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Introduction
Amplification or overexpression of  the human homologue of  the mdm2 gene has been implicated in human 
cancers with or without p53 mutation (1–4). Moreover, a single nucleotide polymorphism (snp) at bp 309 of  
the MDM2 promoter leads to MDM2 overexpression (5, 6). Both of  these genetic alterations, gene amplifica-
tion and snp at 309, have been found in cancerous and normal lung tissues (7–10). These reports suggest that 
MDM2 overexpression could be one of  the early events mediating proliferative effects in the lung.

The conventional paradigm ascribes the cell proliferative functions of  MDM2 to its ability to desta-
bilize the tumor suppressor p53. MDM2 interacts with WT p53 and ubiquitinates and targets the tumor 
suppressor for degradation (1, 11). While studies in animal models suggest an essential role of  MDM2 in 
development through its ability to degrade and, thus, control growth-suppressing and apoptotic function of  
WT p53 (12, 13), consequences of  MDM2 overexpression in animal models have been context dependent. 
Transgenic mice overexpressing MDM2 show tumor formation, although at a slower rate than p53-null 
mice (14). Although targeted overexpression of  MDM2 in lactating mammary gland of  mice prevents 
normal development or morphogenesis of  mammary gland, it increases frequency of  polyploid cells (15). 
MDM2 expression in the basal layer of  epidermis at the embryonic stage generates hyperplasia and pre-
malignant lesions (16); in wing and eye of  drosophila, it induces apoptosis (17). The role of  MDM2 in the 
maintenance of  nephron progenitor cells during organogenesis has been ascribed to its E3 ligase function 
balancing p53 levels (18, 19). A recent study has reported that MDM2 prevents differentiation of  cultured 
mesenchymal stem cells independently of  p53 but promotes induced pluripotent stem cells (iPSC) in cul-
tured mouse embryonic fibroblasts and clonogenic survival of  cancer cells utilizing its ability of  ubiquitina-
tion (20). These reports suggest that MDM2 participates in iPSC, and its overexpression may facilitate cell 
proliferative events in a context-dependent manner. However, the trigger or steps of  the proliferative events 
in the complex organs remain unknown to date.

Depletion of epithelial cells after lung injury prompts proliferation and epithelial mesenchymal 
transition (EMT) of progenitor cells, and this repopulates the lost epithelial layer. To investigate 
the cell proliferative function of human oncoprotein MDM2, we generated mouse models targeting 
human MDM2 expression in either lung Club or alveolar cells after doxycycline treatment. We 
report that MDM2 expression in lung Club or alveolar cells activates DNA replication specifically 
in lung progenitor cells only after chemical- or radiation-induced lung injury, irrespective of their 
p53 status. Activation of DNA replication by MDM2 triggered by injury leads to proliferation 
of lung progenitor cells and restoration of the lost epithelial layers. Mouse lung with no Mdm2 
allele loses its ability to replicate DNA, whereas loss of 1 Mdm2 allele compromises this function, 
demonstrating the requirement of endogenous MDM2. We show that the p53-independent ability 
of MDM2 to activate Akt signaling is essential for initiating DNA replication in lung progenitor 
cells. Furthermore, MDM2 activates the Notch signaling pathway and expression of EMT markers, 
indicative of epithelial regeneration. This is the first report to our knowledge demonstrating a direct 
p53-independent participation of MDM2 in progenitor cell proliferation and epithelial repair after 
lung injury, distinct from a p53-degrading antiapoptotic effect preventing injury.
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Although MDM2 is frequently overexpressed in human lung cancers with WT or mutant p53 (2, 21, 
22), the consequence of  MDM2 overexpression in normal adult lung has not been investigated, and there 
is no existing mouse model to determine the cell-proliferative effects of  MDM2 in adult lung. Lung is a 
highly quiescent organ with regenerative potential. Depletion of  epithelial cells after lung injury activates 
proliferation of  progenitor cells, which subsequently undergo epithelial mesenchymal transition (EMT) to 
repopulate the lost epithelial layer (23–25). Although crosstalk of  several growth factors has been implicat-
ed in reepithelialization after lung injury (26), the mechanisms required for progenitor cell proliferation and 
injury repair are largely unknown. Pulmonary diseases induced by injury have often been associated with 
lung cancer (27, 28). The context-dependent cell proliferative properties of  MDM2 overexpression led us to 
investigate whether injury could be one of  the triggers to initiate cell-proliferative effects of  MDM2 in the 
lung, thus mediating epithelial cell repopulation after lung injury.

Since biological functions of  mouse or human MDM2 do not show strict species specificity (17, 29, 
30), we investigated the cell-proliferative functions of  human MDM2 using inducible mouse models. Thus, 
we have generated mouse models steering controlled lung-specific expression of  human MDM2 from a 
doxycycline-inducible (Dox-inducible) Club cell secretory protein (CCSP) or surfactant protein C (SPC) 
promoter, in the context WT or mutant p53 in adult mice. Our results revealed the ability of  MDM2 to 
induce DNA replication and proliferation of  lung progenitor cells only after lung injury, leading to EMT 
and accelerated epithelial regeneration. This function of  MDM2 did not require WT p53. Furthermore, 
p53–/–:Mdm2–/– mice lost the ability of  progenitor cell proliferation, whereas p53+/–:Mdm2+/– mice dis-
played compromised ability of  epithelial regeneration after lung injury, implicating the requirement of  
MDM2 in lung injury repair in normal adult animals. MDM2 also induced a p53-independent injury 
signaling pathway, and this function was essential for progenitor cell proliferation by MDM2. These obser-
vations imply that MDM2 overexpression may induce progenitor cell proliferation and accelerated reepi-
thelialization in the aftermath of  lung injury. Thus, pathological effects of  enhanced and deregulated repair 
(27) could, in principle, be prevented by inhibiting MDM2-induced signaling pathway.

Results
Lung-specific induction of  MDM2 expression in mice leads to expression of  interphase markers but not DNA replication. 
To determine the consequence of  elevated MDM2 expression in the lungs of  adult mice, pTREtightMDM2 
(a plasmid expressing MDM2 from CMV promoter controlled by tetracycline response element) transgenic 
mouse lines were generated (Figure 1A). The transgenic mouse line tightMDM2 was then generated by cross-
breeding pTREtightMDM2 mice with CCSPrtTA transgenic mice (31), capable of  expressing a reverse trans-
activator, rtTA, from CCSP promoter in response to Dox treatment. When treated with Dox, tightMDM2 
mouse lines express the transactivator rtTA specifically in CCSP-expressing lung cells and activates TRE to 
induce MDM2 expression. CCSPrtTA (referred in the paper as rtTA) mice, which lacks mdm2 transgene, 
was used as control. Dox-induced MDM2 expression was confirmed at RNA (Figure 1B) and protein levels 
(Figure 1C) by quantitative PCR (qPCR) and immunoblot analysis, respectively. Dox treatment for 3 months 
resulted in an approximately 8-fold increase in MDM2 transcript levels and a 2-fold increase in the protein 
levels in lung. Cultured lung cells generated from these mice showed an approximately 7-fold increase in the 
MDM2 protein level after 24-hour Dox treatment (Figure 1D). Therefore, the levels of  Dox-induced MDM2 
expression in the lungs of  tightMDM2 mice are comparable with reported MDM2 expression in human lung 
tumors (2). IHC analysis of  formalin fixed paraffin embedded (FFPE) lung tissue sections from Dox-treat-
ed (+Dox) tightMDM2 mice confirmed Dox-induced MDM2 expression in the CCSP-expressing cells of  
respiratory bronchioles. Sucrose-treated (–Dox) mice or +Dox rtTA mice did not show significant MDM2 
expression (Figure 1, B and E, and Supplemental Figures 1 and 2; supplemental material available online with 
this article; https://doi.org/10.1172/jci.insight.128194DS1). These data indicate that tightMDM2 transgenic 
mice express MDM2 in lung bronchioles after Dox treatment.

