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REGULATION  

By 
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Chair:  Stephen P. Sugrue 
Major Department:  Anatomy and Cell Biology 

Pinin/DRS (Pnn), a 140-kDa nuclear and cell adhesion-related protein, is involved 

in the regulation of cell adhesion and modulation of the activity of multiple tumor 

suppressor genes. In the nucleus Pnn is concentrated in the "nuclear speckles," zones of 

accumulation of transcriptional and mRNA splicing factors, where Pnn is involved in 

mRNA processing. Alternatively, other roles of Pnn in gene regulation have not yet been 

established.  

By utilizing in vitro pull-down assays, in vivo interaction studies, and 

immunofluorescence in combination with overexpression and RNA interference 

experiments, we presented evidence that Pnn interacts with the known transcriptional 

corepressor CtBP in a NADH-dependent manner. As a consequence of this interaction 

Pnn was capable of relieving the CtBP-mediated repression of E-cadherin promoter 

activity.  We also demonstrated that Pnn is recruited to CtBP-associated repressor 

complexes, which target E-cadherin promoter, where it may attenuate CtBP-mediated 
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repression.  In addition, by utilizing chromatin immunoprecipitations we showed that Pnn 

expression affects chromatin modifications at the E-cadherin promoter region, driving 

chromatin to a more transcriptionally favorable state. 

Interestingly, recently reported data indicated the presence of Pnn in complexes, 

associated with the basal transcriptional machinery such as Mediator and CA150.  We 

showed, that Pnn preferentially associates with transcriptionally competent RNA 

polymerase II. In contrast to Pnn/CtBP interaction, increased NADH levels result in 

diminished Pnn/Pol II association, suggesting the existence of NADH-dependent 

mechanisms which trigger reorganization of transcriptional complexes. 

And finally, using E-cadherin splicing reporter construct, we demonstrated, that 

Pnn positively modulates E-cadherin mRNA splicing efficiency in a promoter specific 

manner, thus possibly coordinating promoter-associated and mRNA processing events.  

In summary, our findings implicate the existence of Pnn-dependent protein machineries 

capable of controlling gene expression at the promoter level as well as through 

transcription-coupled mRNA processing. 
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CHAPTER 1 
INTRODUCTION 

The unique proteomic composition of any organism is a contribution of the 

multiple regulatory determinants operating during gene expression.  This multistep 

process is composed of intertwined networks of regulatory complexes responsible for 

coordinated processes allowing the information from specific genomic regions to be 

processed into mRNA and ultimately to protein.  As a result of the coordinated events 

which occur during gene expression, it is likely that transcriptional and 

posttranscriptional mechanisms function together in concerted fashion allowing tight 

spatial and temporal regulation gene expression. The existence of multiple interconnected 

checkpoint mechanisms within gene expression machinery ensures coordinated 

surveillance of promoter-associated events, transcription, mRNA processing, as well as 

translational mechanisms, which contributes to production of the final gene product.  It is 

becoming increasingly clear that this cohesive network requires the presence of factors 

which function as integrators of multiple processes during gene expression and which are 

capable of influencing gene expression at the gene promoters as well as during 

transcription and mRNA processing stages. 

Therefore, the molecular interactions involved in the coupling of transcription and 

splicing-associated events probably arise from the ability of a subset of transcriptional 

coregulators to interact with components of the transcriptional machinery and splicing 

apparatus.  It often involves a promoter dependent combination of factors, which are 

capable of recruiting bridging proteins to the proximity of the basal transcriptional 
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machinery.  Subsequently, the interaction between coupling proteins and elongating RNA 

polymerase II establishes the necessary functional links between transcription and 

splicing.  Thus, it is important to recognize the essential role of promoter-related events 

as well as transcription-coupled mRNA processing as crucial determinants during the 

production of a gene product. 

An example of a coupling protein that is involved in promoter-dependent gene 

activation and mRNA splicing is the coactivator activator (CoAA).  Identified as a 

thyroid hormone receptor transcriptional regulator (TRBP) interacting protein (Iwasaki et 

al., 2001), CoAA represents heterogeneous nuclear ribonuclear protein (hnRNP)-like 

factor known to engage in splicing activities.  Importantly, the engagement of CoAA in 

splicing processes can be dependent on the nature of the promoter it targets.  In addition, 

involvement of CoAA in coupling transcription and splicing is likely to reflect the 

composition of the transcriptional complexes capable of recruiting CoAA to the promoter 

(Auboeuf et al., 2004). 

 Another example of a multifunctional protein involved in transcription and 

splicing is a heterogeneous nuclear ribonuclear protein K (hnRNP K) which interacts 

with diverse groups of molecular partners including chromatin remodeling, transcription-

associated splicing, mRNA stability, as well as translation factors.  The modular structure 

of this protein allows the network of coordinated associations within hnRNP K-

associated complexes to be carried out in a controlled manner, creating a compact 

structure of intracellular communication circuitry, where hnRNP K might represent a hub 

(Bomsztyk et al., 2004).  Factors involved in the interaction with hnRNP K include a 

chromatin remodeling factor from the polycomb group of proteins Eed, which exists in 
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the complex with H3K9 and H3K27-specific histone methyltransferases (Cao et al., 

2002). hnRNP K also interacts with DNA methyltransferases (Bomsztyk et al., 2004) and 

factors involved in mRNA processing, such as 9G8 and Srp20 (Shnyreva et al., 2000).  In 

addition, hnRNP K regulates mRNA stability via its association with 3’ UTR (Skalweit et 

al., 2003), and is involved in translational regulation (Bomsztyk et al., 2004). 

Interestingly, modulators of chromatin structure at the gene promoters can also be 

involved in mRNA processing steps.  CHD1 is a member of the chromodomain 

containing nuclear proteins involved in chromatin remodeling (Simic et al., 2003).  It was 

suggested  that a novel function for CHD is as a coupling protein that bridges chromatin 

machinery and splicing apparatus.  CHD1 was shown to interact with nuclear receptor 

corepressor NCoR as well as RNA splicing proteins Srp20, SAF-B, and SR splicing 

protein p54 (Kelley et al., 1999; Tai et al., 2003).  Splicing assays using a splicing 

reporter minigene showed that CHD1 modulates splice site selection, suggesting that 

CDH1 might be involved in mRNA processing (Kelley et al., 1999; Tai et al., 2003).  In 

addition these findings imply the link between NCoR-dependent chromatin 

reorganization at the gene promoters and mRNA splicing. 

Steroid hormone coregulators modulate expression of genes involved in hormonal 

response networks and control the splicing products of their target genes in a promoter 

specific manner.  Importantly, individual hormonal ligands can have opposite effects on 

promoter activity and splicing decisions of target genes, presumably through ligand 

dependent rearrangements of the transcriptional regulatory complexes at the vicinity of 

their target promoters.  ASC-1 and ASC-2 coregulators and their associated proteins 

stimulate the production of progesterone regulated gene transcripts.  However, they 

 



4 

mediated the opposite effect on CD44 pre-mRNA processing in a promoter dependent 

manner implicating the existence of transcription dependent decisions that might have 

differential effects on the nature of the final gene product (Auboeuf et al., 2004). 

Pinin (Pnn/DRD) was first identified as cell adhesion related molecule, capable of 

enhancing cell junction formation and stabilization of the desmosome-intermediate 

filament complex in epithelial cells (Ouyang and Sugrue, 1996). Examination of the 

distribution of Pnn within corneal epithelial cells as they undergo transitions from 

quiescence to migratory revealed that the association of Pnn with desmosomes is greatly 

reduced in migrating cells illustrating the importance of Pnn’s involvement in formation 

of epithelial phenotype (Shi et al., 2000). Immunohistochemical experiments and analysis 

of Pnn mRNA expression demonstrated absence or reduction of Pnn expression in 

different tumor lines, which is consistent with Pnn’s contribution to the reinforcement of 

intracellular adhesion (Shi et al., 2000). 

Later studies revealed that Pnn exists simultaneously at the desmosomal plaques 

where it is associated with keratin filaments (Shi and Sugrue, 2000), and in nuclear 

speckles, known zones of accumulation of both splicing and a number of transcriptional 

factors (Ouyang, 1999; Zimowska et al., 2003). Speckles are considered to be the 

storage/assembly sites for splicing factors, such as SR family of proteins, before they are 

recruited to the locations of nascent pre-mRNA transcript. In addition it has been 

demonstrated that Pnn interacts with SRrp 130, SRp75, SRm300 splicing factors and 

affects mRNA processing (Wang et al., 2002; Zimowska et al., 2003).  Interestingly, 

experiments utilizing Pnn-inducible cell lines in combination with Atlas Human Cancer 

cDNA arrays demonstrated change in the expression profiles of a number of genes in 
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response to Pnn expression, suggesting that Pnn has a functional role in transcriptional 

regulation (Shi, 2001). 

A considerable amount of evidence supports the roles of transcriptional regulators 

functioning as linkers between the basal transcriptional machinery and splicing 

complexes.  The unique characteristic of these bridging elements is their ability to 

coordinate the activity of promoter-associated components of RNA Polymerase II 

complex and at the same time to modulate splicing efficiency, thus ensuring effective 

coupling between the production of mRNA and its subsequent processing. 

These prospects of the involvement of Pnn in transcription were substantiated 

when, in addition to splicing proteins, it was also shown to interact with transcriptional 

regulators associated with the basal transcriptional machinery such as Mediator and 

CA150 (Sato et al., 2004; Smith et al., 2004).  Mediator complex plays a crucial role in 

transcriptional initiation, whereas CA150 modulates elongation rate of RNA polymerase 

II and affects splicing.  Therefore, it is possible that Pnn represents a multifunctional 

protein capable of coordinating transcriptional and splicing events. 

 Indeed, preliminary data indicated that Pnn may interact with nuclear coactivator 

–62kDa (NcoA62/SKIP) a known vitamin D receptor (VDR) interacting partner that 

augments VDR and other nuclear receptor-mediated transcription. NcoA62/SKIP also 

interacts with Ski protein, a potent transcriptional repressor implicated in TGFβ 

signaling, that is involved in regulation of the differentiation program in the muscle cells 

(MacDonald et al., 2004). Evidence accumulated in several laboratories implicates the 

role of NcoA62/SKIP as a transcriptional activator and modulator of mRNA splicing.  

Consistent with NR and VDR coactivator, it enhances 1,25-(OH)2D3-, retinoic acid-, 
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estrogen-, and glucocorticoid-activated transcription (Zhang et al., 2003) as well as 

Notch-dependent genes (Bres et al., 2005).  In addition, the predominant nuclear proteins 

identified as NcoA62/SKIP interacting factors include the components of U5 snRNP, a 

major snRNP involved in splicing of mRNA transcripts.  Furthermore, a functional 

evidence for the role of NcoA62/SKIP in splicing also exists, as NcoA62/SKIP can 

influence mRNA splicing of various splicing reporter minigenes (MacDonald et al., 

2004; Nagai et al., 2004; Zhang et al., 2003).  Significantly, NcoA62/SKIP-mediated 

effect on transcription might arise from its ability to interact with a CDK9/P-TEFb, 

responsible for the phosphorylation of the C-terminal domain (CTD) of RNA polymerase 

II during transcriptional elongation (Bres et al., 2005).  These findings suggested a novel 

role of Pnn as a part of multi-protein complexes perhaps involved in transcription-

coupled splicing and/or other aspects of mRNA maturation, or spatial organization of 

these processes in the nucleus.  

In addition, recent studies using an integrated proteomic approach identified 

nuclear receptor coactivator CAPER-associated complex to contain Pnn (Jung et al., 

2005).  U2AF-family related proteins CAPERα and CAPERβ regulate both steroid 

hormone receptor-mediated transcription and alternative splicing decisions.  The model 

for CAPER mediated coordination of transcription and splicing implies that coupling 

factors can be recruited to the transcriptional machinery in a promoter specific manner 

where they mediate appropriate interactions essential for the expression of a particular 

gene.  It also provides a direct link between the basal transcriptional machinery and 

coregulators involved in coordination of transcription and splicing.  Promoter specific 

interactions might mediate the recruitment of CAPER proteins to the specific target 
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promoters where CAPER will be available for incorporation into the initiation complex to 

further influence pre-mRNA processing during the production of nascent RNA transcript 

(Dowhan et al., 2005).   These findings carry an important implication for the possible 

role of Pnn in the transcription-coupled mRNA processing network. 

Furthermore, experiments involving analysis of the chromatin remodeling and 

pre-mRNA splicing activities revealed the presence of Pnn in PRP4 kinase complex, 

thought to operate during both promoter-associated chromatin remodeling and splicing 

stages of gene expression (Dellaire et al., 2002).  Mammalian PRP4K has been shown to 

associate with nuclear hormone-regulated chromatin remodeling factors such as BRG1 

and NCoR.  Interestingly, PRP4K also copurifies with splicing related proteins such as 

PRP6, SWAP, U5 snRNP and pinin (Dellaire et al., 2002).  This information provided 

novel insight into the potential role of Pnn as part of the promoter-associated regulatory 

complexes.  Our own preliminary findings of the interaction between Pnn and 

transcriptional corepressor CtBP that targets E-cadherin gene promoter (Grooteclaes and 

Frisch, 2000; Nitta et al., 2005; Postigo and Dean, 1999; Srinivasan and Atchison, 2004) 

provided another evidence for existence of the “molecular interface” between Pnn and the 

transcriptional regulatory machinery operating at the gene promoters. 

Significantly, experiments describing Pnn-dependent associations at the gene 

control regions as well as in context of basal transcriptional machinery would ultimately 

elucidate its role in transcription-coupled splicing and promoter-related events.  This will 

also provide an attractive opportunity for a more comprehensive look into Pnn’s 

contribution to the transcriptional regulation, an important step in our understanding of 

multiple roles protein factors can play in the cellular organization and function.

 



CHAPTER 2 
NUCLEAR SPECKLE-ASSOCIATED PROTEIN PNN/DRS BINDS TO THE 

TRANSCRIPTIONAL CO-REPRESSOR CTBP AND RELIEVES CTBP MEDIATED 
REPRESSION OF THE E-CADHERIN GENE. 

