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Abstract

The brain tumor glioblastoma remains one of the most aggressive and devastating tumors despite 

decades of effort to find more effective treatments. A hallmark of glioblastoma is the constitutive 

activation of the NF-κB signaling pathway, which regulates cell proliferation, inflammation, 

migration, and apoptosis. The prolyl isomerase Pin1 has been found to bind directly to the NF-κB 

protein, p65, and cause increases in NF-κB promoter activity in a breast cancer model. We now 

present evidence that this interaction occurs in glioblastoma and that it has important 

consequences on NF-κB signaling. We demonstrate that Pin1 levels are enhanced in primary 

glioblastoma tissues compared to controls, and that this difference in Pin1 expression affects the 

migratory capacity of glioblastoma-derived cells. Pin1 knockdown decreases the amount of 

activated, phosphorylated p65 in the nucleus, resulting in inhibition of the transcriptional program 

of the IL-8 gene. Through the use of microarray, we also observed changes in the expression levels 

of other NF-κB regulated genes due to Pin1 knockdown. Taken together, these data suggest that 

Pin1 is an important regulator of NF-κB in glioblastoma, and support the notion of using Pin1 as a 

therapeutic target in the future.
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Introduction

Glioblastoma (GBM) is the most frequent and aggressive primary brain tumor in adults. This 

tumor is universally fatal, with approximately 60% of patients succumbing within one year 

of diagnosis and very few surviving 24 months (Stewart, 2002). GBM pathology is defined 

by cellular pleomorphism, microvascular proliferation, areas of necrosis, and extensive 
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invasion into the surrounding brain tissue (Brandes et al , 2008). While new therapeutic 

regimens have shown some promise in improving patient lifespans (Stupp et al., 2002), the 

commonality, lethality, and aggressive nature of GBM warrants further investigation into its 

underlying biology.

One finding that may lead to novel GBM therapies is the observed activation of the NF-κB 

signaling pathway in these tumors (Nozell et al., 2008; Yamamoto et al., 2000). The 

mammalian NF-κB family includes five members: p65 (RelA), RelB, c-Rel, p50/p105 (NF-

κB1) and p52/p100 (NF-κB2). In an unstimulated state, these proteins exist in the cytoplasm 

as homo- or heterodimers, bound to an inhibitory family of proteins called IκB (Karin and 

Lin, 2002). Classical or “canonical” signaling of this pathway consists of an extracellular 

ligand (such as TNFα) binding to its receptor, which, in turn, activates the IκB Kinase 

(IKK) complex (Ghosh and Karin, 2002). This complex then phosphorylates IκB, which 

marks it for degradation via the ubiquitin-proteasome pathway. Free NF-κB dimers 

translocate to the nucleus where they activate a number of pro-inflammatory target genes, 

including Interleukin-8 (IL-8, CXCL8), CXCL10 (IP-10), Matrix Metalloproteinase-9 

(MMP-9) and Interleukin-6 (IL-6) (Karin, 2006). NF-κB proteins undergo post-translational 

modifications, such as ubiquitination, acetylation, and phosphorylation, resulting in 

functional changes (Perkins, 2006). Most phosphorylation events of NF-κB appear to be 

activating modifications. For instance, phosphorylation of p65 at serine residue 276 is 

critical for protein-protein interactions with CBP/p300 (Zhong et al., 1998), necessary 

cofactors for NF-κB regulated gene transcription (Hayden and Ghosh, 2004). NF-κB 

function is also regulated both positively and negatively by cellular proteins (Hayden and 

Ghosh, 2008). The tumor suppressor ING4 negatively regulates NF-κB signaling 

(Garkavtsev et al., 2004). We recently demonstrated that ING4 negatively impacts the 

promoters of NF-κB regulated genes by interrupting interactions between p65 and tri-

methylated histone H3 at lysine residue 4, leading to decreased expression of NF-κB 

regulated genes (Nozell et al., 2008). Of interest is the fact that ING4 expresson is reduced 

in GBM, and lack of expression is correlated with overexpression of NF-κB regulated genes 

and tumor progression (Garkavtsev et al., 2004; Nozell et al., 2008)

NF-κB may be one of the long-suspected links between inflammation and cancer (Greten et 
al., 2004). Constitutive activation of NF-κB is common to most primary tumors and tumor 

cell lines (Aggarwal, 2004). NF-κB increases the expression of a number of antiapoptotic 

molecules, while also increasing the expression of angiogenic factors and proinflammatory 

mediators (Bharti and Aggarwal, 2002). In primary GBM tissue, we recently determined that 

phosphorylated p65 levels, total p65 levels, and the expression of a number of NF-κB 

regulated genes are enhanced compared to control tissue (Nozell et al., 2008). Other groups 

have made similar observations in primary tissue (Wang et al., 2004) and cell culture models 

(Smith et al., 2007). Furthermore, the invasive capacity of glioblastoma has been linked to 

aberrantly high constitutive levels of NF-κB activation (Raychaudhuri et al., 2007).

