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Abstract 

Numb was originally discovered as an intrinsic cell fate determinant in Drosophila by antago-
nizing Notch signaling. The present study is to characterize the role of Numb in oxidative 
stress-induced apoptosis of renal proximal tubular cells. Exposure of NRK52E cells to 
puromycin aminonucleoside (PA) resulted in caspase 3-dependent apoptosis. Numb expres-
sion was downregulated by PA in a time- and dose-dependent manner. Knocking down en-
dogenous Numb by siRNA sensitized NRK52E cells to PA-induced apoptosis, whereas 
overexpressing Numb protected NRK52E cells from PA-induced apoptosis. Moreover, PA 
activated Notch signaling in a time- and dose-dependent manner as indicated by increased 
expression of the intracellular domain of Notch and Hes-1. Notch signaling inhibitor DAPT 
significantly attenuated Numb siRNA-augmented apoptosis. On the other hand, overex-
pression of intracellular domain of Notch1 could reverse the protective effect of Numb on 
PA-induced apoptosis. Taken together, our data demonstrated that, in renal proximal tubular 
cells, Numb functions as a protective molecule on PA-induced apoptosis through antagonizing 
Notch signaling activity. 
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Introduction 

Acute kidney injury (AKI) is a common renal 
disease with a prevalence of 10 to 30% in patients in 
critical care units. Despite technological advances in 
renal replacement therapy, the high mortality of pa-
tients with AKI has not changed in the past decades 
and remains >50% [1]. AKI induces injury in the cor-
tical proximal tubules and a more severe, generally 
lethal injury in the outer medullary proximal tubules 
[2]. Apoptotic cell death has been documented in 
humans and in experimental animal models of AKI. 

Inhibition of apoptotic cell death is shown to amelio-
rate the injury and inflammation [2, 3]. Increased ex-
pression of lethal cytokines and receptors (FasL, Fas) 
[4, 5], aberrant expression of apoptotic regulators 
(Bcl2, Bcl-xL, Bax) [4, 6], and caspase activation have 
been implicated in apoptotic cell death in AKI [7]. 
Recent studies demonstrated that the generation of 
reactive oxygen species (ROS) plays an important role 
in this process [8, 9]. These free radicals can attack a 
wide variety of cellular components including DNA, 
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and proteins and thereby enhancing the destruction of 
the cell structure and loss of cell function [10]. ROS 
also increase the production of proinflammatory cy-
tokines that can further accelerate apoptotic signaling 
and cellular damage [11].  

Numb was originally discovered as an intrinsic 
cell fate determinant in Drosophila, whereby asym-
metric segregation of Numb during mitosis results in 
daughter cells acquiring different fates [12]. Genetic 
evidence in Drosophila indicates that Numb influence 
cell fate by negatively regulating the Notch signaling 
pathway [13-15]. Numb contains two protein–protein 
interaction domains: a phosphotyrosine- binding 
(PTB) domain and a proline-rich region (PRR), the 
latter of which functions as an SH3-binding domain 
[15, 16]. Whereas only one form of Numb has been 
identified in Drosophila, mammals produce four 
isoforms of Numb that differ in the length of their PTB 
(lacking or containing an 11 amino acid insert) and 
PRR (lacking or containing a 48 amino acid insert) 
domains [17, 18]. It has been demonstrated that, in 
PC12 cells, short PTB domain Numb isoforms sensi-
tize cells to Nerve Growth Factor deprivation-induced 
apoptosis involves elevations in oxyradical produc-
tion [19]. In breast cancer, Numb behaves as a tumor 
suppressor by preventing p53 degradation [20]. Taken 
together, these studies suggest a role of Numb on 
apoptosis. The aim of the present study was to ex-
amine the role of Numb in the regulation of renal 
proximal tubular cell (RPTC) apoptosis induced by 
oxidative stress and the underlying pathway. 

