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Abstract

Although p53 is not essential for normal embryonic development, it plays a pivotal role in many 

biological and pathological processes, including cell fate determination-dependent and 

independent events and diseases. The expression and activity of p53 largely depend on its two 

biological inhibitors, MDM2 and MDMX, which have been shown to form a complex in order to 

tightly control p53 to an undetectable level during early stages of embryonic development. 

However, more delicate studies using conditional gene-modification mouse models show that 

MDM2 and MDMX may function separately or synergistically on p53 regulation during later 

stages of embryonic development and adulthood in a cell and tissue-specific manner. Here, we 

report the role of the MDM2/MDMX-p53 pathway in pancreatic islet morphogenesis and 

functional maintenance, using mouse lines with specific deletion of MDM2 or MDMX in 

pancreatic endocrine progenitor cells. Interestingly, deletion of MDM2 results in defects of 

embryonic endocrine pancreas development, followed by neonatal hyperglycemia and lethality, by 

inducing pancreatic progenitor cell apoptosis and inhibiting cell proliferation. However, unlike 

MDM2-knockout animals, mice lacking MDMX in endocrine progenitor cells develop normally. 

But, surprisingly, the survival rate of adult MDMX-knockout mice drastically declines compared 

to control mice, as blockage of neonatal development of endocrine pancreas by inhibition of cell 

proliferation and subsequent islet dysfunction and hyperglycemia eventually lead to type 1 

diabetes-like disease with advanced diabetic nephropathy. As expected, both MDM2 and MDMX 

deletion-caused pancreatic defects are completely rescued by loss of p53, verifying the crucial role 

of the MDM2 and/or MDMX in regulating p53 in a spatio-temporal manner during the 
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development, functional maintenance, and related disease progress of endocrine pancreas. Also, 

our study suggests a possible mouse model of advanced diabetic nephropathy, which is 

complementary to other established diabetic models and perhaps useful for the development of 

anti-diabetes therapies.
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INTRODUCTION

Pancreatic development is a highly dynamic process of successive steps involving the 

maturation of endocrine, exocrine, and ductal cells stemmed from identical progenitor cells 

of the embryonic endoderm. For instance, in mice, the embryonic pancreas arises from one 

dorsal and two ventral buds at around embryonic day 9 (E9). The two buds develop quickly 

in response to signals from adjacent non-pancreatic tissues, and the progenitor cells begin to 

differentiate into different types of pancreatic cells by E9.5. Endocrine progenitor cells then 

travel into the neighboring mesenchyme to form clusters while exocrine progenitor cells 

differentiate into acinar cells to form acini, and the dorsal and ventral ducts grow to fuse and 

establish communication by E16–17, resulting in the formation of highly branched 

structures of pancreas through further growth and maturation (Cano et al., 2007; O’Dowd 

and Stocker, 2013). In rodents, pancreatic islets continue developing throughout neonatal life 

until weaning, which may involve a short peak of developmental apoptosis taking place 

around two weeks after birth in order to delete some β-cells and replace them with new islets 

(Hill and Duvillie, 2000; O’Dowd and Stocker, 2013). This apoptosis-mediated step is 

critical for the normal metabolism in future adult life, as the newly generated cell population 

is sensitive to glucose for glucose-stimulated insulin secretion (GSIS). A similar apoptotic 

event of β-cells has also been identified in the late stage of human fetus development in 

order to obtain the glucose sensitivity of β-cells (Hill and Duvillie, 2000).

Throughout the whole process of pancreatic morphogenesis, all the different stages are 

tightly regulated by a complex cascade of transcriptional factors that coordinates cell fate 

determination, cell differentiation, cell growth, and unique cell phenotype maintenance, and 

most of the factors are expressed and function at multiple levels (Wilson et al., 2003). For 

example, duodenal homeobox gene 1 (pdx1) encodes the PDX1 transcriptional factor that is 

induced earliest (~E8.5) in the pre-pancreatic endoderm by the instructive signals from 

adjacent tissues, with expression becoming limited to endocrine cells at ~E15.5 and 

maintained in adult insulin-expressing β-cells, functioning as a major regulator of pancreatic 

development and β-cell differentiation (Cano et al., 2007; Wilson et al., 2003). Another 

transcriptional factor Pax6 (paired box homeodomain), originally identified during neural 

development (Glaser et al., 1994), is also essential for endocrine differentiation, cell subtype 

specification and maintenance, and normal transcription of pancreatic hormone genes 

including glucagon, insulin, and somatostatin (O’Dowd and Stocker, 2013; Wilson et al., 

2003). Ngn3 is expressed in endocrine progenitor cells and essential for the differentiation of 
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the endocrine lineage (Cano et al., 2007; O’Dowd and Stocker, 2013), while PTF1A/p48 is 

detected in progenitors of all three cell types (endocrine, exocrine, and ductal cells) and 

becomes restricted to acinar precursor cells by E13.5, playing an exocrine-specific role in 

mid-pancreatic development (Cano et al., 2007; O’Dowd and Stocker, 2013). Mouse genetic 

studies indicate that mutations of these genes cause pancreatic agenesis, hypoplasia, and/or 

diabetic phenotypes (Cano et al., 2007; Hill and Duvillie, 2000; Wilson et al., 2003). 

Consistently in human beings, genetic mutations of the key transcriptional factors, such as 

PDX1, PAX6, PTF1A, INS, etc., have been linked to neonatal diabetes, owing to 

developmental failure of the pancreas, β-cell apoptosis, and/or dysregulation of insulin 

processing and release (Aguilar-Bryan and Bryan, 2008; Cano et al., 2007; Garin et al., 

2010; Hill and Duvillie, 2000; Shield, 2007; Wilson et al., 2003).

To suppress potentially abnormal cell growth and tumorigenesis, p53 serves as the most 

important transcription factor by monitoring cell cycle arrest, cell death, autophagy and 

senescence, through transactivation of many cell death and survival related protein-encoding 

genes, or other transcription-independent mechanisms (Boominathan, 2010; Lane and 

Levine, 2010) (Leung and Sharp, 2010). But beyond that, p53 has also been linked to other 

hyperplasia-independent cell events and diseases. In humans, the P72R single nucleotide 

polymorphism (SNP) of p53 is associated with increased risk of type 2 diabetes (Bitti et al., 

2011; Burgdorf et al., 2011; Gloria-Bottini et al., 2011), which is supported by a recent 

study demonstrating that mice with the R72 variant of p53 develop more severe metabolic 

syndrome and type 2 diabetic phenotype under High-fat diet (HFD) (Kung et al., 2016). 

Increased DNA damage and p53 activity have also been established to contribute to 

glucokinase induced β-cell death in type 2 diabetes (Tornovsky-Babeay et al., 2014). 

However, surprisingly, deletion of p21, a p53 target involved in cell cycle arrest, exacerbates 

the development of HFD-induced diabetes, and activation of p21 by Nutlin-3a, a p53 

activator by inhibiting p53-MDM2 interaction, protects from diet-induced diabetic 

phenotype (Mihailidou et al., 2015). In addition, serum anti-p53 antibodies have been 

detected in some patients with type 1 diabetes (Di Cesare et al., 2001), and p53 was shown 

to reduce the occurrence of autoimmune diabetes in mice by inhibiting proinflammatory 

cytokines and STAT-1 (Zheng et al., 2005). These studies suggest that tight control of p53 

level and activity is crucial for pancreatic development, function, and pathology.