Since elevated MDM2 levels from CCSP promoter may induce proliferation of  Club cells in lung tis-
sue, expression of  known proliferation markers by Dox-induced MDM2 in lung bronchioles was investigat-
ed by IHC staining of  serial FFPE lung tissue sections from +Dox or –Dox tightMDM2 and +Dox rtTA 
mice. MDM2-expressing lung cells (Supplemental Figure 2A) around respiratory bronchioles showed more 
frequent and stronger expression of  Ki67 (Supplemental Figure 2B) and phospho–histone H3 (p-H3; Ser10) 
(Supplemental Figure 2C) compared with that of  –Dox tightMDM2 or +Dox rtTA mice, suggesting that 
Dox-induced MDM2 expression activated cycling of  the CCSP-expressing bronchiolar cells. In addition, 
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lung tissue of  +Dox tightMDM2 mice expressed higher levels of  Cyclin D2 transcript compared with that 
of  –Dox tightMDM2 or +Dox rtTA mice, indicating that Dox-induced MDM2 expression from CCSP 
promoter overrides the restriction point of  the cell cycle (32) (Supplemental Figure 2D).

However, Ki67 expression can be observed in all active phases of  the cell cycle except quiescent cells 
(33), and — in addition to chromosome condensation in mitotic cells — p-H3 has been implicated in phorbol 
ester-induced (12-O-Tertadeconoylphorbol-13-acetate–induced; TPA-induced) transcriptional activation in 
interphase cells (34). Therefore, the ability of  Dox-induced MDM2 to activate DNA replication in CCSP-ex-
pressing cells was investigated. Introduction of  a nucleotide analogue BrdU in +Dox or –Dox tightMDM2 
mice and +Dox rtTA mice, however, did not show any BrdU incorporation in the respiratory bronchiole 
region of  lung, despite efficient MDM2 expression (Supplemental Figure 2E). These data indicate that 
Dox-induced MDM2 expression from the CCSP promoter drives lung Club cells to overcome the restriction 
point of  the cell cycle but not to S phase DNA replication.

Elevated levels of  MDM2 induce DNA replication consequent to depletion of  Club cells after naphthalene inju-
ry. Depletion of  Club cells is known to reactivate the regenerative potential of  CCSP/SPC–dual-positive 
variant Club (vClub) and bronchioalveolar stem cells (BASC) lung progenitor cells (23–25). Therefore, 
we determined whether Dox-induced MDM2 expression from the CCSP promoter would augment pro-
liferation of  vClub and BASC cells during epithelial regeneration after naphthalene injury. Naphthalene 
treatment specifically depletes mouse Club cells due to cytotoxic compounds generated by an enzyme 
cytochrome P-450 2F2, but it spares naphthalene-resistant CCSP–expressing vClub or BASC, which lack 
the enzyme (24, 25).

Accordingly, +Dox tightMDM2 or rtTA and –Dox tightMDM2 mice were injected with naphthalene 
followed by BrdU and were harvested at 72 hours after naphthalene treatment and 5 hours after BrdU deliv-
ery. Consistent with the literature, IHC analysis of  serial FFPE lung tissue sections showed the appearance 
of  BrdU-incorporating cells in tightMDM2 or control groups after naphthalene treatment (Figure 2, A–C). 

Figure 1. Generation of transgenic mice expressing human MDM2 in CCSP-expressing lung cells in response to 
Doxycycline (Dox). (A) pTREtightMDM2 construct designed to express MDM2 from a TRE-controlled CMV promoter. (B) 
MDM2 transcript levels normalized by GAPDH expression, representative data from 1 set of mice shown as mean ± SD, 
and (C) MDM2 protein (immunoblot) expression in lung tissue from tightMDM2 (pTREtightMDM2:CCSPrtTA) or control 
rtTA (CCSPrtTA) transgenic mice after Dox or sucrose (–Dox) treatment. (D) MDM2 expression in cultured lung cells 
from tightMDM2 mice after 0, 24, or 48 hours of Dox treatment. Fold induction of MDM2 expression by Dox treatment 
in C and D were determined by densitometry and are shown at the bottom of the immunoblots. MDM2 transcript 
levels were determined by qPCR. MDM2 protein expression was determined by immunoblot analysis using an antibody 
against human MDM2. Erk2 was used as loading control. (E) Representative images (magnification, 20×) showing 
immunostained lung tissue sections from +Dox or –Dox tightMDM2 mice and +Dox rtTA mice using an antibody against 
human MDM2. MDM2 protein expression (brown) can be detected around the respiratory bronchiole (RB) after Dox 
treatment. All experiments were repeated in at least 3 mice.
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However, +Dox tightMDM2 mice displayed doubled frequency of  BrdU-incorporating cells with MDM2 
and CCSP coexpression in comparison with the control groups (Figure 2, A–C). These data indicate that 
Dox-induced MDM2 expression activates DNA replication in naphthalene-resistant CCSP-expressing cells 
of  lung bronchiole after naphthalene treatment. Analysis of  p53 levels after naphthalene injury did not 
show appreciable alterations (Supplemental Figure 3, A and B). Thus, although MDM2 overexpression 
drives Club or alveolar epithelial cells to the restriction point of  the cell cycle, it requires injury-induced 
signaling to motivate the cells to replicate DNA.