Introduction 

We have studied a molecule, pinin (Pnn/DRS/memA), a 140 kDa phosphoprotein 

associated with the desmosome and localized in the nucleus of various tissues and 

cultured cell lines (Brandner et al., 1997; Ouyang, 1999; Ouyang and Sugrue, 1996; 

Ouyang and Sugrue, 1992; Shi and Sugrue, 2000; Shi et al., 2000; Wang et al., 2002), 

which seems to play a key role in the establishment and maintenance of epithelia (Shi et 

al., 2000; Shi et al., 2000). The expression of exogenous Pnn in transformed cells 

dramatically altered the recipient cells’ morphology, driving them to a more epithelial 

phenotype.  Expression of Pnn was linked to the expression of genes such as E-cadherin, 

p21cip/waf, MIC-1 and Rho-A, which impact epithelial adhesion, proliferation, and cell 

motility (Shi, 2001).  These observations suggest that Pnn may play an integral role in 

epithelial-specific gene expression. 

Transfection experiments revealed that the majority of expressed Pnn is found 

within the nucleus, exhibiting a diffuse nucleoplasmic and nuclear speckle distribution.  

However, little, if any, exogenous Pnn was localized to cell-cell adhesion sites.  This 

raises the possibility that Pnn may be exerting its effect predominantly via interaction 

with nuclear components, perhaps involving mRNA transcription and processing 

(Sakashita et al., 2004; Wang et al., 2002).  The proposed functions of nuclear speckles 

include a role as storage compartments for molecular components involved in gene 
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transcription, such as a subpopulation of polymerase II, and mRNA processing 

machinery, such as the SR family of proteins, distinguished by their serine/arginine rich 

motifs.  SR proteins are required for constituitive mRNA splicing and regulation of 

alternative splice site selection (Caceres et al., 1997; Longman et al., 2000; Mintz and 

Spector, 2000; Misteli et al., 1997; Sacco-Bubulya and Spector, 2002; Spector, 2001).  

Previous two-hybrid and co-localization experiments revealed that Pnn indeed binds to, 

and co-localizes with, the SR protein family members SRp75 and SRm300, known 

components of the spliceosome machinery, and a novel SR protein (Dellaire et al., 2002; 

Sacco-Bubulya and Spector, 2002; Wang et al., 2002; Zimowska et al., 2003).  In 

addition, Pnn was demonstrated to contribute to the alternative spice site selection in 

splicing reporter assays, specifically the regulation of 5’ splice site choice (Wang et al., 

2002). Recently, the Mayeda group described a role for Pnn along with RNPS1 in 

alternative pre-mRNA splicing regulation (Sakashita et al., 2004). 

In addition to its role in RNA processing, expression of Pnn is linked to increased 

activity of a subset of tumor suppressor genes, including p21 and E-cadherin.  In 

particular, p21 promoter activity was significantly enhanced in response to the 

exogenously expressed Pnn (Shi et al., 2001), tempting speculation that Pnn’s effect on 

gene expression may also be conferred through specific protein-protein interactions 

governing transcriptional regulation.  The PEDLS sequence motif found in the proximity 

of C-terminus of Pnn was shown to interact with the transcriptional co-repressor BS69 by 

two hybrid analyses (data not shown), raising the possibility that Pnn may bind to 

transcriptional proteins.  Interestingly, the PEDLS motif is known to be involved in the 

interactions of various transcriptional factors with C-terminal binding protein (CtBP), a 
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transcriptional co-repressor with a pronounced function in developmental processes as 

well as tumorgenesis. Like BS69, CtBP was first identified through the interaction with 

the adenoviral E1A protein via E1A’s PLDLS motif (Boyd et al., 1993; Hateboer et al., 

1995; Ladendorff et al., 2001; Masselink and Bernards, 2000; Schaeper et al., 1995; 

Schaeper et al., 1998).  CtBP has been found to associate with multiple transcriptional 

repressors, which contain the basic CtBP-binding signature sequence motif PXDLS, 

although flexibility in the sequence specificity for the CtBP binding has been reported 

(Chinnadurai, 2002; Izutsu et al., 2001; Koipally and Georgopoulos, 2000; Melhuish and 

Wotton, 2000; Meloni et al., 1999; Phippen et al., 2000; Postigo and Dean, 2000; Postigo 

and Dean, 1999; Sewalt et al., 1999).  Mammalian CtBP family members include CtBP1 

and CtBP2 isoforms, which carry diverse functions in embryogenesis and vertebrate 

development (Hildebrand and Soriano, 2002).  The most well-documented function of 

CtBP proteins is as short range transcriptional repressors, when CtBP proteins are 

recruited to promoters by sequence-specific DNA-binding transcription factors, either 

through direct physical interaction or indirectly through bridging proteins. CtBP-

mediated repression is believed to involve multiprotein associations, which exhibit 

histone methyltransferase and deacetylase activities, although many details pertaining to 

the exact mechanism of CtBP-mediated transcriptional silencing remain to be elucidated. 

One important target for CtBP-mediated repression is the E-cadherin promoter, 

where CtBP is able to interact with transcriptional repressors and thereby repress E-

cadherin gene expression (Grooteclaes et al., 2003; Grooteclaes and Frisch, 2000; Shi et 

al., 2003; Zhang et al., 2002).  On the basis of these findings it is possible that CtBP 

participates in coordinated biochemical and enzymatic events resulting in the inhibition 
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of E-cadherin transcription, including complex interaction with promoter targeting 

transcriptional repressors and chromatin remodeling complexes.  Given the potential of a 

Pnn-CtBP interaction through the PEDLS binding motif, it is of interest to explore the 

possibility of a Pnn-CtBP binding and its effect on E-cadherin gene expression. In this 

study, we investigate the functional interactions between Pnn and CtBP1.  We suggest 

that Pnn interacts with CtBP1 and relieves CtBP1-mediated silencing in context of E-

cadherin promoter by interfering with CtBP1-dependent gene silencing events. 

Materials and Methods 

Cell lines, Cell Culture and Transfections 

HEK293, MuM-2C, and MDCK cells were cultured in Dulbecco’s modified 

Eagle medium (DMEM; Bio Whittaker) containing 10% FBS (Cellgro; Mediatech) 2mM 

L-Glutamine, and 200U/ml each streptomycin and penicillin (Cellgro; Mediatech).  Cells 

were passed with 0.1 % trypsin and 0.04% EDTA in Hanks medium.  Human corneal 

epithelial cells (HCET, RCB1384, K. Araki-Sasaki) were cultured in DMEM/F12 (Bio 

Whittaker) containing 5% FBS, 5µg/ml insulin (Sigma-Aldrich), 0.1µg/ml cholera toxin 

(Sigma-Aldrich), 10ng/ml human epidermal growth factor (hEGF; Invitrogen) and 0.5% 

dimethyl sulfoxide (DMSO; Sigma-Aldrich).  

Suspensory HeLa cells (s-HeLa) stably expressing Pnn-Flag-HA fusion protein 

(POZ-N-Pnn-Flag-HA), s-HeLa cells stably expressing CtBP1-Flag-HA fusion protein at 

1:1 ratio to the endogenous CtBP1 (Shi et al., 2003).  (POZ-CtBP1-Flag-HA), and s-

HeLa containing empty POZ vector, were propagated in suspension at 2X105 confluence 

in Joklik’s media (Cambrex) containing 10% FBS (Cellgro;Mediatech) and 200U/ml 

each streptomycin and penicillin. 
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Cells were transfected at 70-90% confluence, utilizing 3µl of 1mg/ml 25kDa 

branched PEI (Sigma-Aldrich) per 1µg of DNA.  PEI and DNA were incubated in serum 

free DMEM for 10 minutes in separate tubes.  Following incubation the contents of two 

tubes were combined, incubated for additional 10 minutes, and applied onto cells. 

Expression Vectors and Reporter Constructs 

pcI-neo-GFP vector was previously described (Wang et al., 1996), pcI-neo-

PnnGFP and pcI-neo-PnnGFP1-421 deletion vector, which expressed hPnn, were based 

on pcI-neo-GFP.  pCMV-CtBP1-Flag, expressing hCtBP1 and pcDNA3.1-Pnn-myc/His, 

expressing hPnn were based on pCMV-Flag (Stratagene) and pcDNA3.1-myc/His 

(Invitrogen) respectively.  Pnn-GALBD vector was based on pBIND construct (Promega) 

and expressed hPnn and yeast GAL4 DNA binding domain as a fusion protein. CtBP1-

GALBD vector expressing hCtBP1 and yeast GAL4 DNA binding domain as a fusion 

protein, was a generous gift of Catharina Svensson (Uppsala University, Sweden).  gal4-

SV-40-luciferase reporter vector carried binding sites for the DNA binding domain of the  

yeast GAL4 protein upstream of the constitutively active SV-40 promoter/enhancer (a 

generous gift from Dr. Liao, University of Florida). CtBP1-GST fusion construct 

expressed hCtBP1 as glutathione S-transferase fusion protein. 

To create the E-cadherin promoter reporter construct, the region extending from 

427 bases upstream of the E-cadherin transcriptional initiation site down to 53 bases post 

transcriptional initiation site was PCR amplified using adaptor primers coding for Kpn1 

and Bgl2 restriction sites on both ends of the amplified product with human genomic 

DNA serving as a template.  The polymerase chain reaction was performed at a 

denaturing temperature of 96oC for 45s, annealing temperature of 60oC for 45s, and 

extension temperature of 70oC for 1min.  After the amplification, the PCR product was 
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digested with Kpn1 and Bgl2 and cloned into the pGL-3 basic luciferase reporter 

construct (Promega) in Bgl2 and Kpn1 cloning sites.  The promoter sequence was 

validated by automated DNA sequencing. The cloned region included all the putative 

regulatory elements of the E-cadherin promoter including two palindromic elements (E-

boxes), CAAT box, and CpG island. E-cadherin promoter truncation mutants were 

created by PCR using specific adapter primers, carrying Kpn1 and Bgl2 restriction sites 

at the termini and E-cadherin –427+53 pGL-3 basic luciferase reporter vector as a 

template. Truncations were constructed so that each subsequent truncation step towards 

the transcriptional start site eliminated a single cis-regulatory element.  Mutations 

included E-BOX1 deletion; E-BOX1, CAAT box deletion; E-BOX1, CAAT box, CpG 

island deletion; E-BOX1, CAAT BOX, CpG island, and E-BOX2 deletion.  Truncation 

mutants were digested with Bgl2 and Kpn1 and cloned into the pGL-3 basic luciferase 

reporter vector.  Mutations within the promoter region were subjected to automated DNA 

sequencing and confirmed by sequence analysis.  A Pnn-myc/His PEDLS AADLS 

mutation of the CtBP1 binding motif was constructed using Stratagene’s QuikChange® 

mutagenesis kit according to the manufacturer instructions using a wild type Pnn-

myc/His expression vector as a template.  Mutations were confirmed by sequence 

analysis. 

In vitro Binding Assays 

Glutathione S-transferase (GST) and GST-CtBP1 proteins expressed in 

Escherichia coli strain BL21-Gold(DE3) (Stratagene) were immobilized on 30µl of 

agarose-conjugated glutathione in the presence of HEMGN buffer (25mM HEPES, pH 

7.4, 0.1mM EDTA, 100mM KCl, 12.5mM MgCl2, 0.1% NP-40, 10% Glycerol, 2mM 
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PMSF and Complete™ cocktail of protease inhibitors (Roche)). Glutathione immobilized 

GST and GST-CtBP1 proteins were then incubated with 50µl of s-HeLa nuclear extract 

enriched for Pnn-Flag-HA protein in the presence of 500µl of binding buffer (20mM 

HEPES, pH7.9, 180mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 25% Glycerol, 2mM 

PMSF and Complete™ cocktail of protease inhibitors (Roche)) for 3 hours with rotation 

at 4oC.  After washing with binding buffer 3 times, beads were resuspended in 20µl of 

SDS loading buffer and the associated proteins were resolved on 8%SDS-PAGE 

followed by western blotting analysis using mouse anti-Flag (Sigma-Aldrich) at 1:4000 

dilution and mouse anti-GST (Zymed) at 1:4000 dilution.  For experiments using NADH 

(Sigma-Aldrich 340-125), the compound was added to the binding buffer before addition 

of the nuclear lysate. 

Pnn and CtBP1-Flag Complex Isolation 

To determine if Pnn interacts with nuclear CtBP1 we utilized sHeLa cells stably 

expressing human CtBP1 tagged with both Flag and hemagglutinin (HA) epitopes at its 

amino terminus (POZ-CtBP1-Flag-HA).  The expression levels of the tagged CtBP1 were 

comparable to that of endogenous CtBP1. The detailed procedure for complex isolation 

was described previously (Ogawa et al., 2002).  Nuclear extract was made from 4L of 

cells, from which the CtBP1 complex was partially purified by using anti-Flag M2 mAb-

conjugated agarose beads followed by washes until no CtBP1 is released, and elution 

with SDS loading buffer.  For western blotting mouse anti-Flag antibody (Covance) at 

1:4000 dilution and mouse anti-Pnn 143 undiluted were used. 
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Isolation of the Endogenous Pnn-CtBP Complex 

To determine if Pnn and CtBP are capable of interaction at the endogenous level 

200µl of sHeLa nuclear lysate was brought up to 400µl using equilibration buffer (20mM 

HEPES, pH7.9, 1.5mM MgCl2, 0.2mM EDTA, 10mM KCl, 25% Glycerol (v/v) (Sigma-

Aldrich) and incubated with mouse anti-Pnn 143 (hybridoma supernatant) or control 

supernatant for 2hrs followed by 1hr incubation with protein G-Sepharose Fast Flow™ 

(Sigma-Aldrich).  Beads were then washed with 180mM NaCl equilibration buffer until 

no Pnn is released, resuspended in SDS loading buffer, and incubated at 950C for 5min.  

Proteins were resolved on 8% SDS-PAGE followed by western blotting using anti-Pnn 

143 mAb undiluted, anti-CtBP1 and anti-CtBP2 mAb (Signal Transduction) at 1:4000 

dilution. 

