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Abstract: The submandibular salivary glands of non-obese diabetic (NOD) mice, a model for Sjogren’s syndrome and 
type-1 diabetes, show an elevated level of proliferating cell nuclear antigen (PCNA), a protein involved in cell 
proliferation and repair of DNA damage. We reported previously that epigallocatechin-3-gallate (EGCG), the most 
abundant green tea catechin, normalizes the PCNA level. PCNA’s activity can be regulated by the cyclin-dependent 
kinase inhibitor p21, which is also important for epithelial cell differentiation. In turn, expression of p21 and PCNA are 
partially regulated by Rb phosphorylation levels. EGCG was found to modulate p21 expression in epithelial cells, 
suggesting that EGCG-induced p21 could be associated with down-regulation of PCNA in vivo. The current study 
examined the protein levels of p21 and p53 (which can up-regulate p21) in NOD mice fed with either water or EGCG, and 
the effect of EGCG on p21 and p53 in cell line models with either normal or defective Rb. In NOD mice, the p21 level 
was low, and EGCG normalized it. In contrast to HSG cells with functional Rb, negligible expression of p21 in NS-SV-
AC cells that lack Rb was not altered by EGCG treatment. Inhibition of p53 by siRNA demonstrated that p21 and p53 
were induced independently in HSG cells by a physiological concentration range of EGCG, suggesting p53 could be an 
important but not conditional factor associated with p21 expression. In conclusion, PCNA and p21 levels are altered 
inversely in the NOD model for SS and in HSG cells, and warrant further study as candidate new markers for salivary 
dysfunction associated with xerostomia. Induction of p21 by EGCG could provide clinically useful normalization of 
salivary glands by promoting differentiation and reducing PCNA levels. 
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INTRODUCTION 

 The non-obese diabetic (NOD) mouse is a model for type 
I diabetes and Sjogren’s Syndrome (SS), an autoimmune 
disorder characterized by exocrine gland dysfunction. 
Normal salivary glands have at most only a moderate rate of 
cell turnover and replacement [1], but in the NOD mouse the 
submandibular gland displays marked hypertrophy and 
hyperplasia, particular in the granular convoluted tubules, 
and the proportion of cells positive for two proliferation 
markers, proliferating cell nuclear antigen (PCNA) and 
Ki67, was shown to be considerably higher than in normal 
BALB/c (control) mice [2]. Consistent with this, PCNA 
expression has also been reported to be abnormally high in 
patients with Sjogren’s syndrome (SS) [3]. Importantly, 
treatment of NOD mice with 0.2% epigallocatechin-3-gallate 
(EGCG) in their drinking water normalized the proportions 
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of PCNA and Ki67-positive cells and reduced the 
hypertrophy and hyperplasia [2]. 
 The mechanism leading to normalization of PCNA levels 
by EGCG in the submandibular salivary gland of the NOD 
model for SS is not known. The requirement of PCNA for 
DNA repair raises the possibility that in NOD mice, the 
higher proportion of PCNA positive cells reflects, at least in 
part, elevated DNA damage, perhaps due to reactive oxygen 
species (ROS), and subsequent PCNA-dependent repair [2]. 
Thus, one potential explanation for the beneficial effect of 
EGCG is that its antioxidant activity reduces DNA damage, 
with a corresponding reduction in PCNA levels. 
 Alteration of epithelial cell signaling could be an 
alternative, or complementary, mechanism for the beneficial 
effects of EGCG. We, and others, have shown previously 
that EGCG acts (at least in part) through induction of 
alterations in MAPK signaling pathways [4-8]. In cancer 
cells EGCG also induces expression of the cyclin-dependent 
kinase inhibitor p21waf/cip1, and p21 up-regulation by EGCG 
in oral carcinoma OSC2 cells is associated with growth 
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arrest [9, 10]. p21 is a multifunction protein with various and 
complex roles in the regulation of both cell cycle progression 
and cell fate in development and differentiation, as well as in 
the co-ordination of the cellular response to genome damage 
[11]. These roles are not fully understood, but involve 
protein dosage effects and interactions with other proteins 
such as PCNA. The exact function of the p21-PCNA 
interaction is unclear, but may involve, in part, inhibition of 
potentially error-prone trans-lesion DNA synthesis [12]. 
 pRb is a key cell cycle regulatory protein with a role in 
mediating certain functions of p21. In early G1, cyclin 
D/cdk4 and cyclin D/cdk6 complexes form that 
phosphorylate pRb and prime it for subsequent 
phosphorylation by cyclin E/cdk2 complexes. 
Hyperphosphorylation of pRb leads to release of E2F 
transcription factor and subsequent expression of genes 
required for S phase. Assembly of the cyclin D/cdk 
complexes is facilitated by basal levels of p21 (which 
incorporates into the complexes), while the activity of cyclin 
E/cdk2 complexes is inhibited by higher levels of p21 [11, 
13]. 
 Regulation of p21 expression is complex; gene 
transcription involves p53 dependent and independent 
mechanisms, while protein levels are controlled in part by 
proteosome-mediated degradation [11, 14]. The level of p21 
protein is modulated in response to DNA damage, but the 
direction of change is not readily predicted. Transcription of 
the p21 gene is up-regulated in many cells in response to 
DNA damage via p53 activation [15]. Conversely, 
degradation of p21 protein occurs in response to various 
forms of DNA damage that induce different repair pathways, 
such as ROS-induced base excision repair. Interaction with 
PCNA can protect a fraction of p21 protein, but degradation 
is not required for PCNA-dependent recruitment of repair 
proteins to lesions [14]. 
 Given the potential role of p21 in the co-ordination of 
DNA repair and cell cycle arrest, we hypothesized that the 
ROS-induced DNA damage reported in SS could account for 
the elevated PCNA expression in NOD mice, in conjunction 
with alteration in p21 protein levels, and that EGCG 
promotes normalization of both p21 and PCNA levels in 
salivary gland cells. As a first step in testing this hypothesis, 
the expressions of p21 and p53 in the submandibular gland 
of the NOD mouse model was determined. Next, the levels 
of p21 and p53 in human salivary gland cell lines exposed to 
EGCG were assessed. 

