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Introduction 
 
The androgen receptor (AR) is critical in the normal development and function of the 
prostate, as well as in prostate carcinogenesis1.  Androgen deprivation therapy is the 
mainstay in treatment of advanced PCa (PCa); however, after an initial response, the 
disease inevitably progresses to castration-resistant PCa (CRPC)2. Recent evidence 
suggests that continued AR activation, either in a ligand-dependent (LD) or in a ligand-
independent (LI) manner, is commonly associated with CRPC1. There is an unmet need 
for novel agents to target both LI and LD AR signaling in CRPC. Our overarching 
hypothesis is that the disruption of interactions between AR and critical cofactors by 
targeting structural motifs involved in protein-protein interactions (PPIs) may block both 
LD and LI activation of AR and represent a novel therapeutic approach for patients with 
CRPC.  

 
In this grant, we had proposed to design and synthesize peptidomimetics that can more 
specifically disrupt LD and LI activation of AR. We then wanted to evaluate the 
mechanism of specific peptidomimetics in blocking AR signaling. Finally, we wanted to 
evaluate the utility of specific peptidomimetics in animal models and on primary PCa 
tissue.  
 
In our first year, we had made significant strides in these endeavors. We have created 
and tested more than 23 variants of the peptidomimetics and have learned to build a 
better more potent peptidomimetic. 
 
In our second year, we continued  on our work from the first year and evaluated 
pharmacologic properties of our best compounds from year 1.  Based on the earlier 
findings, we have designed and synthesized fifteen second generation peptidomimetic 
compounds for improving biological activities.  We have also synthesized 15- and 20-
mer peptides containing WxxLF motif to identify target proteins and to confirm the 
activities of leading peptidomimetics.
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Body 
 
In this grant, our overall goals were to target the androgen receptor in prostate cancer 
using peptidomimetics for the LxxLL and WxxLF motif using oligo-benzamide scaffolds 
that are highly specific for and can disrupt the AR-PELP-1 interaction. 
 
We had had a highly productive first year and  hadmade significant strides in our work 
with peptidomimetics. Towards this end, we had published a critical manuscript in 
Nature Communications (Ravindranathan et al, Nature Communications 2013) that 
outlines our work with our leading D2 compound and its remarkable activities on 
prostate cancer cell lines. This manuscript had been well-received and garnered 
significant collaborations to further explore these agents. We have further worked on 
our peptidomimetics and refined their activities. 
 
We had designed tris-benzamide-based molecules to introduce additional functional 
group from the flanking residues around the LXXLL motif to our lead D2 compound. 
*       To facilitate the synthesis of tris-benzamide analogues designed to target AR, we 
had first established the synthetic procedure that allowed us to produce a number of 
molecules. This standard operating protocol has dramatically enhanced our ability to 
generate a number of molecules. 
*       Following the established synthetic protocol, we had synthesized 23 tris-
benzamide analogues derived from the leading D2 compound. These compounds were 
individually evaluated for optimal characteristics by 2-D NMR, stability and toxicity 
studies prior to full scale studies. 
*       These tris-benzamide compounds had been examined for their inhibitory activities 
on cell proliferation and AR function using LNCaP cell line. We found that several 
molecules had activity comparable to D2: with these modifications, we have gone back 
to the synthetic procedure to generate more potent modifications.  
*       To further study these compounds, this year, we started by evaluating the 
pharmacologic properties of our most promising compounds (within the 23 original 
compounds and D2). We were struck by the limited solubility of these compounds. 
While these compounds were biologically active, we could not ascertain the true 
concentration in vivo that the cells were exposed to. We were unable to reach high 
enough concentrations to establish a biologically active dose at which 90% of AR 
activity could be consistently blocked. Since we had established this parameter as the 
critical step prior to further development, we decided to go back and develop more 
chemistry to see if we could overcome this primary limitation. 
 
*       The simplest option would have been to add a series of polar groups to the D2 
peptidomimetic to see if it would increase solubility. However, such an approach would 
sterically hinder the ability of D2 to fit into the binding pocket of the AR ligand binding 
domain. 
We modeled this using autodock to use which moieties would fit into the helical groove 
of AR. 
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Examples of the Autodock modeling is shown below for D2  

 
 

  
 
 
Fig1: D2 autodock structures interacting with the LBD of the androgen receptor. 
The docking was performed on the androgen receptor (PDB 1XOW). The figures come 
from the same docking (D2 and 1XOW), only changing molecular presentation (e.g., 
ribon or molecular surface). 
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Based on these results, we decided to systematically evaluate changes in chemistry to 
optimize a compound that could be more readily translated. We used two distinct 
approaches. One was a medicinal chemistry approach outlined in the below and the 
second was a rational structure based drug design. 
 
With the aid of Dr. JungMo Ahn, we evaluated over a hundred compounds that had 
characteristics of D2, with the goal of improving D2 to a clinically viable candidate. The 
schematic below reperesents our approach 
 

 
Fig. 2: Derivatization of D2 the medchem approach. 
 
 
Several compounds were synthesized and evaluated using a systematic medicinal 
chemistry approach. The readout for these assays included reporter gene assays, 
endogenous transcripts and effects on DHT-induced proliferation of prostate cancer 
cells. Representative data from this section is shown below 
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Fig.3 Effect of increasing concentration of D2 derived peptidomimetic on transcription 
from an androgen-receptor regulated gene in prostate cancer cells. Note D2-5 
effectively at 100M blocks almost 90% of the DHT induced transcript. 
 
From these analyses in multiple cell lines, multiple assays, we systematically evaluated 
over a 100 compounds and consistently saw that D2-5 was more potent than D2 and it 
was worth further evaluating. 
 
In our alternative approach, we rationally looked at the interface between AR and 
PELP1 and evaluated what an ideal peptidomimetic binding to that site would look like. 
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 Initially, a structural feature of AR was reflected in the library design. Unlike other 
nuclear receptors, AR has a unique preference for FXXLF (where F is phenylalanine) 
over LXXLL motifs. In addition to phenylalanine residues of  coactivators, AR also binds 
other related aromatic-rich motifs identified by a phase-display library. Hence, we 
prepared a series of bis-benzamides containing aromatic groups at the side chains. 
Surprisingly these compounds, however, showed only modest inhibitory activity in 
prostate cancer cell growth. Therefore, we used only alkyl groups such as n-propyl, 
isopropyl, n-butyl, isobutyl, sec-butyl, n-pentyl and isopentyl groups for side chain 
diversity of the bis-benzamide 
 
We envisioned that screening of these aliphatic chains may find ones which more 
closely mimic the spatial arrangements of leucine side chains found in the LXXLL 
motif in complex with AR. Accordingly, a library containing a methyl ester at the C 
terminus L1-[R1][R2] was prepared by reacting 3-alkoxy-4-nitrobenzoyl chlorides 2 
with methyl 3-alkoxy-4-aminobenzoates 3 (Scheme 1).21 
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Scheme 1 Syntheses of bis-benzamide libraries. Reagents and conditions: (a) (COCl)2, 
cat. DMF, CH2Cl2, reflux, 1 h; (b) DIEA, CH2Cl2, rt, 4 h; (c) Rink amide resin, HBTU, 
DIEA, DMF, rt, 12 h; (d) SnCl2⋅2H2O, AcOH/HCl/THF, rt, 24 h; (e) HATU, DIEA, DMF, rt, 
24 h; (f) TFA. 
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The antiproliferative activity of the library L1-[R1][R2] were evaluated by MTT assay 
in prostate cancer cells (Table 1). In a series of compounds containing two identical 
groups at the side chains, their inhibitory activities changed dramatically. L1-
[iBu][iBu] (=D2) showed high potency with the IC50 value of 40 nM, whereas L1-
[nBu][nBu] and L1-[sBu][sBu] lost the inhibitory activity. While C5 chains such as n- 
and isopentyl groups were not active, n- and iso-propyl groups showed modest 
activity. Among compounds bearing two different substituents, L1-[iPr][iPen], L1-
[iBu][iPr], L1-[iBu][nBu] and L1-[iPen][iPr] were found to be potent inhibitors with IC50 
values ranging from 57 to 93 nM, which are lower than that of L1-[iBu][iBu] (Table 1). 
These results suggest that the length of carbon chain as well as substitution pattern 
of the substituents at the side chains is critical for the ability to suppress the growth 
of prostate cancer.  
 In an effort to improve the potency, we constructed a library incorporating a 
carboxamide at the C-terminus (Scheme 1). The carboxamide is expected to have 
favorable pharmacological properties such as proteolytic stability and aqueous 
solubility. The synthesis of the library L2-[R1][R2] commenced with the loading of 3-
alkoxy-4-nitrobenzoic acids 1 onto Rink amide resin using HBTU. The nitro group in 
4 was then reduced with tin (II) chloride under acidic conditions affording the 
aromatic amine 5. Examination of coupling agents for the coupling of 3-alkoxy-4-
nitrobenzoic acids 1 to the aromatic amine 5 revealed that HATU furnished resin-
bound bis-benzamides 6 in high yield, while HBTU and oxalyl chloride were 
ineffective. After cleavage with TFA, the library of bis-benzamide L2-[R1][R2] was 
obtained with high purity. 
 
Table 1 Inhibitory activity of the library L1-[R1][R2] (IC50, nM)a 

 
a MTT assay in LNCaP cells. b Partial antagonist. c NA: not active. Maximum 
concentration tested is 200 nM. 
  
 The library L2-[R1][R2] members were also investigated for their inhibitory effects on 
LNCaP cells (Table 2). In general, bis-benzamides with a carboxamide showed 
higher potency than those containing a methyl ester suggesting that functional 
groups at the C-terminus also affect the antitumoral activity and the binding mode of 
carboxamides to AR would be different from that of methyl esters. Among the 
compounds tested, L2-[nPr][iBu] and L2-[iBu][sBu] proved to be highly potent with 
IC50 values of 16 and 24 nM, respectively. These compounds are more active that 
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the lead compound L1-[iBu][iBu]. Besides, L2-[nPr][nBu], L2-[nBu][nBu], L2-
[nBu][sBu] and L2-[iBu][nBu] exhibited the inhibitory activity comparable to L1-
[iBu][iBu] with IC50 values of 40−57 nM. In addition to isobutyl group which was found 
to be a critical substituent in the methyl ester library, n-propyl, n-butyl, and sec-butyl 
groups from the the carboxamide library showed significant inhibitory activity in 
LNCaP cells. 
 
Table 2 Inhibitory activity of the library L2-[R1][R2] (IC50, nM)a 

 
a MTT assay in LNCaP cells. b NA: not active. c Partial antagonist. Maximum 
concentration tested is 200 nM. 
 
 On the other hand, the order of substituents at the side chain is also crucial for the 
antitumor activity. For instance, L2-[nPr][iBu], L2-[nBu][sBu] and L2-[iBu][sBu] are 
highly potent inhibitors, whereas when the order is reversed (e.g., L2-[iBu][nPr], L2-
[sBu][nBu] and L2-[sBu][iBu]), their inhibitory activity was lost. However, iso-propyl/n-
butyl and n-butyl/n-pentyl groups are interchangeble without a considerable loss in 
cytotoxicity. 
 In a genomic pathway, the cellular growth of LNCaP cells is enhanced through the 
transactivation mediated by AR within the nucleus. Thus to see the effect of bis-
benzamides on the transcriptional activity, we performed a androgen-responsive 
luciferase reporter gene assay (Fig 2). The compounds that showed the high potency 
were tested (i.e., L2-[nPr][iBu], L2-[iBu][sBu], and L2-[nBu][nBu]) and effectively 
inhibited DHT-induced transcription from a ARE-luciferase promoter with IC50 values 
in the nanomolar range. These results demonstrate that the suppression of AR 
transactviation is responsible for the antiproliferative activities of bis-benzamides.  
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Fig. 2 Effect of bis-benzamides on the AR transactivation. Luciferase activity was 
measured after treatment with bis-benzamides in the presence of 0.1 nM DHT in 
LNCaP cells. 
  
Next, we performed co-immunoprecipitation with a coactivator to define the 
mechanism of the bis-benzamide-induced suppression of AR transactivation (Fig 3). 
L2-[nPr][iBu] indeed blocked the interaction between AR and PELP1, in which α-
helical LXXLL motifs are involved. Therefore, inhibition of the AR−PELP1 interaction 
by L2-[nPr][iBu] in part accounts for the antitumoral activity in LNCaP cells. On the 
other hand, L2-[iBu][sBu] and L2-[nBu][nBu] were unable to disrupt the AR−PELP1 
interaction in spite of their inhibitory activity in cell growth and AR transcription, 
indicating that the compounds might target other AR coactivators. 

 
Fig. 3 Effect of bis-benzamides on the AR-PELP1 interactions. LNCaP cells were 
treated with bis-benzamides in the presence of 10 nM DHT. Cell lysates were then 
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immunoprecipitated with specific antibody for AR and immunocomplexes were 
subjected to Western blotting with AR and PELP1 antibodies. 
 
 In conclusion, we have generated libraries of bis-benzamides which was 
designed to target the α-helical LXXLL motif of AR coactivators. To explore the optimal 
substituents at the side chains, various alkyl groups which differ in substitution pattern 
and the length of carbon chain were incorporated to the libraries. Their evaluation for 
the antiproliferative activity against prostate cancer cells identified several potent 
compounds with IC50 values in the nanomolar range. Among them, L2-[nPr][iBu] was 
found to suppress the AR transactivation by disrupting the interaction . Impressively, 
this compound was the same as D2-5 identified from our medicinal chemistry approach. 
 
 We are currently further examining this compound using primary tumor explants 
and will then evaluate it in xenograft models. 
 
Our proposed SOW for each specific aim is shown below along with the progress 
performed for each SA 

 
Proposed Specific Aim#1 To improve the design and synthesis of peptidomimetics for 
the LxxLL and WxxLF motif by using oligo-benzamide scaffolds that are highly specific 
for and can disrupt the AR-PELP-1 interaction, including 
Development of LxxLL and WxxLF peptidomimetics by using a tris-benzamide scaffold 

- Months 1-3 Designing and synthesizing trisbenzamide variants 
- Months 3-12 Testing trisbenzamide variants variants in vitro and confirmation in 

vivo using co-immunoprecipitation experiments 
- Months 13-18 Testing trisbenzamide variants on AR genomic signaling, 

proliferation 
- Months 19-24 Evaluation of the data and publication of results 

 
Work Performed to date: As shown above, we have evaluated several trisbenzamide 
peptidomimetics using coIP experiments, tested them in vitro and confirmed their effects 
on AR genomic signaling and proliferation. We have improved our medicinal chemistry 
efforts and have identified D2-5 as a prototypical LxxLL compound. A manuscript 
outlining this data is being readied for publication. Essentially, most of this aim has been 
performed. 
 
Proposed work for Specific Aim #1 in year 3: We will continue to improve our 
peptidomimetics and optimize them prior to publication 
 
Proposed Specific Aim #2: To mechanistically characterize the ability of the 
peptidomimetics to modulate AR signaling in PCa cells, including the  
Effect on genomic signaling and AR-modulated gene expression signatures 

- Months 1-9 Testing peptidomimetics on LD and LI activity in Q PCR analyses 
- Months 10-18 Microarray evaluation and analyses 
- Months 19-24 Evaluation of the data and publication of results 

 
Effect on nuclear translocation of AR 
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- Months 1-9 Optimization of nuclear translocation assays using confocal 
microscopy 

- Months 10-14 Evaluation of effect of peptidomimetics on AR nuclear 
translocation  

- Months 15-24 Biochemical validation of results from confocal experiments 
- Months 25-27 Evaluation of the data and publication of results 

 
Work Performed to date: As shown above, we have evaluated several trisbenzamide 
peptidomimetics using Q-PCR experiments and have set up more detailed studies for 
testing effect on gene expression signatures. Given that RNA-SEq may offer more 
information that microarray studies, we will use RNA-Seq rather than microarray 
analyses and are in the process of setting this up. 
Additionally, we have focused our studies on the effect of peptidomimetics targeting AR 
nuclear translocation towards the biochemical experiments with validation with confocal 
experiments. We believe that this approach enables more rapid analyses of the effect of 
these agents on AR nuclear translocation. 
 
Proposed work for Specific Aim #2 in year 3: Given the cost and labor involved in 
RNA-Seq and confocal experiments, we will perform these once we have isolated lead 
compounds. We anticipate that we will validate the findings from Q-PCR and 
biochemical studies. 
 
Proposed Specific Aim #3: To study the effect of peptidomimetics on AR signaling in 
PCa cells in vivo, including the  
Effect on CWR22v1 xenografts 

- Months 7-12 Animal experiments with LD pathway 
- Months 13-18 validation of LD pathway with biochemical studies 
- Months 19-24 Animal experiments with LI pathway 
- Months 25-33 validation of LI pathway with biochemical studies 
- Months 33-36 Evaluation of the data and publication of results 

Effect on human explants 
- Months 1-32 Explant experiments 
- Months 1-18 validation of LD pathway with biochemical studies 
- Months 7-24 validation of LI  pathway with biochemical studies 
- Months 25-36 Evaluation of genetic signatures induced by LD and LI pathways 
- Months 33-36 Evaluation of the data and publication of results 

 
Work Performed to date: To optimize our resources and studies, we have performed 
explant experiments with several peptidomimetics and are in the process of validating 
these studies. We will reserve the xenograft studies for the lead compounds in each 
arm 
 
Proposed work for Specific Aim #2 in year 3: Given the cost and labor involved in 
xenograft experiments, we will perform these once we have isolated lead compounds. 
We anticipate that we will validate the findings from explant studies. 
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Key Research Accomplishments 
 

1. We have systematically designed, synthesized and evaluated over a 100 
compounds to improve pharmacologic properties of D2 

2. We have created a lead compound that appears to be active at 10nM 
3. Both our medicinal chemistry efforts and rational design efforts lead to the 

identification of the same molecule. Further work is ongoing 
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Reportable Outcomes 

1. We have published our approach to peptidomimetic design 
Tailoring peptidomimetics for targeting protein-protein interactions. Akram ON1, 
DeGraff DJ2, Sheehan JH3, Tilley WD4, Matusik RJ5, Ahn JM6, Raj GV7. Mol 
Cancer Res. 2014 Jul;12(7):967-78. doi: 10.1158/1541-7786.MCR-13-0611. 
Epub 2014 Mar 18 
 

2. We have published on our understanding of PELP1 as a central target  
Gonugunta VK, Miao L, Sareddy GR, Ravindranathan P, Vadlamudi R, Raj GV. 
The social network of PELP1 and its implications in breast and prostate cancer. 
Endocr Relat Cancer. 2014 May 23. pii: ERC-13-0502. [Epub ahead of print] 
PMID: 24859989 
 

3. We have worked to extend the peptidomimetics to AR-NF1 complexes 
Grabowska MM1, Elliott AD, DeGraff DJ, Anderson PD, Anumanthan G, 
Yamashita H, Sun Q, Friedman DB, Hachey DL, Yu X, Sheehan JH, Ahn JM, 
Raj GV, Piston DW, Gronostajski RM, Matusik RJ. NFI transcription factors 
interact with FOXA1 to regulate prostate-specific gene expression Mol 
Endocrinol. 2014 Jun;28(6):949-64. doi: 10.1210/me.2013-1213. Epub 2014 
May 6. 
 

