal sections of JWAIEC-wt 807 

and JWAIEC-ko mice after X-ray exposure; scale bar: 100 μm. 808 

J, K. Immunochemistry staining of ki67 in the intestinal sections of JWAIEC-wt and JWAIEC-ko 809 

mice after X-ray exposure (J), and the ki67 positive crypts counts (K); n=3 for each genotype; 810 

scale bar: 100 μm. 811 

L, M. Immunochemistry staining of olfm4 in the intestinal sections of JWAIEC-wt and JWAIEC-ko 812 

mice after X-ray exposure (L), and the olfm4 positive cells counts in the regenerative crypts 813 

(M); n=3 for each genotype; scale bar: 20 μm. 814 

Data information: In (B), data are presented as mean; In (D, E, G, H, K, M), data are 815 

presented as mean ± SD, *P <0.05 and ***P <0.001 (Student’s t-test). 816 
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 817 

Figure 5. JWA regulates PPARγ/Stat5 axis through Notch signal pathway. 818 

A. Screen of the down-regulated molecules Stat5 from the proteomics analysis performed 819 

on the jejunum of JWAwt and JWAko mice. 820 

B. Immunoblotting of Stat5a, Stat5b and JWA in the jejunum of JWAwt and JWAko mice; n=3 821 

for each genotype. 822 

C. Immunoblotting of PPARγ, Stat5a, Stat5b, JAK2 and p-JAK2 in the crypts of JWAIEC-wt and 823 

JWAIEC-ko mice; n=3 for each genotype. 824 

D. QRT–PCR detection of Stat5a, Stat5b and PPARγ levels in the crypts of JWAIEC-wt and 825 

JWAIEC-ko mice; n=3 for each genotype. 826 

E. QRT–PCR detection of Notch target genes hes1, hes2, hes5, hes6 and hes7 in the crypts 827 

of JWAIEC-wt and JWAIEC-ko mice; n=3 for each genotype. 828 
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F. Immunoblotting of full-length Notch1, cleaved Notch1, NICD and hes1 in the crypts of 829 

JWAIEC-wt and JWAIEC-ko mice; n=3 for each genotype. 830 

G. QRT–PCR detection of Notch1 levels in the crypts of JWAIEC-wt and JWAIEC-ko mice; n=3 831 

for each genotype. 832 

H. Immunoblotting of JWA, Stat5a, PPARγ, hes1, NICD and Notch1 in IEC-6 cells 833 

transfected with shJWA plasmids. 834 

I. Immunoblotting of JWA, Stat5a, PPARγ and hes1 in IEC-6 cells co-transfected with shJWA 835 

and HA-hes1 plasmids. 836 

J. Immunoblotting of JWA, Stat5a and PPARγ in IEC-6 cells transfected with shJWA plasmid 837 

followed by GW9662 (10 μM) treatment. 838 

Data information: In (D, E, G), data are presented as mean ± SD, *P <0.05 and ***P <0.001 839 

(Student’s t-test). 840 
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 841 

Figure 6. JWA deficiency promotes ubiquitination degradation of Notch1 through 842 

ERK/MAPK/Fbxw7 axis. 843 

A, B. CHX-chase assay in IEC-6 cells transfected with shNC or shJWA plasmid. 844 

C. In vitro ubiquitination assay of Notch1 protein in IEC-6 cells co-transfected with shJWA 845 

plasmid. 846 

D. Immunoblotting of Notch1, Fbxw7, ERK and p-ERK1/2 in the crypts of JWAIEC-wt and 847 

JWAIEC-ko mice; n=3 for each genotype. 848 

E. Immunoblotting of Notch1, Fbxw7, ERK and p-ERK1/2 in IEC-6 cells transfected with 849 

shJWA plasmids followed with Pamoic Acid (10 μM) treatment. 850 
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F. Immunoblotting of Notch1 and Fbxw7 in IEC-6 cells co-transfected with shJWA plasmid 851 

and siFbxw7. 852 

G, H. CHX-chase assay in IEC-6 cells transfected with shJWA plasmid followed by Pamoic 853 

Acid (10 μM) treatment.  854 

I. In vitro ubiquitination assay of Notch1 protein in IEC-6 cells co-transfected with shJWA 855 

followed by Pamoic Acid (10 μM) treatment. 856 

J, K. CHX-chase assay in IEC-6 cells co-transfected with shJWA plasmid and siFbxw7. 857 

L. In vitro ubiquitination assays of Notch1 protein in IEC-6 cells co-transfected with shJWA 858 

and siFbxw7. 859 

 860 
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Expanded View Figure Legends 881 

 882 

Figure EV1. JWA deletion delays the early development of intestinal epithelium in 883 

mice 884 

A-D. H&E staining of the mice embryo sections at embryonic day E12.5 (A), E14.5 (B), 885 

E16.5 (C) and E18.5 (D); Scale bar: 1600 μm for 10×, 160 μm for 100×, 80 μm for 200× and 886 