MATERIALS AND METHODS 

Chemicals and Antibodies 

 EGCG (>95%) was purchased from Sigma-Aldrich (St. 
Louis, MO). Rabbit anti-human proliferating cell nuclear 
antibody (PCNA) (FL-261), rabbit anti-human/rodent p21 
antibody, rabbit anti-p53 and goat anti-human actin 
polyclonal antibody (I-19) were purchased from Santa Cruz 
Biotechnology, Santa Cruz, CA. Rabbit anti-human Ki-67 
antibody was purchased from Abcam Inc, MA. 
 
 

Animal Samples 

 Archived mouse submandibular salivary gland samples 
were obtained from a study described previously [2]. Briefly, 
after weaning (4 weeks old) groups of NOD mice had access 
to either water or water containing 0.2% EGCG. 
Submandibular glands were harvested at the age of 22 weeks 
old, after autoimmune diseases developed (insulin-dependent 
diabetes and SS-like disorders). The tissues were fixed with 
buffered-formalin and paraffin embedded. Five micron-thick 
(5 µm) serial sections were cut from the paraffin-embedded 
samples. 

Immunohistochemical Analysis 

 Immunohistochemical staining of submandibular gland 
sections was performed using a standard protocol with Histo-
plus Kits (ZYMED Laboratories, CA, USA) according to the 
manufacturer’s directions. Deparaffinized sections were 
immersed in methanol containing 3% hydrogen peroxide for 
20 min to quench endogenous peroxidase activity. The 
sections were incubated with anti-p21 polyclonal antibody 
(diluted 1:100) overnight at 4ºC or were incubated with anti-
p53 polyclonal antibody (diluted 1:1500) for 1 hour at room 
temperature. The sections were then incubated with the 
biotinylated secondary antibody for 10 min and HRP-
streptavidin for 10 min. Peroxidase staining was performed 
for 3~7 min using a solution of DAB chromogen. The 
sections were counterstained with 0.5% methyl green. To 
maintain consistency, slides were batch processed. 
 For quantification, at least 1000 cells were counted, and 
the percentage of cells showing positive nuclear or cytosolic 
staining for PCNA or p53 was calculated. 