Materials and Methods 

Reagents and Antibodies 

Normal rat kidney epithelial (NRK52E) cells 
were purchased from American Type Culture Collec-
tion (Manassas, VA); Dulbecco's modified Eagle's 
medium (DMEM), fetal bovine serum (FBS) and tryp-
sin/EDTA solution were purchased from Invitrogen 
(Carlsbad, CA); Antibodies against Numb and 
cleaved caspase-3 were purchased from Cell Signaling 
(Danvers, MA); Antibodies against Notch-1, Hes-1 
and p53 were purchased from Santa Cruz Biotech-

nology Inc (Santa Cruz, CA). -secretase inhibitor 
DAPT was purchased from Calbiochem (San Diego, 
CA). GAPDH antibody, Annexin V-FITC Apoptosis 
Detection Kit and puromycin aminonucleoside were 
from Sigma-Aldrich (St. Louis, MO).  

Plasmid and Virus construct 

pCDNA-NICD plasmid was a gift from Dr. Jane 
McGlade (University of Toronto, Canada). E1 and E3 
regions deficient serotype 5 recombinant adenovirus 
vector that tagged with hemagglutinin sequence and 

contained a cytomegalovirus (CMV) promoter driving 
mouse cDNA fragment encoding Numb 
(pAd-HA-Numb) was constructed and generated by 
SinoGenoMax Co. Ltd (www.sinogenomax.com/en/, 
Beijing, China). The Ad-CMV-HA was used as con-
trol. 

siRNA Transfection 

Oligonucleotide siRNA duplex was synthesized 
by Shanghai Gene Pharma (Shanghai, China). The 
sequence of Numb siRNA was: 
5’-GGACCTCATAGTTGA CCAG-3’. The transfection 
of siRNA in NRK52E cells was carried out with 
Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s instruction. 

Cell culture and treatment 

NRK52E cells were grown in DMEM medium 
supplemented with 10% FBS at 37°C in a humidified 
5% CO2 incubator. To overexpress Numb, 70% con-
fluent NRK52E cells were infected with adenovirus at 
a multiplicity of infection (MOI) of 100 viral particles 
per cell in DMEM medium supplemented with 2% 
FBS and allowed to grow 24 h at 37°C in a humidified 
5% CO2 incubator. 

To examine the effect of γ-secretase inhibitor 
DAPT on PA induced apoptosis, NRK52E cells in-
fected with pAd-HA-Numb were pre-incubated with 
10 μmol/L DAPT for 15 minutes before PA treatment. 
The same amount of DMSO was used as vehicle con-
trol. 

Flow cytometric analysis 

Cells under various experimental conditions 
were first harvested with EDTA-free trypsin, and 
washed twice with PBS. After centrifugation, cells 
were double-stained with Annexin V-FITC and PI 
using Annexin V-FITC Apoptosis Detection Kit ac-
cording to the manufacturer’s instruction and ana-
lyzed by Cytomics FC 500 Flow Cytometer (Beckman 
Coulter, Fullerton, CA) and CellQuestTM (BD Bio-
sciences) software. Cells positive for Annexin V but 
negative for PI were considered to be apoptotic cells. 

Western Blot Analysis 

Harvested cells were homogenized in lysis buff-
er (50 mmol/L Hepes pH 7.5, 150 mmol/L NaCl, 10% 
glycerol, 1% Triton X-100, 1.5 mmol/L MgCl2, 1 
mmol/L EGTA, 10 mmol/L NaF, 10 mmol/L 
Na4P2O7, 1 mmol/L Na3VO5, 1 mmol/L phenylme-
thylsulfonyl fluoride, 10μg/ml leupeptin and 
20μg/ml aprotinin) with the protease inhibitor com-
plete (Roche, Mannheim, Germany). Protein was 
quantified by the Bradford assay (Bio-Rad, Hercules, 
CA), equal amount of protein were separated on 
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SDS-polyacrylamide gels, and transferred onto nitro-
cellulose membranes (Amersham Biosciences, Pisca-
taway, NJ). After blocking in 5% skim milk for 1 h at 
room temperature, membranes were incubated with 
indicated primary antibody at 4°C overnight followed 
by horseradish peroxidaseconjugated second anti-
body and detected by chemiluminescence (Amersham 
Biosciences, Piscataway, NJ). Quantification of the 
Western blot data were performed by measuring the 
intensity of the hybridization signals using the Image 
analysis program (Fluor-ChemTM 8900, Alpha In-
otech). 

Statistical Analyses 

The data are expressed as means ± SD. Statistical 
analysis was performed with standard statistical 
software (SPSS for Windows, version 13.0). Compar-
isons between two groups were performed using the 
Student's t test while comparisons involving more 
than two groups were performed by one-way 
ANOVA. A P<0.05 was considered as statistically 
significant. 