In most cells under normal conditions, two physiological protein inhibitors of p53, MDM2 

and MDMX, are crucially important for restraining p53 expression to an undetectable level 

and protect cells from p53’s detrimental effects (Chen et al., 1993; Kawai et al., 2007; Kruse 

and Gu, 2009; Linke et al., 2008; Momand et al., 1992; Oliner et al., 1993; Wade et al., 

2010). Both MDM2 and MDMX bind to the transactivation domain of p53 with similar 

affinities to directly inhibit its transcriptional activity (Shadfan et al., 2012). Furthermore, 

MDM2 also serves as an E3 ubiquitin ligase and mediates p53 protein degradation (Kruse 

and Gu, 2009). Although loss of p53 exerts no significantly adverse effects on embryonic 

development (Donehower et al., 1992; Jacks et al., 1994), both MDM2 and MDMX null 

mice die in the early stages of embryonic development due to p53 over-activation. It has 

been indicated that MDM2 forms a complex with MDMX through their C-terminal RING 

domains to inhibit p53 during early embryogenesis (Huang et al., 2011; Pant et al., 2011). 

However, during later developmental stages of organogenesis and adult life, MDM2 and 
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MDMX may independently or cooperatively regulate p53 to delicately control cell 

proliferation, differentiation, and death so that each organ maintains unique shape and 

function, which is supported by the more severe phenotypes observed with conditional 

deletion of MDM2 in lens epithelium (Zhang et al., 2014), cardiomyocytes (Xiong et al., 

2007), central nervous system (Xiong et al., 2006), smooth muscle cells (Boesten et al., 

2006), and erythroid progenitor cells (Maetens et al., 2007), compared to those with loss of 

MDMX. Considering the participation of cell proliferation, differentiation, and apoptosis in 

the pancreatic development and the potential involvement of p53 in pancreas-related 

diseases as described above, we hypothesized that MDM2 and MDMX could also be critical 

for controlling these p53-dependent events during pancreatic development and diabetes 

initiation and progression. To address this hypothesis, we crossed mice containing MDM2 or 

MDMX conditional alleles with mice expressing Cre beginning at E9.5 under the control of 

the Pax6 enhancer specifically in both pancreatic endocrine progenitor cells and lens 

epithelial progenitors (LE-Cre) (Ashery-Padan et al., 2000; Ashery-Padan et al., 2004). 

Interestingly, loss of MDM2 impaired the embryonic development of endocrine pancreas 

and resulted in neonatal lethality. However, MDMX was not required for islet development 

at embryonic stage. Instead, MDMX deletion caused type 1 diabetic phenotypes of adult 

mice as a result of strikingly shrunken islet area, leading to severe diabetic nephropathy and 

significantly shortened survival in adult mice. These results provide new evidence for the 

tissue specific difference of the roles MDM2 and MDMX play in organ development, 

functional maintenance, and diseases. Also, we found that homozygous loss of p53 alleles 

could completely rescue the defects of pancreas caused by deleting either MDM2 or 

MDMX, indicating that tight regulation of p53 by both MDM2 and MDMX is crucial for 

islet development and functional maintenance. In addition, our study provides a promising 

and stable mouse model for late-stage diabetic nephropathy.

MATERIALS AND METHODS

Antibodies and reagents

Antibodies used in the study include mouse monoclonal anti-MDM2 (SMP14, Santa Cruz, 

1:50 for immunostaining), rabbit polyclonal anti-p53 (fl393, Santa Cruz, 1:100 for 

immunostaining), mouse monoclonal anti-p53 (NCL-p53–505, Novocastra, 1:50 for 

immunostaining), rabbit polyclonal anti-Insulin (ab63820, Abcam, 1:200 for 

immunostaining), mouse monoclonal anti-Glucagon (K79Bb10, Sigma, 1:200 for 

immunostaining), rabbit polyclonal anti-Pdx1 (PRB-278P, Convance, 1:200 for 

immunostaining), mouse monoclonal anti-Ki67 (BD, 1:100 for immunostaining), and so on. 

The fluorescein In situ cell death detection kit was purchased from Roche.

Mouse lines and ethics statement

The MDM2f/f, MDMXf/f, p53f/f and Le-Cre transgene mouse lines were described 

previously (Ashery-Padan et al., 2000; Grier et al., 2006; Grier et al., 2002; Jonkers et al., 

2001; Marino et al., 2000), and individually maintained with homozygotes or heterozygotes. 

Briefly, the Le-Cre transgene expression starts at around E9, and the Cre-mediated 

recombination is evident since E9.5 in most cells of the surface ectoderm, and subsequently 

in the SE-derived eye structures and pancreatic endocrine precursors (Ashery-Padan et al., 
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2000). To obtain the mouse lines with MDM2 or MDMX specific deletion in developing 

pancreas, Le-Cre mice were crossed with either MDM2f/f or MDMXf/f homozygotes, then 

Le-Cre; MDM2f/+ or Le-Cre; MDMXf/+ heterozygous offsprings were further crossed with 

MDM2f/f or MDMXf/f homozygotes, respectively. Le-Cre; MDM2f/f and Le-Cre; MDMXf/f 

mice were compared with MDM2 f/+ and Le-Cre; MDM2 f/+ mice, or MDMX f/+ and Le-

Cre; MDMX f/+, respectively. To obtain Le-Cre; MDM2f/f; p53f/f mice, Le-Cre; MDM2f/+ 

were first crossed with p53f/f mice, then Le-Cre; MDM2 f/+; p53f/+ offsprings were further 

crossed with MDMX f/+; p53f/+ offspring. To obtain Le-Cre; MDMXf/f; p53f/f mice, Le-Cre; 

MDMXf/f mice were first crossed with p53f/f mice, then Le-Cre; MDM2 f/+; p53f/+ 

offsprings were further crossed with MDMX f/+; p53f/+ offsprings. The mice from these 

breeders were recruited in the experiments as shown in Fig. 7, including MDM2 f/f (or 

MDMX f/f); p53f/f (control groups), and Le-Cre; MDM2 f/f (or MDMX f/f); p53f/f mice. 

Their genotypes were determined by PCR analysis of the genomic DNA extracted from their 

tails. For the embryo collection, noon of the day of vaginal plug observation was considered 

as E0.5 of embryogenesis. All the animals used in this study were maintained in mixed 

genetic background.

All animal experiments were conducted in accordance with the National Institutes Health 

“Guide for the Care and Use of Laboratory Animals” and were approved by the Institutional 

Animal Care and Use Committee at Tulane University School of Medicine and our animal 

protocol number is 4257R.