Cell Culture and Cell Treatment 

 The human salivary gland adenocarcinoma cell line HSG 
was derived from intercalated duct epithelium [16]. This cell 
line was maintained in DMEM/Ham's F12 medium, with 
10% fetal calf serum, 100 IU/ml penicillin, 100 µg/ml 
streptomycin and 5 µg/ml hydrocortisone at 370C with 5% 
CO2. The immortalized human salivary gland acinar cell line 
(NS-SV-AC) has been described previously [17], and was 
kindly provided by Dr. Masayuki Azuma (Tokushima 
University School of Dentistry, Tokushima, Japan). These 
cells were selected following stable transfection of primary 
human salivary gland acinar cells with origin-defective 
SV40 mutant DNA. Subculture of the NS-SV-AC cells was 
performed by detaching cells in 0.25% trypsin, and 
transferring into new tissue culture flasks. They were 
maintained in keratinocyte growth medium-2 (KGM-2, 
Cambrex, East Rutherford, New Jersey) 
 EGCG was dissolved in cell culture medium as a 50 mM 
stock immediately before use. To test for cytotoxicity and 
the effects on protein levels, cells were treated with EGCG 
for 12, 24 or 36 hrs, followed by MTT cell viability assays 
previously described [18] or Western analysis of protein 
extracts. 
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Transfection of HSG Cells with p53-siRNA-Expressing 
Plasmid 

 A plasmid encoding an siRNA specific for p53 and a 
control plasmid containing scrambled insert 
(GeneSuppressor Systen for knockdown of human p53) were 
purchased from Imgenex Corporation, San Diego, CA. The 
plasmids were amplified according to the manufacturer’s 
instructions. Transfection of plasmid DNA was performed 
using the Lipofectamine 2000 method. 

Western Blot Analysis 

 After cell treatment, cells were washed in ice-cold PBS 
and lysed for 20 min in RIPA buffer containing 1% (v/v) 
Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) 
SDS, 10 µg/ml leupeptin, 3 µg/ml aprotinin and 100 mM 
phenylmethylsulfonyl fluoride (PMSF). Samples of lysates 
containing the same amount of protein were loaded in each 
lane (we used 5-30 µg, depending on the antibody used) and 
electrophoretically separated on a 12% SDS polyacrylamide 
gel. Following electrophoresis, proteins were transferred to a 
PVDF membrane (ImmobilonTM-P, Millipore Corporation, 
Bedford, MA). The membrane was blocked for 1 h with 5% 
(w/v) non-fat dry milk powder in PBST (0.1% Tween-20 in 
PBS) and then incubated for 1 h with primary antibody 
diluted in PBST/milk (Antibodies and dilutions: goat 
polyclonal actin, 1:2000; p53, 1:1000; p21, 1:100). The 
membrane was washed three times with PBST and incubated 
with peroxidase-conjugated, affinity-purified anti-rabbit or 
anti-goat secondary antibodies (Santa Cruz Biotechnology, 
Inc.) for 1 h. Following extensive washing, the reaction was 
developed by enhanced chemiluminescent staining using 
ECL Western blotting detection reagents (Amersham 
Pharmacia Biotech Inc., Piscataway, NJ). Experiments were 
repeated three times with similar results and identical 
patterns. 

MTT (3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium 
Bromide) Cell Viability Assay 

 Cells in each well were washed with 200 µl of 
phosphate-buffered saline (PBS) and incubated with 100 µl 
of 2 %(w/v) MTT in a solution of 0.05 M Tris-HCl (pH 7.6), 
0.5 mM MgCl2, 2.5 mM CoCl2 and 0.25 M disodium 
succinate at 37 ºC for 30 min. Cells were fixed by the 
addition of 100 µl of 4% (v/v) formalin in 0.2 M Tris-HCl 
(pH 7.6), and after a 5 min incubation at room temperature 
liquid was removed and the wells were allowed to dry. Each 
well was rinsed with 200 µl water and cells in each well 
were solubilized by the addition of 100 µl of 6.35 % (v/v) 
0.1 N NaOH in DMSO. The colored formazan product was 
measured by a Thermo MAX micro plate reader (Molecular 
Devices Corp. Sunnyvale, CA) at a wavelength of 562 nm. 

Statistical Analysis 

 All data are reported as mean ± SD. A one-way ANOVA 
with Tukey’s or Dunnett’s post-test, or two-tailed Student's t 
tests, were used to analyze statistical significance, as 
appropriate. Differences were considered statistically 
significant at p<0.05. 