Results 

PA induced RPTC apoptosis in a caspa-

se-3-dependent manner   

To understand the mechanism of RPTC apopto-
sis induced by oxidative stress, we treated NRK52E 
cells with various amount of PA for 24 h. FACS was 
performed to measure apoptosis and Annexin V+ PI- 

cells were detected as apoptotic cells. PA induced 
RPTC apoptosis in a dose-dependent manner. As 
shown in Figure 1A, there was 8-fold increase in 

apoptotic cell number after exposure to 150g/ml of 
PA for 24 h compared with control cells (1.8% of con-
trol cells were detected as apoptotic cells, whereas, 
4.13%, 10.2% and 15.2% of cells were detected as 

apoptotic cells after 50g/ml, 100g/ml and 

150g/ml PA treatment, respectively). 
Caspase-3 is an active cell death protease in-

volved in both the extrinsic and intrinsic pathway of 
apoptosis. To determine whether PA activates caspa-
se-3, we examined the protein level of cleaved caspa-
se-3 in the NRK52E cells after PA treatment. As 
shown in Figure 1B-C, the level of cleaved caspase-3 

was significant increased after 50g/ml PA treatment 
compared to control cells. 

 

 

Figure 1. PA induces RPTC apoptosis in a caspase-3 de-

pendent manner. NRK52E cells were treated with indicated 

amount of PA for 24 h, and apoptosis was analyzed as de-

scribed in the Methods section. (A) Quantitative analysis of 

cell apoptosis by flow cytometry. The percentage of 

apoptotic cells was identified with Annexin V+PI-. (B) 

Western blot analysis of cleaved caspase-3 expression in 

response to PA treatment. (C) Graphic representation of 

relative abundance of cleaved caspase-3 normalized to 

GAPDH. Each graph represents results from at least three 

independent experiments, and each data represents mean ± 

SD from three independent experiments. *P<0.05 versus 

control without PA treatment. 
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PA downregulated Numb expression in a time- 
and dose-dependent manner 

In order to explore the role of Numb in 
PA-induced RPTC apoptosis, we first examined the 
expression of Numb in response to PA treatment. As 
shown in Figure 2A-B, Numb expression began to 
decrease 12 h after PA treatment and almost com-
pletely eliminated 24 h after the treatment. To further 
investigate whether PA-induced Numb downregula-
tion in NRK52E cells was dose-dependent, we treated 
NRK52E cells with incremental concentrations of PA 
from 50 to 150 µg/ml for 24 h. Western blot analysis 
revealed that the protein level of Numb decreased 
progressively with increased concentrations of PA. At 

100 µg/ml of PA, Numb was decreased to approxi-
mately 40% of that in control cells (Figure 2C-D).  

Previous study has demonstrated that Numb 
could inhibit p53 degradation and thus maintains 
normal apoptotic cycles of mammary epithelial cells 
[20]. We therefore examined p53 protein level in 
NRK52E cells after PA treatment. PA treatment re-
sulted in a time- and dose-dependent downregulation 
of p53 expression, which is associated with the 
downregulation of Numb (Figure 2). Taken together, 
the cumulative data in both figure 1 and 2 indicated 
that PA-induced RPTC apoptosis was independent of 
p53 pathway. 

 

 

Figure 2. PA decreased Numb and p53 expression in NRK52E cells in a time- and dose-dependent manner. (A) NRK52E 

cells were treated with 150 µg/ml of PA for the indicated time period. Numb and p53 protein level was analyzed by Western 

blot. GAPDH was used to verify equivalent loading. (B) Graphic representation of relative abundance of Numb or p53 

normalized to GAPDH. (C) NRK52E cells were treated with indicated amount of PA for 24 h. Numb and p53 protein level 

was analyzed by Western blot. GAPDH was used to verify equivalent loading. (D) Graphic representation of relative 

abundance of Numb or p53 normalized to GAPDH. Each graph represents results from at least three independent ex-

periments, Data are given as means ± SD from three independent experiments. *P<0.05 versus control without PA 

treatment. 