MDM2 induces expansion of  CCSP- and SPC-labeled dual-positive progenitor cells in lung bronchiole and bron-
chioalveolar duct junction (BADJ), inducing rapid reepithelialization of  lung bronchioles. Induction of  DNA syn-
thesis consequent to depletion of  Club cells suggests proliferation of  lung progenitor cells for injury repair 
(23, 35). Therefore, the consequence of  Dox-induced MDM2 expression on expansion of  lung progenitor 
cells (such as vClub and BASC cells), which restore bronchoalveolar epithelium, was examined. For this 
purpose, +Dox tightMDM2 or rtTA mice were treated with naphthalene. Since vClub and BASC cells 
express both Club cell marker CCSP and alveolar cell marker SPC, the presence of  CCSP (cc10) and SPC 
coexpressing cells in the bronchiole and BADJ was investigated by immunostaining naphthalene-treated 
FFPE lung tissue sections with fluorescent dye–tagged antibodies. Consistent with the increase in DNA 
replicating cells, a robust expansion of  CCSP/SPC-coexpressing cells in lung bronchioles and BADJ of  
+Dox tightMDM2 mice was observed compared with that of  +Dox rtTA mice (Figure 2, D and E). Fur-
thermore, the ability of  Dox-induced MDM2 to accelerate restoration of  the bronchiolar epithelium after 
naphthalene injury was examined by immunostaining and quantifying the fraction of  bronchioles that 
restored CCSP-expressing Club cells. The results indicated that more than 69% of  the bronchiole of  +Dox 
tightMDM2 mice was consistently repopulated compared with that of  +Dox rtTA mice, which showed 
46% repopulation at 72 hours after naphthalene treatment (Figure 2, F and G). These data indicate acceler-
ated restoration of  bronchiolar epithelium by MDM2 after lung injury.

Increase in MDM2 expression is known to destabilize p53 (1), an event that may encourage S phase 
entry of  CCSP-expressing lung cells. However, our data (Supplemental Figure 2E) show that increase in 
MDM2 expression did not initiate DNA replication in lung in the absence of  naphthalene injury. We deter-
mined whether absence of  p53 can mimic the effect of  MDM2 expression in inducing DNA replication, 
proliferation of  CCSP/SPC–dual-positive lung progenitor cells, and reepithelialization in lungs of  p53-null 
mice after naphthalene injury. Immunostaining of  FFPE lung tissue sections from naphthalene-treated WT 
p53 and p53-null mice, however, did not show any appreciable statistically significant acceleration of  injury 
repair events in p53-null mice (Supplemental Figure 3, C–H). These results indicate that p53 depletion 
cannot serve as a surrogate for MDM2 in repairing lung injury.

MDM2 activates the signaling pathway for reepithelialization and injury repair. Naphthalene injury activates 
the cell signaling pathways for reepithelialization (36). Accelerated epithelial regeneration by Dox-induced 
MDM2 expression suggests that MDM2 may be a crucial factor for activation of  injury-induced signaling 
pathways. Since MDM2 induced reepithelialization (Figure 2, F and G), and since it activates Akt phosphor-
ylation and, thus, phosphorylation of  GSK3β and Cyclin D2 expression in cultured lung cells (37, 38), the 
ability of  MDM2 to activate Akt signaling during epithelial regeneration consequent to naphthalene injury 
was investigated. Dox-induced tightMDM2 and rtTA mice were treated with naphthalene. Immunoblot anal-
ysis of  lung extracts from these mice revealed a robust increase in Akt phosphorylation at Ser 473 (Figure 3A 
and Supplemental Figure 4A) in extracts of  tightMDM2 lungs compared with rtTA lungs, whereas immu-
nostaining of  the lung FFPE sections showed a drastic increase in phosphorylation of  Akt substrates, GSK3β 
at Ser 9 (Figure 3, B and C), and β-catenin at Ser 552 (Figure 3, D and E), as well as nuclear translocation of  
phosphorylated β-catenin in CCSP+ cells of  lung bronchioles from +Dox tightMDM2 mice compared with 
that from +Dox rtTA mice. Unphosphorylated GSK3β or β-catenin did not show any significant change (Sup-
plemental Figure 4, B and C). These observations indicate that Dox-induced MDM2 expression enhances 
Akt signaling consequent to naphthalene injury in CCSP+ cells of  lung bronchioles.

Inhibition of  Akt abrogates MDM2-induced lung cell proliferation. To further explore the significance of  
MDM2-induced Akt phosphorylation on replication of  bronchiolar progenitor cells, +Dox tightMDM2 mice 
were treated with an Akt inhibitor (MK-2206) after naphthalene injury. The effectiveness of  the Akt inhibitor 
was ensured by examining the phosphorylation (at Ser9) of  GSK3β, a downstream target of  Akt-mediated 
phosphorylation. The ability of  the Akt inhibitor, MK226, to inhibit DNA replication was examined by ana-
lyzing BrdU incorporation in CCSP-expressing cells in lung bronchiole. Indeed, treatment with MK-2206 
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Figure 2. Dox-induced MDM2 expression in CCSP-expressing cells of mouse lung increases frequency of DNA-replicating lung progenitor cells, acceler-
ating CCSP/SPC–dual-labeled progenitor cell proliferation and restoration of CCSP-expressing epithelial layer after naphthalene injury. (A) Represen-
tative images (magnification, 20×) show sequential FFPE lung tissue sections from Dox-treated tightMDM2 or rtTA mice after naphthalene-treatment and 
BrdU delivery immunostained using antibodies against human MDM2 and BrdU. Arrows indicate BrdU incorporation (brown) and MDM2 expression (brown) 
in similar region of lung bronchiole. (B) Representative images (magnification, 40×) show BrdU incorporation (red nuclear fluorescence) in CCSP-expressing 
(extranuclear green fluorescence) cells (bracket). (C) Frequency of BrdU incorporating CCSP+ cells in lung bronchioles of +Dox rtTA and –Dox or Dox+ tight-
MDM2 mice are shown by a dot plot. (D) Representative images (magnification, 40×) show CCSP/SPC-coexpressing (green and red, respectively) progenitor 
cells (arrows) in the lung bronchioles of Dox-treated tightMDM2 and rtTA mice detected by immunostaining. (E) Frequency of CCSP/SPC-coexpressing cells 
in the lung bronchioles are shown by a dot plot. Data for each treatment was collected from 3 mice, with 16 bronchioles per mice, and are plotted as mean 
± SD (n = 48). In all graphs, P values calculated using Student’s t test are indicated. NS: not significant. (F) Representative images (magnification, 10×) 
show restoration of epithelial layers with CCSP-expressing cells in bronchioles of Dox-treated tightMDM2 and rtTA mice. (G) Dot plot comparing fraction of 
bronchioles restored in Dox-treated rtTA and tightMDM2 mice. Data for each treatment was collected from 3 mice, with 5 bronchioles per mice, and plotted 
as mean ± SD (n = 15). P value calculated using Mann-Whitney-Wilcoxon test is indicated.
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reduced downstream GSK3β phosphorylation (Figure 4A), as expected. Furthermore, MK-2206 also reduced 
the number of  BrdU-labeled CCSP+ cells in bronchioles of  +Dox tightMDM2 mice (Figure 4, B and C), 
indicating that Akt signaling is needed for MDM2-induced proliferation of  CCSP-expressing cells. Unlike the 
reported upregulation (39, 40) or downregulation (41) of  WT p53 by PI3K inhibitor in cultured cells, inhi-
bition of  Akt by MK-2206 did not significantly alter p53 levels in lung bronchiole (Supplemental Figure 5).