RESULTS 

Immunostaining of p21 in the NOD Mouse 
Submandibular Gland 

 A high proportion of cells in the BALB/c submandibular 
gland stained positive for p21 (79.2+ 4.4%; n=3). Expression 
of p21 was prominent in the acinar cells, with less frequent 
expression in granular convoluted tubule cells, and the 
staining was present mainly in the cytoplasm (Fig. 1, left 
panel). The two groups (water and EGCG fed) of NOD 
mouse samples harvested at 22 weeks of age showed a 
dramatic difference in p21 expression. In comparison to the 
BALB/c mouse gland tissue, tissues from water-fed animals 
had very few cells with p21 staining (0.21+0.16%; 
n=4)(p<0.0001; ANOVA, Tukey’s post-test). In contrast, the 
EGCG-fed group showed a far higher level of p21 in most of 
the epithelial cells (82.1+ 13.9%; n=5), significantly higher 
than the water-fed animals (p<0.0001), but not significantly 
different from the BALB/c control (p=0.9088). EGCG-fed 
NOD mice showed more prominent granular convoluted 
tubule p21 staining than the BALB/c mice (Fig. 1, left 
panel). These results indicated that 22 week old NOD mice 
had lost almost all p21 expression, and EGCG restored p21 
protein to normal control levels in acinar cells. 

Immunostaining of p53 in the NOD Mouse 
Submandibular Gland 

 Immunohistochemistry was used to determine if EGCG-
induction of p21 in NOD mouse submandibular glands was 
associated with p53 up-regulation (Fig. 1, right panel). 
Unlike p21, only a minority of cells in BALB/c control mice 
(17.6+2.3%) was positive for p53 staining, and primarily in 
the granular convoluted tubule cells. Significantly fewer 
cells in glands from water-fed NOD mice were positive 
(7.75+1.89%, p<0.0001, ANOVA). However EGCG-water-
fed NOD mice were also significantly lower (8.84 +1.57, 
p<0.0001), and were not significantly different from water-
fed NOD mice (p>>0.05). These results indicated that 22 
week old NOD mice expressed a significantly lower level of 
p53 in comparison to BALB/c mice, but unlike p21, EGCG 
had no effect on p53 levels. Therefore, the dominant salivary 
gland cell types expressing p21 and p53 were different and 
no direct relationship was observed between p21 and p53 
levels and the effect of EGCG. 

Effect of EGCG on Cell Viability 

 We have shown previously that EGCG up to 50 µM has 
no significant effect on the viability of NS-SV-AC cells [4, 
17]. To assess whether treatment with EGCG in the 
physiological range resulted in cytotoxicity of HSG cells, 
they were incubated with doses of EGCG up to 50 µM for 24 
h, followed by cell viability assay. The results shown in Fig. 
(2A, B) indicated that there was no significant decrease in 
cell viability in comparison to the untreated control when 
these cells were treated with EGCG up to 25 µM (p>>0.05; 
ANOVA, Dunnett’s post-test), but HSG cells showed 
modest cytotoxicity (93.0% control viability; p=0.0009) at a 
50 µM dose. 
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Fig. (1). Quantitative analysis on immunostained submandibular gland samples of 22 week old water or EGCG-treated NOD mice, and 22 
week old BALB/c mice. Left panel: representative examples of p21 protein expression in submandibular glands of BALB/c mice, EGCG-
treated NOD mice, and water-treated NOD mice. Right panel: representative examples of p53 protein expression in the submandibular 
glands of BALB/c mice, EGCG-treated NOD mice, and water-treated NOD mice. Statistical analysis of p21 (lower left) and p53 (lower 
right)-positive cells were based on the number of positively stained cells (brown colored) among 1000 cells counted. * Significant difference 
in comparison to other groups (ANOVA, Tukey’s post-test, p<0.05). 
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Fig. (2). Cell viability assay (MTT Assay) results of NS-SV-AC 
cells and HSG cells treated with EGCG at indicated concentrations 
for 24 h. A. Optical absorption at 562 nm on HSG cells based on 
triplicate samples. Significant difference was found at 50 µM 
EGCG treated cells (ANOVA, Dunnett’s post-test, p<0.05). B. 
Optical absorption at 562 nm on NS-SV-AC cells based on 
triplicate samples. No significant difference among the samples 
(ANOVA, Dunnett’s post-test, p>0.05). 