Glucose tolerance test (GTT)

GTT was performed with age and gender-matched adult mice with different genotypes (as 

indicated in the result section), and at least 8 mice per group were recruited. Briefly, mice 

for test were transferred to new cages and fasted for 16 hours (overnight). In the following 

morning the mice were prepared for GTT: they were weighed. The tails were nicked with a 

fresh razor blade by a horizontal cut of the very ends, and around 35–50 µl of blood per 

mouse was collected by gently massaging the tail. Then baseline blood glucose level was 

measured using a glucometer. Then 2 grams/kg body weight of 20% D-glucose (0.2g/ml) 

was injected into the intraperitoneal cavity. Blood glucose was measured with the 

glucometer at 15, 30, 60, and 120 minutes after injection. Glucose injections and blood 

glucose measurement were timed to take approximately the same amount of time per animal 

to ensure the accuracy of the test. Measurement of fasting immunoreactive insulin levels was 

done as follows: whole blood samples collected as described above were centrifuged at 

2,000×g for 20 minutes, and the serum were transferred to a clean tube. Fasting insulin 

levels were tested using an ELISA assay kit (Crystal Chem INC, Catalog #90082) with 

mouse insulin as a standard according to the protocol that comes with the kit.

Insulin tolerance test (ITT)

ITT was performed with 2-month-old MDMX- knockout and control mice, and 9–10 mice 

per group were recruited. Briefly, food was removed for 6 hr (from 8:00AM to 2:00PM) by 

putting the mice to be tested in new cages. Insulin was prepared at 0.15 U/ml with PBS in 

advance. After fasting the mice were weighted and blood glucose of each mouse was 

determined by glucometer to get the value for 0 time point. Then 0.75 U/kg body weight of 
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Insulin was intraperitoneally injected into the mice, and blood glucose level was measured at 

15, 30, 60, and 90 minutes after injection. The data was presented by percent change from 

fasting glucose.

H&E staining

Mouse embryos were isolated and rinsed with PBS, followed by fixation with 4% PFA 

overnight, serial dehydration and paraffin embedding. Paraffin blocks were then cut into 

8µm-thick sections, and subjected to hematoxylin/eosin staining to determine possible 

morphological changes. Basically, 8µM-thick tissue sections underwent regular 

deparaffinization and rehydration, and then were dipped into hematoxylin solution for 3 min 

and Eosin solution for 45 sec, followed by dehydration in 70%, 95% and 100% ethanol and 

xylene. Slides were finally covered with permanent mounting medium (Vector Laboratories, 

CA) and stored at RT, and scanned using a microscope equipped with a digital camera (Zeiss 

200) with a 10× objective.

Periodic acid-Schiff (PAS) staining

PAS staining was used for detection of glycogen deposition in kidney tissues of different 

mice as indicated in the result section. Basically, formalin-fixed, paraffin-embedded kidney 

tissue sections were deparaffinized, hydrated to water and oxidized in 0.5% periodic acid 

solution for 5 minutes. After rinsed in distilled water, the sections were placed in Schiff 

reagent for 15 minutes, followed by being washed in tap water for 5 minutes. Then the 

sections were counterstained in hematoxylin for 1 minute and washed in running water for 5 

minutes. Slides were finally covered with permanent mounting medium (Vector 

Laboratories, CA) after sequential dehydration in 70%, 95% and 100% ethanol and xylene, 

and stored at RT. The stained sections were scanned using a microscope equipped with a 

digital camera (Zeiss 200) with a 20× objective. Glycogen is usually demonstrated as red/

purple color.

Immunohistochemistry

Immunohistochemistry was performed with 6µM-thick cryosections. Briefly, mouse 

embryos were fixed in 4% PFA, put into 30% sucrose overnight, embedded with O.C.T, and 

cut into 6µm-thick sections. The cryosections were boiled in fresh citrate buffer (10mM 

Sodium Citrate, 0.05% Tween-20, pH 6.0) using a steamer for 40 min for antigen retrieval. 

After being blocked with blocking buffer (5% Goat serum, 0.3% TritonX-100 in 1×PBS) for 

1h at RT, the sections were incubated with primary antibodies in a humid chamber at 4°C 

overnight followed by incubation with Alexa 488 or 594-conjugated goat-anti mouse or 

goat-anti rabbit IgG secondary antibodies (Biorad) at RT for 30 min, then the sections were 

washed with 1× PBS for 3 times, and covered with anti-fading buffer. For some 

immunofluorescence staining, the sections were incubated with HRP-conjugated goat-anti 

mouse or goat-anti rabbit IgG secondary antibody after incubation with a primary antibody, 

and then subjected to FITC tyramide signal amplification (TSA)-plus or cyanine 3 (Cy3) 

TSA-plus (PerkinElmer) incubation for 10 min to amplify the signal. Images were obtained 

under a fluorescence microscope (Zeiss 200) with 10× or 20× objective. Cell proliferation 

was measured as the ratio of Ki67-positive cells to PDX1-positive endocrine cells by Image 

J software. Two parameters were used to determine the islet area: The ratio of total islets 
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area (indicated by Insulin positive area) to total pancreas area per section was measured 

using Image J software. At least 3 sections per mouse were included. Also, the average of 

islet area in 5 sections of pancreas per mouse that were obtained from the center part of the 

pancreas, was calculated by Image J software. One-way ANOVA analysis was performed, 

and four mice per group were recruited to obtain statistical significance.

TUNEL staining

Apoptosis was also determined by in situ TUNEL staining, using the Fluorescein In situ cell 

death detection kit (Roche) according to manufacturer’s instructions. Briefly, the 

cryosections were permeabilized in permeabilisation buffer (0.1% TritonX-100, 0.1% 

sodium citrate) at RT for 5min, followed by incubation with TUNEL reaction mixture at 

37 °C for 1h, and mounted with anti-fading buffer after rinsing with PBS. Images were 

obtained under a fluorescence microscope equipped with a digital camera (Zeiss 200) with a 

20× objective.

Reverse transcription and quantitative PCR (RT-qPCR) analyses

Total RNA was extracted from whole pancreatic tissue of 1-week-old control and MDMX-

knockout mice using Trizol (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s 

protocol. Total RNAs (2µg) were used as templates for reverse transcription using poly-(T)20 

primers and M-MLV reverse transcriptase (Promega, Madison, WI, USA). Quantitative PCR 

(qPCR) was conducted using SYBR Green Mix according to the manufacturer’s protocol 

(BioRad, Hercules, CA, USA). The primers for mouse MDMX are: 5’-

AGCGGCCGTAAGTTTGCT −3’ and 5’- GCAGTTTTGGCCGCACC −3’. The primers for 

mouse p21 are: 5’- CCAGCAGAATAAAAGGTGCCACAGG −3’ and 5’-

GCATCGCAATCACGGCGCAA −3’.

Statistics

Data were reported as means ± SEM with N being the sample size. Comparisons among 

different groups were conducted by using One-way ANOVA. Probability values of P<0.05 

were considered statistically significant.

RESULTS

Loss of MDM2 in endocrine pancreas causes neonatal lethality

To obtain mice with MDM2 deletion specifically in developing endocrine pancreas, we first 

crossed Le-Cre; MDM2f/+ with MDM2f/f mice as described in the Methods section, and the 

genotypes of their offspring were determined by PCR analysis as shown in our previous 

study (Zhang et al., 2014). Four genetic types of pups including Le-Cre; MDM2f/f, Le-Cre; 

MDM2f/+, MDM2f/f and MDM2f/+, were obtained with a normal Mendelian ratio as shown 

in Fig. 1A, indicating that the deletion of MDM2 in developing pancreas does not cause 

embryonic lethality. However, all the Le-Cre; MDM2 f/f pups were eyeless (Zhang et al., 

2014), developed hyperglycemia with random blood glucose level higher than 400 mg/dl 

(Fig. 1B), and died within one week after birth (Fig. 1A). In this study, we only focused on 

pancreatic organogenesis, as the lens phenotypes have been reported previously (Zhang et 

al., 2014). Through fluorescence immunostaining we confirmed the deletion of MDM2 
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specifically in embryonic pancreatic endocrine by concomitantly expressing LE-Cre (Fig. 

