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Abstract 
Aim: To elucidate the anti-apoptotic properties of nuclear factor kappa light-chain-enhancer of ac-
tivated B cells (NF-κB) and feedback regulation of NF-κB by nuclear factor of kappa light-chain-en- 
hancer of activated B-cells inhibitor alpha (IκBα). Methods: We developed an in vitro model of 
Sjogren’s syndrome by transfecting human salivary gland (HSG) and acinar cells (NS-SV-AC) with a 
plasmid-encoding IκBαM (pCMV-IκBαM), a degradation-resistant IκBα (nuclear factor of kappa 
light polypeptide gene enhancer in B-cells inhibitor, alpha)-mutant, and examined TNF-induced 
apoptosis and anti-apoptotic properties of NF-κB. Apoptosis and induction of pro-apoptotic and 
anti-apoptotic genes were investigated by cDNA arrays, RT-PCR, electrophoretic mobility shift as-
says, and western blot. Results: In the presence of NF-κB inhibitors, TNF-induced apoptosis was 
markedly increased in both salivary gland and acinar cells. Increased caspase-3 activity was 
present in both HSG and NS-SV-AC cells. IκBαM-transfected salivary gland cells were more sensi-
tive to TNF-induced apoptosis than IκBαM-transfected acinar cells. Transcription of pro-apoptotic 
genes was confirmed in both HSG and NS-SV-AC cells that were transfected with IκBαM. Results 
from caspase-3 activity assay confirmed previous experiments showing an apoptotic role for 
NF-κB. Conclusion: Data from gene expression arrays suggest that different mechanisms may op-
erate during TNF-induced apoptosis in salivary gland ductal and acinar cells. 

 

 

*Corresponding author. 

http://www.scirp.org/journal/ojra
http://dx.doi.org/10.4236/ojra.2014.43025
http://dx.doi.org/10.4236/ojra.2014.43025
http://www.scirp.org/
mailto:frankmdy@gmail.com
mailto:Syed.Jamal@rockhurst.edu
mailto:Luis.TorresRomero@tmcmed.org
mailto:moltenia@umkc.edu
mailto:ashnyra@kcumb.edu
mailto:mcarthurc@umkc.edu
http://creativecommons.org/licenses/by/4.0/


Y. Wang et al. 
 

 
179 

Keywords 
Acinar, Ductal, Cytokines, Salivary Glands, Sjogren’s Syndrome, Tumor Necrosis Factor-Alpha 

 
 

1. Introduction 
Sjogren’s Syndrome (SS) is an autoimmune disease that involves inflammation of salivary glands, lacrimal 
glands, and other tissues of the body [1]. Apoptosis of salivary gland tissue is a hallmark of the disease. There 
are two forms of SS: primary SS occurs in the absence of another autoimmune disorder; secondary SS occurs in 
conjunction with another autoimmune disorder such as lupus or rheumatoid arthritis. According to the latest fig-
ures published by the Sjogren’s syndrome Foundation, 4 million people worldwide have primary SS. Symptoms 
of SS are seen primarily in women between the ages of 45 to 55: symptoms include dry mouth, dry eyes, itchi-
ness and burning sensation in the eyes, dysphagia, and the presence of auto-antibodies against the salivary 
glands as well as anti-bodies against nuclear antigens [2]. Although the pathogenesis of SS is poorly understood, 
both genetic and infectious factors have been implicated [3]. Both cell-mediated and humoral responses accom-
panied by pro-inflammatory cytokines, such as TNF-alpha, IL-1, IL-6, IL-8, IL 17, IL-23, and the recently dis-
covered IL-34, transcription factors such as NF-κB and STAT3, caspases and other proteins that mediate pro-
grammed cell death have been implicated in the pathogenesis of SS [4] [5]. Symptoms result from tissue de-
struction but the mechanism of destruction, generally agreed to be induced by cytokines, is poorly understood. 

Numerous studies suggest that cytokine-mediated apoptosis of epithelial cells within the salivary gland is in-
volved [6]. Furthermore, salivary gland cells from patients with SS exhibit greater expression of Fas receptor 
(CD95), a death domain-containing member of the TNF receptor superfamily, which mediates apoptosis trig-
gered by Fas ligand (FasL)-expressing lymphocytes [7]. Apoptosis in salivary tissue can be induced in vitro by 
Tumor Necrosis Factor (TNF): TNF, previously known as TNF-α, is a pleiotrophic cytokine produced by im-
mune cells in response to infection, environmental challenges and/or other danger signals [8]-[10]. As an early 
pro-inflammatory cytokine, TNF stimulates production of various cytokines, chemokines, coagulation factors, 
and other inflammatory mediators, and up-regulates the expression of adhesion molecules [11]. More impor-
tantly, TNF binds to TNF receptor 1 (TNFR1) and triggers a caspase-dependent apoptosis in target cells that can 
be prevented by a concurrent activation of NF-κB [12]. Tumor necrosis factor is increased in the peripheral 
blood and in the parenchyma of salivary glands in patients with SS, providing support for the hypothesis that 
cytokines mediate apoptosis [12]. 