Co-immunoprecipitaton and Immunoblotting 

HEK293 cells were grown to confluence in 10 cm dishes and transiently 

transfected with 10µg of the expression plasmids Pnn-myc/His or Pnn-AADLS-myc/His 

and CtBP1-Flag using Lipofectamine™ reagent (Life Technologies) according to 

manufacturer’s instructions.  Cells were further lysed in plates using 1ml of RIPA buffer 

(150mM NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS, 50mM Tris pH 8.0, 2mM PMSF and 

Complete™ cocktail of protease inhibitors (Roche)) and collected in microcentrifuge 

tubes where cell lysates were purged 10 times through the 27 gauge syringe, followed by 

a 30 minute incubation with the gentle rotation at 4oC.  After centrifugation at 4o C for 30 

min at 14.000g, the supernatant was used for co-immunoprecipitation using 30µl of anti-

myc beads (Sigma-Aldrich).  Following overnight incubation with rotation, the beads 

were washed 4 times with 500µl of RIPA buffer using micro-bio spin chromatography 

columns; immunoprecipitates were eluted with SDS sample buffer, incubated for 5min at 
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950C, and fractionated by electrophoresis on 8%SDS-PAGE, followed by western 

blotting.  Antibodies for immunodetection were anti-myc mAb at 1:4000 dilution and 

anti-Flag mAb at 1:4000 dilution. 

Cell Fixation and Immunofluorescence 

Cells grown on coverslips were washed three times for 5 minutes in PBS pH 7.4.  

Cells then were fixed in acetone at –200C for 2 min followed by three 5 minute washes in 

PBS.  After the washes coverslips were incubated with primary antibodies for 1 hour at 

250C followed by three 5 minute PBS washes.  Secondary antibodies conjugated to Cy3 

(Chemicon) or Alexa 488 (Chemicon) diluted to 1:2000 were applied to coverslips for1 

hour followed by three 5 minute washes in PBS.  Coverslips were then mounted on the 

Vectashield® mounting media with DAPI (Vector Laboratories) and cells were 

visualized using a fluorescent microscope (DM IRBE; Leica).  For the immunostaining, 

the following primary antibodies were used: mouse anti-Flag (Sigma-Aldrich) at 1:500 

dilution, rabbit anti-Flag (Sigma-Aldrich) at 1:500 dilution, mouse anti-SR proteins 

(Zymed) at 1:500 dilution, mouse anti-Pnn143 (hybridoma supernatant) undiluted, mouse 

anti-CtBP1 (Transduction laboratories) at 1:500 dilution, mouse anti-NuMa 

(Transduction laboratories) at 1:500 dilution, mouse anti-PCNA (Transduction 

laboratories) at 1:500 dilution, mouse anti-sm proteins (NeoMarkers) at 1:500 dilution. 

RNA Interference 

Pnn and CtBP1 RNA interference were carried out using targeting vectors 

expressing short hairpin RNAs directed against Pnn or CtBP1 mRNA coding regions as 

previously described (Shi et al., 2003). Pnn shRNA expressing vector was constructed by 

inserting an inverted repeat of Pnn specific 21 nucleotide sequences into a plasmid 

BS/U6 harboring PolIII U6 promoter as described (Sui et al., 2002). The sequences 
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corresponding to the shRNA were analyzed by BLAST Search to eliminate any 

possibility of sequence homology to other genes. The first fragment of an inverted repeat 

was cloned into a BS/U6 vector as an ApaI-HindIII insert.  The second fragment, also 

containing six nucleotides as a loop and five T’s as the transcriptional termination signal, 

was then inserted into the HindIII and EcoRI sites. The coding sequences were 

GGTAAGGTGGCTCAGCGAGAGA (sense) and 

AGCTTCTCTCGCTGAGCCACCTTACC CTTTTTG (antisense). CtBP1 shRNA vector 

was based on shRNA vector harboring the PolIII U6 promoter (Shi et al., 2003). 

Cells were seeded on coverslips at 40% confluence one day prior to transfection 

in 6 well dishes.  Transfections were carried out using 3µl of 1mg/ml 25kDa branched 

PEI (Sigma-Aldrich) and 1µg of shRNAi vector per well.  48 hours post-transfection 

protein expression and distribution was assayed by immunofluorescence as described in 

the previous section. 

Dual Luciferase Reporter Assays 

The day prior to transfection cells were trypsinized and plated at 60-70% density 

in a 24 or 6 well plate using 500µl or 2ml of standard DMEM media without antibiotics, 

respectively.  Optimal quantities of the reporter DNA were 0.1µg of E-cadherin and gal4-

SV-40 reporters per well and the Renilla reporter construct at 0.01µg per well, which 

were empirically determined in the pilot experiments.  The Renilla construct served as an 

internal control for transfection efficiency.  The concentration of the expression vectors 

varied depending on the experimental design.  The amount of DNA in each transfection 

reaction was equalized using an empty expression vector to control for non-specific 

effects on the luciferase expression.  After transfection cells were incubated for 24 hrs 

and assayed for the luciferase expression using the Dual-Luciferase® reporter assay 
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system (Promega).  All results are shown as the average +/- standard deviation of three 

independent experiments. 

 

Results 

Pnn Associates with CtBP1 in vitro and in vivo 

In order to assay the interaction of Pnn with CtBP1, s-HeLa POZ-N-Pnn-Flag-HA 

nuclear lysates containing epitope-tagged Pnn (Pnn-Flag-HA) were incubated with a 

CtBP1-GST fusion protein or with GST alone.  Immobilized glutathione was utilized to 

capture CtBP1 and associated proteins. Western blots of pulled-down material revealed 

the presence of Pnn in the CtBP1-GST containing fractions but not in the fractions 

containing GST alone (Figure 1A). 

Consistent with many other PXDLS motif-containing CtBP1-binding proteins 

(Kumar et al., 2002; Zhang et al., 2002) , association of Pnn and CtBP1 was noticeably 

enhanced with increasing concentrations of NADH.  These in vitro data suggest that Pnn 

is indeed capable of binding to CtBP1 and NADH facilitated the binding. 

To assess whether the Pnn-CtBP1 interaction could be detected in vivo, nuclear 

extracts from either POZ-CtBP1-Flag-HA s-HeLa cells or from sHeLa cells carrying 

empty POZ vector were incubated with anti-Flag antibody-conjugated agarose beads.  

After washing, the CtBP1-Flag-HA and associated proteins were eluted from the beads.  

Pnn was found associated with the Flag elutes in sHeLa-CtBP1-Flag-HA nuclear extracts 

and not sHeLa control extracts (Figure1B).  Furthermore, endogenous CtBP1 and CtBP2 

can be co-immunoprecipitated with anti-Pnn antibody from sHeLa nuclear extracts 

(Figure1C).  Together these data suggest that Pnn interacts with CtBP1 and CtBP2 in 

vivo. 
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Next, we asked whether Pnn interacts with CtBP1 through the putative CtBP1 

binding motif PEDLS.  Co-transfections of HEK293 cells with CtBP1-Flag along with 

myc-tagged Pnn or myc-tagged Pnn mutated to contain the sequence AADLS instead of 

the PEDLS, revealed that the Pnn-CtBP1 interaction was indeed dependent on the 

PEDLS motif (Figure 1D). 

 

Figure 1.  Pnn interacts with co-repressor CtBP1 in vitro and in vivo. A. CtBP1-GST 
fusion protein or GST alone immobilized on glutathione agarose beads were 
incubated with POZ-N-Pnn-Flag-HA nuclear extracts.  The bound material 
was eluted and evaluated for the presence of Pnn via western blotting with the 
anti-Flag antibody.  Pnn was found associated with CtBP1-GST beads but not 
GST-alone (center panel).  CtBP1-GST fusion protein immobilized on 
glutathione agarose beads was incubated with s-HeLa POZ-N-Pnn-Flag-HA 
nuclear extract in the presence of increasing concentrations of NADH.  Bound 
material was evaluated for the presence of Pnn using anti-Flag antibody.  
Increased concentration of NADH resulted in the increased association of 
CtBP1 with Pnn (right panel). B. CtBP1-associated complex of proteins was 
obtained by passing POZ-CtBP1-Flag-HA s-HeLa nuclear extract or sHeLa 
cell extract over a Flag-M2 column, followed by washes and elution with SDS 
loading buffer.  Flag bound material from sHeLa CtBP1-Flag-HA nuclear 
extracts but not sHeLa control nuclear extracts showed the presence of Pnn. C. 
Pnn-associated proteins were obtained by co-immunoprecipitation from 
sHeLa nuclear lysate using anti-Pnn 143 mouse hybridoma supernatant or 
control supernatant. Co-immunopreciitates were immuno- stained for CtBP1 
and CtBP2.  Both, CtBP1 and CtBP2 were found to associate with Pnn. D. 
HEK293 cells were transiently co-transfected with CtBP1-Flag expression 
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vector and Pnn-myc/His construct or Pnn-AADLS-myc/His mutant.  Co-
immunoprecipitations were performed using anti-myc agarose, followed by 
western blotting with anti-myc and anti-Flag antibodies.  Wild type but not 
Pnn-AADLS was capable of interacting with CtBP1. 

In addition, the western blots of Pnn-associated material revealed the presence of 

a higher molecular weight species of CtBP1, perhaps indicative of a post-translationally 

modified CtBP1.  The higher molecular weight CtBP1 has been detected in other pull-

down experiments raising the possibility that the modified CtBP1 may exhibit increased 

affinity for PXDLS-containing proteins (Barnes et al., 2003; Kagey et al., 2003; Lin et 

al., 2003). 

Nuclear Distribution of Pnn is Altered in Response to CtBP1 Overexpression 

In the nucleus, Pnn has been shown to concentrate in nuclear speckles and 

localize more diffusely throughout the interchromatin space (Brandner et al., 1997; 

Ouyang, 1999; Zimowska et al., 2003), while CtBP1 is found throughout the 

nucleoplasm.  Epithelial cells (HCET) transfected with CtBP1 exhibited a more diffuse 

nuclear distribution of Pnn and increased cytosolic immunostaining for Pnn (Figure 2). 

Similar observations were made in s-HeLa cells constructed to express exogenous 

CtBP1 at 1:1 ratio to the endogenous CtBP1 as described (Shi et al., 2003).  Surprisingly, 

immunostaining with an antibody that reacts with many SR-proteins revealed that 

exogenous CtBP1 expression in HCET’s and HeLa’s resulted in a dispersal of SR 

immunostaining from the nuclear speckles (Figure 2).  These data suggest that the 

perturbation of the interaction of Pnn with CtBP1 may have significant consequences on 

not only Pnn but also on the overall organization of SR-containing proteins. 

We next asked whether reducing the expression of either Pnn or CtBP1 by 

utilizing vector based RNA interference resulted in a change in the distribution of the 
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other component.  While Pnn RNAi effectively lowered the levels of Pnn, little change 

was observed in distribution of CtBP1 (Figure 3B). 

 

Figure 2. Pnn exhibits nuclear redistribution in response to CtBP1 overexpression.(1,2) s-
HeLa cells containing empty POZ vector (1) or s-HeLa cells stably expressing 
CtBP1-Flag-HA fusion protein (POZ-CtBP1-Flag-HA) (2) were 
immunostained for CtBP1 using rabbit anti-Flag antibody (1a,2a) and 143 
antibody against the endogenous Pnn (1b,2b).  (1c,2c) merged DAPI nuclear 
stain (blue), Pnn (red), CtBP1 (green). (5,6) HCET cells were transiently 
transfected with the CtBP1-Flag expression vector and localization of CtBP1 
and Pnn was assessed by immunofluorescence using rabbit anti-Flag antibody 
(5a,6a) and 143 antibody against the endogenous Pnn (5b,6b).  (5c,6c) merged 
DAPI nuclear stain (blue), Pnn (green), CtBP1 (red). (3,4) Same as (1,2) and 
(7,8) same as (5,6), except, instead of Pnn, cells were immunostained for the 
endogenous SR proteins using mouse anti-SR proteins antibody.  Both Pnn 
and SR proteins demonstrated nuclear redistribution in response to the CtBP1 
overexpression. Bar 10µm. 
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In contrast, lowering CtBP1 levels resulted in decreased CtBP1 expression and a 

dramatic change in Pnn’s distribution.  In CtBP1-knockdown cells, sHeLa (Figure3A), as 

well as HCET cells (Figure 3B), Pnn exhibited a diffuse nucleoplasmic distribution with 

concurrent increase in cytoplasmic levels.  Interestingly and seemingly paradoxical, both 

increasing and decreasing CtBP1 expression resulted in a similar distribution change of 

Pnn, perhaps reflective of the importance of balanced expression of CtBP1 and Pnn. 

To verify the specificity of the CtBP1 RNAi-dependent Pnn redistribution and to 

eliminate the possibility of general RNAi-mediated cellular toxicity, which might result 

in Pnn redistribution, we performed CtBP1 RNAi and immunostained for several nuclear 

antigens including SR proteins, sm splicing factors, NuMa and PCNA antigens.  In 

contrast to Pnn, CtBP1 RNAi did not exert drastic effect on the distribution of SR, sm, 

NuMa, and PCNA antigens, supporting the specificity of CtBP1 RNAi on Pnn nuclear 

redistribution (3C).  Interestingly, in some instances we observed accumulation of SR 

proteins in the nuclear speckles in response to CtBP1 RNAi bringing the possibility that 

levels of CtBP1 might, directly or indirectly, regulate splicing events. 

Pnn Upregulates the E-cadherin Promoter Activity 

The effect of Pnn on E-cadherin gene activity was originally described using 

EcR293 hPnnGFP inducible cell lines, in which induction of Pnn expression resulted in 

upregulation of E-cadherin at both message and protein levels (Shi, 2001).  In addition, we 

have demonstrated that RNAi-mediated Pnn knockdown results in the decreased levels of 

E-cadherin, leading to the disruption of adherence junctions (Joo et al, 2005).  These 

findings raised the possibility that Pnn may participate in functional interaction(s) with 

the transcriptional machinery, which contribute to the control of the E-cadherin gene 

expression, such as interaction with the co-repressor CtBP1. 
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Because E-cadherin promoter is a known target for the CtBP1-mediated 

repression (Grooteclaes et al., 2003; Grooteclaes and Frisch, 2000; Shi et al., 2003; 

Zhang et al., 2002), we wished to determine if Pnn-CtBP1 interaction has functional 

consequences on the E-cadherin promoter activity. 