Pin1 is an 18 kDa enzyme with two domains. N-terminal amino acids 1-19 comprise the 

WW domain which determines substrate specificity, while the C-terminus contains the 

catalytic PPIase domain (Yeh and Means, 2007). These two domains are connected by a 

flexible linker peptide. As a member of the PPIase family, Pin1 binds to and cis/trans 
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isomerizes a specific subset of serine-proline or threonine-proline bonds (Ser/Thr-Pro) in its 

target proteins (Lu and Zhou, 2007). While all members of the familiy exert their enzymatic 

effects on Ser/Thr-Pro bonds, Pin1 is unique in that it only catalyzes its targets' residues 

when they are phosphorylated (Lu and Zhou, 2007). Currently, over fifty Pin1 target proteins 

have been identified (Lu and Zhou, 2007), including the NF-κB family member p65 (Ryo et 
al., 2003). Many human cancers express significantly higher levels of Pin1 protein than their 

normal tissue counterparts (Bao et al., 2004), including cancers of the liver (Pang et al., 
2006), breast (Ryo et al., 2002; Wulf et al., 2001) and prostate (Ayala et al., 2003; Ryo et al., 
2005). Importantly, Pin1 levels in GBM tissue are increased compared to control (Ryo et al., 
2007). Since Pin1 expression is correlated with tumor increasing grade, Pin1 may be an 

excellent target for molecular cancer therapy, as well as a useful prognostic indicator for a 

variety of human tumors (Finn and Lu, 2008; Lu, 2003).

Ryo and colleagues found that Pin1 binds to the phosphorylated Thr254-pro residue of p65, 

and through this interaction, stabilizes nuclear p65 (Ryo et al., 2003). They also determined 

that Pin1 is a positive regulator for NF-κB regulated promoters (Ryo et al., 2003). We were 

interested in whether Pin1 modulates the expression of NF-κB regulated genes that play a 

role in the severity of GBM, such as IL-8. IL-8 is a neutrophil and monocyte chemotactic 

protein, as well as a potent angiogenic factor (Strieter et al., 2006). IL-8 is particularly 

important in tumor angiogenesis, and studied extensively with respect to human gliomas 

(Brat et al., 2005; Nozell et al., 2006).

In this study, we examined the effect of Pin1 on the NF-κB signaling pathway and 

downstream gene expression. Glioma-derived cell lines were created that inducibly express 

shRNA to Pin1 upon addition of tetracycline (Tet), leading to Pin1 knockdown. Using these 

cell lines, we demonstrate that TNFα stimulated cells with endogenous Pin1 levels show 

higher levels of phosphorylation of p65 S276 than those with Pin1 knockdown. We used a 

microarray screen to compare gene expression in TNFα-stimulated U251.shPin1 cells with 

endogenous Pin1 levels to those with Pin1 knockdown. Through analysis of these data, we 

selected IL-8 as a candidate gene. TNFα-induced IL-8 mRNA and protein expression are 

inhibited by Pin1 knockdown. In addition, recruitment of p65 and CBP to the IL-8 promoter 

is diminished in Pin1 knockdown cells, resulting in the decrease in IL-8 gene transcription. 

Collectively, our data demonstrate that Pin1 is a positive regulator of NF-κB signaling, and 

support the idea of using Pin1 as a therapeutic target in future treatment of GBM.

Results

Pin1 Protein Expression is Enhanced in Human GBM Tissue

A recent study reported increased expression levels of Pin1 in human glioma (Ryo et al., 
2007), and we sought to confirm this finding. Immunohistochemistry was performed on ten 

GBM samples and eight control tissue samples, and representative images from one control 

(1) and four GBM samples (2-5) are shown in Fig. 1A. Overall, areas of strong Pin1 staining 

were detected in 8/10 GBM tumor samples and in none of the control samples. Patient 

Sample 2 is particularly helpful in demonstrating the differences in staining due to the 

presence of tumor (lower half) and nontransformed brain tissue (upper half) in the same 

section (Fig. 1A). Tissue integrity was examined with hematoxylin and eosin (H&E) staining 
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(data not shown). These results confirm previous findings of increased Pin1 expression in 

GBMs.

Establishment of Inducible shPin1 Glioma Cell Lines

The observation of overexpression of Pin1 in primary GBM tissues, coupled with the finding 

that Pin1 is a positive regulator of p65 (Ryo et al., 2003), led us to hypothesize that Pin1 

might be contributing to enhanced NF-κB signaling in GBM. Thus, we generated Tet-

regulated U251-MG cell lines that inducibly express shRNA specific for Pin1. In the 

absence of Tet, endogenous Pin1 was detected (Fig. 1B, lane 1), and in the presence of Tet, 

shPin1 substantially reduced Pin1 protein levels (lane 2).