Understanding the regulation of apoptosis involving the salivary glands is important in the development of 
new therapies for SS. Nuclear Transcription Factor Kappa B (NF-κB) is a transcription factor that regulates the 
expression of inflammatory genes in response to a wide range of stimuli such as stress, cytokines, and bacterial 
or viral antigens. NF-κB plays a key role in regulating the immune response to infection [12]. However, aberrant 
induction or dysregulation of NF-κB has been linked to cancer, chronic inflammatory and autoimmune diseases, 
septic shock, viral infection and improper immune development [13]-[16]. NF-κB belongs to the category of 
“rapid-acting” primary transcription factors because it preexists in cytoplasm in a latent form that can be 
promptly activated without de novo protein synthesis [12]-[14]. The activity of NF-κB is regulated by an inhibi-
tor of nuclear transcription factor NF-κB, known as IκBα [14]. Activation of the classical NF-κB signaling 
pathway by TNF results in rapid phosphorylation and dissociation of IκBα from the complex with NF-κB, which 
culminates in IκBα degradation by a cytosolic proteasome [14] [15]. This allows nuclear translocation of p50/ 
p65 heterodimers and transcriptional induction of various genes including anti-apoptotic genes [14]-[16]. In 
most patients with SS, there is a defect in the proteasomal low-molecular weight protein subunit (LMP2), a pro-
tein that is mandatory for the activation and subsequent translocation of NF-κB, followed by the transcription of 
survival genes in activated T cells [17]. These observations led to the formulation of our hypothesis that inhibi-
tion of NF-κB signaling would lead to enhanced rates of apoptosis in immortalized human salivary gland ductal 
(HSG) and acinar cells (NS-SV-AC).  

We tested the above hypothesis by developing an in vitro model of SS comprised of Human Salivary Gland 
(HSG) ductal cells and human acinar cells (NS-SV-AC). TNF-dependent apoptosis and anti-apoptotic properties 
of NF-κB were examined in HSG and NS-SV-AC salivary cells both in the absence and presence of NF-κB in-
hibitors. In addition, TNF-induced apoptosis was studied in HSG and NS-SV-AC cells transfected with a 
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pCMV-IκBαM plasmid-encoding IκBαM, a degradation-resistant IκBα (nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor, alpha)-mutant. Apoptosis and transcriptional induction of genes encoding 
pro-and anti-apoptotic proteins were quantified by using a caspase-3 activity assay, cDNA arrays, and semi- 
quantitative RT-PCR, respectively. The findings of our study support an important role for NF-κB signaling in 
the apoptosis of salivary gland cells in SS. Evidence in this model suggests that inhibition of NF-κB signaling 
sensitizes ductal cells to a greater degree of TNF-induced apoptosis as compared to the induction of apoptosis in 
acinar cells. Findings suggest targets for SS and other autoimmune diseases. 

2. Materials and Methods 
2.1. Approval 
This study was approved by the Ethics Committee of the University of Missouri-Kansas City. 

2.2. Reagents 
Cell-permeable proteosome inhibitors PSI (N-carboben-zoxy-L-isoleucyl-L-glutamyl (O-tert-Butyl)-L-alanyl- 
L-leucinal) and MG132 were purchased from Calbiochem (San Diego, CA) and used as nonspecific NF-κB in-
hibitors. CAPE (Caffeic Acid Phenethyl Ester, an inhibitor of P65 nuclear binding), NF-κB SN50  
(AAVALLPAVLLALLAPVQRKRQKLMP, a cell-permeable peptide inhibitor of NF-κB nuclear translocation) 
and Capsaicin (8-Methyl-N-Vanilly-6-Nonenamide, an NF-κB inhibitor) were purchased from Calbiochem (San 
Diego, CA). Cycloheximide was purchased from Sigma (St. Louis, MO). Recombinant human TNF was pur-
chased from R&D system Inc. (Minneapolis, MN). The HSG cell line was a gift from Dr. Hinda Klienman at the 
National Institute of Dental and Craniofacial Research. HSG cells were expanded and sub-cultured at passage 26. 
NS-SV-AC cells were a gift from Professor M Sato at Tokushima University, Japan. Industrial grade carbon dio-
xide was supplied by Airgas (Kansas City). Buffers were made from reagent grade chemicals (Sigma Chemical 
Company, St Louis, MO). 

2.3. Plasmids and Transfection 
HSG (human salivary gland ductal) and human salivary gland acinar (NS-SV-AC) cells were transfected with 
IκBαM vector (Figure 1(a)) using a Lipofectin® Reagent and the manufacturer’s protocol from Invitrogen (Car- 
lsbad, CA). The cDNA plasmid encodes a super-repressor IκBαM, a mutant form of IκBα with a serine-to-ala- 
nine mutation at residues 32 and 36. This mutation prevents phosphorylation and subsequent degradation of 
IκBα in proteosomes—an outcome that leads to the retention of NF-κB in a latent form outside of the nucleus. 
Clones with stable expression of IκBαM were selected using media containing 10% FBS and 500 μg/ml of Ge-
neticin (G418) and were confirmed by Western blot.  

2.4. Cells 
Two well-characterized cell lines, HSG (salivary gland ductal) and NS-SV-AC (salivary gland acinar), were 
used. Cells were grown in Dulbecco’s minimal essential medium (DMEM) supplemented with 10% fetal calf 
serum (FBS) and penicillin (100 μ/ml) and streptomycin (100 μg/ml). Cell cultures were maintained in a humi-
dified atmosphere of 95% air and 5% CO2 at 37˚C. HSG and NS-SV-AC cells were transfected as follows. To 
induce transfection, lipofection, reagent Pfx-4 (Invitrogen, CA) was combined with the cells and plasmid, mixed 
and incubated at 37˚C for 8 hours. Clones with IκBαM were selected by media containing 10% FBS and 500 
μg/ml of geneticin (G418). Positions within IκBαM clones were confirmed by Western blot. HSG and NS-SV- 
AC cells were transfected with a pCMV-IκBαM plasmid encoding IκBαM, a mutant degradation-resistant form 
of IκBα, and then subcloned into IκBαM(+) cell lines. 