 

Figure 3. Nuclear distribution of Pnn is altered in response to CtBP1 RNAi. A. (1-4) s-
HeLa cells were co-transfected with a CtBP1 RNAi vector and the GFP 
vector, (2,4), or the GFP vector alone (1,3). CtBP1 staining (1b,2b) Pnn 
staining (3b,4b). (1c-4c) merged DAPI nuclear stain (blue), GFP (green), Pnn 
or CtBP (red). B. (1,2) HCET cells were co-transfected with a CtBP1 RNAi 
vector and GFP. Cells were immunostained for CtBP1 (1b) and Pnn (2b).  
Cells, which received CtBP1 RNAi vector exhibited drastic Pnn redistribution 
from nuclear speckles.  (3,4) HCET cells were co-transfected with Pnn RNAi 
vector and a GFP vector.  Cells were immunostained for Pnn (3b) or CtBP 
(4b). (1c-4c) merged DAPI nuclear stain (blue), GFP (green), Pnn or CtBP 
(red). Pnn knockdown did not result in CtBP1 redistribution. C. HCET cells 
were co-transfected with a CtBP1 RNAi vector and GFP vector.  Cells were 
immunostained with anti-Pnn (1b), anti-SR proteins (2b), anti-sm proteins 
(3b), anti-NuMa (4b), and anti-PCNA (5b).  (1c-5c) merged DAPI nuclear 
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stain (blue), GFP (green), Pnn, SR, sm, NuMa, PCNA (red). Arrowheads 
indicate the transfected cells.  Bar 10µm.  

E-cadherin luciferase promoter (-427+53) reporter vector was constructed and 

assayed in the presence of overexpressed Pnn in the HEK293 cell line.  Co-transfection 

of the Pnn expression vector resulted in upregulation of the E-cadherin promoter reporter 

activity, suggesting that Pnn can activate the E-cadherin promoter (Figure 4A). 

 

Figure 3. Continued. 
 

To explore the effect of Pnn expression on the E-cadherin promoter activity in 

different cellular contexts, we co-transfected Pnn expression vector and E-cadherin 

reporter construct into invasive uveal melanoma cells, MuM-2C, (Figure 4B) and the 

epithelial cell line MDCK (Figure 4C). 

Pnn was able to upregulate E-cadherin promoter reporter activity in all the cell 

lines, thus providing evidence that Pnn possesses a general positive regulatory function.  
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Interestingly, the greatest relative increase was seen in MDCK cells which exhibit more 

robust morphological and physiological characteristics of epithelial cells than do the 

epithelial derived HEK293’s or the MuM-2C’s, suggestive of a context-dependent degree 

of response. 

 

Figure 4. Pnn is capable of upregulation of the E-cadherin promoter activity, independent 
of cell type origin.  MDCK, uveal melanoma MuM-2C, and HEK293 cells 
were transiently co-transfected with 100ng of E-cadherin luciferase reporter 
construct with either 500ng of the Pnn-GFP expression vector or the GFP 
vector alone. The numerical data obtained from the luciferase readings was 
normalized to the values of the GFP vector alone control transfectons, which 
represented a value of 1.  In HEK293 and MuM-2C cells E-cadherin promoter 
exhibited 2 and 2.5-fold increase in luciferase activity in response to Pnn 
expression respectively, whereas in MDCK’s 4-fold increase was observed. 

Full-length E-cadherin Promoter is Required for Pnn-dependent Upregulation of 
Transcription 

In order to assess the requirement of the immediate region of the E-cadherin 

promoter for the Pnn-induced activation, we created E-cadherin promoter truncations and 

utilized them in the luciferase reporter assays in context of exogenous Pnn 

overexpression (Figure 5). 

E-cadherin promoter contains several key cis-regulatory elements implicated in 

modulation and cell type specific patterns of E-cadherin gene expression.  They include 

E-boxes 1 CAGGTG (-78) and 2 CACCTG (-28), conserved CCAAT box (-65) and CpG 

island (-52 –32) which contribute to the epithelial specific E-cadherin gene expression 
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(Comijn et al., 2001; Giroldi et al., 1997; Graff et al., 2000; Hennig et al., 1995; Hennig 

et al., 1996; Hosono et al., 2000). 

 

Figure 5. Identification of the Pnn-responsive regions in the E-cadherin promoter.  Each 
truncation of the E-cadherin promoter luciferase reporter is represented in the 
diagram, with indicated distances from the transcriptional initiation site.  Bars 
on the right represent luciferase activity of each of the truncation construct in 
response to Pnn-myc/His expression (Pnn) or expression of the myc/His 
vector alone (vector).  100ng of each promoter construct was transiently co-
transfected into HEK293 cells along with 500ng of the Pnn-myc/His 
expression vector or myc/His vector alone. The numerical data obtained from 
the luciferase readings was normalized to the values of the full-length E-
cadherin promoter (-427+53) activity when co-transfected with the myc/His 
vector alone, which represented a value of 1.  E-box1 and E-box2 regions, as 
well as the region adjacent to the transcriptional start site, demonstrated an 
increased activity in the presence of Pnn. 

The modular structure of the E-cadherin gene control region allows 

interdependent regulation by trans-acting transcriptional factors, which utilize common 

or adjacent cis-regulatory regions of the promoter. 

When co-transfected with the Pnn expression vector, –427+53 E-cadherin 

promoter was the most responsive to the Pnn-induced transcriptional activation, 

suggesting that the increase in the transcriptional output triggered by Pnn requires an 
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intact, immediate E-cadherin promoter region (Figure 5).  In particular, deletion of the 

distal promoter region, which includes E-box1, abolished Pnn-dependent upregulation of 

the E-cadherin promoter activity, indicating that this region may be involved in the 

enhancement of the E-cadherin promoter transcriptional output by Pnn.  We are currently 

investigating the possibility that Pnn is a part of transcriptional complexes occupying 

specific sites on the E-cadherin promoter.  

Pnn De-represses CtBP1-mediated Silencing of the E-cadherin Promoter 

In order to establish the functional relationship between CtBP1 and Pnn at the E-

cadherin promoter region, HEK293 cells were co-transfected with the E-cadherin reporter 

construct and the CtBP1 vector, with or without the wild type (wt) Pnn construct.  As 

predicted (Grooteclaes et al., 2003; Grooteclaes and Frisch, 2000; Shi et al., 2003; Zhang 

et al., 2002), CtBP1 expression resulted in dose dependent repression of E-cadherin 

promoter activity suggesting that CtBP1 serves as a transcriptional co-repressor in the E-

cadherin promoter context (Figure 6-A).  While CtBP1 was capable of repressing E-

cadherin expression, increasing concentrations of the Pnn expression vector resulted in a 

dose-dependent reversal of CtBP1-mediated repression of the reporter activity.  These 

data are consistent with the proposal that Pnn may function as a transcriptional activator 

indirectly by binding to nuclear CtBP1, resulting in transactivation of E-cadherin 

transcription.  Pnn1-421, a Pnn truncation that expresses Pnn lacking it’s C-terminal 

portion, which includes the region containing the PEDLS motif, did not display reversal 

of CtBP1- mediated repression (Figure 6-B). 

Furthermore, cells co-transfected with Pnn-AADLS also exhibited moderate relief 

of CtBP1-mediated repression. However the effect of Pnn-AADLS was less dramatic 
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than the full deletion of the C-terminus of Pnn, raising the possibility that other regions of 

Pnn may have effects on transcriptional regulation of E-cadherin. 

 

Figure 6. Wild type Pnn, but not the truncated or mutant form of Pnn, is capable of 
relieving CtBP1-mediated repression of the E-cadherin promoter.6a. HEK293 
cells were co-transfected with E-cadherin luciferase reporter vector and 
increasing amounts of the CtBP1-Flag vector (.1µg and 1µg).  Parallel 
transfection reactions contained increasing concentrations of Pnn-GFP (.01µg, 
.1µg, 1µg) in the presence of 1µg of the CtBP1-Flag vector.  The same 
experiment was performed using Pnn-GFP1-421, a Pnn truncation mutant that 
lacks CtBP1 binding site (6b).  6c. HEK293 cells were transiently co-
transfected with E-cadherin luciferase reporter vector and increasing amounts 
of the CtBP1-Flag vector (.1µg and 1µg).  Parallel transfection reactions 
contained 1µg of the CtBP1-Flag vector and 1µg of the Pnn-myc/His or Pnn-
AADLS-myc/His vector.  The numerical data obtained from the luciferase 
readings was normalized to the values of full-length E-cadherin reporter in the 
absence of CtBP1 or Pnn constructs, which represented a value of 1.  In 
contrast to wild type Pnn, Pnn1-421 deletion construct was not capable of 
relieving CtBP1-mediated repression of the E-cadherin promoter activity.  Pnn 
PE AA mutant only partially relieved the promoter activity. 

Further evidence of Pnn functioning by interacting with CtBP1 was obtained in 

the reporter assays in which Pnn-GALBD was tethered to Gal4 binding sites immediately 

upstream of the constitutively expressed viral SV-40 promoter/enhancer.  Only in the 

presence of Pnn-GALBD could CtBP1 repress SV40 promoter activity (Figure 7 left 

panel). However, co-expression of wtPnn, but not Pnn-AADLS, effectively blocked the 

Pnn-GALBD/CtBP1 repression (Figure 7 right panel). In a reciprocal experiment CtBP1-

GALBD, when tethered upstream of the SV40 promoter, was able to repress the activity 
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of the SV40 promoter (Figure 8).  However, in this scenario, only the co-expression of 

wtPnn, but not Pnn-AADLS, was capable of blocking CtBP1-mediated repression. 

 

Figure 7. Pnn can recruit CtBP1 to a heterologous promoter, leading to a CtBP1-mediated 
repression of the promoter activity.  left panel. HEK293 cells were co-
transfected with the luciferase reporter construct gal4-SV40-luc and the 
following constructs: 100ng of the Pnn-GALBD fusion construct alone, 1µg 
of the CtBP1-Flag expression vector in the presence or absence of the Pnn-
GALBD fusion construct (100ng).  gal4-SV-40-luc activity was subject to 
CtBP1-mediated repression only in the presence of the Pnn-GALBD fusion 
construct, indicating that Pnn-CtBP1 interaction was responsible for this 
effect.  right panel. HEK293 cells were co-transfected with the gal4-SV40-luc 
reporter, 100ng of the Pnn-GALBD fusion construct, and increasing 
concentrations of CtBP1-Flag (100ng, 1µg).  Transfection reactions also 
contained 1µg of the wild type Pnn-myc/His or mutant form of this vector 
Pnn-AADLS-myc/His, carrying PE AA substitution in the CtBP1 binding 
motif.  The numerical data obtained from the luciferase readings was 
normalized to the value of gal4-SV40-luc reporter in the presence of Pnn-
GALBD only, which represented a value of 1.  Wild type, but not mutant form 
of Pnn, was capable of competition with Pnn-GALBD, thereby relieving 
CtBP1-mediated repression of the reporter activity. 

We speculate that wtPnn may bind to the tethered CtBP1 and occupy or block a 

site on CtBP1 that is required for the recruitment of additional protein(s) that enable 

CtBP1 to repress transcription. 
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Figure 8. Pnn, but not Pnn mutant carrying a mutation in the CtBP1 binding motif, is 
capable of relieving CtBP1-mediated repression of a heterologous promoter 
activity.  HCET cells were transfected with the gal4-SV40-luc reporter 
construct carrying GAL4 binding sites upstream of the SV40 
promoter/enhancer.  Transfection reactions also included 1µg of CtBP1-
GALBD fusion vector alone, and in the presence of 1µg of Pnn-myc/His 
construct (upper panel) or its mutant Pnn-AADLS-myc/His, carrying PE AA 
substitution in the PEDLS CtBP1 binding motif (lower panel).  The numerical 
data obtained from the luciferase readings was normalized to the value of the 
gal4-SV40-luc reporter alone, which represented a value of 1.  Wild type, but 
not mutant form of Pnn, was capable of relieving CtBP1-mediated repression 
of the promoter activity, as depicted in the diagram. 

Discussion 

In our experiments we demonstrated that Pnn interacted with transcriptional co-

repressor CtBP1 in vitro and in vivo.  As a consequence of their interaction, exogenously 

expressed Pnn was capable of reversing CtBP1 mediated repression of E-cadherin 

promoter, providing some mechanistic insights into the functional interaction of Pnn and 

CtBP1 as well as its effect on gene transcription. 

Our data regarding Pnn-CtBP1 interaction places Pnn as a promising candidate 

modifier of the CtBP1 silencing function.  This is in accord with similar reports 

describing adenoviral E1A protein, responsible for the acquisition of the epithelial 

phenotype by invasive tumors by binding CtBP and preventing its repressive influence on 

the target genes (Frisch, 1994; Schaeper et al., 1995; Zhang et al., 2002; Zhang et al., 
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2000). It is tempting to speculate that by binding to CtBP E1A exploits preexisting 

functional protein-protein interactions of the host cellular transcriptional machinery.  

CtBP family members interact with, and modify, the activity of a large number of 

proteins with key roles in development, differentiation, oncogenesis, cell cycle control, 

and apoptosis.  Interaction of CtBP with the C-terminus of E1A antagonizes a 

transcriptional activation mediated by the N-terminus of E1A (Chinnadurai, 2002; 

Schaeper et al., 1998; Sundqvist et al., 2001).  In addition, co-repressor CtBP has been 

shown to associate with the DNA binding transcriptional repressors ZEB1, and SIP1 

(ZEB2), histone deacetylases HDAC 1 and 2, related histone methyltransferases G9a and 

Eu-HMTase1 (EuHMT), two chromodomain containing proteins HPC2 and CDYL, 

transcriptional repressor CoREST, and its related protein KIAA1343 (Comijn et al., 

2001; Postigo and Dean, 1999; Shi et al., 2003).  Taken together these data suggest that 

CtBP-mediated repression encompasses combinatorial events involving DNA binding 

repressors and coordinated activity of the histone deacetylases and methyltransferases. 

Consistent with the fact that CtBP binds a diverse array of transcriptional regulators, 

CtBP deficiency dramatically compromised mouse embryo-wide development as a result 

of genetic and biochemical perturbations (Hildebrand and Soriano, 2002).  Therefore, by 

binding to CtBP1, Pnn is likely to alter CtBP1-dependent silencing functions of 

transcriptional repression machinery, resulting in activation of the CtBP1 target genes. 