Pin1 Binds to p65 in U251-MG Cells

To determine if a p65-Pin1 interaction occurs within U251.shPin1 cells, 

coimmunoprecipitation experiments were performed. U251.shPin1 cells were stimulated 

with TNFα for 0 - 120 minutes. Immunoprecipitation was then performed using a Pin1 

antibody, followed by immunoblotting for p65 and Pin1 (Fig. 2A). Endogenous Pin1 and 

p65 show an interaction in the unstimulated state (Fig. 2A, lane 1), which is enhanced upon 

TNFα stimulation (lanes 3 and 4). To demonstrate the specificity of this interaction, 

experiments were performed using Tet to knockdown Pin1 (Fig. 2B). A p65-Pin1 interaction 

was detectable in cells expressing endogenous levels of Pin1 (Fig. 2B, lane 1), which was 

abolished in cells with Pin1 knockdown (lane 2). Because IκBα associates with p65, the 

p65-IκBα interaction was examined as a control and was not affected by Pin1 knockdown 

(lanes 1 and 2). Thus, Pin1 and p65 interact in human GBM cells.

Pin1 Knockdown Inhibits Ser276 Phosphorylation of p65

Phosphorylation is important for NF-κB activation, and Serine 276 (S276) is crucial as it 

allows for optimal binding of the transcriptional coactivator CBP to the promoters of NF-κB 

regulated genes (Zhong et al., 2002). To determine whether Pin1 knockdown would affect 

the phosphorylation status of this residue, immunofluorescence (IF) experiments were 

performed. U251.shPin1 cells were grown in the absence or presence of Tet to modulate 

endogenous Pin1 levels and were then treated without or with TNFα for 1 h. Levels of total 

p65 increased substantially in the nucleus after TNFα activation, and this nuclear 

localization occurred to a similar degree in cells with endogenous Pin1 levels and those with 

Pin1 knockdown (Fig. 3A, middle row). However, substantial differences were observed in 

nuclear pS276 p65 (Fig. 3A, top row). In cells with endogenous Pin1 levels, S276 p65 

became phosphorylated in the presence of TNFα However, cells with Pin1 knockdown 

showed lower levels of this phosphoactivation (Fig. 3A, top row), with 92% of these cells 

showing substantially less phosphorylation (data not shown). Pin1 knockdown was 

demonstrated in the presence of Tet (Fig. 3A, bottom row). To confirm these IF findings, 

nuclear extracts were examined. Cells were grown in the absence or presence of Tet and then 

stimulated with TNFα for up to 2 h. Total nuclear p65 levels were comparable at each time 

point in cells with endogenous levels of Pin1 versus those with Pin1 knockdown after TNFα 
stimulation (Fig. 3B, lanes 3-10). However, pS276 levels were decreased in Pin1 knockdown 

cells at each time point, with a maximal effect seen at 60 min (Fig. 3B, lanes 7-8). 

Interestingly, Pin1 knockdown did not inhibit two other phosphorylated residues of p65, 
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pS536 and pT254 (data not shown). Cumulatively, these data suggest that Pin1 plays a 

positive role in the levels of activated nuclear p65 through a particular post-translational 

modification.

Pin1 Has Differential Effects on NF-κB Regulated Gene Expression

Having seen less p65 activation in Pin1 knockdown cells, we examined the effect of Pin1 

knockdown on known NF-κB regulated genes using a microarray-based screen (Gilmore, 

2008). Untreated U251.shPin1 cells (UTX), cells treated with TNFα (TNF) for 4 h, and 

cells pretreated with Tet and then treated with TNFα (TET) for 4 h were screened using the 

Affymetrix U133 2.0 Plus array. The results were filtered to include only genes which were 

induced at least four-fold by TNFα and known to be NF-κB regulated (Gilmore, 2008) (Fig. 

4A). We then generated a simple ratio to describe the behavior of the filtered gene set by 

dividing the values from the TET array by the TNF array (TET / TNF). Thus, a number less 

than 1 represented a decrease of a gene in the Pin1 knockdown conditions, and a number 

greater than 1 represented an increase in the expression level of a given gene in Pin1 

knockdown conditions. IL-8 was selected from this gene set to investigate further (Fig. 4B).

p65 Knockdown Inhibits IL-8 Expression by Decreasing p65 Recruitment to the IL-8 
Promoter

To determine the importance of p65 in TNFα-induced IL-8 expression, an inducible p65 

knockdown U251-MG-derived cell line, U251-TR.sh-p65 (Nozell et al., 2008), was utilized. 

U251-TR.sh-p65 cells were grown in the absence or presence of Tet and stimulated with 

TNFα for 4 h. Tet effectively knocked down levels of p65 mRNA (Fig. 5A, lanes 2 and 4). 

While TNFα induced IL-8 mRNA expression in the presence of p65 (Fig 5A, lane 3), 

expression was inhibited in p65 knockdown cells (lane 4). TNFα stimulated the expression 

of IL-8 protein in the presence of p65, but these levels were significantly diminished in p65 

knockdown cells (Fig. 5B). Furthermore, p65 recruitment to the IL-8 promoter was 

diminished in TNFα-stimulated cells with p65 knockdown (Fig. 5C, lanes 3 and 4).