2.5. Transfection of IκBαM into HSG and NS-SV-AC Cells in Vitro and Analysis  
of IκBαM Protein Expression 

The objective was to observe the effects of inhibition of NF-κB on apoptosis. The insertion of the 110 kd IκBαM 
was confirmed in each cell line following transfection using western blot prior to analyzing the effect of the re-
pressor on TNF-induced apoptosis. 



Y. Wang et al. 
 

 
181 

 
(a)                                   (b)                                  (c) 

Figure 1. Analysis of expression and activity of IκBαM protein in HSG and NS-SV-AC cells stably transfected with an 
IκBαM plasmid. (a) The diagram shows the IκBαM plasmid used for cell transfection; (b) The IκB and IκBαM proteins in 
salivary gland cells were analyzed by Western blotting. Fifty micrograms of the whole cell extracts were subjected to SDS- 
PAGE, transferred into a Hybond-P membrane, and then probed with anti-I B antibody as described. Lane 1 and 2 show the 
I B protein levels in resting and TNF-challenged I BαM(−) salivary gland cells, respectively. Lane 3 and 4 show the ex- 
pression of both IκB and IκBαM proteins in resting and TNF-stimulated IκBαM(+) cells; (c) Electrophoretic mobility shift 
assay of NF-κB-DNA binding in nuclear extracts prepared from IκBαM(−) and IκBαM(+) cells. Lane 1 shows probe alone 
(negative control). Lanes 2 and 4 show the NF-κB binding activity in TNF-stimulated IκBαM(−) and HSG and NS-SV-AC 
cells, respectively. Lanes 3 and 5 show markedly reduced NF-κB activation in TNF-stimulated IκBαM(+) HSG and 
NS-SV-AV cells, respectively. Specific (NF-κB) and nonspecific (*) complexes are indicated.                               

 
A well-established Electrophoretic Mobility Shift Assay (EMSA) was used to confirm that the molecular 

weight changed with NF-κB activity following transfection. 

2.6. Caspase-3 Activity Assay 

Since the apoptotic pathway is activated by TNF ultimately activating pro-caspase-3 to caspase-3, an assay for 
caspase-3 activity is utilized to determine apoptotic activity. Cell apoptosis was measured using a commercial 
caspase-3 activity assay according to the manufacturer’s instructions (Oncogene Research Products, San Diego, 
CA). After cells were incubated into a 96-well plate with extraction buffer at 4˚C for 30 min, assay buffer was 
added to all the cells. Caspase-3 fluorescent substrate conjugate was added, incubated 1 hour at 37˚C, and the 
plate read using a fluorescent plate reader (ELX800, Bio-Tek Instrument, Inc. VT) capable of measuring excita-
tion at 400 mm and emission at 505 mm. The data were expressed as the relative fluorescent unit (RFU) after 
subtraction of the relative signal produced by the appropriate buffer controls. 

2.7. Nuclear and Cytosolic Extract Preparation 

Cells were seeded into 150-mm plastic flasks and treated with TNF-α after 24 hours. Nuclear and cytosolic ex-
tracts were obtained as described by the manufacturer of NE-PER Nuclear and Cytoplasmic Extraction Reagents 
I & II (CER I-CER II, Pierce, Rockford, IL). In brief, cells were washed twice with ice-cold PBS before suspen-
sion in 400 μl of ice-cold CER I buffer for 10 min. CER II buffer was added and the lysates vortexed before 
centrifugation using a microcentrifuge. The supernatants of this centrifugation were designated as cytosolic ex-
tract. Each nuclear pellet was resuspended in 100 μl of Nuclear Extraction Reagent (NER) buffer and placed on 
ice for 40 min. Protein concentration was determined by the Bradford method (Bio-Rad Lab, Inc, Hercules, CA). 
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2.8. Western Immunoblotting 
Sample cytosolic extracts were mixed with 50 μl Gel loading buffer (pH 6.8). Then samples were incubated at 
100˚C for 5 min then were separated by electrophoresis on 10% SDS-PAGE gels with running buffer (25 mM 
Tris, 19.2 mM glycerin, 0.1% SDS, pH 8.3). After 1 hour SDS-PAGE running, samples were transferred to a 
Hybond-P membrane (Amersham Pharmacia Biotech Inc., Piscataway, NJ) with Tris/glycine buffer (20% me-
thanol). After protein samples was transferred to the membrane, membranes were blocked with 5% (w/v) 
skimmed milk powder in TBS (20 mM Tris, 500 mM NaCl, pH 7.5), then were probed with a primary monoc-
lonal anti-IκB antibody (Chemicon International, Inc., Temecula, CA) (1:1000) diluted in TTBS (0.05% Tween). 
Following washing with TTBS, bound antibodies were detected using a peroxidase-conjugated anti-mouse IgG 
(Pierce, Rockford, IL). After further extensive washing with TTBS, peroxidase reactivity was detected using 
chemiluminescence (Pierce, Rockford, IL). Densitometric analysis of blots was performed with a GS-250 mo-
lecular imaging system (Bio-Rad, Hercules, CA). 

2.9. RNA Preparation, Reverse Transcription and Microarray Analysis 
Total RNA was extracted by RNAqueous-Midi total RNA Isolation system (Ambion, CA) as described by the 
manufacturer. Total RNA (0.5 ug) was treated with P solution (deoxyribonuclease I) and preincubated at 37˚C 
for 10 min followed by reverse transcription for 30 min at 37˚C using the Ampolabeling-LPR kit, (SuperArray, 
MA). 

cDNA array mRNA expression was evaluated using selectively targeted gene microarrays focusing on genes 
known to be involved in human apoptosis. This specific Human Apoptosis GEArray S series (SuperArray Inc., 
Bethesda, MD) contains 67 genes known to be involved in the mechanism of apoptosis. Detailed information 
about the cDNA array including the description of gene probes, experiment protocol, and data analysis software 
can be obtained at the supplier’s website (www.superarray.com). 