Western Analysis of Expression of p21 and p53 in HSG 
Cells Following EGCG Treatment 

 To further examine the effect of EGCG on p21 
expression, HSG cells treated with different concentrations 
of EGCG at 12, 24 and 36 h were analyzed for p21 protein 
levels (Fig. 3A, B). At each time, highly significant 
differences in the level of p21 at different doses were seen 
(ANOVA, p<0.0001). With one small exception, the pattern 
of differences between doses was identical at each time, and 
for a given dose, no significant differences were seen 
between times in the level of p21 expression (ANOVA, 
p=0.088 to 0.65). That is, between 12 and 36 hrs, there was 
little effect of time of exposure to a given EGCG dose on the 
level of p21 expression. Therefore, only the results for 24 hr 
will be described in detail. 
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Fig. (3). Western analysis of p53 and p21 protein expression in 
HSG cells treated with EGCG at indicated concentrations and time 
points. A. Representative photograph of Western blot showing 
protein bands of p21 and p53 in HSG cells treated with EGCG for 
24 h. β-actin was used as a loading control. B. Density of p21 
proteins bands. Values were normalized to the blot actin band 
density, and then normalized to the mean 12 hr untreated value. 
Thus, the normalized mean 12 hr untreated value is 1.0. Bar graph 
shows the mean of three independent experiments. * Significant 
difference observed in comparison to control cells without EGCG 
treatment (ANOVA, p<0.05). C. Density of p53 proteins bands 
relative to actin band density. Values were normalized as for p21. 
Bar graph is based on three independent experiments. * Significant 
difference in comparison to control cells without EGCG treatment 
(ANOVA, p<0.05). 
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 As shown in Fig. (3A, B), at 24 hrs 10 and 25 µM EGCG 
induced p21 protein 1.74 fold (p=0.0006) and 2.14-fold 
(p<0.0001) respectively relative to untreated control. The 
fold difference between these doses was also significant 
(p=0.023) at 24 hrs, but not at 12 or 36 hrs. In contrast, 
between 12 and 36 hrs p21 remained at control levels at 50 
µM EGCG (p>0.05). Therefore, in HSG cells EGCG 
displays an optimum dose of between 10 and 25 µM for p21 
induction, with a peak induction of about 2-fold, but the 
effect is independent of time of exposure between 12 and 36 
hrs. 
 Western blot analysis was used to determine whether the 
level of p53 protein, an up-stream regulator of p21, is 
modulated by EGCG in HSG cells. As shown in Fig. (3A, 
C), p53 protein showed a response profile parallel to that 
seen for p21 in these cells: there was a highly significant 
dose effect at all three times (p=<0.0001 to 0.0004, 
ANOVA). For a given dose, there was no significant 
difference in the level of p53 at each of the three times 
(p>0.05); there was a maximum induction at an optimum 
dose of 10-25 µM EGCG, and no significant induction at 50 
µM EGCG (p>>0.05). At 24 hrs, 10 and 25 µM EGCG 
induced p53 protein 1.28 fold (p=0.009) and 1.53-fold 
(p=0.0001) respectively relative to untreated control. The 
fold difference between these doses was also significant 
(p=0.017) at 24 hrs, but not at 12 or 36 hrs. Therefore, as for 
p21, EGCG displays an optimum dose of between 10 and 25 
µM for p53 induction in HSG cells, with a peak induction of 
about 1.5-fold, but the effect is independent of time of 
exposure between 12 and 36 hrs. 
 These observations are consistent with a role for p53 in 
the EGCG-mediated induction of p21, but could also have 
resulted from a common EGCG modulated pathway 
governing both proteins with similar kinetics, and with no 
direct influence of p53 on p21 protein levels. 

Expression of p21 and p53 Following EGCG Treatment 
in HSG Cells Expressing p53-siRNA 

 To determine whether p53 is required for EGCG 
regulation of p21 expression, the p53 siRNA expression 
vector specific for p53 mRNA and a control vector were 
transfected into HSG cells, followed by 10 µM EGCG 
treatment and Western analysis (Fig. 4A, B). At the lower 
siRNA doses (0.1 and 0.2µg), 10µM EGCG induced p53 
1.7-fold relative to untreated control (p<0.0001), not 
significantly different (p>>0.05) from the 1.6-fold increase 
with EGCG treatment alone, consistent with no inhibition at 
this dose of siRNA. However, at 0.5 and 1.0µg siRNA, the 
p53 protein level was reduced 1.80 and 5.31-fold 
respectively relative to non-siRNA-treated control 
(p<0.0001). In contrast, the control siRNA vector had no 
effect on p53 protein levels following EGCG treatment 
(ANOVA, p>>0.05). 