 
 



Int. J. Biol. Sci. 2011, 7 

 

 

http://www.biolsci.org 

273 

Numb protects NRK52E cells from PA-induced 
apoptosis 

To determine whether PA-induced downregula-
tion of Numb is involved in the induction of apopto-
sis, we knocked down endogenous Numb using 
siRNA prior to administrating PA. Downregulation of 

endogenous Numb by siRNA was demonstrated by 
western blot (Figure 3A). FACS showed that exposure 

of scramble siRNA transfected cells to 100g/ml of 
PA resulted in a 3-fold increase in apoptosis com-
pared to that of scramble siRNA transfected cells 
without PA treatment (Figure 3D). 

 

 

Figure 3. Knockdown endogenous Numb expression by siRNA promotes PA-induced NRK52E apoptosis. (A) The de-

creased protein level of Numb by siRNA was demonstrated by Western blot. (B) NRK52E cells were transfected with 

Numb siRNA or scramble siRNA 24 h before PA treatment (100 g/ml for 24 h). Western blot was performed to analyze 

the expression of Numb, p53, Hes-1 and cleaved caspase-3. GAPDH was used to verify equivalent loading. (C) Graphic 

representation of relative abundance of p53 and cleaved caspase-3 normalized to GAPDH. Each graph represents results 

from at least three independent experiments, and each data represents mean ± SD from three independent experiments. 

(D) Quantitative analysis of cell apoptosis by flow cytometry. The percentage of apoptotic cells was identified with Annexin 

V+PI-. Data are given as mean ± SD from three independent experiments, *P<0.05 versus scramble siRNA transfected cells. 
#P<0.05 versus PA treated scramble siRNA transfected cells. 
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Numb siRNA transfection conferred a further 
30% increase in PA-induced apoptosis compared to 
scramble siRNA transfected cells (Figure 3D). A sig-
nificant increase of cleaved caspase-3 by 
Numb-siRNA was detected by Western blot (Figure 
3B, 3C). In addition, Western blot analysis revealed 
that the protein level of p53 was reduced in Numb 
siRNA transfected cells compared with scramble 
siRNA transfected cells (Figure 3B, 3C). The expres-
sion of Hes-1, the downstream target gene of Notch 
signaling, was increased in Numb siRNA transfected 
cells. 

 

We further confirmed the effect of Numb on 
PA-induced cell apoptosis by infecting NRK52E cells 
with adenovirus encoding HA-tagged Numb 
(pAd-HA-Numb). As shown in Figure 4, Numb 
overexpression provided marked protection from 
PA-induced caspase-3 activation and cell apoptosis. 
Consistent with the result of Figure 3, Numb overex-
pression led to a remarkable increase of p53 protein 
expression and a dramatic decrease of Hes-1 expres-
sion compared to control cells (Figure 4A). Taken to-
gether, these data demonstrated that Numb functions 
as a survival molecule in PA-induced RPTC apopto-
sis. 

 

Figure 4. Overexpression of Numb attenuates PA-induced RPTC apoptosis. (A) The protein level of Numb in 

pAd-HA-Numb or empty vector infected cells was analyzed by Western blot. (B) NRK52E cells were infected with 

pAd-HA-Numb or empty vector 24 h before PA treatment (100 g/ml for 24 h). Western blot was performed to analyze the 

expression of Numb, p53, Hes-1 and cleaved caspase-3. GAPDH was used to verify equivalent loading. (C) Graphic rep-

resentation of relative abundance of cleaved caspase-3 and p53 normalized to GAPDH. (D) Quantitative analysis of 

apoptotic NRK52E cells by flow cytometry. Each graph represents results from at least three independent experiments, and 

each data represents mean ± SD from three independent experiments. *P<0.05 versus control without PA treatment. 
#P<0.05 versus PA treated empty vector infected cells. 
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Numb protects RPTC from PA-induced apopto-
sis by inhibiting Notch signaling activity 

Numb was originally identified as an intrinsic 
cell fate determinant in Drosophila by antagonizing 
Notch signaling activity. Therefore, we hypothesized 
that the effect of Numb on PA-induced RPTC apop-
tosis might be mediated by Notch signaling. To ad-

dress this issue, we first examine the effect of PA on 
the expression of the intracellular domain of Notch 1 
(NICD) and Hes-1, the downstream target gene of 
Notch signaling. As shown in Figure 5, PA treatment 
significantly increased the NICD and Hes-1 in a time- 
and dose-dependent manner, suggesting that PA 
could activate Notch signaling.  