2.10. Transcription 
0.5 ug of total RNA was reverse-transcribed into cDNA with Ampolabeling-LPR kit in presence of P32 dCTP 
(Perkin Elmer, Boston, MA). Labeled cDNA samples were then hybridized overnight to human extracellular 
matrix and adhesion molecule gene-specific probes that were spotted onto the commercially available GEArray 
membranes. After the membranes were washed, they were scanned to produce raw data that was analyzed by 
OptiQuant Acquisition Analysis Program. The signals from the expression of each gene on the array were nor-
malized to the signal derived from an internal GAPDH standard on the same membrane and expressed as a per-
centage expression of GAPDH, using the following formula: 

( ) ( )mRNA relative expression gene signal background signal GAPDH signal background signal 100%= − − ×  

2.11. Labeling of Oligonucleotides and Electrophoretic Mobility Shift Assay (EMSA) 
The probe for NF-κB consists of NF-κB-specific double stranded oligonucleotide having a sequence  
5’-AGTTGAGGGGACTTTCCCAGGC-3’ containing the κB binding site. Oligonucleotides were end-labeled 
with (γ-32 P) ATP using polynucleotide kinase (Ambion, Austin, TX ) and unincorporated (γ-32 P) ATP was re-
moved by Sephadex G25-packed spin columns (Ambion, Austin, TX). EMSA was carried out as follows: 1.0 μg 
of nuclear extract was mixed with the labeled probe in a 20 μl volume of buffer (10 mM Hepes, pH 7.9, 50 mM 
KCL, 0.2 mM EDTA, 2.5 mM DTT, 10% glycerol, and 0.05% Nonidet P-40). The specificity of the complex in 
response to dexamethasone treatment was analyzed by incubation with an excess of unlabeled competitor oli-
gonucleotide (100-fold molar excess of label probe). Samples were run on 7.5% non-denaturing polyacrylamide 
gel dried at 80˚C for 2 hours and exposed in a GS-250 molecular imaging system (Bio-Rad, Hercules, CA). Im-
ages were analyzed using Molecular Analyst computer program (Bio-Rad, Hercules, CA). 

2.12. Statistical Analysis 
We assessed differences between samples using a T-test. A p-value less than 0.05 was taken as statistically sig-
nificant.  

http://www.superarray.com/
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3. Results 
We have observed increased susceptibility of human salivary gland cells to TNF-induced apoptosis in the pres-
ence of NF-κB inhibitors and in the presence of degradation resistant IκB mutant (Figure 2 and Figure 3). To 
complement the results of the microarray analysis, the EMSA was used to study NF-κB activity in HSG and  

 

   
(a)                                                      (b) 

Figure 2. NF-κB inhibitors enhance TNF-α-induced apoptosis. HSG and NS-SV-AC cells were treated for 12 hr with 
either (a) No inhibitor, (b) PSI (N-carboben-zoxy-L-isoleucyl-L-glutamyl (O-tert-Butyl)-L-alanyl-L-leucinal) (1µg/ml) 
(c) CAPE (Caffeic Acid Phenethyl Ester) (10 µg/ml) (d) MG132 (1 μM) (e) Capsaicin, (8-Methyl-N-Vanillyl-6- 
Nonenamide) (5 µg/ml) and (f) Cell-Permeable inhibitor peptide (20 μM, 12 hours). Pretreated cells were then incubated 
in the absence or presence of TNF for 4 h and apoptosis induced was evaluated by measuring caspase-3 activity in cell 
lysates. The activity is expressed in relative fluorescence units (RFU). (a) HSG cells were more vulnerable to apoptosis 
in the presence of all NF-κB inhibitors except cell-permeable peptide inhibitor (p < 0.05). (b) Acinar cells showed lower 
differences in apoptotic rates as reflected by caspase-3 induction. statistically significant differences were observed in 
the presence of all inhibitors of NF-κB (p < 0.05).                                                          

 

 
Figure 3. Selective augmentation of TNF-induced apoptosis in IκBαM(+) HSG cells. Apop- 
tosis in IκBαM(−) cells and IκBαM(+) cells was quantified by measuring caspase-3 activity in 
cell lysates. The caspase-3 activity is expressed in relative fluorescence units (RFU) after 
subtraction of the background controls produced by reactions where no cell lysates were added. 
Top panel shows that in IκBαM-transfected human salivary gland cells, apoptosis was 
significantly greater in the presence of TNF-α (p << 0.05). Lower panel shows that acinar cells 
were more resistant to TNF-α-induced apoptosis even when transfected with IκBαM.                    
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NS-SV-AC cells (Figure 1(c)) which had been stimulated with TNF. These results showed a decrease in NF-κB 
activity as predicted from the gene microarray data. NF-κB suppression differentially regulates apoptosis-related 
genes in ductal and acinar cells. In both IκBαM-HSG and NS-SV-AC cells, TNF induced a transient decrease in 
IκB protein within 20 - 30 min of stimulation (data not shown) which was restored upon a 24-hr treatment due to 
NF-κB dependent transactivation of IκB gene and de novo synthesis of IκB protein (Figure 1(c), lane 2). In 
TNF-treated IκBαM+ cells, however, depleted IκB protein was not restored (Figure 1(c), lane 4) suggesting 
IκBαM inhibited nuclear translocation of NF-κB which prevented transactivation of IκB gene and synthesis of 
IκB protein. These findings were further corroborated by the results of EMSA. Figure 1(c) shows that TNF in-
duced a band shift in wild type (IκBαM−) ductal and acinar cells which indicates a classical activation and nuc-
lear translocation of NF-κB (Figure 1(c), lanes 2 and 4). In contrast, activation and nuclear translocation of 
NF-κB was prevented in HSG and NS-SV-AC cells expressing a mutant IκBαM+ protein (Figure 1(c), lanes 3 
and 5). 