Pin1 Knockdown Inhibits IL-8 Gene Expression

To confirm the results of the microarray screen, SYBR green quantitative reverse 

transcriptase PCR (qPCR) was used to analyze the levels of TNFα-induced IL-8 mRNA. In 

cells with endogenous Pin1 levels (-Tet), IL-8 mRNA was induced by TNFα in a dose-

dependent manner (Fig. 6A). At all doses of TNFα, IL-8 mRNA levels were inhibited in 

Pin1 knockdown cells (Fig. 6A). IL-8 protein expression was also significantly inhibited in 

TNFα treated Pin1 knockdown cells compared to cells with endogenous Pin1 expression 

(Fig. 6B).

Pin1 Knockdown Decreases Activation at the IL-8 Promoter

We speculated that the decrease in IL-8 expression was being mediated through a 

transcriptional mechanism. As such, ChIP experiments were performed to determine the 

levels of transcription factors at the IL-8 promoter. Because TNFα-induced S276 p65 

phosphorylation occurs rapidly in the U251-MG cells, a 30 min timepoint was used to 

examine the levels of this particular form of p65 at the IL-8 promoter (Fig 6C, compare 
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lanes 1 and 3). While strong recruitment was observed in TNFα-treated cells with 

endogenous Pin1 levels, levels of activated p65 were almost completely abolished at the IL-8 

promoter in TNFα-treated Pin1 knockdown cells (Fig 6C, compare lanes 3 and 4). A similar 

pattern was seen when immunoprecipitations for total p65 levels were performed, with Pin1 

knockdown cells showing less recruitment of total p65 to the IL-8 promoter (Fig. 6C, 

compare lanes 3 and 4). Levels of CBP were also diminished at the IL-8 promoter in Pin1 

knockdown conditions (Fig. 6C), suggesting that IL-8 inhibition may be partially mediated 

through inadequate recruitment of CBP/p300 and subsequent failure to fully activate IL-8 

transcription. RNA Polymerase II was also immunoprecipitated, as it has also been 

demonstrated to be a substrate for Pin1 (Xu and Manley, 2007). Pin1 knockdown had little 

effect on the presence of RNA Polymerase II at the IL-8 promoter (Fig. 6C).

Pin1 Knockdown Decreases the Migration of the U251-MG Cell Line

Many factors that induce cell migration/invasion are regulated by NF-κB, including IL-8. 

Given our results that Pin1 affects NF-κB activity, scratch assays were performed to assess 

the migratory capacity of U251-MG cells with endogenous and knockdown Pin1 levels. In 

serum-free conditions, wells containing endogenous Pin1-expressing cells showed enhanced 

repopulation of the scratched area compared to those wells with Pin1 knockdown (Figs. 7A 

and 7B). TNFα treatment yielded similar results, whereby cells with endogenous Pin1 levels 

demonstrated consistently higher levels of migration than cells with Pin1 knockdown (Figs. 

7A and 7B). IL-8 has been suggested to play a role in the invasiveness of GBM (Nagai et al., 
2002). Analogously, the migration of U251-MG cells has been shown to increase 

significantly with the addition of exogenous IL-8 (Wakabayashi et al., 2004). Although we 

initially suspected that IL-8 might be the key factor in the decreased migration in Pin1 

knockdown cells, experiments using exogenous IL-8 demonstrated no significant increase in 

GBM cell mobility (data not shown). Thus, Pin1 drives the migratory behavior of 

U251.shPin1 cells, independent of IL-8, and may play a role in the invasive phenotype of 

GBM.

Discussion

In this study, we have elucidated the effects of the prolyl isomerase Pin1 on the NF-κB 

signaling pathway in glioblastoma. In concurrence with one other study (Ryo et al., 2007), 

we found that Pin1 levels are elevated in GBM compared to control brain tissue. 

Functionally, these heightened Pin1 levels in GBM have been demonstrated to sensitize 

tumor cells to oxidative stress-induced apoptosis by promoting the degradation of the pro-

apoptotic protein Daxx (Ryo et al., 2007). A host of other Pin1-mediated mechanisms are 

likely important in GBM, including those regulated by NF-κB.

We describe a mechanism by which Pin1 affects the NF-κB signaling pathway. Activated 

p65, as measured by S276 phosphorylation, was substantially inhibited by Pin1 knockdown. 