Role of pRb in EGCG Modulation of p21 and PCNA 
Protein Levels 

 To examine the role of Rb in the effects of EGCG on p21 
expression in salivary gland cells, NS-SV-AC cells (with an 
inactivated Rb) were treated with EGCG for 24 h. As shown  
 

(A) 
 

 

 

 

 

 
 

(B) 
 

 

 

 

 

 

 

 

 

 

 

 
 

(C) 
 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. (4). Western analysis of p53 and p21 protein expression in 
HSG cells treated with 10 µM EGCG and transfected with siRNA 
against p53, or empty vector, at indicated concentrations. A. 
Representative photograph of Western blot showing protein bands. 
B. Density of p53 proteins bands relative to actin band density. Bar 
graph shows the mean of three independent experiments. * 
Significant difference observed in comparison to negative control 
cells (Lane 1) without EGCG treatment or transfection (ANOVA, 
Dunnett’s post-test, p<0.05). C. Density of p21 proteins bands 
relative to actin band density. Bar graph is based on three 
independent experiments. * Significant difference observed in 
comparison to negative control cells (Lane 1) without EGCG 
treatment or transfection (ANOVA, Dunnett’s post-test, p<0.05). 
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 As shown in Fig. (4A, C), there was no significant effect 
of any dose of the p53 siRNA on the induction of p21 
expression by EGCG. In this experiment (n=3), the mean 
induction at all four doses was 1.66-fold, significantly 
greater than the control (p<0.0002), but with no significant 
difference between the four p53 siRNA doses (p>>0.05), or 
to the EGCG control (1.509-fold; p>>0.05). The control 
vector had no effect on p21 expression (ANOVA, p>0.05). 
These results indicated that EGCG induction of p21 is not 
dependent on induction of p53. 
in Fig. (5A, C), NS-SV-AC cells showed negligible p21 
protein expression at EGCG concentrations between 0-25 
µM in comparison to HSG cells, and EGCG failed to induce 
p21 expression. This suggested Rb is required for p21 
expression in these cells, and EGCG cannot induce p21 in 
the absence of Rb activity. 
 The relationship between levels of pRb, p21 and PCNA 
proteins in salivary gland cells, and the effects of EGCG, 
was investigated by Western blot analysis. Consistent with 
observations in the NOD mouse model, treatment of HSG 
cells with 25µM EGCG caused a significant 1.62-fold 
decrease in the PCNA level (n=3; p=0.010; ANOVA, 
Tukey’s post-test). In contrast to the effect on p21 and p53 
expression, treatment with 10µM EGCG had no significant 
effect on PCNA (p>>0.05). The ratio of p21:PCNA was 
significantly higher (3.70-fold) at a dose of 25µM EGCG 
than the control (p=0.012). Although 2.32-fold higher at a 
dose of 10µM EGCG, the difference was not significant 
(p>0.05). In contrast, in Rb-inactivated NS-SV-AC cells, 10 
µM EGCG induced a 1.89-fold increase in PCNA level 
(p=0.004), while 25 µM EGCG had no significant effect 
(p>0.05, Fig. 5A, B). This indicated that in an Rb-active, p21 
positive cell line, 25 µM EGCG can induce a decrease in 
PCNA levels in parallel with a reciprocal increase in p21 
levels. However, at 10 µM EGCG, although there is a similar 
increase in p21, PCNA levels are unchanged, suggesting 
inverse levels of these two proteins are not linked directly. 
The induction of PCNA by 10 µM, but not 25 µM EGCG in 
an Rb-inactive, p21-negative cell line is also consistent with 
separate pathways mediating EGCG modulation of p21 and 
PCNA levels. 

DISCUSSION 

 We reported previously that by 22 weeks of age (after the 
onset of autoimmune disease), PCNA nuclear staining in the 
submandibular glands of water-fed NOD mice was more 
than 13-fold higher than in the EGCG-fed group [2]. In 
comparison, BALB/c mice at 22 weeks of age showed 
PCNA expression similar to the EGCG-fed group 
(approximately 1%). That is, in water-fed NOD mice, there 
is a dramatic rise in PCNA-positive cells by 22 weeks of age, 
and EGCG considerably reduces this rise and maintains 
levels comparable to normal control mice [2]. The current 
study found, for the first time, that p21 is down-regulated in 
22 week old NOD mice that had SS-like symptoms, and this 
down-regulation was normalized in EGCG-fed NOD mice at 
the same age (Fig. 1). Thus, the level of p21-positive cells in 
water-fed NOD mice is near zero, but in EGCG-fed NOD 
mice rises to match the high level (about 79%) seen in 
BALB/c control mice. The results presented here, combined  
 

(A) 

 

 

 

 

 

 

 

 

(B) 

 

 

 

 

 

 

 

 

 

 

 

 