We have reported earlier (37) that, in cultured cells, elevated MDM2 levels hasten S phase entry of  cells 
in the absence of  p53 using a PI3-kinase–dependent pathway. Since cultured cells are exposed to growth 
media supplemented with growth factors, we determined whether the Akt signaling pathway is required for 
MDM2-induced DNA replication and wound healing. For this purpose, we introduced siRNA against Akt 
(Akt siRNA) into early passage lung cells isolated from p53-null (p53–/–) and p53-null:MDM2 transgenic 
(p53–/–:MDM2Tg) mice (37). The effect of  Akt depletion on wound healing and DNA replication efficien-
cy of  these cells were examined using wound healing assay and BrdU incorporation analysis. Our data 
show that, consistent with our mouse models, p53–/–:MDM2Tg lung cells showed more efficient wound 
healing and DNA replication abilities than p53–/– lung cells. Introduction of  Akt siRNA inhibited these 
functions (Supplemental Figure 6). These data indicate that MDM2-induced wound healing and cell prolif-
eration require the Akt signaling pathway. Ability of  MDM2 to activate Akt signaling and the involvement 
of  this property for efficient lung progenitor cell or cultured lung cell proliferation (Figure 3 and Figure 4 
and ref. 38) signify that inhibition of  Akt signaling in the context of  MDM2 overexpression may prevent 
deregulated progenitor cell proliferation during repair of  lung injury.

Figure 3. MDM2 activates the Akt signaling pathway consequent to naphthalene injury. Lung tissue extracts or FFPE tissue sections from Dox-treated rtTA 
and tightMDM2 mice were analyzed for activation of Akt signaling pathway 72 hours after naphthalene treatment. (A) Immunoblot analysis of Akt phosphor-
ylation at Ser 473. Fold increase in p-Akt expression was determined by densitometry and is shown at the bottom of the immunoblots. (B) Representative 
images (magnification, 40×) show immunostained GSK3β phosphorylation at Ser 9 (red) in CCSP-expressing (green) cells. Positive cells are shown by brackets. 
(C) Dot plot comparing average fluorescence of each bronchioles. (D) Representative images (magnification, 40×) showing immunostained phospho (Ser 552) 
β-catenin (brackets) in CCSP-expressing cells. (E) Dot plot comparing average fluorescence of each bronchiole. Data for each treatment was collected from 3 
mice, with 5 bronchioles per mice, and plotted as mean ± SD (n = 15). In all graphs, P values calculated using Student’s t test are indicated.
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MDM2 activates the NOTCH signaling pathway consequent to naphthalene injury. Since Notch-1 is required 
for regeneration of  Club cells during airway injury repair (42), and GSK3β regulates Notch-1 function 
(43), ability of  MDM2 to induce Notch-1 expression and nuclear translocation of  Notch intracellular 
domain (NICD) in Club cells during injury repair was investigated. Accordingly, FFPE lung sections from 
Dox-treated, tightMDM2 and rtTA mice were examined. In addition, expression of  MDM2, Notch-1, 
and the downstream transcriptional target of  activated Notch-1, HES-1, transcript levels in the lungs of  
these mice were also analyzed. Indeed, Dox-induced MDM2 expression promoted expression of  Notch-1 
protein and transcripts, and nuclear translocation of  NICD in CCSP+ cells (Figure 5, A–C) activating 
expression of  HES-1 (Figure 5D). These data indicate that MDM2 activates Notch-1 signaling pathways 
after naphthalene injury in lung.

MDM2 enhances expression of  EMT markers consequent to naphthalene-induced lung injury. Since epithelial 
regeneration after naphthalene-induced lung injury should involve EMT, expression of  EMT markers — 
such as vimentin, N-cadherin, and E-cadherin — in CCSP+ lung progenitor cells was investigated in FFPE 
lung sections of  Dox-treated tightMDM2 and rtTA mice. The results indicated a remarkable increase in 
N-cadherin (Figure 6A) and vimentin (Figure 6, B and C) and decrease in E-cadherin (Supplemental Figure 
7) expression in CCSP-expressing cells in the bronchiole of  Dox-treated tightMDM2 mice compared with 
rtTA control. These data indicate that induction of  MDM2 expression in CCSP-expressing lung cells leads 
to EMT after naphthalene injury, generating cells positive for mesenchymal/fibroblast markers.

MDM2-induced progenitor cell proliferation and reepithelialization of  lung bronchioles after naphthalene injury 
takes place in gain-of-function p53 mutant R172H knock-in mice. Increased frequency of  proliferating lung pro-
genitor cells by MDM2 could be a result of  its ability to inactivate WT p53 (1). Since lung cancers with 
p53 mutation often show MDM2 overexpression (2, 21, 44), the ability of  MDM2 to induce DNA repli-
cation, expansion of  CCSP/SPC–dual-positive progenitor cells, and reepithelialization was determined 
in the presence of  mutant p53. tightMDM2, lox-stop lox (LSL) R172H (knock-in) mice were generated. 
IHC analysis of  serial FFPE lung sections of  these Dox-treated tightMDM2, LSL R172H and control LSL 
R172H mice showed coexpression of  p53 mutant R172H and MDM2 in lung bronchioles of  tightMDM2, 
LSL R172H mice after Dox induction (Figure 7A). Consistent with tightMDM2 mice lungs, bronchioles 
of  +Dox tightMDM2, LSL R172H mice showed higher frequency of  interphase cells expressing Ki67 and 

Figure 4. Inhibition of Akt abrogates MDM2-induced proliferation of CCSP-expressing lung cell after naphthalene injury. (A) Representative images 
(magnification, 40×) show immunostained GSK3β phosphorylation at Ser 9 (red) in CCSP expressing (green) cells. (B) Representative images (magnifica-
tion, 40×) showing BrdU incorporation (red) in CCSP expressing (green) cells. Positive cells are shown by brackets. (C) Frequency of BrdU incorporating (red) 
CCSP+ (green) cells in the absence or presence of MK-2206 were counted and are shown by a dot plot. P value calculated using Student’s t test is indicated. 
Data for each treatment were collected from 3 +Dox tightMDM2 mice, with 16 bronchioles per mice, and plotted as mean ± SD (n = 48).
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p-H3 markers (Supplemental Figure 8A) compared with +Dox LSL R172H controls, but BrdU delivery did 
not show BrdU-incorporating cells (Supplemental Figure 8B). Naphthalene-mediated Club cell depletion 
initiated BrdU incorporation in CCSP-expressing lung cells of  LSL R172H control or tightMDM2, LSL 
R172H mice, while bronchioles from naphthalene-treated +Dox tightMDM2, LSL R172H mice coexpress-
ing MDM2 and R172H displayed a robust increase in the frequency of  BrdU-labeled CCSP+ cells (Figure 
7, B and C) and activated expansion of  CCSP/SPC–dual-positive cells (Figure 7, D and E) compared with 
bronchioles from LSL R172H control mice expressing R172H alone. Furthermore, CCSP staining of  naph-
thalene-treated lung bronchioles of  +Dox tightMDM2, LSL R172H mice showed a robust increase in the 
efficiency of  reepithelialization compared with LSL R172H bronchioles (Figure 7, F and G). These data 
indicate that MDM2 activates epithelial repair in the presence of  gain-of-function p53 mutant R172H in 
the absence of  WT p53 after naphthalene-induced depletion of  Club cells.