40 μm for 400×. 887 

E. H&E staining of the intestine in newborn mice on the postnatal day 1 (PND1); Scale bar: 888 

200 μm for 80× and 80 μm for 200×. 889 

F. Embryonic weight of the mice embryo at E16.5 and E18.5. 890 

Data information: In (F), data are presented as mean ± SD, ns No significance (Student’s 891 

t-test). 892 

 893 
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 901 

 902 

Figure EV2. Intestinal epithelial JWA deletion reduces the antioxidant enzyme activity 903 

in aged mice. 904 

A, B. Agarose gel electrophoresis images of mouse genotyping.  905 

C. Immunochemistry staining of JWA in the intestinal sections of JWAIEC-wt and JWAIEC-ko 906 

mice; scale bar: 100 μm. 907 

D. Immunofluorescence staining of JWA in the intestinal sections of JWAIEC-wt and JWAIEC-ko 908 

mice; scale bar: 50 μm. 909 

E-G. Activities of the antioxidant enzymes SOD (E), CAT (F) and GSH-px (G) in the serum of 910 

10-month-old JWAIEC-wt and JWAIEC-ko mice. 911 

Data information: In (E-G), data are presented as mean ± SD, **P <0.01 and ***P <0.001 912 

(Student’s t-test). 913 

 914 

 915 

 916 

 917 
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 918 

 919 

Figure EV3. Intestinal epithelial JWA deletion reduces intestinal stem cells and skews 920 

the distributions of intestinal epithelial cells lineage. 921 

A. Immunofluorescence staining of ki67 in the intestinal sections of JWAIEC-wt and JWAIEC-ko 922 

mice; scale bar: 50 μm. 923 

B. Immunofluorescence staining of olfm4 in the intestinal sections of JWAIEC-wt and JWAIEC-ko 924 

mice; scale bar: 50 μm. 925 

C, D. Immunoblotting of olfm4 (C) and relative olfm4 levels (D) in the crypts of JWAIEC-wt and 926 

JWAIEC-ko mice; n=3 for each genotype. 927 

E, F. Alcian blue staining for the goblet cells (E) and counts for the AB positive cells (F) in 928 

villus of JWAIEC-wt and JWAIEC-ko mice; n=3 for each genotype; Scale bar: 100 μm. 929 

G. Immunofluorescence co-staining of lysozyme and muc2 in the intestinal sections of 930 
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JWAIEC-wt and JWAIEC-ko mice; scale bar: 20 μm. 931 

H. QRT–PCR detection of the absorption enterocytes markers (Lct, Dpp4) in villi; Paneth cell 932 

marker (Mmp7) in crypts; goblet cell markers (Spink4, Tuff3), enteroendocrine cell markers 933 

(Ngn3, Reg4), and tuft cell marker (Hck) in villi; n=3 for each genotype. 934 

Data information: In (D, F, H), data are presented as mean ± SD, ns No significance, *P <0.05, 935 

**P <0.01 and ***P <0.001 (Student’s t-test). 936 

 937 

 938 

 939 

Figure EV4. JWA participates in intestinal stem cell regeneration after X-ray exposure. 940 

A. Timeline for the X-ray exposure model performed on wild-type mice. 941 

B. Immunoblotting of JWA in the crypts of the wild-type mice at the indicated days after X-ray 942 

exposure. 943 

C. QRT–PCR detection of JWA and the ISCs markers (lgr5, olfm4) levels in crypts of the 944 

wild-type mice at the indicated days after X-ray exposure; n=6 for each time point. 945 

Data information: In (C), data are presented as mean ± SD, nsNo significance, *P <0.05, **P 946 

<0.01 and ***P <0.001 (Student’s t-test). 947 

 948 

 949 

 950 
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 951 

 952 

Figure EV5. JWA deficiency promotes ubiquitination degradation of Notch1 through 953 

ERK /Fbxw7 and interferes with PPARγ/Stat5 axis. 954 

A. The predicted top five E3 ubiquitin ligases (Mib1, Mib2, Mdm2, Stub1 and Nedd4l) target 955 

Notch1. 956 

B. Immunoblotting of the predicted top five E3 ubiquitin ligases in crypts of JWAIEC-wt and 957 

JWAIEC-ko mice. 958 

C. Immunoblotting of the predicted top five E3 ubiquitin ligases in IEC-6 cells transfected 959 

with shJWA plasmid. 960 

D. Immunoblotting of Notch1, Fbxw7, ERK1/2 and p-ERK1/2 in IEC-6 cells transfected with 961 

shJWA plasmid. 962 

E. Immunoblotting of JWA, NICD, hes1, PPARγ and stat5a in IEC-6 cells transfected with 963 

shJWA plasmid followed by Pamoic Acid (10 μM) treatment. 964 

F. Immunoblotting of JWA, NICD, hes1, PPARγ and stat5a in IEC-6 cells co-transfected with 965 

shJWA plasmid and siFbxw7. 966 
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