4. We have obtained further peer-reviewed funding from the DOD 
Raj, co PI 
DOD transformative grant W81XWH-13-2-0093 
 

5. We have overcome potentially fatal solubility issues with our agents with two 
distinct approaches that pointed to the same type of compound 
 

6. We have published extensively using the explant model 
Daniel AR, Gaviglio AL, Knutson TP. Ostrander JH, D’Assoro AB, Ravindrathan 
P, Peng Y, Raj GV, Yee D, Lange CA. Progesterone receptor-B enhances 
estrogen responsiveness of breast cancer cells via scaffolding PELP1- and 
estrogen receptor-containing transcription complexes. Oncogene 2014 Jan 27. 
[Epub ahead of print] PMDI: 24469035.  
 
Wang S, Kollipara RK, Srivastava N, Li R, Ravindranathan P, Hernandez E, 
Freeman E, Humphries CG, Kapur P, Lotan Y, Fazli L, Gleave ME, Plymate R, 
Raj GV, Hsieh JT, Kittler R. Ablation of the oncogenic transcription factor ERG 
by deubiquitinase inhibition in prostate cancer. Proc Natl Acad Sci U S A. 2014 
Mar 18; 111(11): 4251-6.Epub 2014 Mar 3. PMID: 24591637. 
 
Centenera MM, Raj GV, Knudsen KE, Tilley WD, Butler LM. Ex vivo culture of 
human prostate tissue and drug development. Nat Rev Urol 2013 Aug; 10(8): 
483-7. Epub 2013 Jun 11. PMID: 23752995 
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Schiewer MJ, Goodwin JF, Han S, Brenner JC, Augello MA, Dean JL, Liu F, 
Planck JL, Ravindranathan P, Chinnaiyan AM, McCue P, Gomella LG, Raj GV, 
Dicker AP, Brody JR, Pascal JM, Centenera MM, Butler LM, Tilley WD, Feng 
FY, Knudsen KE. Dual roles of PARP-1 promote cancer growth and 
progression. Cancer Discov. 2012 (12):1134-49  
 
Ravindranathan P, Lee TK, Yang L, Centenera MM, Butler L, Tilley WD, Hsieh 
JT, Ahn JM, Raj GV. Peptidomimetic targeting of critical androgen receptor-
coregulator interactions in prostate cancer. Nat Commun 2013: 4:1923. PMID: 
23715282. 
 
Centenera MM, Gillis JL, Hanson AR, Jindal S, Taylor RA, Risbridger GP, 
Sutherland PD, Scher HI, Raj GV, Knudsen KE, Yeadon T; Australian Prostate 
Cancer BioResource, Tilley WD, Butler LM. Evidence for efficacy of new Hsp90 
inhibitors revealed by ex vivo culture of human prostate tumors. Clin Cancer 
Res. 2012 Jul 1;18(13):3562-70. 
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Conclusion 
 
We continue to make progress  in our work with peptidomimetics targeting ligand-
dependent and ligand-independent androgen receptor signaling in prostate Cancer. We 
have  now identified a potential lead compound and intend to study it in animal 
experiments. 
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Review

Tailoring Peptidomimetics for Targeting Protein–Protein
Interactions

Omar N. Akram1, David J. DeGraff6, Jonathan H. Sheehan4, Wayne D. Tilley5, Robert J. Matusik3,
Jung-Mo Ahn2, and Ganesh V. Raj1

Abstract
Protein–protein interactions (PPI) are a hallmark of cellular signaling. Such interactions occur abundantly within

the cellular milieu and encompass interactions involved in vital cellular processes. Understanding the various types,
mechanisms, and consequences of PPIs with respect to cellular signaling and function is vital for targeted drug
therapy. Various types of small-molecule drugs and targeted approaches to drug design have been developed to
modulate PPIs. Peptidomimetics offer an exciting class of therapeutics as they can be designed to target specific PPIs
by mimicking key recognition motifs found at critical points in the interface of PPIs (e.g., hotspots). In contrast to
peptides, peptidomimetics do not possess a natural peptide backbone structure but present essential functional
groups in a required three-dimensional pattern complimentary to the protein-binding pocket. This design feature
overcomes many limitations of peptide therapeutics including limited stability toward peptidases, poor transport
across biologic membranes, and poor target specificity. Equally important is deciphering the structural require-
ments and amino acid residues critical to PPIs. This review provides an up-to-date perspective of the complexity of
cellular signaling and strategies for targeting PPIs in disease states, particularly in cancer, using peptidomimetics,
and highlights that the rational design of agents that target PPIs is not only feasible but is of the utmost clinical
importance. Mol Cancer Res; 12(7); 967–78. �2014 AACR.

Introduction
Protein–protein interactions (PPI) play a fundamental

role in cellular signaling pathways. Such interactions are
necessary for cell maintenance and healthy metabolic func-
tion, which together combine to ensure proper functioning
of an organism. Metabolic diseases, and in particular cancer,
form a complex network of PPIs that change not only at the
initiation and temporarily during disease progression but
also in the presence of exogenous therapeutic modulators
(1). Understanding the mechanisms behind PPIs, how and
why various protein subunits interact under specific condi-
tions, and the consequences of these interactions are fun-
damental to drug development. Thus, it can be beneficial to
either inhibit or promote certain PPIs to realign a system

toward homeostasis. However PPIs are complex. Research
has recently found that downregulation of a key cellular
regulator by treatment with specific siRNAs can lead to
reprogramming of gene expression pathways elicited by that
protein by redirecting associated proteins to new chromatin-
binding sites (1). This demonstrates that modulating a PPI
may not necessarily result in realignment to homeostasis but
may exacerbate the perturbation by activating alternative
signaling pathways. Thus, a more subtle approach, which
aims to attenuate a PPI, may prove more effective than
completely silencing a given function of a protein (2).
Various small-molecule drugs including small synthetic
organic molecules, peptides, and proteins have been
designed to target specific PPIs. Each possesses advantages
and disadvantages with respect to efficacy, specificity, bio-
availability, and process of synthesis. Gaining specificity and
efficacy is improved in our view by designing molecules
based on structural knowledge of PPI interfaces. The effec-
tive development and testing of these molecules requires a
high-throughput approach. One approach, which addresses
robustness, avoids siRNA strategies, and is amenable to high-
throughput synthesis and evaluation, is peptidomimetics.
These are a valuable class of therapeutic agents, which can be
rationally designed to block specific PPIs.
Peptidomimetics (also called peptide mimics) are small

organic molecules bearing an identifiable resemblance to
peptides or peptide segments of proteins. They can be
designed by either modification of an existing peptide or
introduction of similar molecules that mimic a-amino acids
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such as peptoids and b-peptides. Peptidomimetics overcome
the disadvantages of pure peptide-based drugs, which
include limited stability toward proteolysis by peptidases,
poor transport properties through biologic membranes such
as the intestines and cell membranes, low oral bioavailability,
rapid excretion, and poor target specificity resulting from the
flexible nature of peptides. In contrast, peptidomimetics
offer conformationally restricted structures potentially min-
imizing cross-target interactions, better transport properties
through biologic membranes, improved resistance to deg-
radation by peptidases and other enzymes, and resistance to
immune responses (3, 4). To achieve these properties,
peptides have been chemicallymodified to include unnatural
amino acid substitutions, backbone amide bond modifica-
tions, or rigid scaffolds or addition of hydrophobic residues
(5–7). Whereas peptidomimetics do not possess a natural
peptide backbone structure, they retain the capability to
interact with the same target protein of interest by arranging
essential functional groups (i.e., pharmacophores) in a
required 3-dimensional (3D) pattern complimentary to a
binding pocket in a protein. Thus, a peptidomimetic can be
rationally designed to achieve desired effects on cellular
signaling pathways by targeting specific PPI motifs. This
review focuses on current strategies for using peptidomi-
metics to target PPIs in disease states, with an emphasis on
cancer, as well their potential use as next-generation ther-
apeutic agents.

Targeting PPIs in Biology
Understanding PPIs is fundamental to decipheringmolec-

ular signaling phenotypes of disease (8), as PPIs regulate
critical cellular functions such as cell growth, repair, gene
transcription, translation, intra- and extracellular signaling
(9). PPIs take place when 2 ormore proteins bind together to
carry out specific cellular functions or to initiate a cascade of
events, which facilitates downstream cellular functions with-
in specific tissues of organs.

Complexity of PPIs in biology
More than 5,000 PPIs have been demonstrated to occur

using full-length human open reading frames (ORF; ref. 10)
and a combination of ORF-based clones and cDNA libraries
(11). The recent use of a high-throughput immunoprecip-
itation combined withmass spectrometry revealedmore than
300,000 protein interactions involved in gene transcription
and signaling (12) indicating the abundance of PPIs.
Fundamentally, all disease states have roots in aberrant

cellular signaling, from cancer, cardiovascular disease, dia-
betes mellitus, inflammatory disorders, and infectious dis-
eases. Cancer arguably represents the most complex meta-
bolic and genetic disease, with each type displaying unique
cellular events in its initiation, progression, and metastases.
For instance, tumorigenic B cells in human lymphoma are
aided and abetted by Bcl-2 and Bcl-xL proteins, which act to
block cell apoptosis by inhibiting pro-apoptotic proteins Bax
and Bak (13). In prostate cancer, the androgen receptor (AR)
signaling is persistent despite absence of ligand, due to its

interaction with a myriad of transcription factors and sig-
naling proteins (14, 15). In each case, the mode of PPI may
differ significantly and each interaction potentially forms
part of a transient, stable, specific, or nonspecific complex
(12). For instance, is it possible for the antiapoptotic actions
of Bcl-2 and Bcl-xL to be replaced by other proteins, which
bind Bak and Bax. Downregulation of BAG1 (Bcl-2–asso-
ciated AthanoGene-1), a putative coregulator of Bcl-2,
decreases Bcl-2 protein expression, but the expression of
the proapoptotic protein Bax is not affected. Further analysis
shows that BAG3 expression is upregulated to compensate
for the deregulation of BAG1, thus stabilizing the protu-
morigenic activity of Bcl-2 (16).
In prostate cancer, AR is the critical driver, even under

conditions of androgen ablation.Maintenance of AR activity
following androgen ablation can occur due to amplification
of AR, deregulation of the expression of AR coregulators,
intratumoral production of androgens, gain-of-function AR
mutations, and indirect AR activation by growth factors,
cytokines (15). Recently, it was also shown that AR can be
activated via estrogen receptor-a (ERa) signaling by binding
to the PELP1/ERa complex, thus bypassing its requirement
for binding of its cognate ligand (17). In addition, the recent
identification of AR variants (ARVs), which form hetero-
dimers with the full-length AR (18, 19), in advanced prostate
cancer provides amechanismwhereby PPIs contribute to the
progression of this lethal disease. Furthermore, the PPIs
between AR and critical coregulators, such as SRC-3, may
enable control of additional cellular functions (12). For
example, SRC-3, a multifunctional transcriptional coregu-
lator involved in cellular growth programs (20–23) including
adipogenesis and energy balance (24) as well as control of
mRNA translation of pro-inflammatory cytokines (25), also
associates with multiple other coregulators including CBP/
p300 and nuclear receptors such as AR and ERa (12).
Cistrome (genome-wide chromatin binding) analysis

aided by high-throughput chromatin immunoprecipitation
(ChIP) sequencing experiments of various transcription
factors shows the genomic location of transcription fac-
tor–binding sites is altered when expression of specific
protein factors (i.e., pioneer factors required for chromatin
accessibility) are enhanced or suppressed (1, 26). Intrigu-
ingly, when specific PPIs are disrupted, alternative PPIsmay
compensate and enable activation of the associated signaling
pathway (Fig. 1). Understanding these unique events with-
in disease states is fundamental to designing organic mole-
cules for therapeutic targeting. Rather than completely
ablating a protein, it may be beneficial to target a critical
surface area that acts as a focal point of interaction between
specific proteins tomodulate its function. Such an approach
could prevent inappropriate proteins being recruited to
replace critical "disease-promoting" factors present in a PPI
complex.

Druggable pathways in cancer
Delineation of signaling pathways involved in the devel-

opment of cancerous phenotypes, including decreased cell
apoptosis, rapid cell proliferation, and increased cell survival,
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have enabled development of therapeutic agents targeting
critical drivers (27–32). Traditional (and relatively nonspe-
cific) "catch-all" therapies have focused on DNA chelating
agents (e.g., cisplatin) and radiotherapy aimed at targeting
rapidly dividing cells (33–35). However, poor specificity, a
severe side effect profiles, and often poor outcomes, partic-
ularly in late-stage cancers (33, 36), require re-evaluation of
these approaches and the identification of more specific
targeted therapies. Identification of a specific target or
signaling pathway in cancer can be frustrating, as signaling
networks can be inconsistently involved, characterized by
promiscuous and overlapping pathways or redundant. The
complexity in targeting specific proteins is highlighted by the
examples of MSL (responsible for histone H4 lysine 16
acetylation) and NSL (responsible for histone H4 lysine 5
and 6 acetylation) protein complexes, both of which contain
the transcriptional coregulator MYST1 but with divergent
substrate specificities (37). Thus, targeting MSLs may not
affect the cellular or cancer phenotype. Other targets for
therapeutic modulation include PPIs found in several of the
common pathways linked to cancer (Table 1; ref. 38).
Consideration should be given to the existence of alternative
pathways to counteract the effect of their therapeutic
modulation.

Categories of PPIs
There are several types of PPIs, each with unique binding

characteristics and functionalities. Each type requires analysis
and deconvolution of signaling effects after altering a specific
PPI, either by downregulation of the protein or disruption
using synthetic organic molecules. Knowledge of these bind-

ing mechanisms with respect to their occurrence in specific
PPIs will provide better approaches to targeted therapy. PPIs
can be classified broadly into 4 different categories:

1. Protein–protein docking interactions, which occur
between similar sized proteins or protein domains and
are generally more rigid due to steric constraints (e.g.,
seen in heterodimers where binding strength is
relatively than homodimers; ref. 39).

2. Protein receptor–ligand docking, characterized by
tighter binding due to binding pockets within the
interaction sites, which can render the interaction
rigid. However, the interaction can change
conformation to allow induced fit of the ligand within
the receptor (40).

3. Rigid ligand with a flexible receptor allows for a larger-
than-usual ligand to bind the receptor by virtue of the
receptors flexibility. Under normal circumstances,
energy penalties are incurred if the ligand–receptor
interface requires additional binding (e.g., via van der
Waals) due to the large size of the ligand. This is
avoided by the rigid nature of the ligand allowing for a
more energetically favorable binding conformation
(41).

4. Flexible ligand with a rigid receptor is characterized by
a smaller ligand compared with the receptor docking
site, resulting in a less rigid binding conformation. The
flexible nature of the ligand allows numerous binding
conformations with the receptor (42). Thus, in such a
binding interaction, the challenge is to determine the
most energetically favorable conformation (43).

Figure 1. Cellular signaling
adaptation to protein silencing.
Cellular signaling is a complex
process involving a cascade of
PPIs. The depicted schematic
represents a view of the complexity
of targeting protein interactions for
disease therapy. A, within a normal
cellular or disease state, protein
subunit 1 (such as a transcriptional
cofactor) may exhibit promiscuous
binding to form separate
complexes, which bind different
gene promoter sequences with
different affinities. B, when a
protein subunit in complex 1 is
silenced (e.g., subunit 3), subunit
1 is overexpressed as a
compensatory mechanism, which
in turn activates complex 2 to bind
gene 1with higher affinity or indeed
another gene promoter, thus
altering the transcriptional program
of complexes 1 and 2.
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Utility and Limitations of Peptide-Based Therapy
Peptides are short chains of amino acid monomers linked

by peptide (amide) bonds. The peptide bond is a covalent
bond made of the backbone carboxylic acid group of one
amino acid and the backbone amino group of another.
Peptide therapy was initially based on mimicking an endog-
enous peptide found to be lacking within a disease state,
designed to enhance or replace the effect of a natural peptide.
A classic example is the human analogue of insulin, admin-
istered to patients with insulin-dependent diabetes. Initially
purified from bovine and porcine (44), insulin is now
routinely manufactured via recombinant methods as pro-
insulin (45). However, critical limitations of insulin and
exogenous peptide administration in general, including
instability in water and low bioavailability (e.g., poor cell
permeability and susceptibility to metabolic degradation),
are apparent when administered orally (46). For this reason,
injectable pro-insulin is a more efficacious approach.
Research is focused on developing less invasive delivery
routes including inhalation, transdermal, buccal, and intra-
nasal routes (45).
Other forms of peptide therapy include protein-based

hormone administration for cancer treatment. A commonly
used strategy for prostate cancer treatment is synthetic
luteinizing hormone releasing hormone (LHRH) adminis-
tration to inhibit androgen biosynthesis in the testes. This
occurs via negative feedback when overexposure to LHRH
causes lowered LHRH receptor expression, leading to
decreased luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) secretion from the anterior pituitary gland,
ultimately resulting in decreased androgen synthesis (47,
48). Commercially available forms of LHRH antagonists
include abarelix and degarelix (49, 50). However, this form

of treatment is limited in its clinical outcomes with respect to
castrate-resistant prostate cancer treatment (51). An ideal
treatment is tissue- and cell-specific targeted therapy, which
allows blockade of critical protumor signaling pathways.
Peptides represent an exciting form of next-generation

therapeutic agents as they can be deployed in multiple ways
for targeted therapy and implemented to treat malignant
tumors. These include using peptides as radionuclide carriers
(52–54), vaccines (55), cytotoxic drug carriers (56), or
directly as antitumor agents (e.g., inhibiting PPIs). Somato-
statin analogues are used in treatment of various tumors as a
target for overexpressed somatostatin receptor. The peptide
is coupled with a DNA chelator and a radioactive element
(e.g., 111ln, 90Y, or 177Lu) such that when injected, the
radiolabeled peptide targets somatostatin receptor overex-
pressing cells, delivering the radioactive element directly to
tumorigenic cells for eradication (52). Similarly, peptides
targeted toward specific receptors can be conjugated with
cytotoxic agents aimed at cancerous cells. Classical peptide
drugs like LHRH analogues have been conjugated with
doxorubicin, a chemotherapeutic agent, which selectively
targets cells overexpressing LHRH receptors (57, 58). A
corollary to peptide carriers are homing peptides, which are
independent of tumor type and target specific molecules in
either normal or diseased tissues (59, 60) Targeting angio-
genesis may include targeting peptides including RGD and
NGR peptides, which home in on av integrin receptors and
aminopeptidase N, respectively (48), which are overex-
pressed in the neovasculature surrounding the tumors
(59). A major drawback of peptide-based drugs is bioavail-
ability. Short synthetic peptides, exclusive of unnatural
amino acids, render the molecule unstable in vivo. Peptides
are susceptible to degradation by enzymes (e.g., trypsin) or