Oκur cDNA array experiments were designed to elucidate regulatory mechanisms underlying the dichotomy 
in resistance of HSG and NS-SV-AC cells to TNF-α-induced apoptosis upon inhibition of NF-κB signaling 
pathway. We expected acinar cells to be more sensitive to apoptosis since they are the component markedly de-
stroyed in vivo leaving a few ducts remaining amidst fibrotic scar tissue. Caspase-8 is considered the canonical 
initiator of death receptor mediated apoptosis, an apoptotic pathway studied in these experiments [17]. Upon 
TNF (TNFSF1A) binding to a death receptor (TNFRSF) expressed at the surface of target cell, a complex be-
tween cytoplasmic domain of TNFRSF and Fas-associated protein with death domain (FADD) is formed that 
recruits and activates caspase-8 (Figure 4). Targeted profiling of pro- and anti-apoptotic genes in HSG and NS- 
SV-AC cells was performed by using a pathway-specific cDNA gene array (GE Array Q series, Human apopto-
sis gene array). The cDNA array allowed simultaneous measurements of mRNAs of 97 genes related to apopto-
sis. In IκBαM+ HSG cells challenged with TNF, the expression of 47 genes was up-regulated by more than 
twofold as compared to mRNA levels in wild type HSG cells stimulated with TNF. The ratio of up-regulated (n 
= 35) to down-regulated (n = 12) genes was approximate. Similarly, 48 apoptosis-relevant genes changed their 
transcriptional expression (a twofold cut off) upon TNF challenge in apoptosis-resistant IκBαM+ NS-SV-AC 
cells. However, the number of down-regulated genes (n = 23) was higher and comparable to that of up-regulated 
genes (n = 25) (Table 1). 

 

 
Figure 4. A simplified diagram of the relationship between the intrinsic and extrinsic apoptotic pathways.                
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Table 1. Gene array analysis of HSG and NS-SV-AC cell lines with or without Inserted IκBαM.                

 Gene Name Gene Description Ratio: IκBαM/ 
HSG only 

Ratio: IκBαM/ 
NS-SV-AC only 

A1 APAF-1 Apoptotic protease activating factor 1.4 1.4 

A2 ASC Apoptosis-associated speck-like protein containing a CARD 1.5 0.4 

A3 ATM Ataxia telangiectasia mutated 2.1 1.2 

A4 BAD BCL2-antagonist of cell death 0.9 0.2 

A5 BAK1 BCL2-antagonist/killer 1 0.7 0.4 

A6 BAX BCL2-associated X protein 0.4 2.0 

A7 BCL10 B-cell CLL/lymphoma 10 0.7 8.4 

A8 BCL2 B-cell CLL/lymphoma 2 0.8 4.4 

B1 BCL2A1 BCL2-related protein A1 1.0 6.8 

B2 BCL2L1 BCL2-like 1 0.8 1.6 

B3 BCL2L11 BCL2-like 11 (apoptosis facilitator) 0.0 1566.7 

B4 BCL2L2 BCL2-like 2 0.7 0.2 

B5 BIK BCL2-interacting killer (apoptosis-inducing) 0.0 0.1 

B6 BIRC1 Baculoviral IAP repeat-containing 1 0.2 11.8 

B7 BIRC2 Baculoviral IAP repeat-containing 2 1.2 0.8 

B8 BIRC3 Baculoviral IAP repeat-containing 3 1.1 0.9 

C1 BIRC4 Baculoviral IAP repeat-containing 4 1.8 1.0 

C2 BIRC5 Baculoviral IAP repeat-containing 5 (survivin) 0.5 0.8 

C3 BIRC6 Baculoviral IAP repeat-containing 6 (apollon) 1.2 1.0 

C4 BLK B lymphoid tyrosine kinase 1.9 0.6 

C5 BNIP3 BCL2/adenovirus E1B 19 kDa interacting protein 3 28.0 0.1 

C6 BOK BCL2-related ovarian killer 0.7 0.1 

C7 CASP1 Caspase 1, apoptosis-related cysteine protease 23.6 4.6 

C8 CASP10 Caspase 10, apoptosis-related cysteine protease 1.6 4.4 

D1 CASP13 Caspase 13, apoptosis-related cysteine protease 0.6 2.7 

D2 CASP14 Caspase 14, apoptosis-related cysteine protease 0.4 0.1 

D3 CASP2 Caspase 2, apoptosis-related cysteine protease 5.8 0.3 

D4 CASP3 Caspase 3, apoptosis-related cysteine protease 0.0 1.9 

D5 CASP4 Caspase 4, apoptosis-related cysteine protease 3.0 0.9 

D6 CASP5 Caspase 5, apoptosis-related cysteine protease 0.1 9.5 

D7 CASP6 Caspase 6, apoptosis-related cysteine protease 2.4 1.3 

D8 CASP7 Caspase 7, apoptosis-related cysteine protease 1.7 0.7 

E1 CASP8 Caspase 8, apoptosis-related cysteine protease 4.2 4.7 

E2 CASP8AP2 CASP8 associated protein 2 4.7 1.0 

E3 CASP9 Caspase 9, apoptosis-related cysteine protease 1.9 1.5 
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Continued 