This was not observed using another marker of NF-κB activation, pS536 p65 (data not 

shown). A possibility for the specific effect on S276 is this residue's physical proximity to 

the residue with which Pin1 interacts with p65, pT254. Under this scenario, our results could 

be explained through two potential mechanisms. The first is that Pin1 acts to facilitate the 
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interaction of a kinase with p65, thereby contributing to its phosphoactivation. Protein 

Kinase A (PKA) is one candidate, as it has been shown to phosphorylate p65 at S276 

(Zhong et al., 1998). Conversely, Pin1 may exert its effect by blocking the access of one or 

more phosphatases to pS276, leaving this residue more heavily phosphorylated in the 

presence of Pin1. The phosphatase(s) responsible for p65 pS276 dephosphorylation are 

currently unknown (Li et al., 2006), so it is not yet possible to test this hypothesis.

One of the key findings in regards to the modulation of gene expression due to Pin1 involves 

the chemokine IL-8. While IL-8 was the most interesting NF-κB-regulated gene that 

demonstrated a Pin1 dependent expression pattern in the microarray screen, it was hardly the 

only one. We found that some NF-κB regulated genes (such as IL-8 and IP-10) were 

positively regulated by Pin1, others (like FASL and TRAIL) were negatively regulated by 

Pin1, and still others (such as KIT ligand and IL-15) did not significantly change expression 

levels with Pin1 knockdown. The mRNA levels of another important NF-κB regulated gene 

in glioblastoma, MMP-9, were also found to be unchanged in subsequent RT-PCR 

experiments (data not shown). There are a number of possibilities for these findings. First is 

the timepoint at which we chose to conduct the screen. Since NF-κB regulated genes 

demonstrate very specific temporal patterns of expression after activation (Hoffmann et al., 
2003; Hoffmann et al., 2002a; Saccani et al., 2001), part of the reason for the variety of 

expression patterns may have been a suboptimal timepoint for the expression of some of 

these genes. Another possible reason is the sheer complexity of NF-κB signaling. Although 

we and others have demonstrated the importance of p65 in IL-8 expression (Harant et al., 
1996; Hoffmann et al., 2002b; Nozell et al., 2006), other NF-κB regulated genes are driven 

through non-canonical NF-κB signaling or rely on non-p65 containing NF-κB dimers. A 

further possibility is that other NF-κB family members are able to compensate for the 

diminished p65 activation in Pin1 knockdown cells, thus masking the gene-inhibitory effects 

of Pin1 knockdown.

This study has attempted to understand the molecular mechanisms responsible for the 

constitutive increase in NF-κB signaling in GBM. We have shown enhanced levels of a 

positive regulator of NF-κB signaling, Pin1, in GBM. Conversely, ING4, a negative 

regulator of NF-κB signaling, is decreased in GBM compared to controls (Nozell et al., 
2008). Another negative regulator of NF-κB, PIAS3 (Jang et al., 2004), is also decreased in 

GBMs (Brantley et al., 2008). However, the importance of Pin1 in GBM signaling defects 

may not be limited to the NF-κB pathway. Pin1 enhances IL-6 mediated STAT3 signaling in 

various cancer cell lines (Lufei et al., 2007). We have investigated this effect of Pin1 in our 

system, however, TNFα is a very poor activator of STAT3, thus no effects were observed 

(data not shown). Given that overactivation of this pathway has been demonstrated in GBM 

(Brantley et al., 2008), we speculate that Pin1 may also contribute to aberrant STAT3 

signaling in GBM.

One of the most challenging aspects of GBM is the capacity of the tumor to invade deeply 

into adjacent brain tissue, making full surgical resection impossible (Chandana et al., 2008). 

Thus, any therapeutic option that would diminish the tumor's capacity for invasion could 

greatly improve patient lifespans. For this reason, we decided to test whether or not Pin1 

knockdown would affect the invasive capacity of malignant glioma cells through an 

Atkinson et al. Page 7

Oncogene. Author manuscript; available in PMC 2018 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analogous in vitro assay. Indeed, through scratch assays, U251-MG cells with Pin1 

knockdown have decreased migratory capacity. We do not know which factors are 

responsible for this difference, although due to the strong NF-κB activating ability of TNFα, 

we predict that at least some of these factors are NF-κB regulated. Some possibilities 

include Intercellular Adhesion Molecule 1 (ICAM-1) and E-selectin. Initially, we speculated 

that IL-8 was one of the important factors for this difference in migration. Further 

experiments, however, demonstrated that exogenous IL-8 was unable to restore the 

migratory capacity of Pin1 knockdown cells (data not shown).

Overall, this study has explored the relevance of the Pin1-p65 interaction in GBM. The 

interaction between Pin1 and p65 enhances the levels of pS276, increases the migratory 

capacity of U251-MG cells, and enhances the expression of some NF-κB regulated genes, 

notably IL-8. Our findings support the notion of using Pin1 as a molecular target for cancer 

therapy. If this protein can be effectively targeted in cancer cells, GBMs may be less invasive 

and have lower levels of active NF-κB signaling. This inhibition of NF-κB could be helpful 

with GBM treatment since inhibiting NF-κB has been shown to be an effective method of 

retarding tumor growth in a number of different in vitro and in vivo models (Karin et al., 
2002). Furthermore, by inhibiting the production of some pro-angiogenic NF-κB regulated 

genes, we expect that Pin1 inhibition could also help to reduce the blood supply and thus the 

growth of GBM.