1C). We found that deletion of MDM2 floxed alleles by Le-Cre resulted in severe endocrine 

dysmorphogenesis that could be the reason for neonatal lethality. As shown in Fig. 1D, at 

~E15.5, Le-Cre; MDM2 f/f embryos displayed relatively similar structure of pancreas when 

compared to MDM2f/+, MDM2f/f or Le-Cre; MDM2f/+ mice (control), indicating branching 

and differentiation of endocrine and exocrine cells from the epithelial cells are normal in 

MDM2 knockout pancreas. At E19, ductal, acinar, and islet cells were clearly found in 

control pancreas; however, the islet area was dramatically shrunk in MDM2 deleted pancreas 

(Fig. 1D), which was further confirmed by immunofluorescence staining of insulin and 

glucagon showing the both insulin and glucagon positive cells were almost absent at around 

postnatal day 2 (P2) in Le-Cre; MDM2f/f pancreas, even though the surrounding non-

endocrine structure appeared normal (Fig. 1E). Since there was no obvious pancreas defect 

observed in Le-Cre; MDM2f/+, MDM2f/+ and MDM2f/f (data not shown), we combined the 

three groups as a control afterward (Fig. 1B). Together, these results indicate that loss of 

MDM2 during embryogenesis causes irreversible defects of late-stage endocrine 

development, leading to neonatal diabetic phenotype that further causes neonatal lethality of 

MDM2-knockout mice.

Loss of MDMX in endocrine pancreas significantly decreases the survival rate and 
develops type 1 diabetic phenotypes in adult mice

Since previous studies have demonstrated that loss of MDM2 or MDMX causes 

developmental defects with tissue specificity (Boesten et al., 2006; Grier et al., 2006; 

Hilliard et al., 2011; Xiong et al., 2007; Xiong et al., 2006), we also tried to determine 

whether endocrine pancreas would undergo dysmorphogenesis when the MDMX gene is 

deleted in the developing endocrine by using the same genetic approach as described above. 

After MDMXf/f mice were crossed with Le-Cre; MDMXf/+ mice, 4 genetic types of pups, 

including Le-Cre; MDMXf/f, Le-Cre; MDMXf/+, MDMXf/f, and MDMXf/+ were obtained 

with a normal Mendelian ratio (data not shown), and we pooled the latter three groups of 

male mice together as a control (Fig. 2A). Herein, all of the MDMX knockout related 

experiments were performed with male mice unless otherwise noted. The deletion of 

MDMX in endocrine pancreas was confirmed through RT-qPCR. As shown in Fig. 3J, the 

mRNA level of 1-week-old whole pancreatic tissue in Le-Cre; MDMX f/f group was 

significantly reduced to only a seventh of that in MDMX f/f group. The slight, but detectable, 

expression of MDMX mRNA in the entire knockout pancreas should be attributed to that in 

the unaffected non-islet tissue. In contrast to the MDM2-knockout mice, all the mice 

including Le-Cre; MDMXf/f group survived over the pups period and developed regularly. 

But, surprisingly, the survival rate of Le-Cre; MDMXf/f mice started to decrease at ~4 

months, and significantly reduced to below 50% when they reached the age of 10 months 

(Figs. 2A and B). In addition, the average body weight of MDMX knockout mice was also 

20–25% lower than that of the control group by 8-month-old with statistical significance 

(Fig. 2C). To decipher the underlying reason for the lower body weight and increased 

mortality of adult MDMX-deleted mice, we further examined the potential pancreatic 

phenotypes of the mice. We observed that the bedding in the cages housing MDMX-

knockout mice needed to be replaced every day due to excessive urination (data not shown). 

The random glucose levels of MDMX-knockout mice were drastically increased to about 
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300 mg/dl at 2 months of age, and even reached 500 mg/dl at 7-month old (Fig. 3A). Also, 

the fasting glucose level of MDMX-knockouts was about 2-fold higher than that of controls 

(left panel of Fig. 3C, and Fig. 3D), accompanying with a significantly lower serum insulin 

level in adult knockout mice (only 30–60% of that of control group), as shown in Fig. 3B. 

From GTT assay (left panel of Fig. 3C, and Fig. 3D), the blood glucose level of the 

knockout group still stayed at 300–400 mg/dl 2 hr after administration of D-glucose solution 

at both 2-month and 7-month-old ages, which is 3–4 fold higher than that of the control 

group, indicating a severely impaired glucose tolerance of MDMX-knockout mice. In 

addition, the insulin sensitivity of 2-month-old MDMX-knockout mice was normal, as 

indicated by ITT (right panel of Fig. 3C). We further performed H&E and/or 

immunofluorescence staining of the E18, 1-week-old and adult pancreas tissue sections 

(Figs. 3 E-H), and calculated the number of PDX1 positive cells and/or islet area (Figs. 3E, 

F and I). Although the structure of MDMX-knockout pancreas at E18 was normal with a 

normal PDX1 positive cell population (Fig. 3E), surprisingly, the average islet area 

(including both β- and α-cells) of 1-week-old MDMX-deleted pups was merely 50% of that 

of the control group (Fig. 3F). Both H&E and anti-insulin immunostaining showed that the 

ratio of total islet area to total pancreas area in MDMX-deleted group is only 25%, and the 

average islet area in MDMX-deleted group is ~30% of that of the control group at 2-month-

old age, which further declined to 5–10% at 11-month age (Figs. 3G–I). Furthermore, we 

found that approximately half of the MDMX-knockout mice developed overt ascitic fluid 

with decreased activity by the age of 7–8 months (Suppl. 1A and data not shown), implying 

possible high glucose-mediated chronic renal damage. To confirm this, we then performed 

the histological analysis of kidneys. H&E staining on the kidney sections showed the 

pathological changes of global glomerulosclerosis, including glomerular hypertrophy, 

increased mesangial intercapillary matrix, increased thickness of the capillary walls, 

expanded glomerular capillaries (microaneurisms), decreased number of podocytes, 

increased thickness of the Bowman’s capsule basement membrane, and increased 

tubulointerstitial space (tubulointerstitial fibrosis) (Suppl. 1B). PAS staining also presented 

typical PAS positive nodules with varying sizes distributed in the same glomerulus, namely 

Kimmelstiel-Wilson nodules, exhibiting spherical shape with a central acellular area and 

being surrounded by a ring of cells, as shown in Suppl. 1C. We also evaluated the potential 

pancreatic defects of female MDMX-conditional knockout mice. As shown in Fig. 4, the 

random Glucose level of MDMX-deleted female mice was about 150 mg/dl at 2-month-old, 

and increased to about 240 mg/dl at 11-month-old, which is significantly higher than that of 

the control group (Fig. 4B), along with higher fasting-glucose level in MDMX-deleted 

female mice (Fig. 4D). Furthermore, MDMX deletion caused significantly lower fasting-

insulin level in 11-month-old female mice (Fig. 4C), and slightly impaired glucose tolerance 

in young adults, which was further deteriorated in older adults (Fig. 4D). These results 

suggest a relatively milder diabetes phenotype developed in MDMX-knockout female adults 

compared to that in males. Consistently, only 20% of female adults died from severe diabetic 

phenotypes (Fig. 4A). Together, these results reveal that loss of MDMX in endocrine 

pancreas causes severe type 1 diabetic phenotype with diabetic nephropathy developed in the 

adult mice, rather than arrests the embryonic development of endocrine pancreas, which 

eventually leads to early adult lethality of some MDMX-knockout mice.
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Elevated p53 causes cell death and decreases proliferation in embryonic endocrine 
pancreas lacking MDM2, but inhibits proliferation in postnatal endocrine pancreas lacking 
MDMX

