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ABSTRACT 

 
 Recent studies show that the anion nitrite binds to and activates estrogen receptor-alpha 

(ERα).  Mutational analysis and molecular modeling identified three potential nitrite binding 

sites in the ligand binding domain (LBD) of the receptor.  Site A is formed by lys529 on helix 

H11 and asn532 in the loop between helices H11 and H12; site B is formed by his516 on helix 

H10 and lys520 on helix H11; and site C is formed by cys381 on helix H4 and his547 on helix 

H12.  To determine the mechanism by which nitrite activates ERα, wild-type and mutant forms 

of ERα were tested for their ability to dissociate from the heat shock protein 90 (hsp90) 

complex, bind DNA, interact with coactivator, and recruit SRC-1 and RNA polymerase II.  

Results presented here demonstrate that, upon treatment with 1 µM nitrite, wild-type ERα 

dissociated from hsp90, was recruited to DNA, bound coactivator, recruited SRC-1 and RNA 

polymerase II to DNA and increased the expression of estrogen regulated genes.  Site A mutants, 

K529A and N532A, did not dissociate from the hsp90-receptor complex, bind to DNA or bind 

coactivator.  The site B mutants, H516A and K520A, dissociated from hsp90. However, H516A 

did not bind to DNA or recruit coactivator, while K520A bound to DNA, but did not recruit 

coactivator. The site C mutants, C381A and H547A, dissociated from hsp90. C381A failed to 

bind to DNA, while H547A was recruited to DNA but failed to bind coactivator.  The results 

suggest a model whereby the interaction of nitrite with site A results in a conformational change 



 

iv 
 

at the interface of helix H11 and loop 11-12 that is necessary for the dissociation of hsp90.  Site 

B is involved in the formation of a continuous helix between helices H10 and H11 that is 

necessary for binding to DNA.  Site C, formed by amino acids located on helices H4 and H12, is 

involved in the recruitment to DNA as well as the formation of the coactivator binding site. 

Together, these findings represent a novel role for the anion nitrite in the activation of ERα.  
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Nuclear Receptors  

 Steroid hormone receptors are members of a superfamily of ligand dependent 

transcription factors that regulate gene expression in response to small molecules.  

Ligands for these receptors include steroid hormones, thyroid hormones, retinoic acid, 

vitamin D, fatty acids and eicosinoids.  Many of the genes that are regulated by nuclear 

steroid receptors are involved in metabolism, development, growth, proliferation and 

cellular differentiation.  

Steroid receptors can be subclassified into two subsets of receptor groups based 

on their mechanism of action.  Class I nuclear receptors include the glucocorticoid (GR), 

progesterone (PgR), androgen (AR), estrogen (ER) and mineralocorticoid (MR).  In the 

absence of hormones these receptors are associated with a complex of proteins including 

Heat shock protein-90 (Hsp90), immunophilins, and other small proteins.  The Hsp90 

chaperone complex helps keep the receptor in a folded state capable of binding hormone 

and prevents the receptor from binding to DNA until activated.  Once bound to ligand, 

class I receptors are able to dimerize, bind to DNA and recruit coactivators necessary for 

transcription. The second set of nuclear receptors however, do not form a stable complex 

with Hsp90, but form a stable association with DNA.  Class II nuclear receptors include 

vitamin D receptor (VDR), thyroid hormone receptors (TR), retinoic acid receptors 

(RAR) and peroxisome proliferator receptors (PPAR).  These receptors have the ability to 

bind DNA as a heterodimer with the retinoid X receptor (RXR).  In the absence of ligand, 
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these receptors are associated with histone deacetylase complexes and corepressors.  The 

resulting complex causes chromatin compaction and silencing of the gene promoter.  

Once ligand binds, the corepressor interaction becomes unstable and dissociates, and the 

receptor is able to recruit the machinery needed for gene transcription. 