E4 CFLAR CASP8 and FADD-like apoptosis regulator 0.0 13.0 

E5 CHEK1 CHK1 checkpoint homolog (S. pombe) 1.3 0.9 

E6 CIDEA Cell death-inducing DFFA-like effector A 1.2 0.6 

E7 CIDEB Cell death-inducing DFFA-like effector B 0.4 826.0 

E8 CRADD CASP2 and RIPK1 domain containing adaptor with death domain 0.4 13.1 

F1 DAPK2 Death-associated protein kinase 2 0.5 1.0 

F2 DFFA DNA fragmentation factor, 45 kDa, alpha polypeptide 2.6 2.1 

F3 DFFB DNA fragmentation factor, 40 kDa 1.3 0.1 

F4 FADD Fas (TNFRSF6)-associated via death domain 1.5 2.6 

F5 GADD45A Growth arrest and DNA-damage-inducible, alpha 1.2 4.7 

F6 HRK Harakiri, BCL2 interacting protein (contains only BH3 domain) 3.7 0.2 

F7 HUS1 HUS1 checkpoint homolog (S. pombe) 2.3 1.1 

F8 BFAR Bifunctional apoptosis regulator 9.5 2.1 

G1 LTA Lymphotoxin alpha (TNF superfamily, member 1) 0.0 1.0 

G2 LTB Lymphotoxin beta (TNF superfamily, member 3) 3.7 1.1 

G3 LTBR Lymphotoxin beta receptor (TNFR superfamily, member 3) 0.4 1.9 

G4 MCL1 Myeloid cell leukemia sequence 1 (BCL2-related) 2.9 0.7 

G5 MDM2 Mdm2, transformed 3T3 cell double minute 2 4.4 0.9 

G6 MYD88 Myeloid differentiation primary response gene (88) 1.3 1.3 

G7 CARD4 Caspase recruitment domain family, member 4 0.8 0.1 

G8 NOL3 Nucleolar protein 3 (apoptosis repressor with CARD domain) 0.8 0.8 

H1 CKAP4 Cytoskeleton-associated protein 4 3.2 1.7 

H2 CHEK2 CHK2 checkpoint homolog (S. pombe) 8.5 2.9 

H3 RIPK1 Receptor (TNFRSF)-interacting serine-threonine kinase 1 2.0 0.5 

H4 RIPK2 Receptor-interacting serine-threonine kinase 2 2.5 1.1 

H5 RPA3 Replication protein A3, 14 kDa 1.4 0.7 

H6 TANK TRAF family member-associated NF-κB activator 2.3 0.8 

H7 TNF Tumor necrosis factor (TNF superfamily, member 2) 4.6 0.5 

H8 TNFRSF10A Tumor necrosis factor receptor superfamily, member 10A 1.5 0.4 

I1 TNFRSF10B Tumor necrosis factor receptor superfamily, member 10B 0.5 1.4 

I2 TNFRSF10C Tumor necrosis factor receptor superfamily 0.8 0.3 

I3 TNFRSF10D Tumor necrosis factor receptor superfamily 0.2 0.6 

I4 TNFRSF25 Tumor necrosis factor receptor superfamily, member 25 1.0 1.0 

I5 TNFRSF14 Tumor necrosis factor receptor superfamily 1.0 0.7 

I6 TNFRSF1A Tumor necrosis factor receptor superfamily, member 1A 1.3 0.5 

I7 TNFRSF1B Tumor necrosis factor receptor superfamily, member 1B 1.2 1.1 

I8 TNFRSF4 Tumor necrosis factor receptor superfamily, member 4 1.3 0.1 
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Continued 