As described above, MDM2 and MDMX are two physiological inhibitors of p53 and work 

together as a complex to independently or together control p53 level and activity in a spatial-

temporally specific manner. Thus, we wanted to determine if p53 is induced in the 

pancreatic tissue lacking either MDM2 or MDMX. Indeed, the immunofluorescence staining 

using a p53-specific antibody showed that the p53 level starts to increase at ~E13.5 in the 

PDX1-positive endocrine progenitor cells of MDM2 lacking mice, and reached a peak in the 

cells of E15.5 embryos, whereas p53 was undetectable in the control embryos (Fig. 5A). 

Interestingly, loss of MDMX did not induce p53 protein to a detectable level during 

embryonic stages (data not shown), but p53 protein expression was significantly enhanced in 

the PDX1-positive endocrine cells of 1-week-old MDMX-knockout mice (Fig. 5B), which 

still stayed at a high level in older mice (around 2-month-old) (data not shown). We also 

validated the activation of p53 in the MDMX-knockout pancreas by measuring the mRNA 

level of p21, a transcriptional target of p53. As shown in Fig. 3J, the mRNA level of p21 was 

almost doubled in 1-week-old knockout pancreas when compared to that in control group. 

To further investigate if p53 activation in MDM2 and MDMX deficient endocrine might lead 

to any cellular consequences, such as cell death and proliferation inhibition, we then 

assessed cell apoptosis by a TUNEL assay and cell proliferation rate by anti-Ki67 

immunostaining. Indeed, cell apoptosis was remarkably induced to more than 5% in the 

PDX1-positive endocrine progenitor cells of MDM2-deleted mice at E15.5 (Fig. 6A), when 

the p53 level was high (Fig. 5A), compared to the control group that did not present any 

TUNEL-positive endocrine cells (Fig. 6A). Also, the Ki67-positive endocrine progenitor 

cells of MDM2-deleted mice were startlingly reduced to almost zero, which was still as high 

as 30% in the control group (Fig. 6B). These results validate that MDM2 deletion causes 

developmental defects of endocrine pancreas by inducing endocrine progenitor cell 

apoptosis and inhibiting cell proliferation. By sharp contrast, the number of TUNEL-positive 

cells was similar in 1-week-old endocrine between the control and MDMX-lacking groups 

(upper panel of Fig. 6C), and no obvious TUNEL-positive cells was identified in 2-month-

old endocrine of both control and MDMX-lacking mice (lower panel of Fig. 6C), even 

though the p53 expression was detectable in the endocrine of MDMX-lacking mice at the 

ages of 1 week and 2 months (Fig. 5B). Higher p53 expression in 2-month-old endocrine 

pancreas of MDMX-knockout mice also exerted no effect on the cell proliferation (data not 

shown), which is reasonable since endocrine cells in the rodent still undergo developing 

during neonatal stage, but then become terminally differentiated after weaning. In 

consistence with the results of Fig. 3F, at 1-week-old, the number of Ki67-positive endocrine 

cells in MDMX-knockout mice was reduced to less than 40% of the level in control mice 

(Fig. 6D), which could be due to the increased p53 level and account for the declined 

number of PDX1-positive cells (Fig. 6D) and shrunken islet area (Fig. 3F) in 1-week-old 

MDMX-knockout mice, indicating MDMX deletion impedes the postnatal development of 

pancreas by inhibiting cell proliferation, leading to diabetic phenotypes in adults. Together, 

the above results demonstrate that p53 induction by MDM2 deletion occurs much earlier and 

is stronger than that by MDMX deletion in endocrine pancreas, which probably accounts for 
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the distinct phenotypes observed in the mice with endocrine-specific deletion of MDM2 or 

MDMX.

Loss of p53 rescues mouse endocrine developmental defects and adult diabetes 
phenotypes caused by conditional MDM2 and MDMX deletion, respectively

As the most important target of MDM2 and MDMX, p53 activation nearly takes all the 

responsibility for the defects caused by MDM2 or MDMX deletion (Kruse and Gu, 2009; 

Wade et al., 2010). Since p53 was activated in the MDM2-deleted embryonic or MDMX-

deleted postnatal pancreatic endocrine cells (Fig. 5), we next investigated if p53 activation 

might also be the cause for the developmental defects of pancreas and diabetic phenotypes in 

the MDM2- and MDMX-deleted mice, by introducing p53 floxed alleles into MDM2 or 

MDMX conditional knockout mice and deleting p53 gene by Le-Cre. The genotype of p53 

floxed allele was identified by PCR as shown in our previous study (Zhang et al., 2014). As 

expected, the defects of endocrine pancreas caused by knocking out either MDM2 or 

MDMX were rescued by TP53 deletion. First, all the MDM2/p53-double knockout mice 

survived through the neonatal phase and developed without any obvious abnormalities (data 

not shown). Further data (Fig. 7A–D) showed that the random glucose level of both 

MDM2/p53 double knockout neonates and adults declined to the normal level, and the 

fasting-insulin level of 2-month-old MDM2/p53-double knockout mice was similar to that of 

the control group. Also, the adult MDM2/p53-double knockouts presented normal glucose 

tolerance. Co-immunostaining with anti-Insulin and anti-Glucagon on pancreatic tissue 

sections demonstrated normal size of islets with regular β-cell and α-cell distribution and 

secretion function in 2-month-old MDM2/p53-double knockout mice. We further examined 

the cell apoptosis and cell proliferation, and found that the endocrine progenitor cell 

apoptosis in MDM2-null mice at E15.5 is completely suppressed, and the endocrine 

progenitor cell proliferation at E19 restored to a normal level, by loss of p53 (Fig. 7E), 

leading to a normal PDX1 -positive cell population at E19 in MDM2/p53-double knockout 

mice (Fig. 7E). Likewise, no MDMX/p53-double conditional knockout mice were found 

dead by 10 months (Fig. 7F), and the body weight of these double knockout mice was 

comparable to that of control mice (Fig. 2C). Both random (left panel of Fig. 7G) and fasting 

glucose levels (right panel of Fig. 7G), and fasting insulin level (middle panel of Fig. 7G) in 

adult MDMX/p53-double knockout mice were completely rescued to the normal level. Also, 

GTT displayed substantially overlapping curve of glucose level over 2hr after D-Glucose 

administration in 2-month-old MDMX/p53-double knockout and control groups (right panel 

of Fig. 7G), indicating that type 1 diabetic phenotype due to the postnatal endocrine 

development abnormalities caused by MDMX deletion is rescued by loss of p53. 