Table 1. Potential targets for peptidomimetic modulation in common tumorigenic pathways

Pathway Target protein(s) Cancers Examples of desired signaling effect

JAK/STAT EGF receptor, STAT Head, neck, breast, lung STAT–STAT homodimer disruption.
Decreased STAT-mediated gene activation

Notch Notch receptors Breast, melanoma, medulloblastoma Notch/ERa complex or other Notch cofactor
complex disruption. Decreased ERa signaling

MAPK/ERK RAS Colon, pancreatic, others RAS–SOS complex disruption. Decreased
JUN/FOS-mediated gene activation

PI3K/AKT AKT/C-RAF Glioblastomas, lung, melanomas/breast
ovarian, thyroid, others

RAS–RAF complex disruption. Decreased
JUN/FOS-mediated gene activation

NF-kB REL-A, p50 B-cell, Hodgkin, T-cell lymphomas p50/REL-A complex disruption. Decreased
NF-kB gene activation

Wnt Tcf-Lef Intestinal adenocarcinomas, myeloid
leukemia, prostate

b-Catenin/Tcf-Lef complex disruption.
Decreased Tcf-Lef–mediated gene activation

TGFb SMAD Lung, pancreatic ductal adenocarcinoma,
colon, prostate

SMAD cofactor complex disruption

AR AR coregulators Prostate, breast AR–PELP1 complex disruption. Decreased
AR-mediated gene activation

ERa ER coregulators Prostate, breast A1B1–HER complex disruption. Decreased
ERa-mediated gene activation
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gastric acids in the stomach, peptidases in the blood and
organs like the liver and kidney and poor membrane per-
meability through the intestine and cell membrane, all of
which can contribute to poor half-lives of these molecules.
Other considerations include immune response to peptides
as well as scaling-up costs for viable commercial use (61).
Finally, in the current climate of drug design, a class of

compounds that are mostly targeted toward cancer cells are
rationally designed peptide mimics, which are developed on
the basis of target-specific binding motifs of PPIs. Such an
approach has been tested with respect to prostate cancer,
leukemia, and other cancers, in which secondary structural
motifs (mostlya-helices) are mimicked to block critical PPIs
involved in aberrant cell growth. For instance, AR coregu-
lator interactions recently were targeted to inhibit the inter-
action between PELP1 and AR in prostate cancer (2). The
peptidomimetic D2 was able to inhibit androgen-induced
proliferation of prostate cancer cells, block AR nuclear
translocation, activation of AR target genes and prostate
cancer cell growth in vivo. To develop these agents, non-
peptidic scaffolds are synthesized and further modified using
a rational design approach to achieve desired specificity,
potency, efficacy, and stability. The advantages and disad-
vantages of protein, peptide, and peptidomimetic drug
therapy approaches are summarized in Table 2.

Converting Peptides to Peptidomimetics
Identifying PPI surfaces
Identifying interaction motifs between proteins can be a

laborious task for rational drug design. Ideally, analysis of
crystal structures by X-ray crystallography provides accurate
and visual confirmation of amino acid residues involved at
the binding interface. However, obtaining crystal structures
is slow and cumbersome and not suitable for detecting PPIs
in a high-throughput manner (9, 62–64). Binding interac-

tions can be determined by co-immunoprecipitation experi-
ments, pull-down assays (bait protein used instead of an
antibody), tandem-affinity purification coupled mass spec-
trometry (TAP-MS; complex orientated, i.e., multi-subu-
nits), 2-hybrid protein interaction systems, and protein
arrays/protein chips (binary orientated). Verifying the iden-
tity of interacting proteins is necessarily accomplished using
a combination of molecular techniques. For example, PPIs
detected via co-immunoprecipitation can be further probed
using LC/MS techniques to verify the identity of protein
sequences and matched to an online database (e.g., SWIS-
SPROT). Once identified, sequence analysis may be used to
predict contact surfaces and verified by mutational analysis.
cDNAs encoding mutated sequences of the protein of
interest can be cloned, transfected into host cell lines
in vitro, and queried for binding hits using the techniques
mentioned above. In addition,mutational complementation
analysis can be used to verify chemical properties of amino
acids involved in PPIs. Predicting likely interacting protein
surface residues can be achieved by scanning potential
hydrophobic surfaces (65), proline brackets (66), and areas
of potential van der Waals interactions using sequence
information and computational methods (9). Other meth-
ods includemultiple sequence alignment (67, 68), structure-
based multimeric threading, and analysis of amino acid
characteristics of spatial neighbors of a target residue using
a neural network (69). Even with the availability of these
techniques, there remain major structural issues in decipher-
ing contactable surfaces between proteins. A notable con-
sideration includes deciphering the most conformationally
stable PPI complex given that all biologic interactions are in
dynamic equilibrium (70). X-ray structures often do not
reveal deep pockets that mark binding. Moreover, a single
crystal structure may only reveal one binding conformation
amidst multiple that occur at equilibrium (71) or between

Table 2. Targeting PPIs

Therapeutic
approach Advantages Disadvantages

Proteins Mimic endogenous function Bulky
Target-specific Unstable in solution (storage and protein folding problems)
Can be synthesized by recombinant methods Limited biologic function (unlikely to be used as template)
Low immunogenicity Some require posttranslational mods (e.g., glycosylation)

Peptides Small size Low cell permeability
Multiple uses (delivery agents, antagonists,

agonists)
Susceptible to enzymatic degradation (short half-life)
Unstable in solution

PPI-specific High immunogenicity

Peptidomimetics Rationally designed Potentially cross-reactive to other PPIs bearing similar
conformational hotspotsSpecific to core PPI hot spots (amphiphilic

nature) Based on mimicking generic secondary structures
Stable in solution
Resistant to proteases
High cell permeability
Low immunogenicity
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transient PPIs. Identifying binding pocket hotspots—small
areas of bumps and holes that largely determine binding—
can become complicated with respect to multimeric binding
interactions. Another problem is that interacting surfaces of
proteins typically are many times larger than a small mol-
ecule and interactions observed in vitromay not be paralleled
in vivo. Therefore, identifying "hotspots" that act as impor-
tant mediators of PPIs is in essence a trial and error process.
Nevertheless, key recognitionmotifs in a PPImay be verified
using targetedmutagenesis of suspected interacting domains
and tested via several of the aforementioned assays (Fig. 2).

Peptidomimetic subtypes
Conversion of peptides to peptidomimetics is onemethod

to use peptide sequences that have potential as therapeutic
agents. Peptides can be converted to stable peptide mimics
that display comparable effects to their peptide counterparts
but exhibit increased rigidity in structure, improving target
specificity, stability, and cell membrane permeability. There
are 3 major classes of peptidomimetics (types I–III; Fig. 3),
each of which is categorized according to specific chemical
modifications such as lactam, spiro, bicyclic bridges, or
secondary protein structuremimics (e.g.,b-turns anda-heli-
ces). However, the current discussion will be based on type I
and type III mimetics, which are designed to mimic and

target PPIs. Type II mimetics do not mimic PPIs but are
likely to be receptor antagonists (6) and are structurally
characterized as small non-peptide molecules (72).
Type I. Type I mimetics (although not technically

classified as peptidomimetics) are short-peptide oligomers
designed to replicate the local topography of an a-helical
motif found in PPIs (73). Type I mimetics are akin to parent
peptides as they may suffer from poor stability and cell
permeability. However, type I mimetics differ from parent
peptides by exhibiting substitutions such as salt bridges and
metal chelators as well as covalent cyclization motifs such as
lactam and disulfide bridges to stabilize the secondary
structural motif (72). As such, type I mimetics can be
thought of as conformationally restricted peptides. Modifi-
cations which enable the classification of type I as peptido-
mimetics are the ones made at the amide backbone structure
(e.g., amide bond isosteres). Type I mimetics have been used
as inhibitors for aspartic proteases (74), cysteine protease
(75), renin (76, 77), and the critical p53/MDM2 interaction
present in many cancers (78).
Walensky and colleagues have developed a method for

synthesizing stapled a-helical cross-links to mimic interac-
tion peptide motifs of BID (BH3; Bcl-2 homology contain-
ing member). The strategy relies on inserting nonnatural
olefinic amino acids into peptide sequences, followed by

Figure 2. A systematic approach to
peptidomimetic design.
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ruthenium-catalyzed metathesis to form an all hydrocarbon
"staple" (79). BID is a proapoptotic BH3-only protein that
when activated triggers activation of the multidomain proa-
poptotic proteins Bax and Bak, resulting in apoptosis (79).
However, even with modifications (e.g., lactam bridges) that
improve stability of type I mimetics, bioavailability and
efficacy issues still exist (72).
Type III. Type III mimetics are characterized by highly

modified structures that may not contain the basic peptide
backbone structure but still retain functional groups neces-
sary for key binding site recognition. In addition, they may
represent key characteristics of secondary structures (3, 72).
The 2 most common protein secondary motifs are a-helices
and b-pleated sheets. In rod-like a-helices, the amino acids
arrange themselves in a regular helical conformation where-
by the carbonyl oxygen of each peptide bond is hydrogen
bonded to the hydrogen on the amino group of the f amino
acid 4 residues from the original amino acid. An a-helix is
characterized by 3.4 amino acid residues per turn, a rise of
0.54 nm and defined by backbone dihedral angles u andc of
�60� and �45�, respectively. A unique feature in the
a-helix is that the hydrogen bonds run nearly parallel to
the axis of the helix. In b-pleated sheets, hydrogen bonds
form between the peptide bonds either in different poly-
peptide chains or in different sections of the same polypep-
tide chain. The planarity of the peptide bond forces the
polypeptide to be pleated with the side chains of amino acids
protruding above and below the sheet. The a-helices are
frequently found at the interface of PPIs. More than 30% of
protein secondary structures are helical in nature (72). Not

surprisingly, strategies have been developed to synthesize
helical peptides containing key recognition features of heli-
ces as inhibitors of specific PPIs. Type III–based a-helix
mimetics can be designed using drastic modifications to the
peptide backbone and amino acid side chains and conse-
quently are described as non-peptidic–based peptidomi-
metics. One approach to designing such a-helix mimetics
is via structural scaffolds, which are amenable to high-
throughput synthesis (80, 81). The first versions of synthetic
non-peptidic scaffolds were oligosaccharide structures,
whichmimicked projections of thea-helical structure found
on the transcription factor GCN4. However, limited to no
success was seen with these compounds with respect to
GCN4-DNA binding inhibition (82).
Other strategies for disrupting PPIs have been used

successfully in targetingwell-documented tumorigenic path-
ways including apoptosis andmembrane or nuclear signaling
pathways. Hamilton and colleagues developed a non-pep-
tide–based antagonist toward the Bcl-xL protein targeting
the hydrophobic cleft formed by the BH1- BH3 domains
disrupting the Bcl-xL/Bak interaction (83). The mimetic
was designed using a terphenyl scaffold, which in a staggered
conformation closely mimics the function of ana-helix. The
terphenyl scaffold is designed containing alkyl or aryl sub-
stituents at the i, iþ3 and iþ7 position of the a-helix mimic
in addition to carboxylic acid substituents at either end to
mimic the Bak a-helical structure. Treatment in HEK293
cells showed decreased binding between Bak and Bcl-xL via
protein immunoprecipitation assays (84). The same group
also developed benzoylurea scaffolds, whichwhen elongated,

Figure 3. Examples of the 3 different
types of peptidomimetics. Type I:
Basic amino acid backbone is
altered to include basic
stabilization substitutions such as
disulfide bridges to stabilize helical
functional mimetic (red dotted line
traces peptide backbone). Type II:
Piperidinone. Little resemblance to
amino acid backbone or secondary
structural motifs. Type III: Tris-
benzamide scaffold. Altered
peptide backbone structure
consisting of benzene residues
linked via amide bonds. Alkylation
position on the benzene rings can
vary to tweak compound efficacy.
Backbone does not resemble any
of the 20 natural known amino
acids but is customized to
resemble a-helical structure. Type
I–III structures adapted from
Azzarito et al. (72).
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mimics an extended a-helical structure (85). However,
thorough in vitro and in vivo studies are lacking for these
compounds.
An anthracene scaffold (anthraquinone) was used to

mimic the 2 faces of the a-helix of Bim-BH3. Iteration
from the anthraquinone scaffold yielded an amphiphilic
compound ("compound 6") with dual inhibition of the
Mlc-1/Bak and Bcl-2/Bax interactions. Compound 6 was
able to induce cell apoptosis in numerous cancerous cells but
was innocuous in HEK293 cells (86).
Rodriguez and colleagues improved on amphiphilic heli-

cal structures with the use of pyrimidine scaffolds to develop
mimics of the a-helical structure composed of the nuclear
receptor interaction boxes LXXLL sequence found in nucle-
ar receptor coactivators. A pyrimidine-based mimetic was
able to mimic the LXXLL motif on p160 coactivator by
forming interactions at the i, iþ3, iþ4 positions in the
hydrophobic groove of the LBD of ERa (87). To improve
torsional flexibility and allow induced fit, Hamilton and
colleagues further developed diphenylindane scaffolds to
mimic the i, iþ3, iþ4, and iþ7 residues to cater for
additional interactions from residues flanking the hydro-
phobic face of the helix.
To disrupt the p53/MDM2 interaction, which is a com-

plex PPI that is deeply buried, Robinson and colleagues
developed b-hairpin scaffolds. Side chains of 3 important
residues, Phe19, TRp23, and Leu26, of the amphiphilic
a-helix project into a hydrophobic cleft of MDM2. The
design of this b-hairpin uniquely configures the spatial
arrangement of the 2 Ca of residues at i and iþ2 on one
strand, similar to the a-helical side chains at the i and iþ4
residues (88). Surface plasmon resonance showed the
mimetic blocked p53/MDM2 interaction.

Oligobenzamide scaffolds
Oligobenzamide scaffolds are pre-organized structures

with low molecular weights and can be used to develop
peptidomimetics that account for key characteristics of a
protein helix. The scaffolding template comprises two or
three 3-alkoxy-4-aminobenzoic acids and places 2 or 3 alkyl
substituents corresponding to the side chains of amino acid
residues located at the i, iþ3, iþ4, and iþ7 positions in a
helix. The oligobenzamide scaffold displays higher torsional
flexibility due to the absence of extensive hydrogen bond
networks as seen in the trispyridylamide structure despite its
similar appearance (81). This facilitates superior a-helix
mimicry by arranging the substituents of the oligobenzamide
structure in a more staggered fashion as appears in a helix
(81).
We recently developed a bisbenzamide-based peptidomi-

metic to block the interaction between AR and its coregu-
lator PELP1 as a therapeutic approach to prostate cancer.
The AR–PELP1 interacting structure was determined on the
basis of AR X-ray crystal structure. Analysis of PELP1
revealed 10 consensus LXXLL motifs (where L is leucine
and X is any amino acid including leucine) in the protein,
which like other nuclear receptor box proteins is a hotspot for
interaction (89). Because the LXXLL motif adopts a helical

structure, the peptidomimetic D2 was designed with the
bisbenzamide scaffold based on computational and molec-
ular docking studies. The structure of D2 was designed to
accommodate 2 isobutyl groups reproducing the side chains
at the i and iþ4 positions of the LXXLL motif, creating a
hydrophobic surface for interaction with AR (2).

Other approaches
Aside from a-helix mimetics, other approaches can

potentially be used to design peptidomimetics. For exam-
ple, tethering is an approach whereby an interacting hot-
spot between proteins is targeted using a cysteine muta-
tion near the interaction site in the target protein. The
mutated protein is probed with test fragments containing
disulfide bonds. When a fragment meets the target area, it
bonds to the cysteine residue via sulfur bonds, which can
then be identified using mass spectrometry. Further frag-
ments can subsequently be screened in this way and the
fragments "stitched" together to find a potent molecule
(71). Hotspots on the IL2 receptor have been identified by
this approach.
A potential but somewhat "random" rational approach to

peptidomimetic design includes the construction of pep-
tide libraries using (i) synthetic or (ii) biologic methods.
These can be used as lead compounds to be converted into
peptidomimetics. The synthetic approach involves an iter-
ative or position scanning process (90). This approach uses
coupling chemistry to produce variants of specific peptidic
conformations such as a-helices (91) or cyclic disulfide
peptides (92), which are then characterized by analytical
methods such as nuclear magnetic resonance (NMR) and
mass spectrometry. Similarly, phage display is a method of
screening a library of candidate peptides by displaying them
on the surface of bacteriophage. The display is achieved by
fusing a peptide-encoding gene with the gene for a capsid
structural protein. In this way, billions of peptides may be
screened for binding activity against target proteins. Result-
ing hits can be selected and the genome sequence of the
bacteriophage determined to reveal the sequence of the
candidate peptide (93) and binding hit peptides potentially
further modified into peptidomimetics, using chemical
approaches (94), such as the Smac mimetics. Smac is a
mitochondrial protein, which inhibits the apoptotic activ-
ity of caspases (95). Smac peptide mimetics are synthesized
using a sequence of critical residues of Smac fused with
carrier peptides or administered in combination with
routinely used chemotherapeutic drugs. For example,
quadra- or octa- N-terminal peptides of Smac fused with
penetratin, a carrier peptide from Drosophila inhibited
PPIs with caspase-3, -7, and -9 and promoted apoptosis in
MCF-7 and T47D cells (96). Apoptosis was enhanced in
combination with paclitaxel and other drugs. Similarly
designed N-terminal Smac mimetics have been shown to
promote ubiquitination of target proteins and induce cell
apoptosis (97).
Similarly, non-peptidic Smac mimetic designed by com-

puter modeling approaches of the target-binding protein
complexed with Smac. Simulation revealed 4 residues on the
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N-terminus of Smac interacting with BIR3 domain of a
target protein. The C-terminal of this tetrapeptide was
critical for binding affinity. On the basis of this interaction,
a C2-symetric diyne was designed to mimic C-terminal
binding (98) and was shown to induce apoptosis in multiple
cancer cell lines (99–101).