Targeted induction of  MDM2 expression in lung alveoli activates DNA replication after treatment with ionizing 
radiation. To determine whether induction of  MDM2 expression in lung alveolar type II (ATII) cells acti-
vates DNA replication after injury, transgenic pTREtightMDM2 SPC-rtTA (SPC-tightMDM2) mice were 
generated by crossbreeding of  pTREtightMDM2 with transgenic SPC-rtTA mice. SPC-tightMDM2 mice 
express rtTA in lung ATII cells and, thus, induce MDM2 expression in SPC-expressing cells after treat-
ment with Dox (Supplemental Figure 9A). Consistent with the results found for lung bronchiole, FFPE 

Figure 5. MDM2 activates the NOTCH signaling pathway consequent to naphthalene injury. Lung tissue extracts 
or FFPE tissue sections from Dox-treated rtTA and tightMDM2 mice were analyzed for NOTCH-1 expression, nuclear 
translocation of Notch intracellular domain (NICD), and HES-1 expression in CCSP expressing lung bronchiole 72 hours 
after naphthalene treatment. (A) Representative images (magnification, 40×) showing activated Notch-1–, NICD- (red 
nuclear fluorescence), and CCSP+ (green extranuclear fluorescence) cells detected by immunostaining (double-positive 
cells shown by arrows). (B) MDM2, (C) Notch-1, and (D) HES-1 transcript levels in lung tissue determined by qPCR. Rep-
resentative data from one set of mice plotted as mean ± SD. All experiments were repeated in at least 3 mice.
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lung sections from +Dox SPC-tightMDM2 mice showed increased Ki67 expression in alveolar epithelial 
cells compared with –Dox SPC-tightMDM2 or +Dox SPC-rtTA mice (Supplemental Figure 9B). Also, no 
BrdU incorporation was observed in any of  the constructs after BrdU delivery (Supplemental Figure 9B). 
To determine the contribution of  MDM2 in ATII cell proliferation in response to lung injury, SPC-tight-
MDM2 and control SPC-rtTA mice were exposed to ionizing radiation (14 Gy). Since BrdU labeling in 
ATII cells of  a mouse lung can be observed at 3 months after irradiation (45), contribution of  MDM2 in 
ATII cell proliferation was determined using BrdU incorporation at 3 months after irradiation. Consis-
tent with the results observed for naphthalene-induced Club cell depletion, appearance of  BrdU+ SPC-ex-
pressing cells was observed 3 months after radiation exposure in the lung alveolar region of  all irradiated 
mice. However, +Dox SPC-tightMDM2 lung FFPE sections indeed showed an increase in the frequency 
of  BrdU-labeled SPC+ alveolar cells compared with that from +Dox SPC-rtTA or –Dox SPC-tightMDM2 
mice (Figure 8, A and B). Furthermore, +Dox SPC-tightMDM2 lung sections also showed an increase 
in vimentin-expressing ATII cells compared with ATII cells of  irradiated control groups (Figure 8, C and 
D). As reported in the literature (46, 47), induction of  p53 was not observed in lung sections harvested 3 
months after radiation (Supplemental Figure 9C). These results indicate that MDM2 induces proliferation 
and EMT of  ATII cells after radiation injury.

Endogenous MDM2 is essential for progenitor cell proliferation and epithelial regeneration after lung injury. The 
ability of  Dox-induced MDM2 to activate repair of  naphthalene-induced lung injury raised the possibil-
ity that MDM2 is needed for progenitor cell proliferation and epithelial repair after lung injury. Since 
loss of  both alleles of  mdm2 is embryonically lethal in the presence of  WT p53, efficiency of  epithe-
lial repair after naphthalene-induced depletion of  Club cells were investigated in p53–/–:Mdm2–/– mice 
(Supplemental Figure 10, A–D). Results of  our repeated experiments revealed that p53–/–:Mdm2–/– mice 
were extremely vulnerable to naphthalene treatment and, unlike p53–/–:Mdm2+/+ mice, did not survive 
beyond 48 hours. Consistent with the results (Supplemental Figure 2) from lungs of  Dox-inducible rtTA 

Figure 6. MDM2 enhances expression of EMT markers, N-cadherin, and vimentin, consequent to naphthalene-induced lung injury. (A–C) Representative 
images (magnification, 40×) of FFPE lung sections after immunostaining of (A) N-cadherin (arrows) and (B) vimentin (arrows) in CCSP expressing (green) 
cells of lung bronchiole, and (C) representative immunoblot analysis of vimentin in lung tissue extracts. Fold increase in vimentin expression was deter-
mined by densitometry and is shown at the bottom of the immunoblot. All experiments were repeated in at least 3 mice.
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and tightMDM2 mice, lungs from p53–/–:Mdm2–/– mice showed fewer Ki67+ and p-H3+ bronchiolar cells 
and reduced expression of  Cyclin D2 transcripts compared with lungs from p53–/–:Mdm2+/+ mice (Supple-
mental Figure 11, A and B). BrdU incorporation analysis at 48 hours after naphthalene treatment showed 
the appearance of  BrdU-labeled CCSP-expressing cells only in the bronchioles of  p53–/–:Mdm2+/+ mice, 
but not in p53–/–:Mdm2–/– mice (Figure 9, A and B), indicating that the presence of  MDM2, but not p53, 
is needed for initiating DNA replication in lung progenitor cells after Club cell depletion. Consistent with 
the results from lungs of  naphthalene-treated rtTA and tightMDM2 mice, lungs from naphthalene-treated 
p53–/–:Mdm2–/– mice showed CCSP+ cells displaying reduced frequency of  phosphorylation of  GSK3β, 
a target of  Akt; NICD nuclear translocation; and reduced expression of  Notch-1 and HES-1 transcripts 