J1 TNFRSF5 Tumor necrosis factor receptor superfamily, member 5 4.8 1.8 

J2 TNFRSF6 Tumor necrosis factor receptor superfamily, member 6 2.0 0.4 

J3 TNFRSF7 Tumor necrosis factor receptor superfamily, member 7 1.2 3.6 

J4 TNFRSF8 Tumor necrosis factor receptor superfamily, member 8 0.5 3.8 

J5 TNFRSF9 Tumor necrosis factor receptor superfamily, member 9 0.7 0.5 

J6 TNFSF10 Tumor necrosis factor (ligand) superfamily, member 10 23.2 0.1 

J7 TNFSF11 Tumor necrosis factor (ligand) superfamily, member 11 2.8 1.1 

J8 TNFSF12 Tumor necrosis factor (ligand) superfamily, member 12 2.3 1.0 

K1 TNFSF13 Tumor necrosis factor (ligand) superfamily, member 13 0.8 1.1 

K2 TNFSF14 Tumor necrosis factor (ligand) superfamily, member 14 9.2 3.1 

K3 TNFSF4 Tumor necrosis factor (ligand) superfamily 1.5 4.5 

K4 TNFSF5 Tumor necrosis factor (ligand) superfamily 5.2 2.7 

K5 TNFSF6 Tumor necrosis factor (ligand) superfamily, member 6 0.6 1.5 

K6 TNFSF7 Tumor necrosis factor (ligand) superfamily, member 7 13.8 1.9 

K7 TNFSF8 Tumor necrosis factor (ligand) superfamily, member 8 1.8 4.1 

K8 TNFSF9 Tumor necrosis factor (ligand) superfamily, member 9 12.1 1.9 

L1 TP53 Tumor protein p53 (Li-Fraumeni syndrome) 2.6 0.6 

L2 TRAF1 TNF receptor-associated factor 1 7.8 0.1 

L3 TRAF2 TNF receptor-associated factor 2 0.8 0.6 

L4 TRAF3 TNF receptor-associated factor 3 2.7 0.2 

L5 TRAF4 TNF receptor-associated factor 4 2.8 1.3 

L6 TRAF5 TNF receptor-associated factor 5 0.0 1.4 

L7 TRAF6 TNF receptor-associated factor 6 1.2 1.4 

L8 TRIP TRAF interacting protein 2.0 0.6 

M1 PUC18 PUC18 Plasmid DNA 0.7 0.5 

M2 PUC18 PUC18 Plasmid DNA 0.6 1.2 

M3 PUC18 PUC18 Plasmid DNA 0.5 0.9 

M7 GAPD Glyceraldehyde-3-phosphate dehydrogenase 1.0 1.1 

M8 GAPD Glyceraldehyde-3-phosphate dehydrogenase 1.0 1.0 

N1 PPIA Peptidylprolyl isomerase A (cyclophilin A) 0.8 1.2 

N2 PPIA Peptidylprolyl isomerase A (cyclophilin A) 0.8 1.2 

N3 PPIA Peptidylprolyl isomerase A (cyclophilin A) 0.8 1.1 

N4 PPIA Peptidylprolyl isomerase A (cyclophilin A) 0.8 1.1 

N5 RPL13A Ribosomal protein L13A 0.6 0.9 

N6 RPL13A Ribosomal protein L13A 0.6 0.9 

N7 ACTB Actin, beta 1.3 0.8 

N8 ACTB Actin, beta 1.4 0.8 
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4. Discussion 
Primary SS is a chronic autoimmune disease of the exocrine glands manifested by an excessive activation of T 
and B cells, hypergammaglobulinemia and destruction of salivary tissue [17] [18]-[20]. Identification of apop-
totic mechanisms controlling the loss of salivary glands function in SS is a key step in the development of effec-
tive immunotherapies for treatment of the disease. The emerging evidence has strongly implicated the involve-
ment of TNFSF and TNFRSF members in pathogenic mechanisms of various autoimmune diseases [18]. In this 
report, we provide experimental evidence that inhibition of NF-κB signaling pathway sensitizes ductal, but not 
acinar, cells to apoptosis induced by TNF, an inflammatory cytokine long suspected to be a key pathogenic fac-
tor in SS (Figure 2 and Figure 3). 

These unexpected findings were corroborated by the results of cDNA array experiments which showed a dif-
ferential display of apoptosis-related genes modulated in the cells by TNF. As expected, TNF up-regulated ex-
pression of CASP8 gene in both IκBαM+ HSG and IκBαM+ NS-SV-AC cells. However, other initiator caspases 
such as capsase-2 and caspase-10 were differentially expressed in ductal and acinar cells undergoing TNF-in- 
duced apoptosis. Although caspase-2 is required to initiate stress-induced apoptosis in vitro, studies on cas-
pase-2 in murine modeld provide evidence that the role of caspase-2 in cell death is redundant and can be com-
pensated by other caspases [18]-[20]. As to differential patterns of CASP10 mRNAs in the cells, emerging evi-
dence suggests a strong homology between caspase-8 and -10 and, therefore, both enzymes may share similar 
substrate specificity and biological function [21]. The cDNA array data showed no significant differences in 
transcriptional expression of executioner caspases-3 and -7 in IκBαM+ HSG and IκBαM+ NS-SV-AC cells 
(Figure 3 lower panel) and a slightly up-regulated (2-fold) expression of caspase-6 in HSG cells (Table 1). 

Caspase-8 cleaves the executioner pro-caspase-3 that activates the downstream caspases including effector 
caspase-6 [21]. However, it is unlikely that an increased activity of CASP6 gene in IκBαM+ HSG (ductal cells) 
is a key factor in selective susceptibility of these cells to TNF-induced apoptosis. This assumption is supported 
by experimental evidence that caspase-6 is only responsible for the apoptotic cleavage of lamin A in nuclei of 
the cells which express this protein [22]. In contrast, transcription of other caspase genes, such as CASP1, 
CASP4, and CASP5, is altered to various degrees in TNF-challenged IκBαM+ HSG and IκBαM+ NS-SV-AC 
cells (Table 1). Although these caspases are known to regulate an inflammatory arm of apoptosis, the observed 
strong up-regulation of CASP1 and CASP4 genes in IκBαM+ HSG cells would be expected to reflect, but not to 
cause, the undergoing apoptosis. Collectively, our cDNA array data indicate that the dichotomy in the suscepti-
bility of ductal and acinar cells to TNF-induced apoptosis upon a suppression of NF-κB may well be controlled 
by other regulatory mechanisms beyond the expression levels of caspases. 

The NF-κB pathway is an important mechanism in regulation of apoptosis induced by various members of the 
TNF superfamily (TNFSF) including TNF (TNFSF1A) [23]. Specifically, NF-κB signaling can activate tran-
scription of various inhibitors of apoptosis (IAPs) such as cIAP1, cIAP2, XIAP, and survivin [22]-[24]. IAPs di-
rectly bind and inactivate executioner caspase-3 and caspase-7 [23]. Our cDNA array experiments revealed a 
striking difference between IκBαM+ HSG and IκBαM+ NS-SV-AC cells in their ability to transactivate BIRC1 
gene coding for a baculoviral IAP repeat-containing 1 protein (BIRC1) (Table 1). BIRC1 is known to inhibit 
autocatalytic processing of procaspase-9 and subsequent cleavage of procaspase-3 thereby preventing apoptosis 
at the initiation stage of apoptosome formation [22] [23]. In our experiments, another anti-apoptotic caspase 
regulator CASP8 and FADD-like apoptosis regulator (CFLAR), was found to be up-regulated in IκBαM+ NS- 
SV-AC cells; up-regulation of CFLAR may also contribute to the relatively unexpected cell resistance to apop-
tosis that was observed in the acinar cells (Table 1). CFLAR happens to be a key interface between survival and 
death pathways in mammalian cells: CFLAR is up-regulated by the NF-κB pathway and it prevents activation of 
caspase-8 by blocking recruitment and processing of caspase-8 at the death-inducing signaling complex (DISC) 
leading to cell survival in response to TNF [22]. In contrast, IκBαM+ HSG cells challenged with TNF exhibited 
a strong transactivation of CASP8AP2 gene coding for caspase-8 associated protein 2. CASP8AP2, similar to 
FLASH—a mouse apoptotic protein, controls the extent of cell death by promoting caspase-8 activation in re-
sponse to cell stimulation via death receptors [24]. We speculate that transactivation of BIRC1 and CFLAR 
genes in IκBαM+ NS-SV-AC cells may, at least in part, account for a relative resistance of these cells to 
TNF-induced apoptosis whereas transcriptional suppression of these anti-apoptotic genes and concurrent induc-
tion of proapoptotic CASP8AP2 gene in IκBαM+ HSG cells may render these cells susceptible to apoptosis. 