 Based on the sequence analysis of steroid hormone receptors, these receptors can 

be divided into several different functional domains: A/B, C, D, E/F.  The N-terminal 

region of the receptor (A/B domain) contains a region that is highly variable in sequence 

and in length (Figure 2).  This region contains the ligand independent activation funtion-1 

(AF-1) site, many phosphorylation sites, and interaction sites for components of the 

general transcription complex, coactivators, and other coregulatory proteins.  The C 

terminal region of hormone receptors contains the conserved zinc finger DNA binding 

domain.  This region contains two zinc binding sites each consisting of four conserved 

cysteine residues that coordinate the zinc atom.  The D region of receptors is the variable 

hinge region. This hinge region allows the protein to alter conformation, providing a 

degree of flexibility. In addition, the hinge region also contains the nuclear localization 

signal (NLS) for some receptors.  

 The ligand binding domain (LBD): E/F region of steroid receptors also exhibits a 

conserved structure consisting of 10-12 alpha-helices that fold into an anti-parallel helical 

sandwich1.  The helical sandwich consists of a core group of helices surrounded on both 

sides by a set of helix bundles.  This layered structure creates a wedge shaped pocket that 

contains the ligand binding pocket.  The LBD of receptors contains regions that are 

involved in Hsp90-binding and receptor dimerization 2. 
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Based upon the crystal structure of the unbound and ligand bound RXR-alpha, it 

is thought that when hormone binds, helix H12 is repositioned over the ligand binding 

pocket and traps the hormone inside; helix H11 rotates and forms a continuous helix with 

helix H10 (Figure 1) 3 4. The movement of helix H11 pulls helix H12 underneath helix 

H4 freeing the omega loop, a series of amino acids that reverses direction on itself 

forming a lariat shape, from its interaction with H12 . The repositioning of helix H3 and 

helix H12 results in the formation of a shallow hydrophobic groove, that constitutes the 

AF-2 domain, allowing coactivators to bind 5.  The hormone bound receptor is now 

activated and able to stimulate transcription. 
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Figure 1. Conformational changes within the ligand binding domain of  (a) apo- and 

(b) holo-RXR.   

Based upon the crystal structures of apo- and holo-RXR, it is thought that binding 

of ligand to the receptor creates a continuous helix between helices H10 and H11; helix 

H12 moves below helix H4; and compaction of the ligand binding pocket occurs6 4. 

 

Estrogen Receptor-α  

 Estrogen receptor-alpha (ERα) belongs to the family of nuclear receptors that 

share a common structure7.  The biological effects of the receptor are initiated by binding 

to the ligand 17β-estradiol.  Eventually the receptor was cloned and work on 

understanding the receptor’s mechanism of action began 8 9. Initially, it was thought that 
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there was only one form of the estrogen receptor, but a second form from a separate gene 

was soon cloned and named ERβ 10.  The two forms of the receptor share a high degree 

of sequence similarity and the LBDs have similar three-dimensional structures.  Both 

forms of the receptor are highly distributed throughout many tissues in the body.  ERα is 

595 amino acids in length and, similar to other nuclear receptors composed of 6 domains 

A-F, containing the A/B N-terminal AF-1 domain, the C or DNA binding domain and the 

E-F, ligand-binding domain (Figure 2).  

 

 

Figure 2. Schematic of the domains within ERα.   

The AF-1 domain consists of amino acids 1-180 (A/B), DNA binding domain 180-

263 (C), hinge region 263-302 (D), and ligand binding domain/AF-2 consists of amino 

acids 302-595 (E/F). 
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Binding of estradiol to the receptor leads to a series of conformational changes 

that allow the receptor to dimerize, bind to DNA, recruit coactivators, and begin to 

assemble the transcription initiation complex, ultimately leading to changes in 

transcription (Figure 3). 

 

Figure 3. Classical pathway of ERα activation by estradiol.   