Materials and Methods

Reagents

Recombinant human TNFα was from R&D Systems (Minneapolis, MN). Anti-Pin1 

(SC-15340), anti-p65 (SC-8008), anti-IκBα (SC-371), and anti-IKKα (SC-744) antibodies 

were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-p65 pS276 (3027) and anti-

pIKKα/pIKKβ (2681) antibodies were from Cell Signaling (Danvers, MA). The anti-Pin1 

antibody (PC270) used in immunohistochemistry was from Calbiochem/Merck (Darmstadt, 

Germany), and anti-GAPDH antibody was from Abcam (Cambridge, England). HRP-

conjugated secondary mouse (1858413) and rabbit (1858415) antibodies and Protein A/G 

beads were purchased from Pierce (Rockford, IL).

Plasmids

Plasmids carrying shRNAs specific for either Pin1 or p65 were generated by annealing 

double-stranded oligonucleotides specific for a 19-bp stretch of the Pin1 ORF or the p65 

ORF into the pBABE-HI-TetO plamid, which is under the dual control of the Tet operator 

and the HI polymerase (Pol) III promoter. Specific sequences are available upon request.

Cell Lines

U251-MG cells were maintained as described previously (Choi et al., 2002). U251-MG cells 

that stably express the Tet repressor (TetR) protein and inducibly express shRNA specific for 

Pin1 (shPin1) or p65 (shp65) were generated as previously described (Nozell et al., 2008).
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Immunoblotting

Cells were plated at a density of 2.75 × 105 cells per 100 mm dish. After treatment with the 

appropriate stimuli, cells were lysed, and 35 μg of total protein separated by electrophoresis, 

as previously described (Baker et al., 2008). After transferring to nitrocellulose paper, blots 

were blocked in either 5% non-fat milk in TBST for non-phosphorylated protein detection or 

5% BSA/TBST for phosphorylated protein detection. Primary antibody incubations using 

antibodies against Pin1, p65, pS276 p65, IκBα, IKKα, IKKβ, pIKKα/pIKKβ and GAPDH 

occurred overnight at 4° C. After washing, secondary antibody incubations were performed 

for 1 h at room temperature. Blots were developed using Supersignal or ECL 

chemiluminescence systems (Amersham). Representative images from at least 3 separate 

experiments are shown.

Co-Immunoprecipitation

U251.shPin1-MG cells were grown in the absence or presence of Tet for 72 h, lysed, and 

subjected to immunopreciptiation overnight using 5 μg of either Pin1 or p65 antibody and 

protein A/G beads. An IgG control sample for each experiment was included. Beads were 

then washed and boiled to remove and denature the captured proteins. Samples were 

analyzed by immunoblotting using antibodies specific for p65, Pin1, and IκBα.

Protein Purification From Human Brain Tissue

Resected glioma and control brain tissue samples were obtained from the UAB Brain Tumor 

Tissue core facility (IRB X050415007). Samples were processed using the PARIS Protein 

and RNA extraction system, as previously described (Brantley et al., 2008; Nozell et al., 
2008).

Quantitative RT-PCR (qRT-PCR)

SYBR Green qRT-PCR was performed according to the manufacturer's protocol (Applied 

BioSystems). A positive control sample was selected from the experimental samples, diluted 

1:1 in ultra pure water, and used in a series of four serial dilutions for a total of five diluted 

samples to be used in primer efficiency curves. Appropriate amounts of SYBR Green 

Mastermix, primers specific for the genes of interest, and sterile water were combined and 

subsequently added to the wells of a MicroAmp 96-well reaction plate (Applied 

BioSystems). cDNA from the dilution samples or the experimental samples was then added 

to the plate and mixed. The 96-well plates were then centrifuged briefly and run for 50 

cycles in an ABI 7500 real-time PCR machine. Ct values were derived and then all genes 

were quantified in relation to an endogenous control, GAPDH. Experimental samples were 

measured in triplicate reactions, and all primer efficiency curves and non-template controls 

were performed in duplicate.

RNA Isolation

Cells were lysed in 1 ml of TRIzol® Reagent (Invitrogen) according to the manufacturer 

supplied protocol and as previously described (Nozell et al., 2004).

Atkinson et al. Page 9

Oncogene. Author manuscript; available in PMC 2018 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nuclear/Cytoplasmic Extraction

U251.shPin1 cells were grown in the absence or presence of Tet for 72 h. Cells were then 

lysed and nuclear and cytoplasmic fractions separated, as described previously (Nozell et al., 
2004).

Chromatin Immunoprecipitation (ChIP)

ChIP assay was performed as described previously (Nozell et al., 2008; Nozell et al., 2006). 