 (C) 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Western analysis of PCNA and p21 protein expression in 
HSG cells and NS-SV-AC cells treated with EGCG at indicated 
concentrations for 24 h. A. Representative photograph of Western 
blot showing protein bands. B. Density of PCNA proteins bands 
relative to actin band density. Bar graph is based on three 
independent experiments. * Significant difference in HSG cells. ** 
Significant difference in NS-SV-AC cells (ANOVA, Tukey’s post-
test, p<0.05). C. Density of p21 proteins bands relative to actin 
band density. Bar graph is based on three independent experiments. 
** Significant difference in comparison to control HSG cells 
(ANOVA, Tukey’s post-test, p<0.05). ** Significant difference 
between NS-SV-AC cells and HSG cells (ANOVA, Tukey’s post-
test, p<0.05). 
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with our previously reported PCNA data [2], are consistent 
with inversely related expression of PCNA and p21 in NOD 
mice during autoimmune disease progression, and 
normalization of this pattern to the control BALB/c levels by 
EGCG. 
 This reciprocal relationship in response to EGCG was 
recapitulated in the HSG ductal cell-derived cell line, albeit 
with a non-linear dose-response pattern; at 25 µM EGCG, 
p21 was increased >2-fold, and PCNA levels were reduced 
1.62-fold. This dose is in the physiological concentration 
range (0-25 µM) for EGCG. Concentrations higher than this 
failed to modulate the protein levels (Fig. 3), suggesting that 
EGCG concentrations in vivo higher than the physiological 
range may not provide beneficial effects. 
 Consistent with these observations, EGCG was shown 
previously to significantly induce the expression of p21 in 
the oral squamous cell carcinoma cell line OSC2 [10]. The 
induction of p21 was associated with cell growth arrest, and 
siRNA suppression of p21 resulted in accelerated cell growth 
in OSC2 cells. Similarly, in epidermal growth factor (EGF) 
stimulated MCF10A mammary epithelial cells, EGCG 
significantly up-regulated the expression of p21, resulted in 
decreased cyclin D1-associated pRB kinase activity, 
decreased pRB phosphorylation, impaired progression 
through the late G1 restriction point, and diminished entry 
into the S phase of the cell cycle [19]. 
 We observed significant amounts of p21 immunostaining 
in the cytoplasm of the acinar cells of normal mice. p21 is 
also involved in regulation of apoptosis and autophagy (a 
caspase-independent form of programmed cell death 
involving intracellular membrane-bounded autophagosomes 
that sequester proteins and organelles for breakdown). 
Interaction of p21 with the apoptosis effector precursor 
procaspase 3 blocks activation; conversely, caspase 3 cleaves 
p21 and removes a nuclear localization signal, leading to 
cytoplasmic localization and loss of growth arrest activity 
[11]. p21 inhibits pro-apoptotic signaling through the 
apoptosis signal regulating kinase 1 (ASK1) and the stress 
activated JNK pathways [20]. Low levels of p21 direct the 
cell to autophagy [15, 21]. The altered levels of p21 protein 
in NOD mice could therefore reflect alterations in apoptotic 
and other signaling pathways. 
 The level of p21 protein produced in response to DNA 
damage is not readily predicted. For example, in human lens 
epithelial cells (immortalized with SV40 large T antigen), as 
well as lens explants, treatment with non-cytotoxic levels of 
hydrogen peroxide induces an increase in p21 protein levels 
via ERK/JNK activation and cell cycle arrest [22], while in 
human fibroblasts, low levels of hydrogen peroxide can 
induce p21 degradation [14]. Transcription of the p21 gene is 
up-regulated in many cells in response to DNA damage via 
p53 activation [15]. Increased p21 would lead to cell cycle 
arrest in G1 (by both cdk inhibition and by transcriptional 
repression of cell cycle regulatory genes), and to protection 
from apoptosis [11]. Conversely, degradation of p21 protein 
occurs in response to various forms of DNA damage that 
induce different repair pathways, such as ROS-induced base 
excision repair. UV-induced DNA damage will also induce 
degradation in a wide variety of cells. The degradation 
appears to be related to the extent of damage [13]. Thus, low 
levels of p21 in NOD mice could reflect elevated cellular 