In the inflamed tissues, epithelial cells may serve as non-professional antigen presenting cells (APCs) pre-
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senting self-antigens and/or providing co-stimulatory signals which may result in loss of tolerance and devel-
opment of autoimmunity [25]. Interestingly, our cDNA array data showed that transcriptional expression of 
TNFSF7 (CD-70) is strongly up-regulated (>13-fold) in TNF-treated IκBαM+ HSG ductal, but not in IκBαM+ 
NS-SV-AC acinar (<2-fold), cells (Table 1). CD70 expressed on dendritic cells plays a key role in inducing ef-
fective CD8+ and CD4+ T cell responses by providing a co-stimulatory signal for activation of naive T lympho-
cytes [26]. This could be related to the lymphocytic infiltrates seen in vivo. Furthermore, it has been shown that 
antibody-mediated blockage of CD70-CD27 signaling pathway halts the development of experimental autoim-
mune colitis and collagen-induced arthritis in mice [26]-[29]. It is tempting to speculate that up-regulated ex-
pression of CD70 in epithelial cells of the salivary glands could lead to the lymphocytic infiltrate and destruction 
of cells observed in vivo. Under such a scenario, the CD70-CD27 axis could be a potential target for immune in-
tervention in patients with SS. 

There were some limitations in our study that could account for the fact that we noticed greater TNF alpha- 
induced apoptosis as reflected by increased caspase-3 expression in human ductal cells compared to human aci-
nar cells transfected with degradation-resistant IκB. First, the apparent resistance of human acinar cells to TNF- 
alpha-induced apoptosis, which is contrary to what is seen in vivo, suggests that redundant mechanisms occur or 
that this model using human cells lines from different individuals may not be reflective of the in vivo situation. 
Second, since our cells were not cultured on matrigel or on laminin-coated plates, it is highly likely that the bal-
ance between the expression of pro-apoptotic and anti-apoptotic genes may have been skewed in these cells [30]. 
Third, under in vivo conditions laminin-integrin signaling, balance between matrix metalloproteases (MMPs) 
and tissue inhibitors of matrix metalloproteases (TIMPS), and postganglionic acetylcholine play a role in acinar 
and ductal cell survival [30]. Lastly, transformation of cell lines and gender of donors may also have played a 
role. 

The results of our apoptosis experiments on human salivary gland ductal and human acinar cells suggest that 
the NF-κB signaling pathways play a prominent role in the survival mechanisms in salivary cells in spite of the 
following conflicting data. In acinar cells transfected with IκBαM, pro-apoptotic genes were down-regulated. 
Down-regulation of pro-apoptotic genes in the absence of translocation of NF-κB to the nucleus would delimit 
the anti-apoptotic role of NF-κB and suggest the presence of other mechanisms that would protect against apop-
tosis in acinar cells. An opposing trend was observed in human salivary gland cells transfected with IκBαM, 
where transcription of some pro-apoptotic genes, including BNIP 3, CASP1, TNFSF10, BFAR, TNFSF14, 
CASP2, TNFSF5, TNFRSF5, TNFSF5, had increased (Table 1). 

5. Conclusions 
Apoptosis in ductal and acinar cells of the salivary glands is differentially controlled through an incompletely 
defined mechanism involving the NF-κB signaling pathway. We speculate that HSG ductal cells represent type I 
cells which are able to activate high amounts of initiator caspase-8 at the DISC, thus facilitating the downstream 
activation of an executioner caspase-3 [31]. In contrast, acinar epithelial cells may belong to type II cells which 
activate low amounts of caspase-8 and thus become resistant in this model to the extrinsic apoptotic pathway in-
itiated by ligand-induced activation of the death receptors at the plasma membrane [31]. As type II cells, howev-
er, apoptosis in acinar cells may be controlled by the intrinsic cell death pathway that activates caspase-3 in a 
caspase-9-dependent manner involving the apoptosome. Our data also suggest that differential expression of 
regulatory proteins, such as BIRC1, CFLAR, and CASP8AP2, which physically bind to the appropriate caspase 
and regulate its activity, may contribute to the differences in TNF-induced apoptosis in ductal and acinar cells 
via suppression of NF-κB signaling. In addition, these data highlight the importance of the CD70-CD27 axis in 
breaking tolerance, and suggest that CD70 may be a target for immunotherapy. 

All these experiments had been highly reproducible and carried out many times. This model has been ex-
amined elsewhere by our laboratory and we have shown that cleavage of autoantigens SSA (Ro), SSB (La), al-
pha fodrin and caspase-3 occurs in response to TNF stimulation [32]. These observations are consistent with in 
vivo findings and suggest a potential mechanism for autoimmunity since the cleaved products are expressed 
upon the cell surface where they could stimulate the production of auto-antibodies associated with Sjogren’s 
syndrome. Considered collectively, our in vitro data suggest that delineation of the inflammatory cascade that 
accompanies the onset of SS, especially the role of Th17 cytokines and the CD27-CD70 axis, is an important 
area for potential immunomodulation. 
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