Furthermore, immunostaining confirmed that the endocrine cell proliferation of MDMX/

p53-double knockout mice during postnatal period was recovered to the level of control 

mice (Fig. 7H). In conclusion, these results demonstrate that the increased p53 level and 

activity, leading to induction of cell death and/or inhibition of proliferation, mainly accounts 

for the endocrine developmental abnormalities or adult diabetic phenotypes in either MDM2 

or MDMX conditional null mice.

Zhang et al. Page 11

Dev Biol. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

Mouse genetic studies have validated that MDM2 and MDMX have to form a hetero-

complex to strictly control p53 during early embryogenesis (Huang et al., 2011; Pant et al., 

2011). By binding to MDM2 through their RING domains, MDMX can prevent MDM2 

auto-ubiquitination and convert monoubiquitination of p53 by MDM2 to polyubiquitination, 

leading to p53 degradation (Wang and Jiang, 2012). Also, both MDM2 and MDMX bind to 

p53 with similar affinity to block p53’s transcriptional activity (Shadfan et al., 2012). 

However, the hetero-complex of MDM2 and MDMX seems not to be essential during later 

stages of development and adulthood when they may independently or synergistically, not 

simply forming a complex, regulate p53 level, as suggested by several studies showing 

diverse phenotypes by conditional deletion of MDM2 or MDMX in different cells and 

organs (Boesten et al., 2006; Maetens et al., 2007; Xiong et al., 2007; Xiong et al., 2006). 

Our recent study also highlighted the differences in terms of the regulation of MDM2 or 

MDMX on p53 during organogenesis by demonstrating that MDM2-deletion causes lens 

developmental defects that took place earlier and were more severe than in MDMX-deleted 

lens (Zhang et al., 2014). Consistently, in the current study, we found that specific loss of 

MDM2 in pancreatic endocrine progenitor cells induces cell apoptosis and inhibits cell 

proliferation, severely delaying the embryonic development of islets and leading to neonatal 

lethality. In contrast, loss of MDMX in these cells exerted no significant effect on embryonic 

development of pancreas, with all the MDMX-lacking mice surviving to adulthood, but 

impeded the neonatal development and maturity of islets by inhibiting the proliferation of 

endocrine cells in postnatal pancreas, resulting in overt severe type 1 diabetic phenotypes, 

including drastically increased blood glucose level (hyperglycemia) and decreased insulin 

level (insulinopaenia), rigorously impaired glucose tolerance, significantly increased 

urination (polyuria), and weight loss, which eventually led to serious diabetic nephropathy 

and death. Notably, all the pancreatic abnormalities caused by either MDM2 or MDMX 

deletion were rescued by concomitant loss of p53. These findings corroborate that MDM2, 

rather than MDMX, is essential to control p53 at a minimal level during embryonic 

development of pancreatic islets, whereas MDMX becomes important for p53 regulation in 

terminally differentiated pancreatic endocrine cells, demonstrating the independent role of 

MDM2 and MDMX in p53 regulation during pancreatic morphogenesis and maturity, and 

implying the significance of the MDM2/MDMX-p53 pathway in the initiation and progress 

of type 1 diabetes, which is based on the absolutely reduced amount of β-cells and insulin 

production. Our results are also consistent with a study published recently, demonstrating 

that deletion of p53 ameliorates STZ-induced type 1 diabetes in mice through Parkin-

mediated mitophagy (Hoshino et al., 2014).

In light of the aforementioned studies including ours, it is puzzling why the complex of 

MDM2/MDMX is critical for early embryogenesis, but less so for later embryogenesis and 

adult organs. One explanation would be that the MDM2/MDMX complex is dynamic, less 

stable, and highly regulated, and similarly the MDM2/MDMX/p53 pathway is a developing, 

evolutionary, acquired, adaptive and dynamic system during embryogenesis and organ 

function maintenance. At the early stage of embryogenesis, a period with simple 

environment, the major function of MDM2/MDMX is to restrain p53 at the minimal level so 
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that cells can rapidly proliferate or sometimes decease in number (biological apoptosis) to 

ensure normal organogenesis, so MDM2 and MDMX form a complex to fully control p53 

level during this early period. Once embryogenesis enters mid to late stage when all the 

progenitor cells have been roughly differentiated and determined even though tissues are still 

developmentally immature, MDM2 and MDMX start to function independently to meet 

different requirements of diverse progenitor cells on p53 regulation, with a more dominant 

role of MDM2 in such a relatively unpretentious environment (as suggested by the current 

study, our previous study on lens development (Zhang et al., 2014) and the other study on 

cardiac development (Xiong et al., 2007)). After birth, some functional organs and cells, 

such as hematopoietic cells, still have proliferative capability, some develop into terminally 

differentiated cells, such as cardiomyocytes, neurocytes and pancreatic endocrine cells, and 

some become regenerable cells, such as hepatocytes. All the different types of cells with 

different proliferative capacities require multiple machineries or signaling pathways to 

balance cell proliferation, death, and survival, in which p53 plays the most important role, 

and maintain normal organ function, particularly when encountering external and internal 

stresses. So along with the process of development and maturity, MDM2 and MDMX 

gradually acquire the capacity to precisely keep p53 at various levels, in an independent 

and/or synergistic manner (as suggested by the current study and previous studies (Xiong et 

al., 2007; Xiong et al., 2006; Zhang et al., 2014)), to give different cells more options to 

determine their fates under different stresses: irreversible death when stress is 

insurmountable, or survival following cell cycle arrest and DNA repair when stress is mild. 

Indeed, numerous studies have shown that different physiological and pathological stress 

signals can activate p53 by inactivating either MDM2 or MDMX via different molecules, 

such as ribosomal proteins on MDM2 (Antoniali et al., 2014; Lim et al., 2013; Nalabothula 

et al., 2010) or AMPK on MDMX (He et al., 2014), as further discussed below.

As mentioned above, clinical and mouse studies have linked the P72R SNP of p53 to type 2 

diabetes, with more severe type 2 diabetic phenotypes developed in R72 variant carrying 

mice that presented higher transactivation of Tnf and Npc1l1 by p53 (Bitti et al., 2011; 

Burgdorf et al., 2011; Gloria-Bottini et al., 2011; Kung et al., 2016). p53 has been shown to 

reduce the occurrence of mouse autoimmune diabetes (Zheng et al., 2005) and to 

transactivate Ins2 gene to induce insulin generation in pancreatic α-cells (Fomina-Yadlin et 

al., 2012). In addition, a small molecule Nutlin-3a can prevent mice from diet-induced 

diabetes by specifically disrupting p53-MDM2 interaction and activating p53 and its target 

p21 (Mihailidou et al., 2015). These previous studies implicate the important role of p53 in 

diabetes and other metabolism-related diseases. However, the exact mechanism by which 

p53 is regulated during the progress of these disorders still remains to be deciphered. Our 

current study substantiates the pivotal management of p53 by MDM2 and/or MDMX during 

pancreatic development and diabetes progression. At least two pathways have been 

identified by our previous studies and other groups, through which the interaction between 

p53 and MDM2 or MDMX can be blocked. On one hand, when cells undergo some stresses, 

such as DNA damage and metabolic stress (for example glucose deprivation), MDMX can 

be phosphorylated by ChK1/2, AMPK, etc., thereby enhancing the binding of 14-3-3 to 

phosphorylated MDMX (He et al., 2014; Jin et al., 2006; Wang et al., 2009). On the other 

hand, excessive ribosomal proteins, such as L5 and L11, produced under ribosomal stress, 
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can bind to MDM2 and destroy MDM2-p53 interaction (Dai and Lu, 2004; Sun et al., 2007; 