 
 
 

 

Figure 5. PA treatment resulted in enhanced Notch 

activity in a time- and dose-dependent manner. (A) 

NRK52E cells were treated with indicated amount of 

PA for 24 h. The protein level of NICD and Hes-1 was 

analyzed by Western blot. GAPDH was used to verify 

equivalent loading. (B) Graphic representation of 

relative abundance of NICD or Hes-1 normalized to 

GAPDH. (C) NRK52E cells were treated with 100 

µg/ml of PA for the indicated time period. NICD and 

Hes-1 protein level was analyzed by Western blot. 

GAPDH was used to verify equivalent loading. (D) 

Graphic representation of relative abundance of 

NICD or Hes-1 normalized to GAPDH. Each graph 

represents results from at least three independent 

experiments, Data are given as means ± SD from 

three independent experiments. *P<0.05 versus 

control without PA treatment. 
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We further inhibited Notch signaling pathway 
using γ-secretase inhibitor DAPT in Numb-siRNA 
transfected cells. The efficiency of DAPT on inhibiting 
Notch signaling was demonstrated by decreased 
protein level of Hes-1(Figure 6A). As shown in Figure 
6A-C, DAPT treatment led to 40% decrease of 
Numb-siRNA-augmented apoptosis compared to 
vehicle control. We next examined whether activation 
of Notch signaling could reverse the protective effects 
of Numb overexpression on PA-induced apoptosis. 

To address this issue, we overexpressed NICD by 
transfecting pCDNA-NICD before pAd-HA-Numb 
infection. As shown in Fig. 6D-F, NICD overexpres-
sion resulted in enhanced expression of Hes-1 and 
20% increase of apoptosis after PA treatment com-
pared to vector control cells. Taken together, these 
data provided evidence that Numb protects RPTC 
from PA-induced apoptosis through inhibiting Notch 
signaling activity. 

 

Figure 6. The role of Numb on PA-induced RPTC apoptosis is by antagonizing Notch signaling. (A) NRK52E cells were 

incubated with Notch signaling inhibitor DAPT or vehicle control (DMSO) 24 h after Numb siRNA transfection, and then 

NRK52E cells were treated with 100 g/ml of PA for 24 h. Western blot analysis of the protein expression of NICD, Hes-1 

and cleaved caspase-3. GAPDH was used to verify equivalent loading. (B) Graphic representation of relative abundance of 

cleaved caspase-3 normalized to GAPDH. (C) Quantitative analysis of apoptotic NRK52E cells by flow cytometry. Data are 

given as mean ± SD from three independent experiments, *P<0.05 versus DMSO treated cells. (D) NRK52E cells were 

transfected with pCDNA-NICD or empty vector 24 h after pAd-HA-Numb infection, and then NRK52E cells were treated 

with 100 g/ml of PA for 24 h. Western blot analysis of the protein expression of NICD, Hes-1 and cleaved caspase-3. 

GAPDH was used to verify equivalent loading. (E) Graphic representation of relative abundance of cleaved caspase-3 

normalized to GAPDH. (F) Quantitative analysis of apoptotic NRK52E cells by flow cytometry. Data are given as mean ± SD 

from three independent experiments. *P<0.05 versus vector transfected cells. 
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Discussion  

Many studies have shown that cell injury in-
duced by PA was solely mediated by oxidative stress 
[21, 22]. Suzuki showed that PA induced overproduc-
tion of ROS and apoptosis of podocytes, in vitro, us-
ing podocyte sieving from glomeruli [23]. Moreover, 
Sanwal et al demonstrated that the administration of 
ROS scavengers such as SOD and DMTU could sup-
press apoptosis induced by PA [24]. Consistently, Oba 
et al demonstrated that the administration of antiox-
idants could ameliorate PA-induced apoptosis [25]. 
To investigate the mechanism underlying oxidative 
stress induced apoptosis, we first investigated Numb 
expression in response to PA treatment and demon-
strated that exposure of RPTC to PA downregulated 
Numb expression in a time- and dose-dependent 
manner. Reduction of Numb expression with siRNA 
potentiated PA-induced apoptotic cell death. Con-
versely, overexpression of Numb attenuated 
PA-induced apoptosis. Taken together, we character-
ized a novel function of Numb as a survival factor in 
RPTC and its upregulation protects RPTC from 
apoptosis caused by oxidative stress. 