Improving Potency and Maintaining Specificity
A key issue in peptidomimetic design is how to present

peptide pharmacophores in 3D space so that the structures
obtained truly mimic the parent peptide, not just in binding
affinity but in vitro and in vivo biologic function (90).
Generally, specific modifications (e.g., substitutions) of the
peptide backbone can improve overall binding specificity
and potency. These include N-alkylation (facilitating cis-
trans amide bond isomerism), Ca-alkylation (stabilizing
helical or extended structure), D-amino acid/proline sub-
stitution (favoring formation of b-turn structures), peptide
bond isosteres (improving metabolic stability), amino acids
with cyclic side chains (biasing toward b- or g-turns),
dehydro amino acids and b-alkylation (constraining con-
formations). Using such modifications in combination to
advance the field of peptidomimetic design are type III
peptidomimetics, which in principal are based on template
scaffolds designed to mimic secondary structures such as
a-helices. Such non-peptidic–based mimetics are designed
to improve resistance to proteolytic degradation and increase
bioavailability. Complex scaffolds can be designed to cater
for multiple binding surfaces required to allow binding
interactions on more than one side of the mimetic, thereby
more accurately targeting a PPI hotspot.
An alternative to inhibiting a PPI via residue contact at an

interface is to allosterically regulate a PPI at a position offset
from the interface without competing with the protein
binding partner to disrupt the PPI (9). This type of mech-
anism is successfully used by enzymes to regulate their
function, that is, a ligand binds at one site (the allosteric
site) and induces a conformational change at a distant
location, which can cause a change in overall shape and/or
conformation at the active site. This type of control can offer
greater specificity (64) and its efficacy was highlighted
recently with drugs that have potent effects in blocking the
interaction between Runx1:CBFb found in acute myeloid
lymphoma (102).

Limitations of Peptidomimetics
The primary limitation of peptidomimetic strategies is

the potential for a large number of PPIs to be disrupted
simultaneously. This may be the case in proteins involving a
family of structurally similar domains such as that in steroid
hormone receptors, where significant homology exists

(e.g., AR, ER, PR, GR, and MR; ref. 103). Interestingly,
the ER promoter/enhancer recognition sequence, found
upstream of ER-regulated genes, does not share a consensus
sequence with AR, PR, GR, and MR promoter/enhancer
recognition sequences, like that found in the "universal"
MMTV-LTR sequence (104). However, the ER recruits
cofactors that are in common with AR such as SRC1 (105),
whichmay have implications for specificity using a template-
based peptidomimetic design. A bisbenzamide peptidomi-
metic that targets a motif may enable the wider targeting of
PPIs through that motif but may increase the likelihood of
toxicity due to off-target effects. This bisbenzamide may
have significant effects on cancer cell proliferation and be
used to more broadly target the interactions using a specific
motif. Alternatively, a more selective peptidomimetic may
be tailored to selectively target a single PPI. Such a pepti-
domimetic is unlikely to have any toxicity butmay not have a
significant effect on the cancer cell proliferation due to
redundant signaling pathways. Thus, careful refining of the
peptidomimetics targeting each PPI is needed to achieve the
correct balance between therapeutic efficacy, on-target spec-
ificity, and off-target toxicity.

Conclusions
Understanding cellular signaling pathways is fundamental

in deciphering key PPI in normal and diseased states phe-
notypes. The rational design of peptide mimics likely will
improve with better understanding of PPIs in cellular sig-
naling pathways coupled with improvements in identifying
key interactingmotifs. These improvements may be in X-ray
crystallography techniques or protein sequence mutagenesis
methods. The challenge is to design specific PPI modulators
that can not only target key protein interactions involved in
diseases but also target only the cells displaying aberrant
signaling. High-throughput approaches coupled with tem-
plate-based design offer an efficient strategy for the devel-
opment of peptidomimetics but target specificity remains a
challenge.
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Abstract
Proline, glutamic acid- and leucine-rich protein 1 (PELP1) is a multi-domain scaffold protein

that serves as a platform for various protein–protein interactions between steroid receptors

(SRs) and signaling factors and cell cycle, transcriptional, cytoskeletal, and epigenetic

remodelers. PELP1 is known to be a coregulator of transcription and participates in the

nuclear and extranuclear functions of SRs, ribosome biogenesis, and cell cycle progression.

The expression and localization of PELP1 are dysregulated in hormonal cancers including

breast and prostate cancers. This review focuses on the interactive functions and

therapeutic and prognostic significance of PELP1 in breast and prostate cancers.
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Introduction
Proline-, glutamic acid- and leucine-rich protein 1

(PELP1), also referred to as modulator of nongenomic

activity of estrogen receptor (MNAR) (Greger et al. 2006), is

a promiscuous coregulator of steroid receptors (SRs) and

exhibits corepressor or coactivator activity (Choi et al.

2004). PELP1 may be classified as a scaffolding protein

(Vadlamudi & Kumar 2007), and it serves as a ‘mediator’

for protein–protein interactions in different cellular

processes such as cell cycle regulation, transcription,

cytoskeletal and epigenetic modifications, and ribosome

biogenesis (Choi et al. 2004, Nair et al. 2007, 2010a,

Chakravarty et al. 2010a, 2011, Gonugunta et al. 2011,

Mann et al. 2013). PELP1 is widely expressed in various

tissues, with the highest levels being measured in the

brains, testes, ovaries, and uteri of mice (Vadlamudi
et al. 2001). Dysregulation of PELP1 expression has

been observed in breast, ovarian, endometrial, brain, and

prostate cancers (Dimple et al. 2008, Chakravarty et al.

2011, Cortez et al. 2012, Kefalopoulou et al. 2012, Wan &

Li 2012, Yang et al. 2012, Ravindranathan et al. 2013).

PELP1 is involved in both genomic and extranuclear

signaling pathways (Boonyaratanakornkit 2011, Girard

et al. 2013, Renoir et al. 2013). The functions of PELP1 can

be attributed to its multiple unique structural domains,

which allow it to bind to different SRs to modulate their

activity (Vadlamudi & Kumar 2007, Girard et al. 2013).

This review focuses on the structure, function, and

genomic and extranuclear signaling of PELP1, associated

signaling pathways, and its role as a target for therapeutic

modulation in breast and prostate cancers.
f a thematic review section on
ncer. The Guest Editors for this section
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PELP1 structural features

The PELP1 gene is located on chromosome 17 on the short

arm at region 13.2. The cDNA-translated protein com-

prises 1130 amino acids with a pI value of 4.3. However,

due to the high content of proline and glutamic acid, the

protein migrates as a 160 kDa form on SDS–PAGE gels

(predicted 120 kDa) (Vadlamudi & Kumar 2007). Two

alternatively spliced isoforms of PELP1 have been

reported: a long (3.9 kb) form and a short (3.5 kb) form,

both of which map to the same chromosomal region,

17p13.2, and encode the same protein. The longer

isoform represents an immature transcript that contains

an additional 435 bp intronic region. Of the two, the short

isoform is widely expressed in patients with hormonally

driven cancers (Vadlamudi et al. 2001, Balasenthil &

Vadlamudi 2003).

PELP1 protein has multiple structural domains or

discrete structural units made up of a complex of secondary

structures such as a-helices and b-sheets. These short

peptide recognition domains may function in an indepen-

dent context and enable the binding of PELP1 to different

steroid hormone receptors and proteins. These domains

may be found in multiple copies, but each domain may

have its own unique interactome, depending on the

structural context in which it is presented. Multiple

domains may be involved in the binding between PELP1

and a specific protein partner: in these interactions, each

PELP1 domain independently interacts with the target

protein and cooperatively increases both its binding affinity

to the target protein and the likelihood of PELP1–target

protein complex formation. This built-in redundancy

ensures interaction between PELP1 and critical protein

cofactors. Furthermore, each PELP1 domain may modulate

the activity and function of other domains on PELP1 and

thus influence PELP1–protein interactions by modifying

the secondary structure of the PELP1 domain. Proteins that
NLS

RIX1
Nuc1

PxxP

Nuc2 N

LxxLL

Figure 1

Schematic representation of the domains and sequences of PELP1 primary

structure. PELP1 has ten LxxLL domains (blue lollipops), five PxxP domains

(black hanging boxes), one nuclear localization sequence (NLS, red funnel),

http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-13-0502 Printed in Great Britain
bind to a PELP1 domain may in turn directly or indirectly

interact with other proteins that bind to another domain

on PELP1: thus PELP1 serves as a scaffolding protein

enabling large-scale protein–protein interactions. The

interactive domains on PELP1 thus promote cross talk

between both proteins and signaling pathways. By virtue

of its large interactome, PELP1 plays a critical role in cell

signaling and cellular processes.

A domain scan using the online tool (http://scansite.

mit.edu) has revealed several protein-interacting domains

on PELP1 including multiple copies of the nuclear receptor

(SR) box-interacting domains (LxxLL domains: L is

leucine; x is any residue), PxxP (PZproline) domains,

SH2 domains, a long unusual stretch (70 amino acids)

of glutamic acids flanked by two proline-rich regions

as well as three nucleolar domains, and a single nuclear

localization sequence (Fig. 1; Girard et al. 2013) Each of

these regions is described in greater detail below.
LxxLL domains

The acidic LxxLL domain is conserved in more than 300

coregulators and is a known hot spot for SR interactions

(Fuchs et al. 2013). Although the LxxLL domains have an

a-helical propensity, many factors, including the proper

presentation of the LxxLL surface in the 3D structure,

the availability of the domains for interaction, and the

composition of the residues flanking the LxxLL core

domain contribute to the determination of binding

affinity and enable discrimination between binding

partners. PELP1 has ten distinct LxxLL domains with

unique flanking residues and structural presentation

(Vadlamudi & Kumar 2007). The interaction with SRs

is typically enhanced by ligand binding, which induces

conformational changes in the helix 12 (H12) region with

the activation function 2 (AF-2) domain of the receptor

facilitating the interaction with the short-helix LxxLL
uc3 Glu Proline rich Proline rich 

three nucleolar domains (Nuc1, Nuc2, and Nuc3, green boxes), and a

glutamic-acid-rich region (Glu, dark red square) flanked by two proline-rich

regions (ash-colored boxes) at its C-terminal end.

Published by Bioscientifica Ltd.
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domain (Folkertsma et al. 2007). The LxxLL domains of

PELP1 have distinct binding specificities: for example,

estrogen receptor-alpha (ERa) preferentially interacts with

the fourth and fifth LxxLL domains to mediate PELP1

signaling (Barletta et al. 2004). Although the specific LxxLL

domains of PELP1 that interact with androgen receptor

(AR), progesterone receptor (PR), glucocorticoid receptor

(GR), or other SRs have not been characterized, they are

distinct from the fourth LxxLL domain of PELP1 (Barletta

et al. 2004, Yang et al. 2012, Ravindranathan et al. 2013).
PxxP domains

The PxxP domains were initially described as high-affinity

binding sites for proteins with a SRC homology 3 (SH3)

motif. The PxxP domains are often clustered in proline-rich

stretches of proteins, and the bulky prolines are important

for interaction with the SH3 motif, with its characteristic

b-barrel fold of five to six b-strands being arranged in two

tightly packed anti-parallel b-sheets (Vanhaesebroeck et al.

2001). Residues flanking the core PxxP domain may

enhance the stability and binding specificity of proteins

with SH3 domains, by forming additional contacts with

the binding partner. Mechanistic studies have shown

that PELP1 interacts with the SH3 motif of c-Src via its

N-terminal PxxP domain and ER interacts with the SRC

homology 2 (SH2) motif of Src at phosphotyrosine 537;

the PELP1–ER interaction further stabilizes this trimeric

complex, leading to the activation of the Src kinase, further

activating the Ras/MAPK pathway (Barletta et al. 2004).
SH2 domains

Several SH2-binding domains within PELP1 may enable its

interaction with kinases such as Abl and Src. The SH2

domains are complex structures with an anti-parallel

b-sheet between flanking a-helices, which results in a

positively charged b-sheet pocket and enables high-

affinity physical interactions with target proteins

containing short peptides with phosphorylated tyrosines.

Interestingly, the N- and C-termini of the SH2 domains

are very close to each other, enabling their introduction

without disturbing the existing folding of the host

protein. Tyrosine phosphorylation of PELP1 may recruit

SH2 effectors: the phosphorylation of PELP1 at Tyr920

by Src kinase creates a binding site for the SH2 domain of

p85 subunit of PI3K, leading to the activation of the

PI3K pathway (Barletta et al. 2004, Dimple et al. 2008).

Furthermore, the SH2 domains on PELP1 enable its

interaction with STAT3 (Manavathi et al. 2005).
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-13-0502 Printed in Great Britain
Glutamic-acid-rich region

PELP1 has an unusual C-terminal stretch of glutamic acids

(amino acids 887–960), with 61/74 glutamic acid residues

and 4/74 aspartic acid residues. This sequence has a pI value

of 2.18, making it an extremely acidic stretch. Unsurpris-

ingly, this glutamic-acid-rich region is optimal for the

interaction of PELP1 with basic-amino-acid-rich chromatin

proteins such as histones H1 and H3 (Nair et al. 2004).

Through the glutamic acid-rich region, PELP1 plays a role

in chromatin remodeling by displacing histone H1 and

by blocking hypoacetylated histones H3 and H4 from

becoming the substrates of histone acetyltransferases

(Choi et al. 2004). Furthermore, the glutamic-acid-rich

region of PELP1 can function as a reader of histone

dimethyl modification and facilitates the recruitment of

histone demethylases such as lysine demethylase 1 (KDM1)

to the DNA (Nair et al. 2010b). The glutamic-acid-rich

region of PELP1 is further flanked on both sides by proline-

rich domains, which may enable further recruitment and

interaction with additional chromatin-modifying enzymes.
Nucleolar and RIX1 domains

PELP1 has three nucleolar domains (Nuc1: amino acids

79–160; Nuc2: amino acids 423–489; and Nuc 3: amino

acids 569–642), which are important not only for the

nuclear and nucleolar localization of PELP1, but also for

rRNA processing and the activation of rDNA transcription

and subsequent ribosome biogenesis (Gonugunta et al.

2011). PELP1 has a single RIX1 (rRNA processing/ribosome

biogenesis) (amino acids 73–224) domain that enables

complex formation with proteins IPI1 (TEX10), IPI3

(WDR18), and LASL1 and allows Rea1 AAA ATPase to

associate with the 60S ribosomal subunit, a critical step in

rRNA processing and ribosome assembly. PELP1 is also a

component of the SENP3 complex, a key complex in rRNA

processing (Finkbeiner et al. 2011a,b).
PELP1 signaling

With respect to subcellular localization, PELP1 is expressed

in both the nuclei and nucleoli of cells, but at lower

amounts in the cytosol and plasma membrane

(Vadlamudi et al. 2001, 2004, 2005, Dou et al. 2005,

Gonugunta et al. 2011). PELP1 is involved in several

critical cellular functions, including DNA and histone

modification, ribosome synthesis, and genomic and

nongenomic signaling. PELP1 is modified by several

posttranslational mechanisms including phosphorylation
Published by Bioscientifica Ltd.



E
n
d
o
cr
in
e
-R
e
la
te
d
C
a
n
ce
r

Thematic Review V K Gonugunta et al. Social network of PELP1 and
its implications

21 :4 T82
(Vadlamudi & Kumar 2007), glutamylation (Kashiwaya

et al. 2010), and SUMOylation (Finkbeiner et al. 2011a).

Several cytosolic and nuclear kinases such as EGFR, Src,

PKA, ATM, Cdk2, and Cdk4 have been reported to

phosphorylate PELP1 (Girard et al. 2013). The association

of PELP1 with SRs in hormonal cancers has been explored

extensively, and it forms the molecular basis of much

of the initial interest in PELP1.
Interaction with SRs

The interactions of PELP1 with SRs such as ERa/b, AR, GR,

PR, and vitamin D3 and mineralocorticoid (MR) receptors

(Vadlamudi et al. 2001, Kayahara et al. 2008, Yang et al.

2012) involve the SR ligand-binding domain, and the

binding is significantly enhanced by the addition of

ligand. PELP1, by virtue of its function as a scaffolding

protein, enables cross talk between different SRs (e.g.,

between AR and ER) and between SRs and a variety of

cellular proteins involved in histone and DNA modifi-

cation (e.g., HDAC2 and KDM1 (KDM1A), as shown for ER

in breast cancer cells) (Nair et al. 2010b). PELP1 is a critical

coregulator of the transcriptional activity of SRs.
Role in genomic signaling

PELP1 does not have a known DNA-binding domain and

nor does it bind to DNA directly or function as a canonical

transcriptional coactivator. Nonetheless, it plays a critical

role in genomic regulation induced by SRs by virtue of

its recruitment of coregulators. PELP1 enables cross talk

between SRs including ERa/b, PR, and AR (Yang et al.

2012). Data from our laboratory demonstrated that PELP1

acts as a bridge between ERa and AR to activate

AR-responsive genes in the absence of androgen (Yang

et al. 2012). Interestingly, PELP1 binds to AR and ERa

through distinct LxxLL domains (Haas et al. 2005). In

addition, recent data indicate that PELP1 may be involved

in AR nuclear trafficking upon the activation of ligand

(Ravindranathan et al. 2013).

Through distinct structural domains, PELP1 binds

to critical cofactors involved in the modulation of

chromatin structure and cooperatively influences gene

expression (Choi et al. 2004, Gururaj et al. 2007, Nair et al.

2010b, Mann et al. 2013). For example, through its

N-terminal LxxLL domain, PELP1 interacts with HDAC2

to repress chromatin decondensation (Choi et al. 2004).

The C-terminal glutamic-acid-rich region enables the

binding of PELP1 to hypoacetylated histones H3 and H4 to

prevent further acetylation (Choi et al. 2004) and with
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-13-0502 Printed in Great Britain
KDM1 to remove inhibitory histone methyl marks (Nair

et al. 2010b). Furthermore, at the ERa target gene promoters,

the association of PELP1 with CARM1 enhances its

transactivation function by altering the histone H3 arginine

methylation status (Mann et al. 2013). Together, these data

clearly indicate that PELP1 has a role in the modulation of

chromatin accessibility of critical target genes.