Zhang and Lu, 2009; Zhang et al., 2003). Both of these pathways eventually lead to the 

release of p53 from MDMX or MDM2, and subsequent activation of p53. Considering the 

involvement of proinflammatory cytokines and ER stress, two events that have been 

correlated to ribosomal biogenesis dysfunction and AMPK activity (Allagnat et al., 2013; 

Asahara et al., 2009; Brighenti et al., 2014; Ren et al., 2016; Yao et al., 2013), in both the 

trigger of β-cell autoimmunity during type 1 diabetes initiation (Padgett et al., 2013; Tersey 

et al., 2012) and the progression of type 2 diabetes (Asahara et al., 2009; Donath and 

Shoelson, 2011; Wellen and Hotamisligil, 2005), it is inferable that the above-mentioned 

AMPK-MDMX-p53 and ribosomal stress-MDM2-p53 pathways may participate in pancreas 

related disorders, such as diabetes mellitus. It would be quite enticing to address these 

hypotheses in the near future.

Diabetic nephropathy (DN) is a secondary complication of both type 1 and type 2 diabetes 

and the most common cause of end-stage renal disease in the western world (Chawla et al., 

2010; Saran et al., 2015), which is pathologically characterized by glomerular hypertrophy, 

increased mesangial intercapillary matrix, progressive thickening of the glomerular capillary 

walls, Kimmelstiel- Wilson nodules distributed in the glomeruli that are the “virtually” 

pathognomonic of DN, and global glomerulosclerosis at the advanced stage (Betz and 

Conway, 2014; Soler et al., 2012). A number of animal models have been developed to 

provide valuable information for studying the pathogenesis, progression, involved signaling 

pathways, and potential therapeutic approaches of DN (Betz and Conway, 2014, 2016; 

Breyer et al., 2005; Kaur et al., 2014; Soler et al., 2012). However, most of the current 

animal models can only recapitulate the early stages of DN (Soler et al., 2012), and lack 

severe human-like histopathological features of advanced DN, such as nodules in the 

glomerular tuft and glomerulosclerosis (Breyer et al., 2005; Fujita et al., 2012; Soler et al., 

2012), which has largely delayed the progress of research on DN. Here, by specifically 

deleting the MDMX gene in the pancreatic endocrine cells, we clearly observed the 

progressive phenotypes of type 1 diabetes, and more intriguingly and importantly, we 

established that the MDMX-lacking mice with diabetic phenotypes can survive 7–9 months, 

with gradually progressing DN that finally advanced to the end-stage displaying typical 

nodular glomerulosclerosis (Suppl. 1). We believe that the MDMX-conditional knockout 

mouse line may serve as a reliable and promising new model for studying advanced DN and 

developing new therapeutic strategies. The MDMX gene modification of this mouse line 

specifically occurs in pancreatic endocrine cells, so the resulting diabetes and subsequent 

advanced DN essentially initiate from the dysfunction of β-cells, which is similar to human 

type 1 diabetes, and excludes some artificial and unidentified influence from other organs, 

such as the non-natural changes in kidney eNOS-knockout mouse line may have due to the 

systemic eNOS deficiency (Takahashi and Harris, 2014), the direct and non-specific kidney 

toxicity STZ may cause (Betz and Conway, 2016; Breyer et al., 2005), and atypical features 

of DN as found in NONcNZO10/LtJ strain (Soler et al., 2012). Furthermore, unlike other 

models, such as STZ-treated mice that easily die from hypoglycemia or ketoacidosis (Kaur 

et al., 2014), this is a relatively stable, simple, and economical mouse line to be handled, 

requiring no special treatment. The reason why the blood glucose level of the MDMX-

knockout mouse line was stably kept at 300–600 mg/dl (Fig. 3A and Fig. 6G) may be 
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partially attributed to the concomitant knockout of MDMX in α-cells (Fig. 3F and data not 

shown), which could moderately compromise the hyperglycemia induced by β-cell death. In 

addition, it is noteworthy that female mice were more resistant to developing type 1 diabetes 

by MDMX deletion than the males, which aligns well with the gender differences observed 

in humans. More intensive analysis of the MDMX-conditional deletion-caused diabetes and 

end-stage DN is necessary to further evaluate the applicability of this mouse line for 

studying DN.

Obesity, metabolic syndrome, and type 2 diabetes are risk factors for cancer progression, 

such as breast cancer, hepatocarcinoma, colon cancer, etc (Shikata et al., 2013). This has 

been attributed to increased circulating insulin and insulin-like growth factors (Shikata et al., 

2013), enhanced serum level and local production of estrogens in adipose tissue (Cleary and 

Grossmann, 2009), endocrine/paracrine/autocrine-influence of adipokines (Vona-Davis and 

Rose, 2007), chronic systemic low-grade inflammation (Doyle et al., 2012), 

hypercholesterolemia (Nelson et al., 2013), and other factors. Studies have also identified 

hyperglycemia as an independent risk factor for some human cancers (Ryu et al., 2014), 

which may be associated with the activation of Neuregulin-1 gene (Park et al., 2012). 

However, the exact mechanisms by which hyperglycemia promotes tumorigenesis are still 

largely unknown. It is difficult to independently determine the direct effects of 

hyperglycemia by using the models of metabolic syndrome or type 2 diabetes, as there might 

be other promiscuous factors. As described above, the currently established MDMX-

conditional knockout mouse line with hyperglycemia and type 1 diabetes can also serve as 

an ideal model in this field, considering that the p53 expression is only enhanced in islet 

cells of the mice.

In summary, this study for the first time establishes the spatio-temporal role of MDM2 and 

MDMX in the endocrine pancreatic development. We substantiate that loss of MDM2 results 

in the embryonic developmental defects of endocrine pancreas, followed by neonatal 

hyperglycemia and lethality, by enhancing pancreatic progenitor apoptosis and decreasing 

cell proliferation. On the contrary, loss of MDMX exerts no remarkable effect on the 

embryonic development of endocrine pancreas, but blocks the neonatal development of 

endocrine pancreas by inhibiting cell proliferation, and causes the islet dysfunction, 

subsequent hyperglycemia and type 1 diabetes with advanced diabetic nephropathy, leading 

to increased mortality of adults. As expected, either MDM2 or MDMX deletion-caused 

defects can be rescued by loss of p53, validating the spatio-temporal regulation of p53 by 

MDM2 and MDMX during endocrine pancreas development and function maintenance. 

Attractively, our study also provides a promising mouse model for studying the advanced 

diabetic nephropathy and hyperglycemia-related tumorigenesis, which will largely benefit 

the development of new-type therapies on these diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Loss of MDM2 in endocrine pancreas causes neonatal lethality due to late-stage 
embryonic developmental defects of endocrine pancreas
A) Loss of MDM2 in endocrine pancreas causes neonatal lethality within 1 week after birth. 