Figure 7. MDM2-induces DNA replication, progenitor cell proliferation, and reepithelialization in lung bronchioles of R172H knock-in mice after 
naphthalene injury. FFPE lung sections from Dox-treated LSL R172H or LSL R172H tightMDM2 mice were analyzed by immunostaining after naphthalene 
injury and BrdU delivery. (A) Representative images (magnification, 20×) showing Dox-induced coexpression (brown) of MDM2 and mutant p53-R172H 
in bronchioles detected by immunostaining of serial lung tissue sections. (B) BrdU incorporation (red nuclear) in CCSP+ (green extranuclear) cells in lung 
bronchiole detected by immunostaining (magnification, 40×). (C) Frequency of BrdU-incorporating CCSP+cells are shown by a dot plot. (D) Representative 
images (magnification, 40×) showing CCSP/SPC-coexpressing (green and red, respectively) progenitor cells (arrows) in lung bronchioles. (E) Frequency of 
CCSP/SPC-coexpressing cells in lung bronchiole are compared by a dot plot. Data for each treatment (C–E) was collected from 3 mice, with 16 bronchioles 
per mice, and plotted as mean ± SD (n = 48). In all graphs, P values calculated using Student’s t test are indicated. (F) Representative images (magnifica-
tion, 10×) showing restoration of epithelial layer with CCSP+ cells in lung bronchioles 72 hours after naphthalene injury. (G) Fraction of bronchioles restored 
has been compared using dot plot. Data for each treatment was collected from 3 mice, with 5 bronchioles per mice, and plotted as mean ± SD (n = 15). P 
value calculated using Mann-Whitney-Wilcoxon test is indicated.
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compared with the lungs of  p53–/–:Mdm2+/+ mice (Supplemental Figure 11, C–F). Consistent with litera-
ture (48), immunostaining of  FFPE lung sections revealed that 48 hours after naphthalene injury was not 
adequate for visualizing expansion of  CCSP/SPC double-positive cells in lung bronchiole.

Since our data show that the ability of  MDM2 to initiate DNA replication in lung progenitor cells 
after naphthalene-induced Club cell depletion does not require WT p53 (Figure 7 and Figure 9, A and B), 
we examined the efficiency of  epithelial repair after naphthalene injury in p53+/–:Mdm2+/– mouse lungs 
compared with p53+/–:Mdm2+/+ controls (Supplemental Figure 10) 72 hours after naphthalene treatment, 
followed by BrdU delivery. IHC analysis of  FFPE lung tissue sections from naphthalene-treated p53+/–

:Mdm2+/– mice showed a sharp reduction of  BrdU-labeled CCSP+ cells (Figure 9, C and D) and a consis-
tent decrease in CCSP/SPC–dual-positive cells in the bronchiole and BADJ compared with sections from 
p53+/–:Mdm2+/+ mice (Figure 9, E and F). In addition, the fraction of  bronchioles that restored CCSP-ex-
pressing Club cells was less in p53+/–:Mdm2+/– mice compared with that from p53+/–:Mdm2+/+ control 
mice, indicating reduced efficiency of  reepithelialization (Figure 9, G and H). These data demonstrate 
that loss of  1 endogenous Mdm2 allele impedes repopulation of  bronchiolar epithelium after naphthalene 
injury, signifying a crucial role of  MDM2 in lung injury repair. Taken together, the data presented in Fig-

Figure 8. Induction of MDM2 expression in lung alveolar cells from a Dox-inducible SPC promoter increases frequency of DNA-replicating alveolar 
progenitor cells in SPC-tightMDM2 mice after exposure to ionizing radiation. FFPE lung tissue sections or lung tissue extracts from +Dox SPC-rtTA and 
–Dox or +Dox SPC-tightMDM2 mice harvested 3 months after exposure to ionizing radiation and BrdU delivery were analyzed. (A) Representative images 
(magnification, 40×) of immunostained sections show BrdU-incorporating (green nuclear) SPC-expressing (red extranuclear) cells (arrows). (B) Frequency 
of BrdU+ SPC–expressing cells is shown by a dot plot. P values calculated using Student’s t test are indicated. Data for each treatment was collected from 3 
mice, with 10 blind alveolar regions per mice, and plotted as mean ± SD (n = 30). (C) Representative images (magnification, 40×) of immunostained serial 
lung tissue sections show vimentin expression (red) in SPC-expressing cells (red). Arrows indicate similar areas in the serial sections. (D) Representative 
immunoblot analysis to quantify vimentin in lung tissue extracts. Fold increase in vimentin expression was determined by densitometry and is shown at 
the bottom of the immunoblot. Experiment was performed in 3 sets of mice.
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ure 9 show that MDM2 is not only a crucial factor for progenitor cell proliferation, but also enhances this 
function when overexpressed.

Discussion
Although the human oncoprotein MDM2 is frequently overexpressed in human lung cancer, there is no 
animal model to demonstrate its cell proliferative activity in lung. Results presented in this study demon-
strate that MDM2 is required for DNA replication and proliferation of  lung progenitor cells during epithe-
lial regeneration after lung injury. We present data that demonstrate the ability of  MDM2 to induce prolif-
eration of  lung progenitor cells by generating Dox-inducible mouse models that allow controlled elevation 
of  MDM2 expression in either CCSP-expressing cells, which includes CCSP/SPC–dual-positive cells in 
lung bronchiole, or SPC-expressing alveolar epithelial cells, which include ATII cells (Figures 2 and 8 and 

Figure 9. MDM2 is essential for DNA replication and 
proliferation of lung progenitor cells after naphtha-
lene injury. FFPE lung sections of indicated mouse 
constructs were analyzed by immunostaining after 
naphthalene injury and BrdU delivery. (A and C) 
Representative images (magnification, 40×) showing 
BrdU incorporation (red) in CCSP-expressing (green) 
cells in lung bronchioles. (B and D) Dot plot showing 
frequency of BrdU-incorporating CCSP+ cells. Since 
naphthalene-treated p53–/–:Mdm2–/– mice do not survive 
for 72 hours, data for A and B was collected at 48 hours 
of naphthalene treatment. Thirty-eight BrdU/CCSP–
dual-positive cells were identified for p53–/–:Mdm2+/+ 
and none for p53–/–:Mdm2–/– mice in 48 bronchioles from 
3 mice. (E) Representative images (magnification, 40×) 
showing CCSP/SPC-coexpressing (green and red, respec-
tively) progenitor cells (arrows) in lung bronchioles. (F) A 
dot plot showing frequency of CCSP/SPC-coexpressing 
cells in lung bronchioles. Data for each treatment were 
collected from 3 mice, with 16 bronchioles from each 
mouse, and plotted as mean ± SD (n = 48). In all graphs, 
P values calculated using Student’s t test are indicated. 
(G) Representative images (magnification, 10×) showing 
restoration of epithelial layer with CCSP-expressing cells 
in lung bronchioles. (H) Dot plot to demonstrate fraction 
of bronchioles restored. Data for each treatment was 
collected from 3 mice, with 5 bronchioles per mouse, 
and plotted as mean ± SD (n = 15). P value calculated 
using Mann-Whitney-Wilcoxon test is indicated.
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Supplemental Figure 9). Increased MDM2 expression led to initiation of  DNA replication only in lung pro-
genitor cells (Figure 2B, Figure 7B, and Figure 8A) and only in response to naphthalene or radiation injury 
(Figure 2, Figure 7B, Figure 8, Supplemental Figure 2E, Supplemental Figure 8, and Supplemental Figure 
9). The DNA replication event was followed by proliferation, expansion and EMT of  lung progenitor cells, 
and rapid repopulation of  lost epithelial layers (Figures 2 and 6–8). Our investigation to determine the role 
of  endogenous MDM2 in progenitor cell proliferation and epithelial regeneration using p53–/–:Mdm2–/– 
mice revealed that MDM2 is an essential component of  progenitor cell proliferation for epithelial repair 
after lung injury. In addition, we present data to show that loss of  1 Mdm2 allele in p53+/– mice impedes 
proliferative activities of  lung progenitor cells and restoration of  bronchiolar epithelium, implicating that 
MDM2 is a crucial component needed for epithelial restoration after lung injury (Figure 9).