In addition, PELP1 interacts with several transcrip-

tional activators including HDAC2, STAT3, SUMO2,

MLL1/MLL, WDR5, SENP3, HCFC1/HCF1, RBBP5,

ASH2L, and 5FMC complex to promote either optimal or

aberrant conditions for the activity of SRs or transcription

factors (Fanis et al. 2012).

Altogether, PELP1 is involved in SR-mediated genomic

signaling both directly by interacting with SRs and their

coregulators and indirectly by influencing the transcrip-

tional milieu promoting the accessibility of SRs to the

promoter.
Role in nongenomic signaling

PELP1 has no known enzymatic activity. However, PELP1

couples with SRs involved in efferent signaling pathways,

through its ability to form complexes. PELP1 enables

membrane-mediated signaling for membrane-bound ERa

through the activation of cytosolic tyrosine kinase Src

(c-Src) and PI3K in the cytosol via growth-factor-mediated

membrane receptor signaling (Fig. 2; Barletta et al. 2004).

The critical scaffolding function of PELP1 was confirmed

in experiments using an estrogen dendrimer conjugate that

uniquely activates ER extranuclear signaling and PELP1

knockdown, which blocks the activation of the ER-Src-

PI3K-ILK1 pathway (Chakravarty et al. 2010b). PELP1-

mediated activation of cytosolic kinases in turn influences

PELP1-influenced SR genomic function. For example,

membrane-bound ERa is able to activate c-Src by complex-

ing with PELP1: c-Src subsequently phosphorylates and

activates coactivator proteins in the cytoplasm, which then

travel to the nucleus where they modulate PELP1-mediated

ERa transcriptional events (Barletta et al. 2004).

Similarly, PELP1 is critical for cytosolic ER-mediated

nongenomic signaling (Fig. 2). Knockdown of PELP1 or

mutation of its PxxP domain, critical for Src interaction,

disrupts estradiol-induced activation of the MAP kinase

pathway. PELP1 also interacts with STAT3 and enhances

its activity in a Src-mitogen-activated protein kinase-

sensitive manner (Manavathi et al. 2005).

In addition, PELP1 interacts with several growth factor

receptors such as EGFR and HER2 to mediate signaling

cross talk with SRs (Vadlamudi et al. 2005). Collectively,
Published by Bioscientifica Ltd.



ER

Hist
one H

1

Src

PELP1

PxxP

Lx
xL

L
Lx

xL
L

SH3
SH2

Kin
as

e

Glu rich

AR

Figure 2

Schematic representation of the interactome of PELP1 through distinct

domains: PELP1 functions as a scaffold enabling the interaction between

various nuclear receptors and their cellular mediators. PELP1 interacts with

SRs such as AR and ER through its LxxLL domains. PELP1 interacts with the

SH3 motif on c-Src through its PxxP domain and through its SH2 domain:

the involvement of two distinct domains of PELP1 is a built-in redundancy

to ensure PELP1–c-Src interaction. Furthermore, c-Src and ER when docked

on PELP1 may interact through the SH2 motif of c-Src. Finally, histones and

histone-modifying enzymes interact with the Glu-rich motif on PELP1.
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these findings indicate that the primary role of PELP1

in nongenomic signaling is to enable the formation of

multifunctional protein complexes that play critical roles

in cell survival and migration and growth factor signaling

cross talk with SRs.
PELP1 in cancers

TheroleofPELP1 as a key corecoregulatorofSR signalinghas

led to an examination of its role in hormonal cancers (Girard

et al. 2013). The expression of PELP1 is dysregulated in a

spectrum of hormonal cancers, including 60–80% of breast

cancer cases, 60–70% of ovarian cancer cases, and 80–95% of

prostate cancer cases, with higher expression profiles being

correlated with adverse pathological features including more

aggressive tumor types, higher tumor grades, and higher

proliferative indices. The overexpression of PELP1 is corre-

lated with adverse clinicaloutcomes such as nodalpositivity,

distant metastasis, and therapy resistance (Rajhans et al.

2007). Ina largecohortofbreast cancer specimens (nZ1162),

the expression of PELP1 is an independent predictor of shor-

ter breast-cancer-specific survival and shorter disease-free
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-13-0502 Printed in Great Britain
survival and its elevated expression is positively associated

with poorer outcome (Habashy et al. 2010).

In aggressive, therapy-resistant breast and prostate

cancers, PELP1 has been shown to play an important role

in cell migration and metastasis via its ability to modulate

miRNA, epithelial-to-mesenchymal transition (EMT), and

mesenchymal-to-epithelial transition (MET) genes and med-

iate effective cross talk between SRs (Roy et al. 2013). The role

of PELP1 in ribosome biogenesis also has implications in

the progression of cancer by virtue of the importance of

ribosomes in protein synthesis and cell growth and function-

ing. Defective signaling within these cellular processes may

disrupt the physiological role of PELP1, contributing to

oncogenic phenotypes, and these are discussed below.
PELP1 in cell cycle progression

Knockdown of PELP1 decreases the proliferation of both

ER-positive and ER-negative breast cancer cells. Conver-

sely, the overexpression of PELP1 is sufficient for cellular

transformation and accelerated tumorigenesis. In Xeno-

pus oocytes, PELP1 appears to mediate the inhibition of
Published by Bioscientifica Ltd.
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meiosis via Gbg signaling (Haas et al. 2005). These data

indicate that PELP1 functions as a proto-oncogene.

In breast cancer cells, PELP1 is important for estrogen-

mediated cell cycle progression to S phase. The interaction

of PELP1 with the cell-cycle-regulating protein retinoblas-

toma 1 (RB1) may be important for this cell cycle

progression as PELP1 may sequester RB and relieve pRB-

mediated repression (Balasenthil & Vadlamudi 2003).

Furthermore, PELP1 is a cell-cycle-dependent kinase

(CDK) substrate, is hyperphosphorylated during cell

cycle progression, and recruited to pRB/E2F target genes

(Nair et al. 2010a).
PELP1 in ribosome biogenesis

The cross talk between ribosome biogenesis and cell

division regulated by PELP1 has recently emerged as a key

mechanism via its interaction with CDKs. CDK phosphoryl-

ation of PELP1 allows PELP1 to localize to the nucleolus,

where it regulates rDNA transcription. The inhibition of

CDKs dramatically reduces the localization of PELP1 to the

nucleolus and has been shown to decrease rDNA promoter

activity (Gonugunta et al. 2011). This indicates that PELP1

has an overarching role not only in SR-mediated gene

regulation but also in cell division. As the nucleolus is seen

as the hub of ribosomal DNA transcription and ribosomal

subunit processing, increased expression of PELP1 in the

nucleolus allows increased protein synthesis, cell survival,

and tumorigenic phenotype levels (Finkbeiner et al.

2011a,b, Gonugunta et al. 2011, Castle et al. 2012).
PELP1 and metastasis

Enhanced expression of PELP1 has been correlated with

increased motility and invasion of tumor cells (Chakravarty

et al. 2010b, Roy et al. 2013). In contrast, knockdown

of PELP1 results in decreased cell migration via down-

regulation of the ERa-Src-PELP1-PI3K-ILK1 pathway,

which disrupts cytoskeletal organization (Chakravarty

et al. 2010b). The overexpression of PELP1 enhances EMT

by regulating the expression of genes involved in EMT

including MMPs, SNAIL (SNAI1), TWIST (TWIST1), ZEB

(ZEB1), MYC, and MTA1 as well as miR-200a and miR-141

in breast cancer patients (Chakravarty et al. 2010b, Roy

et al. 2012, 2013, Wan & Li 2012).
PELP1 and therapy resistance

Several studies have indicated that the deregulation of

PELP1 contributes to therapy resistance and that the
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-13-0502 Printed in Great Britain
knockdown of PELP1 or blockage of PELP1-mediated extra-

nuclear signaling sensitizes cells to therapy (Vadlamudi et al.

2005, Nagpal et al. 2008, Kumar et al. 2009, Nair et al. 2011,

Vallabhaneni et al. 2011). Interestingly, the subcellular

localization of PELP1 is dysregulated in tumors with a

cytosolic predominance in a subset of endometrial tumors,

which exhibit resistance to tamoxifen anti-hormonal

therapy. Patients whose tumors have high levels of

cytoplasmic PELP1 respond poorly to tamoxifen therapy

compared with patients whose tumors have low levels of

cytoplasmic PELP1 (Kumar et al. 2009). These observations

are in agreement with results from an experiment in which

tamoxifen-susceptible MCF-7 cells engineered to express

PELP1 in cytosol (by modification the nuclear localization

sequence) were found to exhibit resistance to tamoxifen

(Vadlamudi et al. 2005, Kumar et al. 2009, Gonugunta VK,

Sareddy GR, Krishnan SR, Cortez V, Roy SS, Tekmal RR

& Vadlamudi RK, 2014, unpublished observations). The

subcellular localization of PELP1 could be used as a

biomarker of hormone sensitivity or vulnerability.
Targeting PELP1 in hormonal cancers

The role of PELP1 in a number of cellular processes and

signaling pathways via its various domains makes PELP1

both an attractive and a daunting target for therapeutic

modulation. Genetic intervention studies have shown

PELP1 knockout to be lethal during embryonic develop-

ment, which indicates the importance of PELP1 in

development (Vadlamudi, unpublished data). Initial

attempts targeted blocking PELP1 downstream signaling

pathways such as the PELP1–Src axis, PELP1–CDK2 axis,

and PELP1–KDM1 axis. The Src inhibitor dasatinib has

been found to exhibit therapeutic utility in blocking the

PELP1 signaling axis (Vallabhaneni et al. 2011). The CDK

inhibitor roscovitine has been found to be effective at

reducing the oncogenic processes mediated by PELP1 (Nair

et al. 2011). KDM1 and CARM1 inhibitors have also

been found to substantially inhibit tumorigenic functions

of PELP1 (Cortez et al. 2012, Mann et al. 2013). Even

though these studies have established the therapeutic

potential of the PELP1 axis in treating hormone-related-

cancer patients, these drugs are not specific to PELP1 and

new drugs directly targeting PELP1 interactions with

increased specificity are required. One such strategy

involves targeting specific functions of PELP1 as a

coregulator and scaffolding protein. Our recent study

has demonstrated the feasibility of targeting the

interface between PELP1 and AR interactions with small

peptidomimetics that compete for AR binding to
Published by Bioscientifica Ltd.
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PELP1 and effectively disrupt AR–PELP1 interactions

(Ravindranathan et al. 2013). Consequently, the peptido-

mimetics result in decreased AR uptake into the nucleus,

effectively blocking ligand-driven AR activation, with

reduced expression of canonical AR-regulated genes,

decreased cancer cell proliferation, and inhibition of

tumor growth in xenograft and ex vivo cultures of primary

prostate tumor cells (Ravindranathan et al. 2013). The

results of these studies indicate that specific targeting of

PELP1 in tumors may serve as a viable therapeutic strategy.
Conclusions and future directions

PELP1 functions as a scaffolding protein and enables

critical protein–protein interactions due to its various

structural domains. Although bereft of known enzymatic

activity or ability to bind to DNA, PELP1 is a critical

cellular protein that influences cellular signaling cascades

and the cellular transcriptional machinery. Knockdown

of PELP1 is lethal during embryonic development,

indicating its importance in cellular functions. The over-

expression of PELP1 portends a poor prognosis for patients

with hormone-related cancers. Novel approaches to

selectively disrupt the interaction of PELP1 with specific

protein partners or to selectively knockdown PELP1 in

tumor cells may enable effective targeting of cancers.
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Androgen receptor (AR) action throughout prostate development and in maintenance of the pros-
tatic epithelium is partly controlled by interactions between AR and forkhead box (FOX) transcription
factors, particularly FOXA1. We sought to identity additional FOXA1 binding partners that may me-
diate prostate-specific gene expression. Here we identify the nuclear factor I (NFI) family of transcrip-
tion factors as novel FOXA1 binding proteins. All four family members (NFIA, NFIB, NFIC, and NFIX) can
interact with FOXA1, and knockdown studies in androgen-dependent LNCaP cells determined that
modulating expression of NFI family members results in changes in AR target gene expression. This
effect is probably mediated by binding of NFI family members to AR target gene promoters, because
chromatin immunoprecipitation (ChIP) studies found that NFIB bound to the prostate-specific antigen
enhancer. Förster resonance energy transfer studies revealed that FOXA1 is capable of bringing AR
and NFIX into proximity, indicating that FOXA1 facilitates the AR and NFI interaction by bridging the
complex. To determine the extent to which NFI family members regulate AR/FOXA1 target genes,
motif analysis of publicly available data for ChIP followed by sequencing was undertaken. This analysis
revealed that 34.4% of peaks bound by AR and FOXA1 contain NFI binding sites. Validation of 8 of
these peaks by ChIP revealed that NFI family members can bind 6 of these predicted genomic elements,
and 4 of the 8 associated genes undergo gene expression changes as a result of individual NFI knock-
down. These observations suggest that NFI regulation of FOXA1/AR action is a frequent event, with
individual family members playing distinct roles in AR target gene expression. (Molecular
Endocrinology 28: 949–964, 2014)
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It is well recognized that signaling by the androgen re-
ceptor (AR) has important roles in normal prostate de-

velopment, growth, and differentiation (1–3), as well as in
benign and neoplastic conditions of the prostate (4).
However, AR alone is not sufficient to mediate tissue-
specific gene expression. Rather, it is the combinatorial
control (5, 6) and activity of multiple factors that deter-
mine tissue-specific gene expression. Specifically, the abil-
ity of AR to engage other transcription factors (TFs) in a
physical complex dictates tissue-specific gene expression
in the prostate (7). In addition to the prostate, the AR is
expressed in various tissues where it exhibits a distinct
role for normal gene expression and physiology. For ex-
ample, the AR in the skeletal muscle dictates anabolism of
that tissue (8). Therefore, in addition to epigenetic mech-
anisms, it is the ability of AR to interact with other TFs
that determines AR function in a given tissue.

Our interest in identifying factors that mediate tissue
specificity of AR target gene expression led to identifica-
tion of forkhead box (FOX) A1 (FOXA1) as an AR in-
teracting protein (9, 10) and showed that this interaction
is essential for the expression of AR-regulated, prostate-
specific genes (for review, see Ref. 11). The FOXA family
of proteins (FOXA1, FOXA2, and FOXA3) bind with
differing affinity to the consensus DNA sequence
[(A/C)AA(C/T)] and have been implicated in various de-
velopmental, homeostatic, and disease processes (12–14).
Our focus has been on FOXA1 because FOXA2 is ex-
pressed only in neuroendocrine cells of the adult prostate
and FOXA3 is not expressed in adult prostate (15).
FOXA1 works as a “pioneer factor” and acts to increase
TF accessibility to the DNA by displacing linker histones
from nucleosomes, allowing for chromatin unfolding
(16). Further studies by us and others have validated the
importance of this AR/FOXA1 interaction in prostate
cancer (14, 17–20) and demonstrated the interaction be-
tween FOXA1 and other steroid receptors (21–24).

The loss of FOXA1 in prostate cancer cell lines that ex-
press AR results in dramatic reprogramming of AR to dif-
ferent binding sites (20, 25). The ability of FOXA1 to inter-
act with AR and specify binding to specific androgen
response elements (AREs) suggests that other TFs involved
with the AR/FOXA1 complex may further regulate tissue-
specific gene expression. To identify novel TFs involved in
the AR/FOXA1 transcription complex, we expressed a dual-
tagged FOXA1 construct in an androgen-regulated pros-
tatic cell line, LNCaP, and performed tandem affinity puri-
fication and mass spectrometry to identify a novel set of
FOXA1 interacting proteins. Sixteen proteins were identi-
fied, only one of which, nuclear factor I X (NFIX), was a TF.

The NFI family of TFs contains 4 genes (NFIA, NFIB,
NFIC, and NFIX) encoding proteins that bind to the con-

sensus DNA sequence TTGGCN5GCCAA (26). NFI fam-
ily members can form either homodimers or heterodimers
with each other, and these dimers have comparable affin-
ity for DNA, stability, and specificity (27), suggesting that
dimer combinations will be dictated by tissue-specific ex-
pression. Indeed, NFIX has been identified as a stromal-
specific factor in the human prostate, whereas NFIB has
been classified as basal-specific (28). Knockout studies of
individual NFI genes in mice have revealed a variety of
phenotypes, including corpus callosum agenesis (NFIA)
(29), lung hypoplasia (NFIB) (30), tooth defects (NFIC)
(31), and neurological and skeletal defects (NFIX) (32,
33). Thus, each NFI has nonredundant roles during
development.

Although an unidentified NFI (34) and NFIX (17)
have been identified as FOXA1 interacting partners,
little is known about the role of individual family mem-
bers in the prostate gland. Therefore, we set out to
identify the specific NFI family members that interact
with FOXA1 and determine the role of NFI family
members on prostate-specific gene expression. Our
studies have revealed that the NFI family provides an
elaborate and well-balanced TF set that can provide
AR, FOXA1, and the AR/FOXA1 complex precise con-
trol over tissue-specific gene expression.

Materials and Methods

Cell culture and establishment of LNCaP cells
stably expressing FOXA1

All cell lines used were obtained from American Type Cul-
ture Collection and were maintained in RPMI 1640 medium
(Invitrogen/Gibco), supplemented with 10% (v/v) fetal bovine
serum (FBS) (Atlanta Biologicals). LNCaP cells express AR and
FOXA1 and engage effectively in androgen-regulated prostate-
specific gene expression. We therefore chose LNCaP cells to
ectopically express dual affinity tagged FOXA1 for our binding
partner studies. Tandem FLAG and 6xHis affinity tags were
added to the N termini of FOXA1 via a standard PCR approach,
followed by subsequent cloning into a pCR-TOPO 2.1 vector
(Invitrogen) to generate FLAG-6xHis-FOXA1. After restriction
enzyme digestion with XhoI and HindII (New England Biolabs),
FLAG-6xHis-FOXA1 was cloned into the retroviral vector
pLPCX (Clonetech), resulting in LNCaP-pLPCX-FOXA1. The
sequence was confirmed by DNA sequencing. LNCaP cells were
next infected with virus purified from Phoenix retroviral pack-
aging cells transfected with either pLPCX-FOXA1 or pLPCX
empty vector. Cells were selected and maintained in puromycin
antibiotic (5 �g/mL).