ROS modulation of signaling pathways, ROS-induced DNA 
damage, or both. 
 Other reports have demonstrated that in various tumor 
cell lines EGCG induced p53, causing cell growth arrest and 
apoptosis, typically in parallel with an induction of p21 [19, 
24-27]. It was suggested that EGCG-induced p21 expression 
is p53 dependent, and p21 serves as a check-point for growth 
arrest [24, 27]. This p21-induced growth arrest could be 
protective, by allowing time for DNA repair, but p21 itself 
can also induce apoptosis, leading to cell-type dependent 
outcomes [24-26]. However, we show here that in HSG 
cells, although p53 is induced in parallel with p21 by EGCG, 
p21 induction is not dependent on p53 expression (Fig. 4), as 
demonstrated by retained induction of p21 despite down-
regulation of p53 protein expression by siRNA. Consistent 
with this in vitro result, EGCG-induction of p21 and down-
regulation of PCNA in NOD mouse submandibular glands is 
not coupled with induction of p53 expression, at least in 
terms of the proportion of expressing cells, which is lower 
than the proportion of p21-positive cells; also, p53 positive 
cells are primarily ductal, not acinar type cells (Fig. 1). The 
level of p53 expression within positive cells in NOD 
submandibular glands was not quantified, but could have 
been increased by EGCG treatment. A previous report 
suggested that co-localization of p53 and p21 in salivary 
ductal cells could provide a defensive mechanism and time 
for DNA repair while preventing apoptosis. In contrast, low 
p53/p21 expression in acinar cells, as observed in SS and the 
NOD model, could lead to acinar cell destruction [28]. 
 p21 keeps Rb in a hypophosphorylated state, which could 
be essential for the maintenance of a differentiation state for 
epithelial cells [29]. The relationship between p21 and 
retinoblastoma (Rb) proteins is cell type-dependent. In 
epithelial cells, there is a positive transcriptional relationship 
between Rb and p21 [31]. In this study, inactivation of Rb by 
SV40 T antigen suppressed the expression of p21 in NS-SV-
AC cells, while salivary gland-derived HSG cells, with 
functional Rb, express a considerable amount of p21 (Fig. 5). 
In contrast to HSG cells, NS-SV-AC cells showed increased 
levels of PCNA when the cells were exposed to 10 µM 
EGCG for 24 h (Fig. 5). This observation could be due to the 
combination of a lack of Rb function with the absence of 
p21, which normally serves as an inhibitor of PCNA 
function, but is degraded when translesional DNA synthesis 
is triggered by UV or oxidative agents [30, 31]. Importantly, 
at these concentrations (up to 25 µM), EGCG did not affect 
cell viability in HSG or NS-SV-AC cells in 24 h (Fig. 2). 
 Our previously obtained data from NOD mice indicates 
that PCNA up-regulation is associated with salivary 
dysfunction. Therefore, this PCNA elevation could serve as a 
biomarker for salivary dysfunction if it is confirmed in 
patients with this condition. Similarly, the inverse expression 
of p21 and PCNA observed in the current in vivo study 
represents an abnormal status in the salivary gland epithelial 
cells; and EGCG-induced p21 expression could be key to the 
normalization of intracellular signals, involving p53, p21 and 
PCNA. Combining measurement of p21 with PCNA could 
provide a useful tool to evaluate the clinical status of salivary 
glands. Expression of p21 has been reported to be sensitive 
to H2O2 levels; H2O2 at 5-50 µM, within a 30 min time 
period, causes proteasomal degradation of p21 [31]. Indeed, 
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treatment of HSG cells with lower levels of H2O2 dose-
dependently reduced the expression of p21 protein, without 
inducing PCNA (data not shown). Therefore, it is possible 
that the low levels of p21 in the submandibular glands of 
NOD mice are associated with an abnormally high level of 
H2O2, and warrants further exploration. 
 In conclusion, collective data from NOD mice 
demonstrate that there is an inverse relationship between p21 
and PCNA expression in the salivary gland associated with 
SS-like autoimmune diseases, and EGCG at physiological 
doses can normalize the levels of p21 and PCNA. This 
suggests determination of the levels of p21 and PCNA in 
exocrine glands could be useful diagnostically, and that 
EGCG might serve as an agent to ameliorate exocrine gland 
autoimmune disorders. Further testing in humans studies will 
be required to examine these possibilities. While p53 serves 
as a regulator of DNA repair and the p21/PCNA complex, 
EGCG has little effect on p53 levels in vivo, and although 
EGCG is able to induce p53 expression in HSG cells, this 
induction of p53 is not required for p21 induction. Taken 
together, the effects of EGCG on the regulation of 
p21/PCNA are dependent on pRb status and environment (in 
vivo vs in vitro), indicating complex interactions that warrant 
further study. 
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