However, MDM2 alone was not sufficient to induce progenitor cell proliferation, which requires an 
injury-induced signaling pathway, as reported in the literature (36, 49). The presented data indicate that, 
although MDM2 overexpression upregulates Cyclin D2 expression and drives Club or alveolar epithelial 
cells to the restriction point of  the cell cycle (Supplemental Figure 2, Supplemental Figure 8, Supplemen-
tal Figure 9B, and Supplemental Figure 11, A and B), it requires injury-induced signaling to motivate the 
cells to replicate DNA. Proliferative activity in adult lungs are mostly detected as a response to injury (24), 
which is known to induce secretion of  growth factors, eliciting the injury signaling pathway, and causing 
progenitor cell proliferation and reepithelialization (36, 49). Our data show that MDM2 is not only essen-
tial for this basal proliferative activity (Figure 9), but it also enhances this function when overexpressed 
(Figure 10). Increased or sustained exposure to growth factors could complement cell proliferative activi-
ties of  MDM2. Arguing for this hypothesis, cooccurrence of  MDM2 and growth factor overexpression in 
human cancers (50–52) has often been reported, signifying their mutual cooperation during tumorigenesis. 
Furthermore, our observations are consistent with earlier reports suggesting resistance of  cancer cells with 
MDM2 overexpression to radiation therapy (1, 4).

We reported earlier that MDM2 induces Akt phosphorylation independently of  p53 (38). Our data 
presented in this communication indicate that this activity of  MDM2 is needed for inducing DNA repli-
cation in lung progenitor cells and reepithelialization of  bronchiolar epithelium. Dox-induced expression 
of  MDM2 activated repair of  lung injury, while inhibition of  MDM2-induced Akt signaling prevented 
proliferation of  lung progenitor cells that endogenously overexpresses MDM2 (Figure 3 and Figure 4). 
These findings are consistent with the reports that Akt activates cyclin-dependent kinases (downstream of  
p53-induced growth arrest) by phosphorylation of  p21 preventing CDK2 or CDK4 inhibition (53). How-
ever, the Akt inhibitor did not ablate basal proliferative activity induced by lung injury (Figure 4, B and 
C), suggesting the presence of  an Akt-independent pathway that complements MDM2-induced DNA rep-
lication in progenitor cells. This observation is consistent with a requirement of  injury-induced signaling 
for progenitor cell proliferation. Our findings suggest that lung injury in individuals expressing more than 
normal levels of  MDM2, either due to gene amplification or snp at the MDM2 promoter, could — in prin-
ciple — activate progenitor cell proliferation and induce EMT. Under such conditions, inhibition of  Akt 
signaling could be clinically important to restrict deregulated progenitor cell proliferation due to MDM2 
overexpression consequent to lung injury.

Since destabilization of  WT p53 by MDM2 may cause deregulated S phase entry, we compared DNA 
replication and reepithelialization after naphthalene injury in lungs of  WT and p53-null mice. Our data 
(Supplemental Figure 3, C–H) did not show any appreciable statistically significant acceleration of  injury 
repair in p53-null mice. These results are consistent with our earlier report that p53-null lung cells show 
deregulated S phase entry but reduced ability to complete genome duplication (54). Thus, p53-depletion 
does not serve as a surrogate for MDM2 in repair of  lung injury. Using a mutant p53 knock-in mouse mod-
el with Dox-inducible MDM2 expression, we show that the ability of  MDM2 to initiate DNA replication 
and progenitor cell proliferation after lung injury does not require the presence of  WT p53, indicating that 
the MDM2-induced acceleration of  reepithelialization is not a result of  release from growth suppression 
by WT p53 due to its destabilization by MDM2 (Figure 7). In addition, we found that MDM2 can induce 
DNA replication in lung progenitor cells after naphthalene injury, while loss of  the MDM2 allele in p53-
null mice abrogates this ability. These data indicate that MDM2 induces DNA replication specifically in 
lung progenitor cells, leading to their expansion to regenerate the lost epithelial layer after lung injury 
independently of  WT p53. This unique property of  MDM2 is essential for epithelial regeneration after lung 
injury, distinct from its ability to prevent WT p53–mediated apoptosis and cell death, which may reduce 
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extent of  injury (18, 55, 56). Our data not only reveal a potentially novel role of  MDM2 in repair of  lung 
injury (Figure 10), but also show a cooperation between the oncoprotein MDM2 and proliferation of  lung 
progenitor cells in the aftermath of  lung injury.

Methods
Animal studies. pCMV tetracycline response element-tightMDM2 (pTRE-TightMDM2) mice were generat-
ed using C57BL/6 mice with the help of  Institutional Transgenics Core. CCSPrtTA mice were a gift from 
Jeffery Whitsett, Cincinnati Children’s Hospital (Cincinnati, Ohio, USA) (31). SPC-rtTA and tetO-Cre 
mice were purchased from the Jackson Laboratory (31, 57). p53 Lox-Stop-Lox R172H (p53 LSL R172H) 
knock-in mice were purchased from NCI Mouse Repository (58). p53+/–:Mdm2+/– mice were a gift from 
Guillermina Lozano, M.D. Anderson Cancer Center, TX (13). pTRE-TightMDM2 mice were crossed with 
CCSPrtTA or SPC-rtTA mice to generate a litter of  mixed genetic background mice and to allow induc-
ible expression of  human MDM2 in Club or the ATII cells of  the mice lung. To direct p53-R172H and 
MDM2 expression to Club cells, LSL R172H mice were crossbred with pTRE-TightMDM2, tetO-Cre, and 
CCSPrtTA mice to produce the desired strain of  mice. Both Cre recombinase and MDM2 expression was 
driven from promoters containing TRE and were activated following expression of  rtTA from CCSP pro-
moter and binding of  rtTA to TRE in the presence of  Dox effector. MDM2 expression and/or p53-R172H 
expression in these mice were induced by feeding them 500 μg/ml Dox in 5% w/v sucrose drinking water. 
Littermate mice on 5% w/v sucrose drinking water (–Dox) and CCSPrtTA or SPC-rtTA only mice on Dox 
(+Dox) were used as controls.

Cell lines. p53+/–:MDM2 transgenic and p53+/– cells were generated by isolating lung cells from respec-
tive mice as described previously (37).