Tandem affinity purification and mass
spectrometry for the identification of FOXA1
binding partners

Nuclear extracts were prepared as described previously (35)
from �109 LNCaP-pLPCX-FOXA1 cells and LNCaP-pLPCX
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cells maintained in RPMI 1640 medium containing 10% FBS.
Nuclear extracts were first subjected to TALON resin purifica-
tion (BD Biosciences) according to the manufacturer’s instruc-
tions to isolate FLAG-6xHis-FOXA1 via its His tags. This was
followed by purification with anti-FLAG M2 affinity gel (Sig-
ma-Aldrich) to purify FLAG-6xHis-FOXA1 by its FLAG tag, as
well as FOXA1 binding partners. Fractions isolated from each
step were subjected to Western blotting analysis for FOXA1 to
verify purification success. In addition, Western blotting for the
known FOXA1 binding partner, AR, was performed as a posi-
tive control after the use of anti-FLAG M2 affinity gel to verify
the success of our purification approach. Purified protein was
subjected to SDS-PAGE electrophoresis followed by band exci-
sion and tryptic digestion according to standard procedures.
Peptide hydrolysate was then analyzed by C18 reverse-phase
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) using a Thermo LTQ ion trap mass spectrometer equipped
with a Thermo MicroAS autosampler and Thermo Surveyor
HPLC pump system, nanospray source, and Xcalibur 2.0 instru-
ment control using standard data-dependent methods. MS/MS
data were analyzed with the SEQUEST algorithm against the
International Protein Index (IPI) human database (135 674 en-
tries, October 2007 release) including a concatenated reverse
database for calculating the false-discovery rate. The presence of
at least 2 peptides from 2 separate runs was used as the criteria
for a positive hit.

Coimmunoprecipitation studies
JEG-3 cells are reported to be NFI deficient (36, 37) and do

not express FOXA1, making them an ideal cell line to test the
ability of these proteins to interact. After transfection with
FOXA1 and hemagglutinin (HA)-tagged individual mouse NFI
constructs or vector plasmid (PCH), JEG-3 cells were washed 3
times with cold PBS and lysed with 1 mL of nondenaturing lysis
buffer (50 mM Tris, 150 mM NaCl, 10 mM EDTA, 0.02%
NaN3, 50 mM NaF, 1 mM Na3VO4, 1% NP-40, 1 mM phe-
nylmethylsulfonylfluoride, 0.5 mM dithiothreitol, and 1� con-
centration of complete protease inhibitor cocktail [Roche]). Af-
ter sonication, centrifugation, and preclearing, 1 mg of total cell
lysate for each reaction was incubated at 4°C overnight with 20
�L (dry volume) of protein G-Sepharose beads (Amersham Bio-
tech) conjugated with 1 �g of experimental antibody. Immuno-
precipitation was performed in the presence of ethidium bro-
mide (100 �g/mL; Sigma-Aldrich) to disrupt DNA-protein
interactions, and BSA was added to reduce nonspecific binding.
After overnight incubation, samples were centrifuged, and the
pelleted protein G-Sepharose beads were washed 4 times with
lysis buffer and once with PBS followed by protein dissociation
and Western blotting analysis. The mouse monoclonal HA an-
tibody (clone 12CA5; Roche) was used to immunoprecipitate
HA-tagged NFI family members. Anti-HNF-3 (C-20; Santa
Cruz Biotechnology) was used to immunoprecipitate FOXA1.

Glutathione S-transferase (GST)-fusion assays
Primer pairs containing EcoR1 and XhoI restriction enzyme

sequences were used to amplify and subclone the NFIX coding
sequence into the pGEX6p-1 vector, resulting in GST-NFIX for
use in GST pull-down assays. T7 promoter-driven expression
vectors encoding for FOXA1 deletion constructs were described
previously (9) and were transcribed and translated in vitro using

the TNT T7 Quick Coupled Transcription/Translation System
(Promega). A standard reaction involved a 90-minute incuba-
tion at 30°C with 40 �L of TNT Quick Master Mix, 2 �L of cold
2 mM methionine, and 2 �g of plasmid DNA in a final volume
of 50 �L. In vitro translated recombinant FOXA1 proteins were
labeled with a C-terminal V5 epitope and were used immedi-
ately for in vitro binding reactions. For GST pull-down assays,
50 �L of swelled glutathione agarose beads (G-4510; Sigma-
Aldrich) were incubated with 20 �g of GST or GST-NFIX fu-
sion proteins for each reaction. GST-bound beads were equili-
brated with PBS-T binding buffer (1� PBS [pH 7.4], 1% Tween
20, and protease inhibitors) and incubated for 2 hours at 4°C
with 5 to 10 �L of products from the TNT reactions. Complexes
were washed 4 times with 1.5 mL of cold binding buffer, heated
for 10 minutes at 70°C in 1� SDS loading buffer, and separated
by SDS-PAGE, after which V5-horseradish peroxidase antibody
was used in a standard Western blot to determine which domain
of FOXA1 is required for interactions with NFIX in vitro. Cell
lysates and IP reactions were run in different orders on their
respective gels. For clarity, input Western blot images have been
reordered. A comparison of the original and reordered original
can be found in http://press.endocrine.org/doi/suppl/10.1210/
me.2013-12139/suppl_file/me-13-1213-1.pdf Supplemental
Figure 1.

ARR2PB and prostate-specific antigen (PSA)
reporter gene assays

Transient transfection to determine the influence of NFI
overexpression on androgen-regulated ARR2PB and PSA re-
porter gene constructs was performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s recommen-
dation and as reported previously (7). JEG-3 cells were plated at
an initial density of 150 000 cells/well in 24-well tissue culture
plates (BD Falcon) and allowed to attach overnight in RMPI
medium 1640 supplemented with 10% FBS. On the following
day, 0.25 �g of mouse NFIA, NFIB, NFIC, or NFIX plasmid,
0.25 �g of rat AR expression vector, and/or FOXA1 expression
vector, 0.0125 �g of pRL-CMV (Promega) were mixed in
serum-free Opti-Free MEM medium (Invitrogen) and subse-
quently combined with Opti-Free MEM containing Lipo-
fectamine 2000 (Invitrogen) and incubated at room temperature
per the manufacturer’s instructions. Medium was aspirated
from target cells for transfection, which were then incubated
with the DNA-Lipofectamine mixture for 6 hours, followed by
removal of the medium and addition of 0.5 mL/well of Opti-
Free medium supplemented at a final concentration of 10 nM
dihydrotestosterone (DHT) or ethanol vehicle control (Sigma).
After DHT treatment for 24 hours, cells were harvested by re-
moving the medium, washing the cells once with PBS, and in-
cubating with 100 �L of passive lysis buffer (Promega) for 30
minutes at room temperature. Both firefly and Renilla luciferase
activities were determined in a lumicounter (LUM/star; BMG
LabTechnologies, Inc) by using the Dual-Luciferase reporter
assay system (Promega) to control for transfection efficiency.
Experiments were performed in triplicate and repeated at least
twice.

Knockdown studies
LNCaP cells were transiently transfected with either

ON-TARGETplus SMART pool human small interfering
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siRNA (siRNA) NFIA, NFIB, NFIC, or NFIX constructs or ON-
TARGETplus Non-Targeting siRNA no. 2 (Dharmacon RNAi
Technologies) as described previously (38) at a working concen-
tration of 100 nM. After 48 hours of transfection in complete
medium (10% FBS in RPMI medium 1640), quantitative real-
time PCR (Q-RT-PCR) was used to determine the extent of
individual NFI knockdown, and the influence of individual NFI
knockdown on the prostate-specific genes PSA, TMPRSS2,
FKBP5, and NKX3-1. Primer sequences and associated anneal-
ing temperatures used in this study are as follows: for NFIA, 55°C,
forward 5�-CCTCTACGAGCTCCACAAAGC-3� and reverse 5�-
ATTGAGGAACCCCACCTGTCC-3�; for NFIB, 55°C, forward
5�-AGAGATCAAGATATGTCTTC-3� and reverse 5�-
CTGGCTGGTTTGTGGACTGGA-3�; for NFIC, 55°C, forward
5�-CCTGGACCGTTAAATGGA-3� and reverse 5�-GATAC-
CAGGACTGTGCCTG-3�; for NFIX, 58°C, forward 5�-
CTGCCCAACGGGCACTTAA-3� and reverseerse 5�-
CTGTCATCGATGGACTTGGG-3�; for PSA, 58°C, forward
5�-GCAGTCTGCGGCGGTGTTCT-3� and reverse 5�-
GCGGGTGTGGGAAGCTGTGG-3�; for NKX3-1, 62°C, for-
ward 5�-CCGAGACGCTGGCAGAGACC-3� and reverse 5�-
GCTTAGGGGTTTGGGGAAG-3�; for TMPRSS2, 58°C,
forward 5�-GCACAGCCCACTGTGGTCCC-3� and reverse 5�-
CAGAGTAGGCCAGCGGCCAG-3�; for FKBP5, 60°C, forward
5�-CTGGAAGGCCGCTGTGGTGG-3� and reverse 5�-
TGCATAGGGACTCACACACCTTGA-3�; and for GAPDH,
58°C, forward 5�-GGCATGGACTGTGGTCATGAG-3� and re-
verse 5�-TGCACCACCAACTGCTTAGC-3�.

Primers used to validate chromatin immunoprecipitation (ChIP)-
sequencing (ChIP-Seq) data mining and ChIP studies are the follow-
ing: for CLU, forward 5� CCCACACTTCTGACTCGGAC-3� and
reverse 5�-ACTCCTCCCGGTGCTTTTTG-3�; for OR9A2,
forward 5�-GTCTGCAGTCCCCCATGTAT-3� and reverse 5�-
CCATGGTCCCACAGGAAAAGT-3�; for GREB1, forward 5�-
CGTGTGGTGACTGGAGTAGCTG-3� and reverse 5�-
TGGCATCTCAGATTCGGTGC-3�; for SOX6, forward
5�-CTGCGGAGAAGAATGTCTTCCAA-3� and reverse 5�-
TGCATTATGGGGTGCAGAGG-3�; for SMAD2, forward 5�-
GCTCCCTCCGTCTTCCATAC-3� and reverse 5�-CTTGTATC-
GAACCTCCCGGC-3�; for SYPL1, forward 5�-TGGC
GCCCAACATCTACTTG-3� and reverse 5�-AGAAGCAATC-
CACTCGAGGAC-3�; and for IL-8, forward 5�-CAGAGACAGCA-
GAGCACACA-3� and reverse 5�-GGCAAAACTGCACC
TTCACA-3�.

ChIP
LNCaP cells were used to determine the ability of NFI TFs to

bind to AR target genes. ChIP assays were performed according
to the manufacturer’s instructions for the SimpleChIP Enzy-
matic Chromatin IP kit with magnetic beads (Cell Signaling
Technology). Antibodies used for ChIP assays were as follows:
ChIP-grade rabbit anti-AR (2 �g, 74272; Abcam), ChIP-grade
rabbit anti-FOXA1 (2 �g, 23738; Abcam), rabbit anti-pan
NF-1 N-20 (5 �g, sc-870; Santa Cruz Biotechnology), rabbit
anti-NFIB (5 �g, HPA003956; Sigma-Aldrich), and normal rab-
bit IgG (5 �g, 2729; Cell Signaling Technology). LNCaP cells
were treated with either ethanol (EtOH) control or 10 nM DHT
for 2 hours, which represents the time required for peak AR
recruitment to the PSA enhancer after DHT treatment (39).
Cells were cross-linked for 9 minutes with formaldehyde and
processed according to the manufacturer’s instructions. ChIP DNA

was analyzed by Q-RT-PCR. The primer set for ChIP analysis was
hChIP PSA 206 (forward 5�-ACAGACCTACTCTGGAGGAA-3�
and reverse 5�-AAGACAGCAACACCTTTTTTTTTC-3�) used at
an annealing temperature of 52°C. Results from PCR normalized
to EtOH IgG are depicted. Primers used for ChIP validation are as
follows: for TMPRSS2 ChIP, forward 5�-TGGTGTGT-
TAGGGATCTGGAG-3� and reverse 5�-CACGCCCC
GCTTTCTTTTTA-3�; for CLU ChIP, forward 5�-GCCTGGTT-
GTGCACTCATCTA-3� and reverse 5�-TCCTGGTACACAG-
CAGTTCA-3�; for OR9A2 ChIP, forward 5�-CCCTAGCTGC-
TATGCTCCAA-3 � and reverse 5 � -AGGTGGGA-
AGACTGAGTGGA-3�; for GREB1 ChIP, forward 5�-
GTAGTCCTTCGGAGGCAAGC-3� and reverse 5�-GTTTT-
GCTGGGTCACAGTGC-3�; for SOX6 ChIP, forward 5�-
CAACATTACTGTGTCCCTGGC-3� and reverse 5�-
CTGTCTCCCTGAGTGGGTCT-3�; for SMAD2 ChIP, forward
5�-ACTGGAGTTCAGCGTGGAAG-3� and reverse 5�-
TGACTTTCCATCCAGTGGGAC-3�; and for IL-8 ChIP, for-
ward 5�-TGCTCACCCAAATGGCAGAT-3� and reverse
5�-ACATAGGAAAACGCTGTAGGTCA-3�.

Förster resonance energy transfer (FRET)
construct development

The AR-Cerulean construct was created by amplifying the
gene encoding AR with primers (forward 5�-AAAGCTAGCGC-
CACCATGGAAGTGCAGTTAGGGC-3� and reverse 5�-
AAAACCGGTCCACGCGTCTGGGTGTGGAAA-3�) and se-
quential digestion/ligation of the product and mCerulean3
(mCer3)-C1 vector using NheI and AgeI restriction enzymes.
NFIX-Venus was created similarly with primers (forward 5�-
AAAAGATCTATGTATAGCCCGTACTGCCTCACC-3� and
reverse 5�-AAAGGTACCTTCAGAAAGTTGCCGTCCC-3�)
for the NFIX gene and an mVenus-C1 vector was used with
NheI and AgeI restriction enzymes. Finally, the FOXA1-Venus
construct was created with amplifying primers (forward 5�-
AAAGCTAGCGCCACCATGTTAGGAACTGTGAAG-3� and
reverse 5�-AAAACCGGTCCGGAAGTGTTTAGGACGGG-
3�) for FOXA1 and an mVenus-C1 vector using BglII and KpnI
restriction enzymes. Sequences of the constructs were verified
using the Vanderbilt Genome Sciences Sanger DNA sequencing
laboratory.

Cellular sample preparation for FRET studies
HeLa cells were transiently transfected with plasmid DNA

encoding mCer3-tagged AR, mVenus-tagged NFIX, and/or
mVenus-tagged FOXA1; FRET8 (a dimer of enhanced cyan flu-
orescent protein and enhanced yellow fluorescent protein) or
mCer3 and mVenus were used as controls. Transfection was
accomplished using Lipofectamine 2000 (Invitrogen) transfec-
tion reagent according to the manufacturer’s instructions. Cells
were seeded onto no. 1 coverslip bottom dishes (MatTek) and
cultured in DMEM (Invitrogen/Gibco) supplemented with 10%
FBS (Invitrogen/Gibco), 100 U/mL penicillin (Mediatech), and
100 �g/mL streptomycin (Mediatech) at 37°C under 5% hu-
midified CO2. At 24 hours after transfection, samples were fixed
with 4% paraformaldehyde, washed in Dulbecco’s PBS (Invit-
rogen/Gibco), and mounted with Gelvatol. For samples contain-
ing the AR plasmid, 24 hours after transfection cells were incu-
bated overnight with medium containing charcoal-stripped
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serum and then treated with DHT (Sigma-Aldrich) for 4 hours
before fixing as stated above.

Fluorescence microscopy for FRET
FRET imaging was performed using a Zeiss LSM780 confo-

cal microscope with excitation provided by a Coherent chame-
leon 2-photon laser at 800 nm with emission collected in spec-
tral mode from 465 to 692 nm with 8.7-nm spectral resolution.
In addition, images were collected with an argon laser at 514 nm
to confirm cells expressing the mVenus-tagged constructs. Data
were analyzed using ImageJ and GraphPad Prism software.
FRET ratios were expressed as mVenus/mCer3 after linear un-
mixing and normalized to the vehicle-treated AR � FOXA1
control ratios. A total of 70 to 100 cells/dish were quantified for
mean intensity, and the experiments were repeated in 3 cellular
preparations. P values are the result of repeated-measures
ANOVA compared with NFIX � AR.

Identification NFI binding sites in proximity to
AR/FOXA1 binding sites

Previously published ChIP-Seq data (20, 40) was down-
loaded from the National Center for Biotechnology Information
(NCBI) and converted to the FASTQ format using the Sequence
Read Archive (SRA) toolkit (41), analyzed for quality using
FastQC (42), aligned to the human genome using Bowtie (43),
and interrogated using HOMER (44) for AR/FOXA1 adjacent
peaks in LNCaP and VCaP cells. From this list, we searched for
predicted NFI binding sites within 100 bp in either direction of
the AR/FOXA1 region. Based on this list, several candidate
genomic elements and their corresponding genes were arbi-
trarily selected and validated by ChIP and Q-RT-PCR. For pro-
gramming specifics, please see the http://press.endocrine.org/doi/
suppl/10.1210/me.2013-1213/suppl_file/me-13-1213-2.pdf
Supplemental Methods.

Modeling of TF interactions
The model was constructed from the 3-dimensional struc-

tures of DNA-binding domains (DBDs) of 3 TFs bound to DNA.
The atomic coordinates of the homodimeric DBD of AR were
taken from crystal structure 1R4I (Protein Data Bank [PDB] ID;
Ref. 45). The coordinates of the FOXA1 DBD are from the
Nucleic Acid Database (NDB ID PDT013; Ref. 46), and the
structure of the NFIX DBD was modeled on the dimeric Smad
MH1 domain 1MHD (PDB ID; Ref. 47), using the 3D-Jury
server at http://bioinfo.pl/ (48). These 3 DNA-bound protein
structures were then aligned, using University of California, San
Francisco (UCSF) Chimera (49), to a model of the probasin
promoter region (�140 to �65) generated in idealized B-form
by NAB (50) at the University of Southern California (USC)
make-na server (51). Ovals representing the attached N- and
C-terminal non-DBDs were added to illustrate potential inter-
domain contacts. The ovals are scaled roughly to the size of the
non-DBDs. The locations of the ovals are consistent with their
attachment points on the DBDs, but the orientations are
speculative.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 6,

and specific tests are identified in the figure legends.