Caspase-3 is an effector caspase that is involved 
in many forms of apoptosis [26]. However, caspase-3 
is still dispensable for certain forms of apoptosis [27]. 
Previous studies have shown that PA caused caspa-
se-3 activation in podocyte apoptosis [23]. Consistent 
with previous study, our results showed that PA in-
creased the activity of caspase-3, suggesting that 
PA-induced apoptosis in RPTC is caspase-3 depend-
ent.  

Previous study has shown that Numb could 
prevent p53 degradation in human mammary cells 
and thus promotes cell apoptosis [20]. In line with 
previous study, the protein level of p53 in Numb 
siRNA transfected RPTC was dramatically decreased, 
whereas, overexpression of Numb led to a significant 
increase of p53 expression. However, increased p53 
did not prevent Numb-augmented RPTC apoptosis 
induced by PA, and vice versa. These data suggest 
that the role of Numb in PA-induced RPTC apoptosis 
is p53 independent, which is different from that in 
mammary epithelial cells. In addition, we noticed that 
the protein level of p53 in RPTC was decreased fol-
lowing PA exposure, which is different from that of 
PA-induced podocyte apoptosis. The different effect 
of PA on apoptosis might be due to the tissue-specific 
expression of Numb since we were not able to detect 
Numb expression in podocyte, whereas, Numb was 
abundant in proximal tubules (data not shown).  

Numb was originally identified as an intrinsic 

cell fate determinant in Drosophila by antagonizing 
Notch signaling [13-15]. In mammals, it has been 
demonstrated that Numb interacts with Notch 
through its NICD domain and domain and promotes 
NICD ubiquitination and degradation [28, 29]. Given 
the critical role of Notch signaling in modulating the 
balance between cell proliferation, differentiation, and 
apoptosis that affect the development and function of 
many organs [30, 31], we hypothesized that Numb 
regulates PA-induced RPTC apoptosis through regu-
lating the activity of Notch signaling. To address this 
issue, we first treated RPTC with Notch signaling in-
hibitor γ-secretase inhibitor-DAPT prior 
Numb-siRNA transfection and found that DAPT 
could reverse Numb-siRNA augmented RPTC apop-
tosis induced by PA. On the other hand, the protective 
effect of Numb overexpression on PA-induced apop-
tosis in RPTC was inhibited by NICD overexpression. 
These results indicated that Numb modulates oxida-
tive stress-induced RPTC apoptosis through antago-
nizing Notch signaling activity. It has become in-
creasingly clear that the biological function of Notch 
signaling is highly context-dependent. In human 
acute T-lymphoblastic leukemia and lymphomas, 
dysfunction of intracellular Notch prevents differen-
tiation and predisposes undifferentiated cells to ma-
lignant transformation [32]. Conversely, constitutive 
activation of Notch signaling leads to profound 
growth arrest in small cell lung cancer cells, prostate 
cancer cells and keratinocytes [33-35]. Our data is 
consistent with previous findings that active Notch 
signaling promotes cell apoptosis. 

In summary, in the present study, we demon-
strated that PA induced RPTC apoptosis in a caspa-
se-3 dependent manner. Knocking down endogenous 
Numb promoted PA-induced apoptosis, whereas, 
overexpressing Numb attenuated PA-induced apop-
tosis. Our study, for the first time, provides evidence 
that Numb has a protective effect on oxida-
tive-induced apoptosis of RPTC and the effect of 
Numb on PA-induced apoptosis is through antago-
nizing Notch signaling activity. There is a growing 
body of evidence that oxidative stress plays a critical 
role not only in AKI but also in the progression to end 
stage renal failure. Accumulating evidence have 
demonstrated that hypertension, dyslipidaemia, dia-
betes, and obesity cause renal failure through over-
production of oxidative stress. Vasoactive substances 
such as angiotensin II and aldosterone also produce 
oxidative stress, resulting in renal damage [25]. 
Therefore, this study provides a new insight for the 
pathophysiology of renal failure. 
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