In our experiments Pnn interacted with CtBP1 in the nucleus and exhibited drastic 

nuclear redistribution in response the CtBP1 overexpression or RNAi mediated CtBP1 

knockdown, supportive of Pnn/CtBP1 functional association.  Although the data 

presented here pertains to CtBP1, we expect the same effect on Pnn nuclear distribution 
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in response to perturbations of the CtBP2 levels.  Both, CtBP1 and CtBP2 are found to be 

associated with Pnn in the nucleus and, therefore, can possibly exert similar effect on 

Pnn’s nuclear localization.  Interestingly, CtBP1 and CtBP2 can be SUMOylated (Kagey 

et al., 2003; Lin et al., 2003) and, as in case of CtBP1, exhibit SUMOylation-dependent 

subcellular redistribution.  However, interaction of CtBP1 with PXDLS-containing 

proteins is not affected by the CtBP1 SUMOylation status (Lin et al., 2003), suggesting 

that SUMOylation does not affect CtBP1 association with the transcriptional proteins, 

although it can possibly dictate the amount of CtBP1 present in the nucleus. 

As with the majority of the interactions between CtBP and its interacting partners, 

Pnn’s interaction with CtBP1, is mediated through the PXDLS motif within the C-

terminus of Pnn.  In addition, NADH facilitates Pnn-CtBP1 binding.  It has been 

demonstrated that NAD+/ NADH-induced conformational change in CtBP family 

members results in an increase in their affinity for PXDLS motif-containing proteins 

(Chinnadurai, 2002; Kumar et al., 2002; Marmorstein, 2002; Zhang et al., 2002).  It is 

possible that the ability of NADH to stimulate CtBP oligomerization could contribute to 

the enhanced binding to PXDLS-containing proteins such as Pnn.  Indeed, Nardini et al. 

recently determined the structural basis of the increased affinity of CtBP for NADH 

(Nardini et al., 2003).  They proposed that nucleotide binding induces a conformational 

change that promotes CtBP dimerization, which is essential for co-repressor activity.  Our 

finding that NADH stimulated Pnn and CtBP1 binding implies that physiological state of 

the cell can modulate Pnn-CtBP1 interaction, which is consistent with the previously 

reported data describing CtBP interactions with E1A and the transcriptional repressor 

ZEB1 (Kumar et al., 2002; Zhang et al., 2002). 
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We show here that Pnn is capable of the reversal of CtBP1-mediated repression of 

the E-cadherin promoter activity.    According to the pull-down experiments it appears 

that approximately 1-2% of nuclear CtBP is bound to Pnn, suggesting that change in Pnn 

levels is unlikely to drastically affect available nuclear CtBP pool.  Therefore, rather than 

acting as a CtBP sink we suggest that Pnn may be recruited to the transcriptional 

regulatory complexes and, through CtBP, alter CtBP-mediated repression, contributing in 

a positive manner to E-cadherin transcriptional regulation.  Thus, it is tempting to 

speculate that Pnn-CtBP interaction reflect the existence of the bridging machinery, a 

framework for coupling of transcription and mRNA processing.  It remains to be 

established how Pnn-CtBP interaction with the transcriptional machinery will affect Pnn-

dependent splicing events. 

The E-cadherin promoter is a well-characterized target for CtBP-mediated 

transcriptional repression, which may be manifested in the course of epithelial-

mesenchymal transitions associated with malignant transformation of tumors and cell 

migration during embryogenesis.  Recent attempts to elucidate the nature of CtBP’s 

repressive functions resulted in a series of crucial findings linking CtBP-mediated E-

cadherin silencing to the local chromatin state at the promoter region as well as to the 

intranuclear NAD+/NADH ratio, establishing CtBP’s role as an important regulator of E-

cadherin activity in context of the local metabolic and biochemical environment (Shi et 

al., 2003; Zhang et al., 2002).  Therefore, it has been speculated that because CtBP 

appears to play important roles in normal development and in oncogenesis, expression of 

CtBP target genes such as E-cadherin may be influenced by the cellular redox status.  In 

this context, NADH-dependent transcriptional properties of CtBP1, as well as its Pnn-
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binding specificities, imposes significant consequences of physiological changes on the 

nature of Pnn-CtBP1 interaction as related to transcriptional regulation. Significantly, 

Pnn was first characterized as a component of the complex containing dehydrogenase 

activity (Bellavite et al., 1990), which may provide the foundation for the underlying 

mechanism governing the Pnn and CtBP1 functional relationship.  Given the assumption 

that Pnn and CtBP1 can be responsive to the common and unique factor, which defines 

patterns of cellular metabolism, such as NAD+/NADH, it is plausible to speculate that the 

general metabolic spectrum of enzymatic activities can evoke opposite responses 

depending on the innate characteristics of transcriptional regulator. 

While the role of Pnn in mRNA splicing activities has been described (Li et al., 

2003; Wang et al., 2002; Zimowska et al., 2003), its function as a transcriptional 

regulator has not been explored in detail.  Our data identified Pnn as a transcriptional 

regulator, which functionally antagonizes the effect of co-repressor-mediated 

transcriptional silencing.  Interestingly, Dellaire et al. have reported that PRP4 kinase, 

which binds to Pnn, is part of an N-CoR-containing deacetylase complex (Dellaire et al., 

2002), again potentially linking Pnn to transcriptional regulation. We suggest that Pnn 

may belong to an emerging family of proteins involved in nuclear functions of 

transcription and mRNA processing. Taken together these data raise an interesting 

possibility in connection with the transcriptional regulation and splicing activity.  It is 

known that splicing activities are coupled to transcription through the interaction of 

transcriptional factors and constituents of the splicing complexes (Goldstrohm et al., 

2001; Goldstrohm et al., 2001; Reed, 2003).  As a result of the functional interplay 

between the factors responsible for orchestrated gene activation, such as chromatin 
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remodeling enzymes, transcriptional regulators and splicing machinery, gene expression 

acquires the necessary flexibility and synchronization of regulatory events due to the 

possibility of multiple control points (Dellaire et al., 2002; Martinez et al., 2001; Shin and 

Manley, 2002).  It remains to be established whether Pnn-associated modulation of 

transcriptional output and splicing activities represents two distinct mechanisms, which 

Pnn is a part of, or the effect of a single functional regulatory unit.   In any case, Pnn-

CtBP1 interaction at the E-cadherin promoter provides a novel insight into the nature of 

gene regulation through the combinatorial association with repression factors and mRNA 

splicing machinery, which supplements transcriptional mechanisms with the necessary 

means for a flexible, multilayered control of gene expression. 
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CHAPTER 3 
PNN/DRS, A CTBP AND RNA POLYMERASE II-ASSOCIATED FACTOR, 

REGULATES E-CADHERIN GENE TRANSCRIPTION AND MRNA PROCESSING. 

Introduction 

Gene expression is a complex process involving coordinated events at the 

promoter region and pre-mRNA processing.  A number of studies have demonstrated the 

connection between  co-activator  or co-repressor complexes operating at the gene 

promoters and mRNA splicing (Auboeuf et al., 2005; Auboeuf et al., 2004; Auboeuf et 

al., 2002; Dellaire et al., 2002; Dowhan et al., 2005; Nagai et al., 2004; Tai et al., 2003; 

Zhang et al., 2003).  Futhermore, the coupling mechanisms of promoter-associated 

regulators and mRNA splicing complexes depend on the promoter architecture and may 

involve RNA polymerase II-dependent specific interactions (Auboeuf et al., 2002; 

Cramer et al., 1999; Cramer et al., 1997; Dellaire et al., 2002; Pagani et al., 2003; Simic 

et al., 2003; Smith et al., 2004; Tai et al., 2003; Tasic et al., 2002).  Therefore promoter-

associated protein interactions can be important determinants in mRNA processing 

events. 

CtBP is a transcriptional co-repressor that is targeted to the E-cadherin promoter.  

CtBP associates with transcriptional repressor complexes involved in gene regulation in 

various developmental,  oncogenic, and apoptotic contexts (Barnes et al., 2003; 

Chinnadurai, 2002; Grooteclaes et al., 2003; Hildebrand and Soriano, 2002; Izutsu et al., 

2001; Koipally and Georgopoulos, 2000; Melhuish and Wotton, 2000; Meloni et al., 

1999; Phippen et al., 2000; Postigo and Dean, 2000; Postigo and Dean, 1999; Sewalt et 

36 
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al., 1999; Zhang et al., 2005; Zhang et al., 2003).  CtBP is targeted to promoters via 

sequence-specific DNA-binding transcription factors, and contributes to gene silencing 

by recruiting complexes with histone methyltransferase,  demethylase, and deacetylase 

activities (Grooteclaes and Frisch, 2000; Nitta et al., 2005; Postigo and Dean, 1999; Shi 

et al., 2003; Srinivasan and Atchison, 2004).  For example, CtBP is recruited to the E-

cadherin gene promoter by repressor ZEB (Chinnadurai, 2002; Comijn et al., 2001; 

Grooteclaes et al., 2003; Grooteclaes and Frisch, 2000; Postigo and Dean, 1999; Shi et 

al., 2003; Zhang et al., 2002). Similarly, co-repressor mSin3A has been demonstrated to 

interact with CtBP in vivo (Koipally and Georgopoulos, 2000) and target E-cadherin 

promoter via its interaction with Snail (Peinado et al., 2004) and as part of the CoREST 

complex (Grimes et al., 2000; Shi et al., 2003). 

Many studies have shown that CtBP possesses a conserved NADH binding motif, 

characteristic  for D-hydroxyacid dehydrogenases, indicating that NAD(H) may have a 

role in function of CtBP.  Indeed, as a consequence of the NAD(H) binding, CtBP-

mediated repression and interaction with the transcriptional proteins is regulated by levels 

of NAD(H), linking CtBP function to the local metabolic state (Balasubramanian et al., 

2003; Barnes et al., 2003; Fjeld et al., 2003; Kim et al., 2005; Kumar et al., 2002; Nardini 

et al., 2003; Sutrias-Grau and Arnosti, 2004; Thio et al., 2004; Zhang et al., 2002).  

However,  CtBP is also capable of transcriptional silencing in NAD(H) independent 

manner (Grooteclaes et al., 2003).  

Pinin/DRS (Pnn/DRS) is a multifunctional protein that has been initially 

recognized by virtue of its ability to promote epithelial adhesion properties of the 

transformed cell lines (Joo et al., 2005; Ouyang and Sugrue, 1996; Ouyang and Sugrue, 
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1992; Shi and Sugrue, 2000; Shi et al., 2000).   Additional studies revealed that Pnn also 

influences the expression of a number of genes, hence introducing Pnn as a potential 

transcriptional regulator (Shi, 2001; Shi et al., 2000).   Indeed, later experiments indicated 

that in the nucleus Pnn interacts with mRNA processing factors such as SRm300, SRp75, 

SRrp130, and RNPS1 at the nuclear speckles and is involved in mRNA splicing (Li et al., 

2003; Sakashita et al., 2004; Wang et al., 2002; Zimowska et al., 2003). In addition, 

recent data indicates that Pnn associates with components of the basal transcriptional 

machinery such as Mediator and CA150 (Sato et al., 2004; Smith et al., 2004). We have 

also demonstrated that Pnn modulates E-cadherin promoter activity through its NADH-

dependent interaction with the co-repressor CtBP (Alpatov et al., 2004). These findings 

connect Pnn to transcription-specific mechanisms. 

 Here, we investigated the potential mechanism by which Pnn can influence E-

cadherin gene expression. We demonstrate that Pnn associates with CtBP-dependent 

silencing complexes and affects chromatin remodeling at the E-cadheirn promoter. We 

also demonstrate that Pnn interacts with the transcriptionally competent form of Pol II in 

a NADH-dependent manner. Finally, we show that Pnn can positively affect E-cadherin 

mRNA splicing efficiency.  These findings carry an intriguing implication that similar to 

coupling factors, such as CHD1 and nuclear receptor coregulators (Auboeuf et al., 2004; 

Auboeuf et al., 2002; Tai et al., 2003), Pnn is involved in promoter-dependent regulatory 

events as well as post-transcriptional mRNA processing.  

Materials and Methods 

Cell lines, Cell Culture and Transfections 

NIH-3T3hPnn-GFP cells stably expressing human Pnn-GFP and HEK293 cells 

were cultured in Dulbecco’s modified Eagle medium (DMEM; Bio Whittaker) containing 
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10% FBS (Cellgro; Mediatech) 2mM L-Glutamine, and 200U/ml each streptomycin and 

penicillin (Cellgro; Mediatech).  Cells were passed with 0.1 % trypsin and 0.04% EDTA 

in Hanks medium. 

 Suspensory HeLa cells (sHeLa) stably expressing Pnn-Flag-HA fusion protein 

(POZ-Pnn-Flag-HA) at 1:1 ratio to the endogenous Pnn were designed as described 

previously (54).  POZ-Pnn-Flag-HA, and sHeLa cells containing empty POZ vector 

(POZ), were propagated in suspension at 2X105 confluence in Joklik’s media (Cambrex) 

containing 10% FBS (Cellgro;Mediatech) and 200U/ml each streptomycin and penicillin. 

Cells were transfected utilizing 3µl of 1mg/ml 25kDa branched PEI (Sigma-

Aldrich) per 1µg of DNA.  PEI and DNA were incubated in serum free DMEM for 10 

minutes in separate tubes.  Following incubation the contents of two tubes were 

combined, incubated for additional 10 minutes, and applied onto cells. 

Expression Vectors  

pcI-neo-PnnGFP, which expressed hPnn, was based on pcI-neo-GFP, which was 

previously described (Wang et al., 1996).  pCMV-CtBP1-Flag, expressing hCtBP1 and 

pcDNA3.1-Pnn-myc/His, expressing hPnn were based on pCMV-Flag (Stratagene) and 

pcDNA3.1-myc/His (Invitrogen) respectively. Pnn-His-GST fusion construct was based 

on Pet 42b(+) vector (Novagen). ZEB1-myc vector was a gift from Dr. Postigo and Dr. 

Dean (Washington University).  mSin3A-myc vector was a gift from Dr. Seto (University 

of South Florida). 