B) Random blood glucose level of neonatal mice with the indicated genotypes was measured 

at least 3 times on different days (n=6 per group). C) Representative images of 

immunofluorescence staining with anti-PDX1 (green) and anti-MDM2 (red) antibodies on 

embryonic pancreas cryo-sections of MDM2-knockout or control mice at embryonic days 

13.5 and 15.5 (E13.5 and E15.5). D) Representative images of H&E staining on E15.5 and 

E19 embryonic pancreas sections of MDM2-conditional knockout or control groups. Dashed 

areas in lower panel indicate pancreatic islets. E) Representative images of 

immunofluorescence staining with anti-Insulin and anti-Glucagon antibodies on pancreas 

cryo-sections of MDM2-knockout or control mice at postnatal day 2 (P2). Red color 

indicates Insulin and green color indicates Glucagon.
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Fig. 2. Loss of MDMX in endocrine pancreas significantly reduces mouse survival rate
A) Loss of MDMX in endocrine pancreas significantly increased mortality of adult mice. B) 
Survival curve of MDMX-conditional knockout and control mice by the age of 10 months. 

14 ~17 mice per group were recruited. C) Body weight curve of mice with the indicated 

genotypes by the age of 8 months (n=14–17 per group).
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Fig. 3. Loss of MDMX in endocrine pancreas results in type 1 diabetic phenotype in adult mice 
without causing defects in embryonic pancreas
A) Random Glucose level of MDMX-deleted and control mice at the indicated ages was 

measured at least 3 times on different days (n=9~14 / group). B) Random Insulin level of 

neonatal mice at P2 or fasting insulin level of adult male mice were measured with tail 

blood, and shown by fold change to a control group (n=5~6 / group). C) GTT (left) and ITT 

(right) were performed with MDMX- knockout and control mice at the age of 2 months (n=9 

or 10 / group). D) GTT was performed with MDMX- knockout and control mice at the age 

of 7 months (n=9 or 10 / group). E) Representative images of H&E staining (upper) and 

immunostaining with anti-PDX1 antibody (lower) on E18 pancreas sections. PDX1 positive 

cells were indicated by green color, and counted under microscope (right penal). F) 
Representative images of co-immunostaining with anti-Insulin (red) and anti-Glucagon 

(green) antibodies, on pancreas cryo-sections of MDMX-knockout and control mice at 1-

week-old. Average islet area was calculated based on the immunostaining (right panel). G) 
Representative images of H&E staining and H) immunostaining with anti-Insulin antibody, 

on pancreas sections of MDMX-knockout and control mice at the age of 2 and 7 months. 

Dashed areas in G indicate pancreatic islets. I) Ratio of islet area to total pancreas area, and 

average islet area of adult mice were calculated based on the immunostaining of Insulin as 

shown in H). J) The mRNA level of MDMX and p21 was measured by RT-qPCR in 1-week-

old pancreas (n=3 / group).
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Fig. 4. Loss of MDMX in endocrine pancreas causes diabetic phenotype in female mice, which 
appears to be milder than that in males
A) Table showing that loss of MDMX in endocrine pancreas causes increased mortality in 

adult females by the age of 10 months. B) Random Glucose level of MDMX-deleted and 

control female mice was measured at the ages of 2- and 11-months at least 3 times on 

different days (n=7~10 / group). C) Fasting insulin level of 11-month-old female mice were 

measured, and indicated by fold change to a control group (n=5~6 / group). D) GTT was 

performed with MDMX- knockout and control female mice at the age of 2 and 11 months 

(n=11 / group).
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Fig. 5. p53 expression is drastically induced in embryonic MDM2-deleted endocrine pancreatic 
progenitors and in endocrine pancreatic cells of adult MDMX-deleted mice. A)
Representative images of co-immunostaining with anti-p53 (red) and anti-PDX1 (green) 

antibodies on cryo-sections of E13.5 and E15.5 MDM2-knockout and control embryonic 

pancreas. B) Representative images of co-immunostaining with anti-p53 (red) and anti-

PDX1 (green) antibodies on pancreas cryo-sections of 1-week-old MDMX-knockout and 

control mice.
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Fig. 6. Elevated p53 causes cell death and decreases cell proliferation in embryonic endocrine 
pancreas lacking MDM2, but only inhibits proliferation in postnatal endocrine pancreas lacking 
MDMX
A) Representative images of TUNEL staining (green) co-stained with anti-PDX1 antibody 

(red) on cryo-sections of E15.5 MDM2-knockout and control embryonic pancreas. Arrows 

indicate TUNEL positive cells. The percentage of TUNEL positive cells in PDX1 positive 

cell population was calculated (right). B) Representative images of co-immunostaining with 

anti-PDX1 (red) and anti-Ki67 (green) antibodies on cryo-sections of E19 MDM2-knockout 

and control embryonic pancreas. The percentage of PDX1 positive cells in pancreas and 

percentage of Ki67 positive cells in PDX1 positive cell population were calculated, 

respectively (right panels). C) Representative images of TUNEL staining on pancreas 

cryosections of 1-week- (upper) and 2-month-old (lower) MDMX-knockout and control 

mice. Dashed areas in lower panels indicate the pancreatic islets. The percentage of TUNEL 

positive cells in 1-weeek-old pancreas was calculated (right). D) Representative images of 

co-immunostaining with anti-PDX1 (red) and anti-Ki67 (green) antibodies on pancreas 

cryo-sections of 1-week-old MDMX-deleted and control mice. Arrows indicate PDX1 and 

Ki67 double-positive cells. The percentage of PDX1 positive cells in pancreas and 

percentage of Ki67 positive cells in PDX1 positive cell population were calculated, 

respectively (bottom panels).
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Fig. 7. p53 deletion rescues the pancreatic defects caused by MDM2 or MDMX deletion
A) Random blood Glucose level of neonatal mice (left, n=10), and 2-month-old adult male 

mice with indicated genotypes was measured at least 3 times on different day (right, n=9). 

B) Fasting Insulin level of 2-month-old male MDM2/p53-double knockout and control mice 

was measured (n=9). C) GTT was performed with 2-month-old male MDM2/p53-double 

knockout and control mice (n=9). D) Representative images of immunostaining with anti-

Insulin and anti-Glucagon antibodies on pancreas cryo-sections of 2-month-old male 

MDM2/p53-double knockout and control mice. E) Representative images of TUNEL 

staining (upper), and co-immunostaining with anti-Ki67 and anti-PDX1 antibodies (lower) 

on pancreas cryo-sections of MDM2/p53 double knockout and control mice at the indicated 

embryonic stages. The percentage of PDX1 positive cells in pancreas and percentage of 

Ki67 positive cells in PDX1 positive cell population were calculated, respectively (right 

panels). F) Loss of p53 completely rescued the decreased survival rate of MDMX-

conditional male mice. G) Random blood Glucose level (left panel) of 2-and 7-month-old 

adult male mice with indicated genotypes was measured at least 3 times on different days 

(n=8~10 / group). Fasting Insulin level (middle panel) of 7-month-old male mice with 

indicated genotypes was measured (n=6 / group). GTT (right panel) was performed with 2-

month-old male MDMX/p53-double knockout and control mice (n=8~9 / group). H) 
Representative images of co-immunostaining with anti-Ki67 and anti-PDX1 antibodies on 

pancreas cryo-sections of MDMX/p53 double knockout and control mice at postnatal day 

10. The percentage of PDX1 positive cells in pancreas and percentage of Ki67 positive cells 

in PDX1 positive cell population were calculated, respectively (right panels).
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