U251.shPin1 cells were grown in the absence or presence of Tet for 72 h, serum-starved 

overnight, and then treated with TNFα for the indicated times and fixed. Nuclei were 

isolated and sonicated for 50 seconds to shear DNA. All immunoprecipitations were 

performed overnight using 5 μg of antibody against pS276 p65, total p65, CBP, and RNA 

Pol II. After immunoprecipitations, beads were washed and cross-linking reversed overnight 

using 5 M NaCl. DNA was purified and PCR performed using primers specific to the human 

IL-8 promoter (forward 5′-TTC CTT CCG GTG GTT TCT TC-3′, reverse 5′-GGG CCA 

TCA GTT GCA AAT C-3′)

Microarray Screen

A screen was performed using the Affymetrix Human Genome U133 Plus 2.0 array, as 

described previously (Choi et al., 2006). U251.siPin1 cells were grown in the absence or 

presence of Tet for 72 h, then treated without or with 10 ng/ml of TNFα for 4 h. RNA was 

extracted and processed for microarray using the UAB Heflin Center for Human Genetics 

Microarray Core Facility. Bioinformatic analysis was performed using ArrayAssist software 

(Strategene). A parallel immunoblot was performed to confirm Pin1 knockdown in Tet-

treated cells.

Immunofluorescence

Cells were assayed and visualized as described previously (Nozell et al., 2006). U251.shPin1 

cells were grown in the absence or presence of Tet for 72 h, plated in 8-well chamber slides 

and allowed to recover overnight. Cells were then serum starved, stimulated with 10 ng/ml 

of TNFα for 1 h, and fixed with methanol. Cells were incubated with antibodies against 

pS276 p65, total p65 and Pin1, washed with PBS, incubated with a fluorochrome-labeled 

secondary antibody, and visualized using a Leitz Orthoplan upright microscope and IPLab 

software (BD Biosciences). At least three fields were imaged per condition.

Immunohistochemistry

Human control brain tissue and glioma tissue were obtained from the UAB Brain Tumor 

Tissue core facility (IRB X050415007) and processed for immunohistochemical analysis as 

described previously (Brantley et al., 2008; Nozell et al., 2008). Primary antibody incubation 

for Pin1 was performed overnight at 4°C in blocking buffer. After secondary antibody 

incubation, the slides were stained with DAB and analyzed in a blinded fashion by a 

neuropathologist.
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ELISA

U251.shPin1 or U251-TR.sh-p65 cells were grown in the absence or presence of Tet for 72 

h, and then treated with 10 ng/ml TNFα for 24 h. IL-8 ELISA (Biosource, KHC0082) was 

performed in triplicate on the supernatants as described previously (Nozell et al., 2006).

Scratch Assay

U251.shPin1 cells were grown in the absence or presence of Tet, then plated in 6-well 

dishes, and grown to confluence. Each well was scratched using a 200 μl pipette tip, washed 

with PBS, and incubated for up to 48 h in serum-free media in the absence or presence of 

TNFα, as previously described (Vila-Carriles et al., 2006). Each condition was represented 

in triplicate, and at each timepoint 3 images were taken of each well for analysis with IPLab 

software (BD Biosciences). Representative images are shown from 3 separate experiments. 

Quantification was performed using ImageJ Software (NIH).

Statistical Analysis

Levels of significance were determined using the Student's t-test, with p values ≤ 0.05 

considered significant.
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Figure 1. Pin1 Expression in Primary Human Tissues and Cell Lines
(A) Immunohistochemistry was performed on control and GBM paraffin-embedded brain 

tissue. Each section was stained with anti-Pin1 antibody and an IgG control antibody. A total 

of ten tumor samples and eight control brain samples were analyzed, and representative 

images from one control sample (1) and four GBM samples (2-5) are shown. (B) 
U251.shPin1 cells were grown in the absence or presence of Tet (5 μg/ml) for 96 h. Total 

cell lysates were assayed by immunoblot with anti-Pin1 and anti-GAPDH antibodies. 

Representative of three experiments.
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Figure 2. Pin1 Associates with p65 in U251-MG Cells
(A) U251 shPin1 cells were grown in 150 mm dishes. When cell density reached 

approximately 80%, the cells were serum-starved for 4 h, treated with TNFα (10 ng/ml) for 

the indicated times (0-120 min), and lysed in RIPA buffer. Lysate from each sample was 

then subjected to immunoprecipitation (IP) using antibodies specific for Pin1 or normal 

rabbit serum (NRS). IP samples were probed with antibodies to p65 to demonstrate a 

specific interaction between p65 and Pin1. (B) U251.shPin1 cells were grown in 150 mm 

dishes in the absence or presence of Tet for 72 h. Cells were lysed in RIPA buffer and anti-

p65 was used in the subsequent IP along with a normal mouse serum (NMS) control. 