RNA Polymerase II Antibodies 

Mouse anti-RNA polymerase II H14 antibody recognizes phosphoserine 5 version of 

initiation specific Pol II (Covance), mouse anti-RNA polymerase II H5 antibody 

recognizes phosphoserine 2 version of elongation specific Pol II (Covance) mouse anti-
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RNA polymerase II 8WG16 antibody recognizes hypophosphorylated form of 

preinitiation Pol II (Covance), rabbit N-20 antibody recognizes N-terminus of Pol II 

(Santa Cruz). 

Co-immunoprecipitaton and Immunoblotting 

HEK293 cells were transfected with 4µg of the expression plasmids ZEB1-myc or 

mSin3A-myc, and CtBP1-Flag in the presence or absence of 4µg of Pnn-GFP.  24 hours 

post-transfection cells were washed with cold PBS and lysed in IP buffer (20mM HEPES, 

pH7.9, 200mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 10mM KCl, 25% Glycerol (v/v),  

2mM PMSF and Complete™ cocktail of protease inhibitors (Roche)).  

Co-immunoprecipitations were performed using anti-Flag (Sigma-Aldrich) or anti-myc 

agarose beads (Sigma-Aldrich). Immunoprecipitates were eluted with SDS sample buffer, 

and fractionated by electrophoresis on 8%SDS-PAGE, followed by western blotting.  

Antibodies for immunodetection were  anti-myc 9B11 mAb (Cell Signalling) (1:4000 

dilution), anti-Flag M2 mAb (Sigma) (1:4000 dilution) and 143 anti-Pnn mAb undiluted. 

Chromatin Immunoprecipitation (ChIP) Assays 

ChIP was performed according to guidelines from Upstate Biotechnology.  In 

brief, chromatin from HeLa POZ or HeLa POZ-Pnn-Flag-HA cells was sheared to 

contain on average 500 bp DNA fragments.  ChIPs were perfomed using the following 

antibodies: rabbit anti-HA (Covance), mouse anti-acetylated histone H4 (Covance),  N20 

anti-Pol II (Santa Cruz), rabbit anti-dimethylated histone H3 at lysine9 (H3K9) 

(Covance).  For PCR reactions primers spanning E-cadherin promoter region or GAPDH 

promoter region were utilized.  PCR products were visualized on 0.5% TAE agarose gel. 
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Isolation of the Endogenous Pnn-Pol II Complex 

sHeLa nuclear (200µl) lysates were brought up to 500µl with equilibration buffer 

(20mM HEPES, pH7.9, 150mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 10mM KCl, 25% 

Glycerol (v/v) and incubated with rabbit N-20 (Santa Cruz) or control IgG for 2hrs 

followed by 1hr incubation with protein A-Sepharose Fast Flow™ (Amersham 

Biosciences).  Beads were then washed with equilibration buffer and resuspened in SDS 

loading buffer.  Proteins were resolved on 8% SDS-PAGE followed by western blotting 

using anti-Pnn 143 mAb undiluted and N-20 anti-Pol II antibody (1:500 dilution).  

Pnn and RNA Polymerase II Complex Isolation 

Nuclear extracts from sHeLa POZ-Pnn-Flag-HA cells were prepared as described 

previously (Ogawa et al., 2002).  Nuclear extracts from 4L of cells were incubated with 

ANTI-FLAG® M2 mAb-conjugated agarose beads (Sigma-Aldrich) followed by washes, 

until no Pnn is released, and elution with SDS loading buffer.  For western blotting the 

following antibodies were utilized: mouse anti-Flag antibody (Covance) (1:4000 

dilution), Pol II H14 antibody (1:500 dilution), Pol II H5 antibody (1:500 dilution) and 

Pol II 8WG16 (1:500 dilution). 

In vitro Binding Assays 

Glutathione S-transferase (GST) and GST-Pnn expressed in Escherichia coli 

strain BL21-Gold(DE3) (Stratagene) were immobilized on agarose-conjugated 

glutathione in the presence of HEMGN buffer (25mM HEPES, pH 7.4, 0.1mM EDTA, 

100mM KCl, 12.5mM MgCl2, 0.1% NP-40, 10% Glycerol, 2mM PMSF and Complete™ 

cocktail of protease inhibitors (Roche)). Glutathione immobilized GST and GST-Pnn 

were then incubated with 200µl of sHeLa nuclear extract in the presence of 300µl of 

binding buffer (20mM HEPES, pH7.9, 150mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 
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25% Glycerol, 2mM PMSF and Complete™ cocktail of protease inhibitors (Roche)) for 3 

hours with rotation at 4oC.  After washing with binding buffer, beads were resuspended in 

SDS loading buffer and the associated proteins were resolved on 8%SDS-PAGE 

followed by western blotting using mouse anti-CtBP1 (Signal Transduction) (1:4000 

dilution), Pol II H14 antibody (1:500 dilution) and Pol II 8WG16 (1:500 dilution). 

NADH (Sigma-Aldrich 340-125) was added to the binding buffer before addition of the 

nuclear lysate.  It was also present in the binding buffer during the washing steps. 

Immunofluorescence 

Cells grown on coverslips were washed with PBS pH 7.4 and fixed in methanol at 

–200C for 2 min.  After the washes coverslips were incubated with primary antibodies for 

1 hour at 250C followed by PBS washes.  Secondary antibodies conjugated to Rhodamine 

(Chemicon) or Alexa 488 (Chemicon) diluted to 1:2000 were applied to coverslips for1 

hour followed by additional washes in PBS.  Coverslips were then mounted on the 

Vectashield® mounting media with DAPI (Vector Laboratories) and cells were 

visualized using a fluorescent microscope (DM IRBE; Leica).  For the immunostaining, 

the following primary antibodies were used:  Rabbit anti-GFP (Molecular Probes) 

(1:1000),  Pol II H14 antibody (1:500 dilution), Pol II H5 antibody (1:100 dilution) and 

Pol II 8WG16 (1:100 dilution). 

BromoUridine Incorporation 

Cells were permeabilized for 3 minutes in Permeabilization Buffer (20mM Tris-

HCl, pH 7.4, 5mM MgCl2, 0.5mM EGTA, 25% glycerol, 0.1% Triton X-100, 1mM 

PMSF, RNasin 20 units/ml) followed by incubation in transcription buffer (100mM KCl, 

50mM Tris-HCl, pH 7.4, 10mM MgCl2, 0.5mM EGTA, 25% glycerol, 2mM ATP, 
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0.5mM CTP, 0.5mM GTP, 0.5mM BrUTP, 1mM PMSF, RNasin 20 units/ml) for 5 

minutes at 37°C.  Cells were then washed with 1X PBS and fixed in -20°C methanol for 

2 minutes. 

Deconvolution Microscopy 

Volocity 3-Dimensional Models were generated using a Leica Microscope in 

conjunction with OpenLab (Improvision) and Volocity (Improvision) imaging software.  

Using a 100X magnification, a Z-Stack with a 0.2μm step-width was acquired in 

red/green/blue channels.  Z-Stacks were then cropped and calibrated in Openlab before 

the files were transferred to Volocity.  In Volocity the files were employed for Photon-

Reassignment deconvolution. 

Splicing Reporters and Splicing Assays 

E-cadherin Exon4-intron-Exon5 segment was PCR amplified using Pfu polymerase 

(Stratagene) and genomic DNA as a template.  Splicing reporter constructs were based on 

the pGL-3 basic luciferase reporter (Promega), carrying –427+53 E-cadherin basal 

promoter or SV40 promoter.  The luciferase cDNA was exised and replaced with the 

cassette, which included intact exons 4 (144 bp) and 5 (156 bp) of E-cadherin gene linked 

by the entire intronic sequence (124 bp). E-cadherin[E-cadEx4-Ex5] or SV40[E-cadEx4-

Ex5] splicing reporters contained E-cadherin or SV40 promoters driving E-cadherin 

exon4-intron-exon5 cassette which is followed by SV40 polyA signal sequence carried 

over with the pGL-3 backbone.  

For splicing assays HEK293 cells were co-transfected with 500 ng of splicing 

reporters and 1 and 2 µg of Pnn expression vector or 1µg of Pnn RNAi short hairpin 

vector (Joo et al., 2005; Ouyang and Sugrue, 1996; Ouyang and Sugrue, 1992; Shi and 
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Sugrue, 2000; Shi et al., 2000).   Total amount of DNA was equalized using unrelated 

vector.  24 hrs post transfection total RNA was isolated using NucleoSpin® kit (BD 

Biosciences), including 1hr DNAse treatment.  To further eliminate DNA contamination 

isolated RNA was additionally treated with RQ1 DNAse (Promega) for 1hour followed 

by phenol-cholophorm extraction.   Equal amount of RNA was subjected to reverse 

transcription using cMaster® RT kit (Eppendorf) primed with SV40-specific primer.  

Resulting cDNA was 26 cycle-PCR amplified utilizing E-cadherin exon4 and exon5-

specific primers.  The linear amplification range of the PCR products was determined in 

pilot experiments.  PCR products were resolved utilizing 5% TBE polyacrylamide  

Criterion™gel system followed by staining for detection using SYBR® Green dye 

(Molecular Probes).  Gels were scanned on Typhoon 8600 (Amersham Pharmacia 

Biotech) and quantitated utilizing ImageQuant® software (Molecular Dynamics). In 

addition, PCR products corresponding to spliced and unspliced E-cadherin message were 

excised from the gel and verified by sequencing. 

Results 

Pnn is Recruited to CtBP-associated Repressor Complexes 

In order to investigate the mechanisms behind Pnn-dependent modulation of 

CtBP-mediated silencing, we entertained two possible models, which may account for the 

Pnn-mediated de-repression of the E-cadherin promoter (Fig.9A–9C). 

Firstly, Pnn may sequester CtBP from CtBP-associated proteins, which target the 

E-cadherin promoter (Fig.9C).  Alternatively, Pnn may itself be brought to the silencing 

complexes operating in the vicinity of the E-cadherin promoter via its interaction with 

CtBP, and attenuate CtBP-mediated repression (Fig.9B).  To explore these possible 
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outcomes we focused on two transcriptional silencers ZEB and mSin3A, which interact 

with CtBP and target E-cadherin promoter. 

 

Fig9.  Pnn was recruited to the CtBP-associated repressor complexes.  Pnn may sequester 
CtBP from the CtBP-associated repressor, alternatively Pnn can be recruited 
to the repressor complex via CtBP (A-C).  HEK 293 cells were co-transfected 
with the vectors expressing ZEB1-myc  (D) or mSin3A-myc (E) and CtBP1-
Flag in the absence or presence of hPnn-GFP.  Immunoprecipitations were 
performed using Flag affinity agarose, followed by western blotting using 
anti-Pnn 143, anti-myc, and anti-Flag antibodies.  Exogenous hPnnGFP is 
indicated by an arrowhead, and endogenous Pnn by an arrow.  Increase in Pnn 
levels did not appreciably affect the amount of ZEB1 or mSin3A co-
precipitated with CtBP, (D) and (E) respectively.  Exogenous and endogenous 
Pnn could be detected in CtBP-Flag immunoprecipitates, indicating that Pnn 
may be present in ZEB1/CtBP1 and mSin3A/CtBP1 complexes. 

HEK 293 cells were co-transfected with  vectors expressing ZEB1-myc  (Fig.9D) 

or mSin3A-myc (Fig.9E) and CtBP1-Flag in the absence or presence of hPnn-GFP 

vector.  Immunoprecipitations were performed using anti-Flag agarose.  

Immunoprecipitated material was subjected to western blotting using anti-Pnn 143, anti-

myc, and anti-Flag antibodies. hPnn-GFP expression did not result in changes of the 

amount of ZEB1 and mSin3A associated with CtBP1 leading us to conclude that Pnn 

does not drastically affect the interaction of CtBP with ZEB or mSin3A.  Interestingly, 

endogenous, as well as exogenous Pnn could be detected in CtBP-Flag 
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immunoprecipitates,  suggesting that Pnn can be present in the CtBP-dependent silencing 

complexes (Fig.9D and 9E). 

Pnn Can Be Recruited to ZEB1/CtBP and mSin3A/CtBP Complexes via CtBP 

Next we determined whether  binding to CtBP is essential for Pnn’s presence in 

the silencing complexes. 

 

Fig10.  Pnn may be recruited to the ZEB1/CtBP and mSin3A/CtBP complexes via CtBP.  
HEK293 cells were co-transfected with ZEB1-myc (A) or mSin3A-myc (B) in 
the presence of short hairpin-mediated RNAi vector for CtBP1 or GFP RNAi.  
Immunoprecipitations were performed using anti-myc agarose, followed by 
western blotting using anti-Pnn 143 and anti-myc antibodies.  Amount of Pnn 
in ZEB1 and mSin3A precipitates was diminished in the presence of CtBP 
RNAi, indicating that Pnn association with the ZEB1/CtBP and mSin3A/CtBP 
repressor complexes was CtBP-dependent. 

HEK293 cells were co-transfected with ZEB1-myc (Fig.10A) or mSin3A-myc 

(Fig.10B) in the presence of short hairpin-mediated RNAi vector for CtBP1 or GFP 

RNAi as a control.  Transient transfection of RNAi vector for CtBP1 resulted in 

approximately 60% reduction in CtBP1 protein levels (data not shown).  

Immunoprecipitations were performed using anti-myc agarose,  followed by western 

blotting using anti-Pnn 143 and anti-myc antibodies. Endogenous Pnn was detected in 

anti-ZEB1-myc and anti-mSin3A-myc precipitates.  However, amount of Pnn in the anti-

ZEB-myc and anti-mSin3A-myc precipitates was diminished in the presence of CtBP 

RNAi, indicating that Pnn association with the ZEB1/CtBP and mSin3A/CtBP repressor 

complexes may be CtBP-dependent as depicted in the diagram (Fig. 9B).  This suggests 
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that CtBP might play a role of a bridging element capable of recruiting regulatory 

proteins to the silencing complexes.   

Pnn Is Present at the E-cadherin Promoter 

Because the expression of Pnn leads to the enhanced activity of E-cadherin 

promoter (Alpatov et al., 2004) we investigated whether  Pnn can be detected at the 

promoter region and whether expression of Pnn affects local chromatin modification. 