Results

Tandem affinity purification and mass
spectrometry identify a novel set of
FOXA1-interacting proteins

In an effort to identify additional novel FOXA1 bind-
ing partners, we used a retroviral-based approach to es-
tablish LNCaP cells that stably overexpress dual affinity
tagged FOXA1 (LNCaP-FOXA1) or empty vector (LNCaP-
pLPCX). Although LNCaP cells express FOXA1, dual
affinity tagged FOXA1 (FLAG-6xHis-FOXA1) was sig-
nificantly overexpressed in these cells (Figure 1A), en-
abling the purification of FOXA1 and associated binding
partners. To purify FLAG-6xHis-FOXA1 and associated
binding partners, nuclear extracts from LNCaP-FOXA1
and LNCaP-pLPCX cells were subjected to purification
via tandem TALON and FLAG purification. Western
blotting analysis using antibodies specific for both
FOXA1 and the His tag reveal significant enrichment
for FOXA1 (Figure 1B) after purification. Importantly,
Western blotting for AR revealed that this approach was
capable of purifying AR, the known FOXA1 binding
partner (Figure 1C). Total purified protein was subjected
to SDS-PAGE and colloidal blue staining (Figure 1D),
followed by tryptic digestion and LC-MS/MS analysis.
Analysis of MS/MS data via the Sequest algorithm against
the IPI human database identified a total of 16 proteins
that appear to interact with FOXA1 (Table 1). Of the 16
proteins meeting the “hit” criteria, 6 have been reported
previously to interact with AR by a direct or an indirect
link (52–57). In addition to these known AR interacting
proteins, we identified gene products that are generally
important for the maintenance of protein stability, RNA
processing, cell cycle control, and chromatin regulation.
We chose to focus on NFIX and its family members be-
cause NFI family members are TFs, NFI motifs have been
associated with AREs and NFI can bind to FOXA1, an
AR coregulator (7, 17, 34, 58).

NFI family members are expressed in
prostate cancer cell lines and physically interact
with FOXA1

The NFI family of TF contains four genes (NFIA,
NFIB, NFIC, and NFIX) encoding proteins that bind to
the consensus DNA sequence TTGGCN5GCCAA (26).
The levels of NFI family member expression in commonly
used cell lines was determined by Q-RT-PCR on LNCaP,
PC3, and DU145 cells (Figure 2A) and on the JEG-3 cho-
riocarcinoma cell line, which was previously reported to
express low levels of NFI (36, 37). JEG-3 cells indeed
expressed virtually undetectable levels of NFI family
members. On the other hand, LNCaP, PC3, and DU145
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cells expressed each NFI family member, with the highest
levels of family member expression consisting of NFIA
and NFIB (Figure 2A). Although NFIC and NFIX expres-
sion was detectible in these prostate cell lines, expression
was relatively low compared with that for NFIA and
NFIB.

Because JEG-3 choriocarcinoma cells express exceed-
ingly low levels of NFI, we individually expressed HA-
tagged NFIA, NFIB, NFIC, NFIX, or vector (PCH), along
with FOXA1, in JEG-3 cells to identify the NFI family
member(s) capable of interacting with FOXA1. Immuno-
precipitation was performed using an anti-FOXA1 anti-
body, followed by Western blotting analysis with an-
ti-HA monoclonal antibody. Immunoprecipitation
results indicated that NFIA, NFIB, NFIC, and NFIX are
capable of interacting with FOXA1 (Figure 2B, top
panel). An unidentified protein that has previously re-

ported to occur after ectopic expres-
sion (33), perhaps an NFIA degrada-
tion product, was also capable of
interacting with FOXA1 in JEG-3
cells. This could also be an NFI fam-
ily member (such as NFIC or NFIB,
which are similar in size) that was
purified with NFIA during the im-
munoprecipitation. Nonetheless, re-
ciprocal immunoprecipitation anal-
ysis confirmed the ability of each
NFI family member to interact with
FOXA1 (Figure 2B, bottom panel).

To confirm the interaction be-
tween NFI family members and
FOXA1 and also to identify the do-
main in FOXA1 required for medi-
ating this interaction, GST-fusion
assays using GST-tagged full-length
NFIX, as well as an assortment of
FOXA1 deletion constructs, were
performed (Figure 2C). NFIX was
selected because it was identified by
LC-MS/MS analysis and coimmuno-
precipitated strongly with FOXA1
(Figure 2B, bottom panel). Full-
length FOXA1 indeed interacts with
GST-tagged NFIX (Figure 2D),
whereas deletion of the N terminus
(�N) or more than half of the fork-
head domain of FOXA1 (NT con-
struct) abrogated this interaction
(Figure 2D). Taken together, these
data indicate that FOXA1 interacts
with all members of the NFI family,

and the interaction of NFIX and by extension other NFI
family members with FOXA1 is mediated by the N-ter-
minal transactivation and forkhead domains of FOXA1.

Overexpression of NFI family members represses
androgenic induction of the probasin promoter
and PSA enhancer

An NFI binding site has been identified within the pro-
basin promoter (59), and a pan-NFI antibody ChIP anal-
ysis demonstrated that an NFI family member binds to the
probasin promoter adjacent to the FOXA1 binding site
(7). In addition, NFI binding sites exist in close apposition
to AR and FOXA1 binding sites within the PSA enhancer
and appear to be common in most AR-regulated genes
(58). To determine the influence of individual NFI fam-
ily members on the transcriptional activity of these
prostate-specific regulatory sequences, we performed re-

Figure 1. Purification of antigen-tagged FOXA1 and associated binding partners. A, Antigen-
tagged FOXA1 was sufficiently expressed in LNCaP-FOXA1 cells. B, Western blotting analysis for
FOXA1 and His affinity tag after tandem affinity purification. A lanes depict flow through of
control and LNCaP-FOXA1 cells after the first purification step, B lanes depict flowthrough of
LNCaP-FOXA1 and control cells from the second purification step, and C lanes depict the final
eluate from LNCaP-FOXA1 and control cells. C, Western blotting analysis of purified samples for
the known FOXA1 binding partner, AR indicates that the purification procedure was sufficient to
identify FOXA1 binding partners. D, Final eluates from LNCaP-FOXA1 cells and control cells were
separated in a 10% SDS-PAGE gel, and protein visualized by colloidal blue staining were
subjected to trypsin digestion and LC-MS/MS analysis, resulting in the identification of 16 novel
putative FOXA1 binding partners (Table 1).
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porter gene assays using previously described probasin
(ARR2PB) and PSA luciferase reporters (7). Individual
reporters were cotransfected with the AR as well as indi-
vidual NFI family members either in the presence or ab-
sence of FOXA1 in JEG-3 cells (Figure 3). In the absence
of FOXA1, individual NFI family members repressed an-
drogen induction of the PSA (A) and probasin (C) re-
porter, and the ability of NFI family members to repress
androgen-induced probasin reporter activity was main-
tained in the presence of FOXA1 (Figure 3, B and D).
These results suggest that NFI family members can confer
additional regulation to AREs.

NFI knockdown affects prostate-specific
gene expression

Previous studies have examined the consequences of a
pan-siRNA against NFI (siNFI) construct on AR target
genes (PSA, KLK2, TGM2, TMPRSS2, and FKBP5) and
observed gene-dependent changes (58), suggesting that
NFI regulation of AR target genes may be NFI family
member specific. To identify the role of individual NFI
family members in prostate-specific gene expression, in-
dividual NFI family members were knocked down in
LNCaP cells, and the cell line was examined by Q-RT-
PCR for the known AR/FOXA1 target genes PSA,
TMPRSS2, NKX3-1, and FKBP5 (Figure 4). Knockdown
of individual NFI family members was specific and effi-

cient (Figure 4A). Interestingly, NFIX knockdown re-
sulted in up-regulation of NFIA and NFIB relative to that
of nontargeting siRNA (Figure 4A, NFIA and NFIB).
These observations suggest that in prostatic cells, NFI
family members are capable of compensating for each
other and may regulate each other as well. Adding complexity
tothesituation,NFIfamilymemberscanbeinduced,repressed,
or unregulated by DHT treatment (Supplemental Figure 2).

To simplify the analysis, we focused on examining the
influence of individually knocking down NFI family
members on AR target gene expression in LNCaP cells
maintained in complete medium (Figure 4B). Knockdown
of NFIA resulted in decreased TMPRSS2 and NKX3-1
expression, and increased FKBP5 expression. NFIB
knockdown resulted in increased expression of NKX3-1
and FKBP5. NFIC knockdown resulted in decreased PSA
and NKX3-1 expression. NFIX knockdown resulted in
increased TMPRSS2 expression. In summary, although
NFI expression levels affect the expression of androgen-
regulated genes, this regulation is complex, and individ-
ual NFI family members can be redundant to each other.

NFI proteins bind to the PSA enhancer
To determine the ability of NFI proteins to bind to

cis-regulatory regions of the human PSA enhancer and to
determine whether NFI binding to this region is itself
regulated by androgen, ChIP reactions were performed in

Table 1. FOXA1 Binding Partners Identified by Tandem Affinity Purification and LC-MS/MS

Protein
Accession
No. Function

Ref. (If
Associated
With AR)

Known or potential AR coregulators
Nuclear factor I/X Q14938 TF; AR coregulator 52
Paraspeckle protein 1� Q8WXF1 AR coregulator 53
Splicing factor, proline- and glutamine-rich P23246 RNA splicing; physically interacts with AR 54
Matrin-3 P43243 Nuclear matrix component; interacts with SFPQ 55
Protein polybromo-1 Q86U86 Chromatin structure regulation; AR coregulator 56
DNA-dependent protein kinase catalytic

subunit
P78527 DNA-dependent protein kinase, isoform 2;

phosphorylates AR
57

Protein stability
Peptidyl-prolyl cis-trans isomerase-like 4 Q8WUA2 Peptidylprolyl isomerase
Heat shock cognate 71-kDa protein P11142 Chaperone

RNA processing
Splicing factor 3B subunit 3 Q15393 Subunit of splicing factor SF3B
Heterogeneous nuclear ribonucleoprotein L P14866 Component of the heterogeneous nuclear

ribonucleoprotein complex; provides
substrate for the processing events that
pre-mRNAs in the cytoplasm

Cleavage and polyadenylation specificity
factor subunit 6

Q16630 Component of cleavage factor complex; plays
role in 3� pre-mRNA processing

RNA binding protein 10 P98175 Putative mRNA splicing factor
DEAH box polypeptide 15 O43143 RNA helicase; RNA splicing factor
Transcription initiation factor TFIID subunit 4 O00268 Component of TFIID transcriptional complex

Miscellaneous
Nucleostemin Q9BVP2 Cell cycle regulation
TOX HMG family member 4 O94842 Chromatin structure regulation
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LNCaP cells in the presence or absence of DHT. Because
of the lack of specific ChIP-grade or ChIP-validated anti-
bodies for NFIA, NFIC, and NFIX, only a pan-NFI and
NFIB antibody were used. In addition, ChIP was per-
formed using AR and FOXA1 antibodies. The Tess TF
search program (http://www.cbil.upenn.edu/cgi-bin/tess/
tess) revealed consensus NFI binding sites within AREIII,
just downstream of AREIIIA, and adjacent to a FOXA1
binding site (9) within the PSA core enhancer (Figure 5A).
Target sequence primers were designed to amplify a re-
gion within the PSA enhancer, encompassing AREIIIA
and AREIIIB, as well as the 3 consensus NFI binding sites
(9, 60). As expected, DHT treatment resulted in robust
binding of AR to the PSA enhancer (Figure 5B). Antibod-
ies for FOXA1, pan-NFI, and NFIB revealed that al-

though AR is recruited to the PSA
enhancer, FOXA1 and NFIB are al-
ready occupying these regions (Fig-
ure 5B). This finding is consistent
with other reports suggesting that
pan-NFI occupancy of target gene
promoters and enhancers is less re-
sponsive to DHT (58).

NFIX interacts with AR in the
presence of FOXA1

FRET, which is facilitated by
tagging the proteins of interest with
fluorescent proteins as reporters, is a
phenomenon useful for studying
protein-protein interactions (61).
Because FRET occurs only when the
fluorescent proteins are within 10
nm, it is commonly used to indicate
the proximity of proteins of interest.
Here, we tagged FOXA1, NFIX,
and AR with either a donor (mCer3)
or acceptor (mVenus) fluorescent
protein and assayed the relative
FRET ratios in HeLa cells express-
ing the constructs. The NFIX and
FOXA1 constructs localized to the
nucleus constitutively, whereas the
AR translocated to the nucleus only
after treatment with DHT (Figure 6,
A and B).

Consistent with previous reports
of AR and FOXA1 interactions (9,
10), cotransfected AR-mCer3 and
FOXA1-mVenus exhibited a high
FRET ratio of 0.93 � 0.052 in cells
treated with DHT (Figure 6C), com-
pared with both positive (mCer3-

mVenus dimer) and negative (cotransfection of single
mCer3- and mVenus-expressing plasmids) controls
(quantified in Figure 6G). To determine whether NFIX
and FOXA1 are close enough to interact directly, cells
were cotransfected with a NFIX-mCer3 donor and
FOXA1-mVenus acceptor construct. This pair exhibited
nuclear localization and a FRET ratio of 0.59 � 0.026
(Figure 6, D and G). Importantly, when we performed this
experiment with FOXA1-mCer3 as the donor and NFIX-
mVenus as the acceptor, the FRET ratio was comparable
to that of the negative control (data not shown). This
result demonstrates that the folding and orientation of the
proteins with fluorescent protein tags is critical for FRET
to occur. Because of the constitutive localization of the

Figure 2. A, NFI family members are expressed in prostate cancer cell lines and interact with
FOXA1. LNCaP, PC3, and DU145 prostate cancer cells and in JEG-3 choriocarcinoma cells were
screened by Q-RT-PCR for NFI family member expression. NFI family member expression was
virtually undetectable in JEG-3 cells, whereas NFIA and NFIB were relatively highly expressed in
prostate cancer cell lines compared with expression of NFIC and NFIX. B, NFI family members
interact with FOXA1. HA-tagged NFIA, NFIB, NFIC, NFIX, or vector (PCH; negative control)
constructs were individually transfected into JEG-3 cells along with FOXA1. Immunoprecipitation
(IP) with anti-FOXA1 antibody and Western blotting (WB) for HA (top panel) or the reciprocal
immunoprecipitation (bottom panel) in the presence of ethidium bromide to squelch DNA-
protein binding was performed. Results show that individual NFI family members interact with
FOXA1. C, Schematic diagram of previously described FOXA1 deletion (38) and NFIX constructs
used in GST-fusion assays to identify the domain of FOXA1 responsible for the interaction with
NFIX. FH, forkhead domain (winged helix DBD), domain 1; light gray boxes 2 to 5, transactivation
domains; DB & D, DNA binding and dimerization; TA & R, transactivation and repression.
Schematics are based on Refs. 38, 79, and 80. D, GST-fusion experiments indicate that full-
length FOXA1 interacts with GST-tagged NFIX. JEG-3 cells were transfected with NFIX-GST
constructs and 1 of 8 FOXA1-V5 deletion constructs. Cells were analyzed for expression of NFIX-
GST and FOXA1-V5 constructs (Input panels) and underwent GST pull-down assays (IP GST
panel). As expected, GST pull-down successfully pulled down full-length FOXA1. Based on these
studies, the N-terminal domain is required for FOXA1 binding to NFIX, because constructs
missing the N terminus (FH, �N, and CT) are not pulled down by the GST immunoprecipitation.
The full FH domain of FOXA1 is required in addition to the N terminus domain, because the NT
construct, which contains the N terminus and half of the FH domain, cannot be pulled down by
GST. Asterisks denote nonspecific binding bands.
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NFIX-mCer3 donor and FOXA1-mVenus acceptor to the
nucleus, a FRET signal of comparable strength can also be
detected in HeLa cells cultured in charcoal-stripped se-
rum medium without DHT treatment (Supplemental Fig-
ure 3).

The AR-mCer3 and NFIX-mVenus FRET ratio of
0.23 � 0.021 was significantly lower (Figure 6, E and G),
suggesting that these proteins are further away from each
other than the AR and FOXA1. To test the hypothesis
that overexpressing FOXA1 could bridge the interaction
between NFIX and AR, we cotransfected cells with AR-
mCer3, NFIX-mVenus, and untagged FOXA1. After
treatment with DHT, the FRET ratio of AR-mCer3 and
NFIX-mVenus was increased to 0.53 � 0.058, a level
intermediate between those for the FOXA1/AR and
NFIX/AR samples (Figure 6, F and G). This result sug-
gests that FOXA1 can either serve as a bridge to bring
NFIX and AR together or alter the relative orientation of
NFIX and AR, which may result in AR-mediated gene
transcription.

NFI motif discovery and
validation at AR and FOXA1
binding sites

ChIP-Seq has become a routine
technique to investigate the spatial
and temporal patterns of DNA oc-
cupancy by TFs and provides insight
into the mechanisms of coregulation
by TF complexes. Because the
LNCaP cell line is one of the few
AR-dependent prostate cancer cell
lines, ChIP-Seq for AR and FOXA1
(Supplemental Figure 4) has been
performed by several groups (20,
25, 40, 62). We took advantage of
high-quality AR and FOXA1 ChIP-
Seq data (20, 40) to explore AR/
FOXA1 and NFI complex forma-
tion. From the ChIP-Seq data, we
identified the genome-wide set of
loci bound by AR and FOXA1 in
LNCaP cells (Supplement 1). For
these sets, we applied a computa-
tional algorithm, HOMER, to iden-
tify consensus NFI full-length and
half-site motifs (Figure 7A) within
100 nucleotides of AR and FOXA1
binding sites. HOMER (44) uses a
more stringent consensus sequence
than the Tess TF search program
(http://www.cbil.upenn.edu/cgi-bin/
tess/tess). Our in silico analysis re-

vealed that in the 5125 loci bound by AR and FOXA1,
there are 1764 (34.4%) AR/FOXA1 peaks with at least 1
NFI motif. This finding suggests that about one third of
the AR/FOXA1 target genes are potentially coregulated
by NFI (Figure 7B).

The presence of NFI motifs at one third of AR/FOXA1
peaks raised the possibility that NFIs may also regulate
FOXA1 (FOXA1-only) and AR (AR-only) binding sepa-
rately. Further analysis of the data revealed that in the
3898 loci bound by AR only, there are 1495 (38.4%)
AR-only peaks with an associated NFI motif (Figure 7B).
In the 17 808 loci bound by FOXA1-only, there are 5848
(32.8%) FOXA1-only peaks with an NFI motif (Figure
7B). These observations suggest that roughly one third of
AR alone-, FOXA1 alone-, and AR/FOXA1-occupied
peaks have the potential to be regulated by NFI family
members in LNCaP cells.

To obtain a more comprehensive picture of NFI bind-
ing beyond LNCaP cells, we also analyzed AR and
FOXA1 ChIP-Seq data from VCaP cells (Supplement 1).