Immunoblotting was performed using antibodies against Pin1, IκBα and p65. Results shown 

are representative of three experiments.
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Figure 3. Pin1 Knockdown Inhibits S276 Phosphorylation of p65
(A) U251 shPin1 cells were grown in the absence or presence of Tet for 72 h. 1 × 104 cells 

were plated in 8-well chamber slides and allowed to recover overnight. Cells were then 

serum starved, stimulated with 10 ng/ml of TNFα for 1 h, and assayed by 

immunofluorescence with the indicated antibodies. Dapi was used to stain nuclei (blue) and 

the indicated antibodies were used to analyze protein levels and localization (red). Multiple 

images were taken from each chamber; representative images for each condition from three 

experiments are shown. (B) 2.7 × 105 U251.shPin1 cells were plated in 100 mm dishes and 

grown in the absence or presence of Tet. After 72 h, media was changed to serum-free and 

cells were serum-starved overnight. The next day, cells were stimulated with 50 ng/ml of 

TNFα for the given timepoints and washed once with PBS. Nuclear (N) and cytoplasmic (C) 

fractions were separated using the Pierce NE-PER Kit and assayed via immunoblotting with 

the indicated antibodies. Quantification (Quant) of nuclear pS276 p65 was calculated by 

dividing the densitometric value of each lane by the corresponding nuclear HDAC1 value. 

Results are representative of three experiments.
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Figure 4. Microarray Data Overview
(A) Three conditions were compared: cells with no treatment (UTX), cells treated with 

TNFα only (TNF), and cells treated with both TNFα and Tet (TET). Approximately 50,000 

genes were filtered, allowing only genes that were significantly upregulated (four-fold 

increase) after a 4 h treatment with TNFα to pass through. This daughter set was cross-

referenced with a comprehensive database of NF-κB regulated genes from NF-κB.org, and 

these NF-κB regulated genes were then analyzed for changes in gene expression due to Pin1 

knockdown. (B) A heat-map depicting the ratio TET / TNF shows changes in expression 

levels of NF-κB regulated genes. IL-8 was selected as a strong candidate for further 

evaluation due to its inhibition upon depletion of Pin1.
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Figure 5. p65 Knockdown Inhibits IL-8 Expression and Decreases p65 Recruitment to the IL-8 
Promoter
(A) U251-TR.sh-p65 cells were grown in the absence or presence of Tet for 48 h, serum-

starved, and then stimulated with TNFα (10 ng/ml) for 4 h. Total RNA was isolated, first-

strand cDNA synthesis was performed, and RT-PCR was performed on the samples using 

primers to specifically detect p65, IL-8 and GAPDH. (B) U251-TR.sh-p65 cells were grown 

in the absence or presence of Tet for 48 h, serum-starved, and the stimulated with TNFα (10 

ng/ml) for 24 h. Supernatant was collected and analyzed by ELISA for IL-8 protein 

expression (*p<0.05). (C) U251-TR.sh-p65 cells were grown in the absence or presence of 

Tet for 48 h, serum-starved, and then stimulated with TNFα (10 ng/ml) for 15 min. The 

samples were then subjected to ChIP assay (see Materials and Methods). 
Immunoprecipitations were performed with anti-p65 or an IgG control. All results are 

representative of three experiments.
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Figure 6. Pin1 Knockdown Inhibits IL-8 Gene Expression and Decreases p65 Recruitment at the 
IL-8 Promoter
(A) Two-step quantitative RT-PCR was performed using SYBR Green. One μg of RNA was 

reverse transcribed to cDNA as described. Mastermix, primers, and cDNA were combined 

and run for 50 cycles in an ABI 7500. Ct values for IL-8 qPCR reactions were derived and 

divided by Ct values for GAPDH. Results are representative of three experiments (*p<0.05). 

(B) Pin1 knockdown inhibits IL-8 protein expression. Cells were plated at 2.0 × 104 in 12-

well plates, grown in the absence or presence of Tet, and stimulated for 24 h with TNFα. 

Supernatants were analyzed for IL-8 protein expression by ELISA. Results are 

representative of three experiments (*p<0.05). (C) 3.0 × 106 U251.shPin1 cells were grown 

in the absence or presence of Tet for 72 h, plated in 150 mm dishes, serum-starved, and 

stimulated with TNFα. Cells were assayed by ChIP (see Materials and Methods). 

Immunoprecipitations were performed with antibodies to the given proteins and primers 

specific to the IL-8 promoter. A PCR reaction using the human IL-8 promoter primers on 

non-immunoprecipitated DNA (Input) was included as a control for total DNA levels.
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Figure 7. Pin1 Knockdown Decreases the Migration of U251-MG Cells
(A) Cells were grown in the absence or presence of Tet (5 μg/ml) for 72 h and plated in 6-

well plates. Wells were then scratched with a sterile p200 pipette tip, washed with PBS, and 

changed to serum-free media (SF) for 48 h. Conditions 5 and 6 were treated with TNFα for 

36 h. Conditions were performed in triplicate and three images were taken of each replicate. 

Representative images from each condition are shown. (B) Images from the scratch assay 

were quantified using ImageJ software. Results are representative of three experiments 

(*p<0.05).
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