 

Fig11.  Pnn was present at the E-cadherin promoter, where it modulated transcriptional 
state of chromatin. (A) POZ-Pnn-Flag-HA cells or POZ cells were subjected 
to ChIP utilizing anti-HA antibody.  ChIPs were amplified using either E-
cadherin or GAPDH promoter specific primers.  Pnn was found to be 
associated with E-cadherin but not GAPDH promoter.  (B) HeLa POZ-Pnn-
Flag-HA cells or HeLa POZ cells were subjected to chromatin 
immunoprecipitation (ChIP) utilizing anti-acetylated histone 4 (AcH4), anti-
dimethylated histone H3 at lysine9 (diMeH3K9), and anti-Polymerase II (N-
20).  ChIPs were amplified using E-cadherin or GAPDH promoter- specific 
primers. Cells expressing Pnn-Flag-HA exhibited enhanced H4 acetylation, 
diminished diMeH3K9, and increased presence of Pol II at the E-cadherin 
promoter. 

POZ-Pnn-Flag-HA or POZ cells were subjected to chromatin 

immunoprecipitation (ChIP) utilizing anti-HA antibody followed by PCR using E-

cadherin promoter specific primers or GAPDH promoter primers as a control (Fig. 11A).  

Pnn was found to be associated with E-cadherin but not GAPDH promoter. Next, POZ-

Pnn-Flag-HA or POZ cells were subjected to ChIP analysis utilizing antibodies against 

acetylated histone 4 (AcH4) as a marker for transcriptionally active  chromatin,  anti-
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dimethylated histone H3 at lysine9 (diMeH3K9) as a marker for silenced chromatin,  and 

anti-Polymerase II (N-20) (Fig. 11B). Cells expressing hPnn-Flag-HA exhibited 

enhanced H4 acetylation , diminished dimethylation at H3K9 and increased presence of 

Pol II at the E-cadherin promoter.  These results suggest that presence of Pnn may affect 

local chromatin remodeling in the vicinity of the E-cadherin promoter, driving promoter 

to transcriptionally favorable state. 

Pnn Interacts with the Transcriptionally Competent RNA Polymerase II and Can 
Differentially Associate with CtBP and Pol II in a NADH-dependent Manner 

Observation that Pnn expression correlates with the increased presence of RNA 

polymerase II at the E-cadherin promoter prompted us to investigate the potential 

involvement of Pnn in basal transcriptional machinery.  In order to determine if 

endogenous Pnn and Pol II can interact, we utilized HeLa nuclear extracts to perform 

immunoprecipitations with anti-Pol II (N-20) antibody, followed by western blotting with 

anti-Pol II(N-20) and anti-Pnn 143 antibodies.  Pnn was detected in Pol II precipitates 

indicating that these two factors associate in vivo (Fig. 12A). 

Next, we assessed whether Pnn can preferentially associate with a particular form 

of Pol II.  Functionally unengaged, preinitiation Pol II is hypophosphorylated at its C-

terminal domain (CTD), initiation-specific Pol II is predominantly phosphorylated at 

Ser5 of CTD, and elongation-specific Pol II is predominantly phoshorylated at Ser2 of 

CTD (Cramer et al., 2001; Hirose and Manley, 2000; Maniatis and Reed, 2002; 

Proudfoot et al., 2002; Reed, 2003; Zorio and Bentley, 2004).  Nuclear extracts from the 

HeLa cells expressing hPnn-Flag-HA were subjected to immunoprecipitation using anti-

HA antibody, followed by western blotting using anti-HA antibody and antibodies 

directed against different forms of Pol II (Fig. 12B).  Pnn immunoprecipitates contained 
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both, initiation and elongation-specific Pol II but not the preinitiation form of Pol II 

suggesting that Pnn is predominantly associates with RNA polymerase II complex during 

the process of active transcription. 

 

Fig12.  Pnn interacted with the transcriptionally competent Pol II and can differentially 
associate with CtBP and Pol II in a NADH-dependent manner.  (A) HeLa 
nuclear extracts were utilized for immunoprecipitation using anti-Pol II (N-
20) antibody, followed by western blotting using anti-Pol II(N-20) and anti-
Pnn 143 antibodies.  Endogenous Pnn and Pol II were found to be associated.  
(B) Nuclear extracts from the HeLa POZ-Pnn-Flag-HA cells were used for 
immunoprecipitation using anti-HA antibody, followed by western blotting 
for HA, preinitiation form of Pol II (CTD), initiation specific Pol II (Pol II P-
Ser5), and elongation specific Pol II (Pol II P-Ser2).  Pnn was found to be 
associated with transcriptionally competent forms of Pol II, but not with the 
preinitiation form of Pol II.  (C) Bacterially expressed Pnn-GST, immobilized 
on glutathione beads was incubated with HeLa nuclear extracts in the 
presence or absence of 1mM NADH. Western blotting for CtBP1, 
preinitiation Pol II (CTD), and initiation specific Pol II (Pol II P-Ser5) 
revealed that in the presence of NADH Pnn pull-down material was enriched 
for CtBP1, however , Pol II P-Ser5 ammount was diminished, suggesting the 
reorganization of Pnn/Pol II and Pnn/CtBP complexes in a NADH-dependent 
manner. 

Variation of the levels of NAD(H) can affect the degree of Pnn/CtBP interaction 

(Alpatov et al., 2004) raising the possibility that higher concentration of NADH may also 

have an effect on Pnn/Pol II association.  To test this bacterially expressed Pnn-GST 
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immobilized on glutathione beads was incubated with sHeLa nuclear extracts in the 

presence or absence of 1mM NADH (Fig. 12C). In the presence of NADH Pnn pull-down 

material was enriched for CtBP1, however, amount of initiation-specific Pol II was 

diminished.  This suggests that NADH can have an opposite effect on Pnn’s interaction 

with the transcriptionally competent form of Pol II and co-repressor CtBP. 

Distribution of Pnn Overlaps with the Transcriptionally Competent Forms of Pol II 

To explore a potential correlation between nuclear distribution of different forms 

of Pol II and Pnn, NIH3T3 cells stably expressing GFP-tagged Pnn were immunostained 

for GFP, initiation-specific, elongation-specific, and pre-initiation forms of Pol II (Fig. 

13A).  Pnn immunoreactivity partially overlapped with initiation-specific Pol II (upper 

panel), elongation-specific Pol II (middle panel) but less so with the preinitiation form of 

Pol II (lower panel) as indicated by the arrowheads.  Next, we reasoned that if Pnn 

preferentially associates with the transcriptionally active forms of Pol II, these factors 

may exhibit similar behavior in response to the transcriptional block. Therefore, we 

performed immunolabeling of actinomycin D-treated  NIH3T3 cells stably expressing 

GFP-tagged Pnn for GFP and different forms of Pol II (Fig. 13B). 

In support to Pnn/Pol II interaction data, initiation-specific (upper panel) and 

elongation-specific (middle panel) but not preinitiation form of Pol II (lower panel) 

exhibited similar to Pnn redistribution dynamics concentrating as enlarged speckles 

(arrowheads) in response to the transcriptional inhibition.  

For detailed analysis of Pnn/Pol II co-localization in context of active 

transcription we utilized image deconvolution of NIH3T3 hPnnGFP cells pulse-labeled 

with BrU and immunostained with anti-GFP, anti-initiation-specific Pol II, and anti-

elongation-specific Pol II (Fig. 13C).  Active transcription often takes place at the 
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periphery of the nuclear speckles where co-transcriptional mRNA splicing is likely to 

occur (Bregman et al., 1995; Lamond and Spector, 2003; Mintz et al., 1999; Mortillaro et 

al., 1996). 

 

Fig13.  Pnn partially overlaped with the transcriptionally competent Pol II. (A) NIH3T3 
hPnnGFP cells were immunostained for GFP (green), Pol II P-Ser5, Pol II P-
Ser2, and Pol II CTD (all red).  Localization of Pnn partially overlapped with 
Pol II P-Ser5 (upper panel),  Pol II P-Ser2 (middle panel), but less so with 
CTD staining (lower pannel) as indicated by the arrowheads.  (B) Same as (A) 
only after actinomycin D treatment.  Pol II P-Ser5 and Pol II P-Ser2 but not 
transcriptionally inactive form of Pol II (CTD) exhibited similar to Pnn 
immunostaining pattern concentrating as enlarged speckle aggregates 
(arrowheads).  (C) NIH3T3 hPnnGFP cells pulse-labeled with BrU and 
immunostained with anti-BrdU and anti-GFP antibodies (upper pannel), anti-
GFP and anti-Pol II P-Ser5 (middle panel), and anti-GFP and anti- Pol II P-
Ser2 antibodies (lower panel). HPnnGFP is green, and BrU, Pol II-Ser5, Pol II 
P-Ser2 are red.  BrU staining as well as staining for Pol II P-Ser5 and Pol II P-
Ser2 appear to overlap with Pnn immunoreactivity at the Pnn “speckle” 
periphery (arrowheads). Bar 10 µm. 
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We observed BrU staining as well as staining for initiation and elongation-

specific Pol II to overlap with Pnn immunoreactivity at the “speckle” periphery 

(arrowheads).  These data indicates that Pnn can be present in the zones of active 

transcription. 

Pnn Positively Affects E-cadherin mRNA Splicing 

Because Pnn is involved in pre-mRNA processing (Li et al., 2003; Wang et al., 

2002) we considered the possibility that Pnn can affect E-cadherin mRNA splicing 

efficiency.  We created splicing reporter constructs which carried the intact E-cadherin 

exon4-intron-exon5 cassette followed by SV40 polyA signal, which were driven by E-

cadherin or SV-40 promoter as a control (Fig. 14). 

HEK293 cells were co-transfected with E-cadherin splicing reporter or SV-40 

splicing reporter and increased amount of Pnn.  Significantly, increased amounts of Pnn 

resulted in the greater spliced/total mRNA ratio in context of E-cadherin (Fig. 14A left 

panel) but not SV40 promoter (Fig.14A right panel).  We next, determined if reduction of 

Pnn levels would have an affect on the E-cadherin mRNA splicing efficiency. 

Splicing assays were conducted in the presence or absence of Pnn RNA interference 

(RNAi).  Pnn RNAi resulted in reduction of spliced/total mRNA ratio in case of E-

cadherin (Fig. 14B left panel) but not SV40 promoter (Fig. 14B right panel).  These data 

suggest that Pnn is capable of modulating E-cadherin mRNA splicing efficiency in a 

promoter-specific manner.  

Because co-transcriptional splicing involves positioning mRNA processing 

factors along the transcribed gene (Bentley, 2005), we determined if Pnn is present within 

E-cadherin gene. POZ-Pnn-Flag-HA or POZ cells were subjected to chromatin 

immunoprecipitation utilizing anti-HA antibody followed by PCR using E-cadherin 

 



53 

intragenic primers (Fig. 14D).  Pnn was found to be associated with E-cadherin intragenic 

region, which supports its role in E-cadherin mRNA processing. 

 

Fig14.  Pnn enhanced E-cadherin mRNA splicing efficiency. (A) HEK293 cells were co-
transfected with E-cadherin[E-cadEx4-Ex5] (left pannel) or SV40[E-cadEx4-
Ex5] (right pannel) splicing reporters and increasing amount of Pnn.  Spliced 
and unspliced RNAs were amplified by RT-PCR followed by quantitation of 
band intensity. Histograms on the right represent ratio spliced/total mRNA 
obtained from 3 independent assays.  Bars represent standard deviations.  
Increasing Pnn expression resulted in the increased spliced/total mRNA ratio 
in context of E-cadherin promoter but not SV40 promoter. (B) Transfection of 
Pnn RNAi vector resulted in the decreased spliced/total mRNA ratio in 
context of E-cadherin promoter but not SV40 promoter. (C) HeLa POZ-Pnn-
Flag-HA cells or HeLa POZ cells were subjected to chromatin 
immunoprecipitation (ChIP) utilizing anti-HA antibody.  ChIPs were 
amplified using E-cadherin intragenic primers.  Pnn was found to be 
associated with E-cadherin intragenic region. 

Discussion 

The coupling mechanisms governing transcription include synergistic action of 

regulatory complexes at the promoter regions as well as complexes involved in later 

stages of gene expression such as mRNA processing. 

In this work we explored the mechanisms involved in Pnn-dependent modulation 

of CtBP-mediated silencing of the E-cadherin gene and connection between transcription 
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and splicing.  We demonstrate that Pnn can be recruited to the CtBP-associated repressor 

complexes where it may relieve CtBP-mediated repression.  Furthermore, we showed that 

Pnn interacts with transcriptionally competent RNA Polymerase II and enhances E-

cadherin mRNA splicing efficiency. 

 To investigate the possible effect of Pnn on transcriptional silencing mediated by 

CtBP, we focused on two  transcriptional repressors ZEB1 and mSin3A, which are 

known to associate with CtBP, and target E-cadherin promoter. Using co-

immunoprecipitation assays we showed that Pnn does not sequester CtBP from CtBP-

associated repressor proteins, but rather, gets recruited to the silencing complexes via 

CtBP.  Whether the presence of Pnn triggers structural reorganization of the CtBP-

dependent complexes or somehow modulates the function of CtBP needs further 

investigation. 

Our findings provide indirect support for the context-dependent effect of 

regulatory complexes on a target gene.  For example a protein complex can deliver 

silencing or activating effect on the gene promoter depending on its factor composition.  

This assumption parallels a new exciting model describing a novel, cofactor-mediated 

specificity for histone demethylation exerted by the newly discovered factor LSD1(Shi et 

al., 2004).  Intriguingly, it is possible that LSD1 may act as an activator or repressor 

depending on LSD1-associated protein complex composition (Wysocka et al., 2005). 

By using ChIP assays we demonstrated that Pnn is present at the E-cadherin 

promoter.  The presence of Pnn correlated with increased histone H4 acetylation, 

decrease in histone H3K9 dimethylation, as well as the increased presence of RNA 

polymerase II, which corresponds to the transcriptionally active chromatin.   This is 
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consistent with our data describing Pnn-dependent enhancement of E-cadherin promoter 

activity (Alpatov et al., 2004). 

By utilizing co-immunoprecipitations along with immunofluorecense we 

demonstrated that Pnn associates with the transcriptionally competent forms of Pol II, 

such as initiation and elongation-specific Pol II but not with the preinitiation Pol II.  The 

fact that Pnn associates with the transcriptionally competent forms of Pol II is in 

agreement with previously reported data on Pnn’s presence in Pol II-associated 

complexes involved in transcriptional initiation and elongation, such as Mediator and 

CA150 (Sato et al., 2004; Smith et al., 2004).  According to our 3D reconstruction studies 

Pnn overlaps with Pol II at the periphery of the Pnn speckles where transcription-coupled 

mRNA processing is thought to occur.  Therefore it is conceivable that Pnn is recruited 

from the nuclear speckles to sites of transcription where Pnn engages in splicing 

activities. 