Figure 3. Influence of individual NFI family members in the presence or absence of FOXA1 on
prostate-specific reporter activity. PSA (A and B) and ARR2PB (C and D) androgen-induced
reporter activity in JEG-3 cells. Cells were transiently transfected with PCH (empty vector) or
individual NFI family members and treated in the presence of EtOH (vehicle) or DHT to examine
changes in luciferase activity (A and C). The influence of NFI on androgen responsive reporter
gene activity in JEG-3 cells was also tested in the presence or absence of transiently transfected
FOXA1 (B and D), because JEG-3 cells do not express endogenous FOXA1. The addition of NFIs
decreases luciferase activity, even in the presence of FOXA1, suggesting that NFI family members
add another element of regulation to the probasin and PSA promoters. All data are normalized
to PCH EtOH. Asterisks over columns indicate statistically significant values compared with
values for PCH (EtOH or DHT, as appropriate). A representative experiment is shown.
Statistical analysis was performed by the Kruskal-Wallis test. *, P � .05; **, P � .01;
***, P � .001; ****, P � .0001.
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At the 2016 loci bound by AR and FOXA1 in VCaP, we
identified 372 (18.5%) AR/FOXA1 peaks with at least
one NFI motif (Figure 7C) within 100 nucleotides. In the
2531 loci bound by AR only, there are 841 (33.2%) AR-
only peaks with at least 1 NFI motif (Figure 7C). In the
11 905 loci bound by FOXA1 only, there are 3490
(29.3%) FOXA1-only peaks with at least 1 NFI motif
(Figure 7C). The decrease in AR/FOXA1/NFI binding
sites in VCaP cells is particularly interesting and requires

further investigation. Nevertheless, in silico analysis of
AR and FOXA1 binding sites in both LNCaP and VCaP
cells reveals that NFIs may globally regulate AR-mediated
gene expression.

AR/FOXA1/NFI co-occupied regions predict NFI
binding and gene expression modulation

To validate our in silico predictions, 8 genomic loci/
elements identified by in silico analysis were validated by
ChIP and Q-RT-PCR. Validation targets were selected
based on the proximity to genes of particular interest to
prostate cancer, peaks conserved between LNCaP and
VCaP cells, and peaks with high peak scores. Because of
the limitations of specific ChIP-validated NFI antibodies,
we again limited our analysis to NFIB and the pan-NFI
antibody. ChIP for NFIB and pan-NFI followed by Q-RT-
PCR to genomic loci with proximity to TMPRSS2, SYPL,
CLU, and SMAD2 showed enrichment for pan-NFI,

Figure 4. Knockdown of individual NFI family members reveals a role
in prostate-specific gene expression. A, Efficiency and specificity of
individual NFI family member knockdown was measured via Q-RT-PCR.
Knockdown of NFIX results in increased NFIA and NFIB expression. B,
Influence of NFI knockdown on the expression of PSA, TMPRSS2,
NKX3-1, and FKBP5. After NFI knockdown in LNCaP cells, AR target
gene expression was measured by Q-RT-PCR and normalized to
nontargeting siRNA (siNT). Generally, NFIA and NFIC promote the
expression of these AR-target genes, whereas NFIB and NFIX
appear to be largely repressive. Two individual experiments were
combined and analyzed by one-way ANOVA. *, P � .05; **, P � .01;
****, P � .0001.

Figure 5. ChIP shows an NFI within the PSA core enhancer. A,
Schematic diagram of AREIII in the PSA enhancer, highlighting
previously identified AR and FOXA1 binding sites, as well as consensus
NFI binding sites. B, AR, FOXA1, and NFI ChIP for the PSA enhancer.
LNCaP cells were treated in the presence of the vehicle control (EtOH)
or 10 nM DHT for 2 hours. After androgen treatment, cells were
subjected to ChIP with anti-IgG control, AR, FOXA1, pan-NFI, and NFIB
antibodies. Data were normalized to the vehicle (VEH) IgG control.
Results show that recruitment of AR to the PSA enhancer increases
after DHT treatment (P 	 .05), while FOXA1 and NFIB are continuously
present. Asterisks over columns indicate that there is significant
recruitment to the PSA enhancer vs the control (EtOH or DHT IgG as
appropriate). A representative experiment is shown, with data
analyzed by the Kruskal-Wallis test. *, P � .05; **, P � .01;
***, P � .001.
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NFIB, or both at these loci compared with that for IgG
(Figure 8Ai; AR and FOXA1 not shown). Q-RT-PCR
analysis of these genes in response to individual NFI
knockdown demonstrated NFI-specific and gene-specific
changes (Figure 8Aii).

Although OR9A2 and SOX6 elements showed enrich-
ment by ChIP (Figure 8Bi), their expression was un-
changed by NFI knockdown (Figure 8Bii). Finally, IL-8
and GREB1 did not achieve significant enrichment or
changes in gene expression (Figure 8C). Of our 8 candi-
date genomic elements/genes, 6 enriched at their pre-
dicted genomic element, and 4 had changes in gene ex-
pression in response to individual NFI knockdown. The 4
genes (IL-8, OR9A2, GREB1, and SOX6) that were un-
affected by knockdown may either be unresponsive to
NFI family members or they are not limited to specific
homodimers or heterodimers in the presence of DHT.
Regardless, validation of 6 of 8 binding sites by ChIP and
gene changes in 4 of 8 of these proteins suggest that the
NFI family members are broadly responsible for modu-
lating AR/FOXA1 transcriptional activity.

Modeling the AR/FOXA1/NFI complex
Based on the significant effects of NFI knockdown on

AR target gene expression, as well as the prediction that
NFI may regulate approximately one third of the AR/
FOXA1 target genes, a molecular model of this complex
was developed using the probasin promoter. The homodi-
meric DBDs of AR (crystal structure 1R4I [PDB ID; Ref.
45]), FOXA1 (PDT013 [Nucleic Acid Database ID; Ref.
46]), and NFIX (modeled on the dimeric Smad MH1 do-
main 1MHD [PDB ID; Ref. 47]), were aligned to a model
of the probasin promoter region ([140 to �65 base pairs).
To illustrate potential interdomain contacts, ovals repre-
senting the attached N- and C-terminal non-DBDs were
added and scaled roughly to an appropriate size. Al-
though the locations of the ovals are consistent with their
attachment points on the DBDs, their orientations are
speculative. Nevertheless, the molecular model suggests
that AR and FOXA1 bind directly adjacent to each other,
with NFIX binding within 10 nm of the AR/FOXA1 com-
plex (Figure 9). This model is consistent with the FRET
results, which validated the AR/FOXA1 interaction, and
suggests that FOXA1 can bridge the AR-NFIX interac-
tion. Therefore, this model may be representative of the
complex present on many if not most AR/FOXA1/NFI-
regulated gene promoters.

Discussion

Several AR coregulators that both control and fine-tune
AR activity, including FOXA1, which interacts with AR
to control multiple prostate-specific genes in the epithe-
lium, have been identified (9, 18). Recent reports have
shown that AR and FOXA1 sites are commonly associ-
ated with androgen-regulated genes in prostate cancer cell

Figure 6. FRET demonstrates protein-protein interactions between
NFIX, FOXA1, and AR. A–F, Cellular localization of AR-mCer3
transfected in HeLa cells in charcoal-stripped serum medium (A) or
treated for 4 hours with DHT (B–F). C–F, Representative ratiometric
images of FRET in cells transfected with AR-mCer3 and FOXA1-
mVenus (C), FOXA1-mVenus and NFIX-mCer3, AR-mCer3 and NFIX-
mVenus (E), or AR-mCer3, NFIX-mVenus, and untagged FOXA1 (F).
G, Quantification of FRET ratios (all but FRET8 and mCer3 � mVenus
normalized to vehicle controls) for 3 independent transfections treated
with DHT (n 
 70–100 cells per transfection). Statistics were
performed by ANOVA and data are presented as means � SEM.
**, P 	 .01; ***, P 	 .001, compared with NFIX � AR.
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lines (58, 63). In addition to AR, FOXA1 serves as a
coregulator for various steroid receptors, including the
glucocorticoid receptor (GR) (64) and estrogen receptor
(ER) (65), suggesting that FOXA1 is a central mediator of
endocrine responsive gene expression. To this end, mul-
tiple ER-responsive genes have been shown to contain
FOXA1 binding sites (24) in paradigm similar to that for
AR and FOXA1 sites, whereas GR binding sites are en-
riched for forkhead motifs (66). Unsurprisingly, both ER
and GR have been reported to interact with FOXA1
(23, 24).

Much like FOXA proteins, NFI proteins are well
known for their ability to regulate the activity of endo-
crine responsive cis-elements, such as the murine mam-
mary tumor virus and the phosphoenolpyruvate carboxy-
kinase promoters (67, 68). Furthermore, NFI activity is
required to regulate expression of mammary gland–spe-
cific differentiation markers, including whey acidic pro-
tein and �-lactalbumin, among others (26). The frequent
occurrence of NFI sites adjacent to AR and FOXA1 sites
in multiple genes (58, 69) suggests that the NFI family is
a central TF for androgen-regulated genes. Because NFI
proteins bind to DNA as homodimers or heterodimers,
the complexity for targeting specific genes regulated by
the AR/FOXA1 complex is greatly increased. Further,
preferential distribution of NFIX to prostatic stroma
and NFIB to the basal cells (28), of which a subset

contain AR and all lack FOXA1,
suggests unique mechanisms to
regulate AR action in different
prostatic cell types. The central
role of each NFI family member in
organ development (29 –33), as
well as the fact that FOXA1 ex-
pression is restricted to specific or-
gans, suggests a fundamental role
for NFI and FOXA1 in combinato-
rial control (5, 6), resulting in tis-
sue-specific gene expression.

These studies have demonstrated
that all 4 family members are capa-
ble of interacting with FOXA1 via
transient transfection of His-tagged
NFI family members, which comple-
ments other studies that have shown
an unidentified NFI protein (34) or
that NFIX (17) can interact with
FOXA1. The interaction between
FOXA1 and NFIs modulates ex-
pression of AR target genes. When
we determined the influence of
knocking down individual NFI fam-

ily members on the expression of PSA, TMPRSS2,
FKBP5, and NKX3-1, we observed that NFIA and NFIC
largely promote AR target gene expression, whereas
NFIB and NFIX are mainly repressive. Subsequent ChIP
analysis for the PSA enhancer, as well as 8 arbitrarily
selected genomic loci identified by ChIP-Seq data mining,
demonstrated that NFIs bind areas adjacent to the AR/
FOXA1 peaks and can modulate the expression of genes
associated with these loci. Our in silico analysis predicts
that 34.4% of AR/FOXA1 target peaks have the potential
to be regulated by NFIs. The NFIs, therefore, are potent
modulators of AR-mediated gene expression in keeping
with the observation they physically interact with
FOXA1, which suggests that NFI family members play a
critical, yet complex, role in prostate development and
disease.

The frequent association of NFI binding sites with AR/
FOXA1 binding sites (58, 69) suggests that this TF com-
plex modeled on the probasin promoter (Figure 9) is not
unique but represents a general model in which AR/
FOXA1/NFI plays a fundamental role to regulate AR ac-
tion. FRET was used to test the prediction that AR,
FOXA1, and NFIX are in close proximity, resulting in the
formation of a stable TF complex. The high FRET ratios
shown by AR and FOXA1 were dependent on pretreat-
ment of the cells with DHT to drive AR into the nucleus.
Meanwhile, FOXA1 and NFIX FRET was independent of

Figure 7. Analysis of NFI consensus sites within AR/FOXA1 peaks. A. NFI full-site and half-site
motif from HOMER. B, Schematic representation of peaks occupied by AR, FOXA1, and NFI in
LNCaP. Of the 5125 peaks co-occupied by FOXA1 and AR, 1764 of them have an NFI full- or
half-site, suggesting that 34.4% of AR/FOXA1 sites have the potential to be regulated by NFIs.
Predicted AR/NFI and FOXA1/NFI sites also occur at a significant frequency (38.4 and 32.8%,
respectively). AR and FOXA1 sites were discovered by ChIP-Seq and are enclosed in solid circles.
NFI sites are predicted and are enclosed in dashed circles. C, Schematic representation of peaks
occupied by AR, FOXA1, and NFI in VCaP. Of the 2016 peaks co-occupied by FOXA1 and AR,
372 of them have an NFI full- or half-site, suggesting that 18.5% of AR/FOXA1 sites have the
potential to be regulated by NFIs in VCaP cells. Predicted AR/NFI and FOXA1/NFI sites also occur
at an appreciable frequency (33.2 and 29.3%, respectively).
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DHT treatment, further supporting the FOXA1 and NFI
interaction. Although AR and NFIX did not exhibit a
significant FRET ratio compared with that of negative
controls, the additional transfection of an untagged
FOXA1 significantly increased this ratio, suggesting that
FOXA1 can bridge the AR-NFI interaction.

These observations are particularly interesting in the
context of our data mining observations, which suggest
that roughly one third of FOXA1-alone sites (ie, no
AR) are associated with NFI sites, as are one third of
AR-alone sites (ie, no FOXA1). For AR, this suggests

that up 36% of AR binding sites in LNCaP cells may be
regulated by NFIs, which may indicate that in the ab-
sence of FOXA1, such as in the stroma, an alternative
AR cofactor bridges the NFI-AR interaction. Because
FOXA1 is not expressed in the stroma (18), whereas
NFIX expression is high in the stroma (28), androgen-
regulated genes in the stroma may use NFIX and stro-
mal forkhead genes, such as FOXF1, FOXF2, or
FOXC1 (70), to mediate AR gene transcription. In-
deed, AR interaction with FOXC1 has been recently
reported (71). This alternate forkhead mechanism may

Figure 8. Validation of ChIP-Seq data mining. From the list of 438 full-site NFI/AR/FOXA1 peaks identified by ChIP-Seq data mining, 8 peaks
(genomic elements) were chosen for validation with ChIP and Q-RT-PCR. A, Elements and genes that validated by ChIP (i) and Q-RT-PCR (ii). i,
TMPRSS2, SYPL, CLU, and SMAD2 all showed significant enrichment for pan-NFI, NFIB, or both vs IgG. ii, Q-RT-PCR analysis revealed gene-specific
changes for individual family members in response to individual family knockdown compared with those for nontargeting siRNA (siNT). TMPRSS2
Q-RT-PCR was originally presented in Figure 4B and is recreated here for comparison to TMPRSS2 element ChIP. B, Elements and genes that
validated by ChIP (i) but not Q-RT-PCR (ii). OR9A2 and SOX6 elements showed significant enrichment for pan-NFI, NFIB, or both vs the IgG control
(i); however, there was no statistically significant changes for these genes in response to NFI family knockdown as compared to siNT (ii). C,
Elements and genes that failed to validate by ChIP (i) and Q-RT-PCR (ii). IL-8 and GREB1 elements failed to show enrichment after ChIP or changes
in gene expression in response to NFI knockdown. For ChIP studies, representative data are shown with statistical analysis by Kruskal-Wallis. For
Q-RT-PCR analysis, 2 independent experiments were combined and analyzed by one-way ANOVA. *, P � .05; **, P � .01; ***, P � .001;
****, P � .0001.
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also be true for the portion of the AR-NFI peaks that
occur independently of FOXA1 in LNCaP cells.

Conversely, NFIs and FOXA1 can interact indepen-
dently of AR, which suggests that FOXA1/NFI may play
a role independent of AR, such as that in androgen-inde-
pendent neuroendocrine (small cell) or castrate-resistant
prostate cancer. Neuroendocrine prostate cancer is a rare
and highly aggressive form of prostate cancer, which does
not express AR (72), and is therefore considered to be
androgen independent. NFIB has been identified as onco-
genic in small cell lung cancer (73), and a mouse model of
neuroendocrine prostate cancer (synaptophysin positive
and androgen independent) has chromosomal gains at
locus 4qC3, which contains NFIB, and results in in-
creased expression of NFIB in the tumors (74). Whereas
the status of FOXA1 in human neuroendocrine prostate
cancer has not yet been reported, FOXA2 is expressed in
human neuroendocrine prostate cancer, and mouse mod-
els of neuroendocrine prostate cancer have strong
FOXA1 and FOXA2 expression (18). It is possible, there-
fore, that in the absence of AR, NFIB and FOXA1 interact
to mediate gene transcription unique to neuroendocrine
prostate cancer.

Unlike neuroendocrine prostate cancers that do not
express AR, castrate-resistant prostate cancers con-
tinue to express AR and depend upon AR signaling, as
demonstrated by their response to second-generation
antiandrogens (75–77). Because FOXA1 expression in-
creases as prostate cancer progresses (14), it is likely
that the AR/FOXA/NFI complex will continue to me-
diate gene transcription. However, work by Sharma et

al (69) has suggested that in castrate-resistant disease,
the AR interaction shifts from FOXA1 and NFI to
other cofactors such as STAT, MYC, E2F, AP-1,
GATA, and NF�B. If AR is indeed being bound by
other TFs or if antiandrogen therapy is interfering with
AR/FOXA1/NFI complex formation, this would leave
FOXA1 and NFI open to other interactions, perhaps
with GR. Recent studies have indicated that FOXA1
can interact with GR (23). GR is particularly interest-
ing because it can bind AREs and promote the expres-
sion of some AR target genes, and GR increases in
castrate-resistant prostate cancer, supporting the fail-
ure of antiandrogens (78). In the presence of antian-
drogens, therefore, the interaction of GR, FOXA1, and
NFI may be uniquely important in driving castrate-
resistant prostate cancer. Subsequent studies focusing
on the NFI/FOXA1 complex in androgen-independent
neuroendocrine prostate cancer, characterizing the AR/
FOXA1/NFI complex in castrate-resistant prostate
cancer, and identifying new coregulators that can
bridge the AR-NFI divide will be particularly interest-
ing. In summary, NFI family members interact with
FOXA1, bind to AREs in an AR/FOXA1/NFI complex,
and modulate AR-mediated gene transcription, impli-
cating them as potent regulators of androgen-respon-
sive, prostate-specific gene expression.
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Figure 9. Model of TFs bound to the probasin promoter region. The
DBDs of each protein are depicted as 3-dimensional structures bound
to the probasin promoter DNA, based on known X-ray crystal
structures of DBD-DNA complexes. The non–DNA-binding N- and C-
terminal domains of each protein are shown as 2-dimensional ovals to
indicate their relative size and location and illustrate potential physical
interactions among the TFs. Dimeric AR is represented by the structure
and ovals in green. FOXA1 is depicted in red. NFIX is shown in blue
and purple as a representative NFI family member. The 10-nm scale bar
indicates the distance limit of FRET effects.
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