Drug treatments. For inducing injury in Club cells, naphthalene (MilliporeSigma) was dissolved in corn 
oil at 25 mg/ml concentration and administered i.p. at a dosage of  250 mg/kg. Lungs were harvested 
72 hours after injury. For proliferation studies, mice were given i.p. injections of  100 mg/kg BrdU (Mil-
liporeSigma) dissolved in sterile PBS 5 hours before sacrifice. For Akt inhibitor studies, MK-2206 HCl 
(Selleck Chemicals) was dissolved in 30% Captisol (Thermo Fisher Scientific) and administered orally at a 
dose of  120 mg/kg.

Irradiation protocol. CT-based treatment planning and execution used the Small Animal Radiation 
Research Platform (SARRP) from Xstrahl. Animals were anesthetized with 2% isofluorane during CT-scan-
ning and radiotherapy. Three beams were generated after CT, delivering a total dose of  14 Gy to the left 
lobe of  the lung (59). The mice were euthanized, and lungs were harvested 3 months after the irradiation.

IHC and fluorescence. All staining was performed on paraffin embedded sections. Samples were fixed 
in 4% paraformaldehyde for at least 24 hours. Tissue embedding and sectioning was performed by Insti-
tutional Macromolecule Core Laboratory. IHC was performed with the Vectastain ABC Kit (Vector Labs) 
according to manufacturer’s instructions and mounted using Permount solution (Thermo Fisher Scien-
tific). BrdU incorporated sections were stained using BrdU staining kit (Invitrogen) following company’s 
protocol. All counterstaining was performed using Hematoxylin solution (Vector Labs). IHC images were 
created using Labophot-2 microscope, captured using a 1080p HD 6MP microscope camera and processed 
using ISCapture software. Fluorescent stained sections were mounted using ProLong Gold Anitfade with 
DAPI and imaged by confocal microscopy (Zeiss LSM700) at 40× magnification. Average corrected fluo-
rescence was measured using Image J software (NIH) (60).

Antibodies. Antibodies used included MDM2-N20, CCSP-T18, SP-C-FL197, p-GSK3β-FL2 and p53-
FL393 (Santa-Cruz Biotechnology); p-H3 (9701), vimentin (5741), p–β-catenin Ser552 (5615) (Cell Signaling 
Technology); Ki-67 (AB-9260, MilliporeSigma); N-cadherin (PA5-29570, Thermo Fisher Scientific); and NICD 
(ab-8925, Abcam) according to manufacturer’s protocol . For fluorescent immunostaining, BrdU was detected 
by mouse anti-bromodeoxyuridine (347580, Becton Dickinson) primary antibody. All fluorescent staining was 
performed using Alexa Fluor 488–conjugated chicken anti-goat (A21467), Alexa Fluor 594–conjugated donkey 
anti–rabbit IgG (A21207) and, Alexa Fluor 594–conjugated rabbit anti-mouse (A11062) secondary antibodies 
(Invitrogen) and mounted using ProLong Gold anti-fade reagent (P36930, Molecular Probes). Counter staining 
was performed using DAPI (MilliporeSigma).

qPCR. RNA was isolated from lung accessory lobes, and cDNA was synthesized using the Thermo-
script Reverse Transcription-PCR system (Invitrogen). qPCR was carried out using a LightCycler system 
(Roche Diagnostics). Primers (Supplemental Table 1) were designed using OLIGO 5 software (Molecular 
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Biology Insights) and were synthesized by Integrated DNA Technologies. Reactions were performed in 
triplicate utilizing SYBR green dye, which exhibits a higher fluorescence upon binding of  double-stranded 
DNA. The methods have been described previously (54). Reactions were performed in triplicate and repeat-
ed in 3 different sets of  mice.

Genotyping. Primers (Supplemental Table 2) used were as follows: (a) pTREtightMDM2: 5′-CTG TGA 
GTG AGA ACA GGT GTC AC-3′ and 5′-GGC TAT AAT CTT CTG AGT CGA GAG-3′; (b) p53+/–: 
5′-AGC GTG GTG GTA CCT TAT GAG C-3′, 5′-GGA TGG TGG TAT ACT CAG AGC C-3′, and 5′-GCT 
ATC AGG ACA TAG CGT TGG C-3′; and (c) MDM2+/–: 5′-TGT GGC TGG AGC ATG GGT ATT G-3′, 
5′-ATC TGA GAG CTC GTG CCC TTC G-3′, and 5′-GGC GGA AAG AAC CAG CTG GGG C-3′.

Immunoblot analysis and quantification. Immunoblot analysis was performed following standard tech-
niques. Antibodies are described above. Quantitative comparisons were performed using Quantity One 
4.6.2 software (Bio-Rad).

siRNA transfection. siRNA transfection was performed using X-tremeGene siRNA transfection reagent 
(Roche Diagnostics) following manufacturer’s protocol. A combination of  mouse Akt1 siRNA (5′-AAC-
CAGGACCACGAGAAGCUG-3′) and mouse Akt2 siRNA (5′-GAGAGGACCUUCCAUGUAG-3′) 
was used to silence Akt, and siControl (5′-TCTTAATCGCGTATAAGGC-3′) was used as negative control.

Wound healing assay. The assay was performed according to manufacturer’s instructions (Ibidi). Briefly, 3 × 
105 mouse lung cells following siRNA transfection were seeded in the ibidi Culture-Inserts 2 Well. Once the cells 
reached confluency, the insert was removed, and fresh media was added to the plate and incubated at 37°C. At 
8 hours following insert removal, the gap-width of scratch was measured at 3 random fields and compared with 
the initial 0-hour gap size. A line was drawn to indicate the maximum distance traveled by a cell, and then the 
gap-width was measured using ImageJ software (NIH). The experiment was repeated 3 times.

Data availability. Data that support the findings of  this study are available from the corresponding 
author upon request.

Statistics. For BrdU labeling and BASC quantification, total number of  positive cells in 16 different 
bronchioles were calculated per mice. At least 3 different mice were used to calculate significance of  dif-
ferences between sample means using 1-tailed Student’s t test. All results are expressed as mean ± SD. P 
values less than 0.05 were considered statistically significant. Average corrected fluorescence and reepithe-

Figure 10. Proposed pathway for progenitor cell 
proliferation and repair of lung injury by MDM2. 
Consequence of lung injury in the context of MDM2 
overexpression is depicted. MDM2-induced Akt 
phosphorylation accelerates DNA replication and 
proliferation of lung progenitor cells, restoring the 
epithelial layer depleted by injury.
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lialization data was collected from blind images of  5 bronchioles in 3 different sets of  mice. Results were 
plotted using a dot plot, and significance of  differences between sample measurements was determined by 
Mann-Whitney-Wilcoxon test. P values less than 0.05 were considered statistically significant. At least 3 
mice of  each genotype were used for each experiment.

Study approval. All animals used in this study were maintained and assayed in accordance with federal 
guidelines and those established by the Institutional Animal Care and Use Committee.
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