Intriguingly, our in vitro pull-down studies utilizing nuclear extracts revealed that 

NADH levels could differentially modulate the degree of Pnn-dependent interactions.  In 

contrast to the Pnn/CtBP association, increased levels of NADH resulted in the decrease 

in Pnn/Pol II association. These findings imply the existence of a possible novel 

mechanism of NAD(H)-dependent reorganization of transcriptional regulatory complexes 

in response to changes in the local metabolic state.  Indeed, the role of NAD derivatives 

in transcriptional regulation has been recently described.  The reduced forms of the redox 

co-factors, NAD(H) and NADP(H) enhance DNA binding of the Clock:BMAL1 and 

NPAS2:BMAL1 heterodimeric transcription factors, whereas  oxidized forms inhibit.  In 

addition, histone H2B promoter activation by OCA-S coactivator complex has been 
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shown to be NAD(H) dependent (Rutter et al., 2001; Zheng et al., 2003).  Therefore, it is 

tempting to speculate that nuclear NAD cofactors might dictate the degree of association 

between Pnn and its binding partners affecting downstream transcriptional events.  

Finally, by utilizing a splicing reporter construct driven by E-cadherin basal 

promoter containing E-cadherin exon4-intron-exon5 cassette, we showed that Pnn can 

modulate E-cadherin mRNA splicing efficiency in a promoter-specific manner.  

Therefore, Pnn might affect E-cadherin gene transcription through Pnn-dependent 

associations with the regulatory complexes at the E-cadherin promoter as well as through 

its affect on splicing, thus linking promoter related events and transcription-coupled 

mRNA processing.  It is possible that depending on the cellular and promoter context, 

transcription-associated complexes recruit proteins capable of coordinating promoter 

specific as well as mRNA splicing events, ensuring efficient production of a processed 

gene product. 

 

Fig15.  Diagram depicting possible mechanism of Pnn involvement in multiple steps of 
regulation of E-cadherin gene expression. (A) CtBP participates in repression 
of E-cadherin gene. (B) Pnn may be recruited to CtBP-associated repressor 
complexes via CtBP, where Pnn can attenuate CtBP-mediated repression. (C) 
Pnn may also regulate E-cadherin gene expression at the mRNA level via its 
association with Pol II, where Pnn might couple transcription and splicing.  
Importantly NADH can modulate the degree of association of Pnn with CtBP 
and Pol II.  

In conclusion, we propose the concept of Pnn-dependent functional coupling of 

processes governing gene expression, where Pnn serves as an example of a unique 

protein factor, which contributes to promoter related complex interactions in a NADH-
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sensitive manner as well as impacts mRNA processing (Fig. 15). This idea provides an 

exiting opportunity for pharmacological targeting of various cancers, whereby carefully 

designed targeting strategy directed towards a single key regulatory molecule will have a 

cumulative and hopefully beneficial effect at multiple control points. 

 

 



CHAPTER 4 
DISCUSSION 

In our work we explored the underlying mechanisms of Pnn-dependent 

modulation of the E-cadherin gene expression.  Our findings suggest that Pnn is capable 

of regulating E-cadherin gene expression via interaction with CtBP-dependent repressor 

complexes which target E-cadherin promoter as well as through its effect on E-cadherin 

mRNA splicing efficiency.  These data highlights the role of Pnn as a multifunctional 

protein involved in multiple stages of gene expression, possibly coordinating promoter 

related events and mechanisms of mRNA processing. 

To exert the coordinated pattern of gene expression DNA-encoded genetic 

information has to be deciphered and organized in a readable manner, such that it can be 

transcribed and further translated into the final gene product.  The driving force behind 

the transmission of the genetic information from DNA to protein consists of multiple 

protein factories, which heavily influence the unique proteomic composition from cell to 

an individual organism.  It takes the coordinated effort of exceedingly complicated 

machines to “unwrap” the tightly packaged chromatin at the gene promoter regions to 

allow the transcriptional machinery to be loaded on the promoter triggering 

transcriptional initiation.  Conversely, silencing complexes function to drive chromatin to 

condensed conformation to prevent transcriptional initiation.  During the later stages of 

gene expression transcription-coupled mRNA splicing, export and translation take place, 

all subject to regulation by extensive protein networks.  Therefore, if one decides to 

categorize gene regulatory machinery, it would include activator complexes, which 

58 
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activate gene expression and repressor complexes, which repress transcription, thus 

counterbalancing effect of activators.   

However, this clear cut picture dissipates giving way to a emerging complexity 

when experimenters embark to establish the nature of driving forces behind a 

transcriptional regulatory pathway.   One of the examples of the complexity of the 

machines involved in gene regulation is CtBP-dependent transcriptional repression.  

Initially identified as a factor that attenuates the E1A-dependent oncogenic 

transformation, CtBP was later shown to act as a transcriptional corepessor in multiple 

developmental and oncogenic contexts.  Functioning mainly as a co-factor, it is recruited 

to its target promoters through various repressor proteins where CtBP silences gene 

expression.  CtBP-associated complex of proteins includes factors carrying enzymatic 

activities such as histone deacetylases (HDAC1 and HDAC2), histone 

methyltransfereases (G9a, and EuHMT), as well as recently discovered histone 

demethylase LSD1, all of them implicated in gene silencing due to their ability to 

covalently modify histone tails, thus creating compact or “silenced” chromatin 

conformation.  Our findings that Pnn, a factor carrying no known connection to 

transcriptional silencing, is recruited to CtBP-associated complexes brings a possibility 

that in fact, protein complexes such as those involved in repression are transient moieties 

that can accommodate  factors with various functions including repressors as well as 

activators.   

Therefore, depending on the factor composition “repressor” complex can also 

exert a positive effect on gene expression. Intriguingly, Pnn does not seem to be a 

component of the core CtBP complex, but rather, gets recruited to the complex via CtBP.  
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The presence of Pnn may somehow modulate the nature of CtBP-associated functional 

assembly resulting in local chromatin remodeling and enhancement of E-cadherin 

promoter activity.    

A vivid example of this kind of context dependent gene regulation is LSD1, a 

monoamine oxidase found in the complex with CtBP and corepressor Co-REST. The 

repressive effect of this enzyme arises from its ability to specifically demethylate histone 

marks for the active chromatin such as methylated H3K4 but not methylated H3K9, 

which is a mark for silenced chromatin.  Surprisingly, LSD1 can also associate with 

androgen receptor and intriguingly act as a transcriptional coactivator  to promote 

androgen receptor-dependent transcription.  Therefore, the recent model proposes that 

LSD1 represses transcription of genes silenced by Co-REST by demethylating active 

histone marks mono-and di-methyl H3K4.  However,  in complex with the androgen 

receptor LSD1 activates gene transcription by demethylating the repressive histone marks 

mono-and di-methyl H3K9.  Thus, depending on the LSD1-dependent complex 

composition LSD1 can be either coactivator or corepressor (Metzger et al., 2005; Shi et 

al., 2004; Wysocka et al., 2005).   

This kind of variation in the control of gene expression might reflect context 

dependent nature of the transcriptional complexes in general.  For example, depending on 

the local metabolic status the mechanisms for complex rearrangements are initiated, 

resulting in the factor reshuffling.  Our observations that NADH can differentially 

regulate Pnn-dependent interactions with Pol II and CtBP might, indeed. reflect the 

existence of such metabolism-sensitive transcriptional reorganizations.  So, why having 

transcription factors interacting in various combinations is advantageous to a cell?  It is 
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possible that evolutionary expansion of diversity is the matter of accumulation of novel 

functional networks and not the number of genes, so that increased complexity of 

regulatory elements and protein interaction interfaces allowed more flexible control of 

gene expression utilizing limited number of effector molecules.  In this way with a 

minimal number of protein components you can create the functional diversity of 

complexes involved in transcriptional control.  In addition, “complex reorganization” 

approach in gene control might provide quick and efficient change in gene expression 

profile in response to intracellular signal.  It is much more effective to modulate gene 

expression by merely reorganizing the constituents of transcriptional complexes already 

present at the promoter or promoter vicinity.  This approach is not entirely novel, as 

nuclear hormone receptor (NR)-mediated transcriptional machinery utilizes similar 

principle through ligand-dependent reorganization of the transcriptional complexes 

present on the NR-response elements of the gene promoters.   

Interestingly, complex rearrangements may depend on the presence of molecules 

such as CtBP, which play a role of bridging elements capable of recruiting an array of 

factors involved in transcriptional control, whether repressors or activators,  depending, 

for example,  on the levels of nuclear NAD(H).  On the other hand, the nature of CtBP-

dependent recruitment of Pnn might reflect the state of Pnn posttranslational 

modifications such as phoshporylation or hydroxylation.  Postranslational modifications 

of CtBP such as phosphorylation and ubiquitination may also have a role in the ability of 

CtBP to serve as a bridging factor.  It appears that synergy of coexisting gene regulatory 

networks reflects the hierarchy of recruitment of various regulatory complexes in a 

coordinated manner to gene promoters, depending on the physiological context of the 
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cell.  In general, the existence of the transcriptional modules capable of carrying out the 

transcriptional program would allow tight and efficient control of gene expression at 

multiple control points utilizing multifunctional key regulatory molecules, such as CtBP.  

For example, by modulating CtBP posttranscriptional modifications it would be possible 

to trigger changes in its binding preferences for a subset of the transcriptional factors at 

the given promoter, resulting in change of gene expression.  Therefore, the recruitment of 

Pnn to CtBP-associated complexes via CtBP may represent an example of a common 

pathway for a number of transcriptional factors involved in regulation of gene expression.  

As previously stated, one mechanistic explanation for the presence of Pnn at the 

E-cadherin promoter is through the CtBP-dependent interactions, where Pnn might affect 

the function of the CtBP-associated protein assemblies.  However, Pnn has also been 

shown  to be part of the Mediator complex,  involved in modulation of the transcriptional 

initiation (Sato et al., 2004).  Furthermore, Pnn is found in complex with CA150, a 

multifunctional protein linking transcription and mRNA processing (Smith et al., 2004).  

In addition, we demonstrated that Pnn interacts with the transcriptional competent RNA 

polymerase II.  Therefore, the presence of Pnn at the promoter may be modulated through 

different pathways, including RNA polymerase II-dependent associations.   

This argument adds additional complexity to the Pnn-dependent regulatory 

networks which may orchestrate gene expression.  Does the presence of Pnn in CtBP-

dependent complex influence its function as a basal transcription-related constituent? Or 

are these events not functionally linked?  The interdependence of these interactions is 

unclear; however, we have demonstrated that the levels of NAD(H) may have an effect 

on the Pnn’s presence in Pol II and CtBP-associated complexes.  It is possible that 
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depending on the levels of NAD(H) Pnn might preferentially associate with Pol II or 

CtBP, influencing transcription through different unrelated mechanisms.  On the other 

hand Pnn might represent a link between the repressor complexes and Pol II machinery, 

thus invoking an intriguing possibility that the role of transcriptional repressors can 

extend to the level of attenuation of RNA polymerase II associated complexes.  Because 

higher NADH levels enhance Pnn/CtBP interaction, mechanism of the CtBP-mediated 

repression might include sequesterization of RNA polymerase II-associated factors 

resulting in a compromised transcription. 

How can corepressor CtBP attenuate transcriptional events via its interaction with 

Pnn?  Our data indicate that Pnn can positively influence E-cadherin mRNA splicing 

efficiency, presumably through Pol II dependent interactions.  In this manner Pnn is 

capable of modulating CtBP-mediated repression and at the same time affecting 

transcription-linked mRNA processing.  However ,  it is tempting to speculate that, under 

certain circumstances,  CtBP-dependent sequesterization of Pnn might in turn inflict the 

uncoupling of transcription and splicing events due to the loss of a coupling factor.  This 

would result in inefficient coordination between transcription and mRNA processing, 

potentially leading to the accumulation of unprocessed gene product. In reality, the 

assumption that known transcriptional repressors might have an effect on the splicing 

decisions is not entirely far fetched.  The example would be PRP4 kinase, which is found 

in complex with the nuclear receptor-associated corepressor NcoR and splicing-related 

factors (Dellaire et al., 2002).  Although the functional consequences of this organization 

need to be determined, PRP4K complex is a clear representation of the increasingly 

evident link between the promoter associated regulatory complexes and mRNA 
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processing machinery.  This argument may provide a novel and unexpected connection 

between the function of CtBP in gene regulation and mRNA processing, where Pnn 

might represent a functional switch that mediates these two processes. 

The realization that transcription factors which regulate gene promoters, in fact, 

might also influence mRNA splicing is an important consideration which needs to be 

addressed experimentally.  Assays such as luciferase reporter analysis or real time PCR 

are all based on the amount of the final mRNA product and do not take into consideration 

the possibility that a factor of interest might actually function during the mRNA 

processing stage in addition to its role at the gene promoter.  Therefore, determination of 

mRNA levels as computational  means to monitor  gene expression might not be 

sufficiently comprehensive to functionally categorize a given transcriptional regulator.  

By designing E-cadherin splicing reporter driven by endogenous E-cadherin promoter we 

created a useful tool for screening known transcriptional regulators which target E-

cadherin promoter in order to determine if they have an additional effect on E-cadherin 

mRNA splicing. 

In summary, in our experiments we addressed a question of multifunctionality of 

transcriptional regulators.  Pnn may represent an example of a factor capable of affecting 

CtBP-mediated functional interactions at the E-cadherin promoter as well as affecting 

transcription through the enhancement of the transcription-coupled mRNA processing.  

These findings imply the existence of the machineries capable of controlling gene 

expression through multiple mechanisms, including promoter related events as well as 

splicing processes.  By having a limited number of key multifunctional regulators 

affecting multiple stages of gene expression a cell is able to achieve necessary 
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coordination of numerous functional networks in the process of creating a functional gene 

product.  In addition the quality control of global gene expression can be easily expedited 

through surveying a limited number of elements located at the control junctions of 

transcriptional communication infrastructure. 
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