Estradiol diffuses through the cell membrane and binds to either cytoplasmic or 

nuclear ERα. Binding of estradiol causes ERα to dissociate from hsp90, bind to DNA and 

dimerize, interact with coactivators and increase transcription. 
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 ERα  N-terminal Domain 

 The N-terminal A/B domain of the receptor is composed of the first 180 amino 

acids of the protein and contains the activation function-1 (AF-1) region (Figure 2).  This 

domain is an unstructured region of the receptor, containing many phosphorylation sites 

that help to facilitate protein-protein interactions.  In the A/B domain, serines 104, 106, 

118, 154, and 167 have been identified as being phosphorylated upon treatment with 

hormone 11 12.  Out of all sites, serine 118 has been the most studied and is 

phosphorylated in the presence of hormone by p42/p44 MAPK and CDK7 13 14.  

Phosphorylation of serine 118 by the transcription factor IIH kinase CDK7 occurs in the 

presence of ligand and also involves cooperation with the ligand binding domain of the 

receptor 14.  In addition to the hormone dependent phosphorylation of serine 118, 

activation of the mitogen activated-protein kinase pathway by epidermal growth factor 

(EGF) and insulin growth factor (IGF) leads to serine 118 phosphorylation 13.  The 

phosphorylation of serine 118 has also been determined to be important in the ligand 

independent AF-1 activation of the receptor 13 15 16 17 18 19.  Finally, serine 167 has been 

shown to be a target of phosphorylation by Akt and pp90Rsk1 kinases in presence and 

absence of hormone 20 11.  Phosphorylation of the ERα A/B domain is complex and 

appears to involve many different signaling cascades and kinases; further work will begin 

to establish what other factors and what cell types are involved in signaling.  
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ERα  DNA binding Domain 

 The DNA binding domain (Region C) of the receptor contains two zinc fingers 

that allow the receptor to recognize specific sequences in DNA.  Direct binding of ERα to 

estrogen response elements (EREs) on DNA was first observed in human cells 

transfected with the Xenopus vitelogenin A2 promoter and showed high affinity to the 

sequence 5′-GGTCAnnnTGACC-3′ 21.  Specific amino acids within the DNA binding 

domain termed the P-box are critical in determining the specific recognition sequences in 

DNA 22 23.   

However, in addition to the classical pathway of directly binding to DNA, ERα 

can alter gene expression through an indirect interaction with DNA (Figure 2).  ERα has 

been shown to interact with the Sp1 transcription factor forming a protein-protein 

complex in order to increase gene transcription by binding to Sp1 response elements on 

DNA24.  Further, ERα can interact with the transcription factors fos/jun on AP1 sites to 

increase transcription of many genes 25. It is thought that activation of AP1 sites is caused 

by an interaction between the AF-1 and AF-2 domains of the receptor that involves the 

binding of receptor coactivators 26.  In addition to mediating the interaction of the 

receptor to DNA, the DNA binding domain is involved in proper dimerization of the 

receptor. 
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ERα  Hinge Region 

 Positioned between the DNA and ligand binding domain of the receptor is the 

flexible hinge region27 (Region D, Figure 2).  Previous work examined what functional 

role the hinge region of the receptor might have on ERα by deleting portions of the 

domain 28.  A series of proto-nuclear localization signals, none of which alone is 

sufficient for nuclear localization, were found within the flexible hinge region, but the 

exact sequences necessary for localization were not identified.  More recent work has 

been able to establish sequences necessary for nuclear localization as well as sequences 

involved in mediating protein-protein interactions needed for tethering ERα to DNA in 

the hinge region 29.  In addition to playing an important role in nuclear localization of the 

receptor, there are several amino acids within the hinge region that undergo post-

translational modifications.  These modifications include acetylation, methylation and 

sumoylation 30 31 32.  Acetylation of the hinge region occurs at amino acids lysine 302 and 

lysine 303 by the histone acetyltransferase p300 and has been shown to be important in 

mediating the activity of the receptor by estradiol 31.  Methylation of the hinge at lysine 

302 is mediated by the SET7 Methyltransferase and was shown to be important in the 

recruitment of ERα to DNA and stabilization of the activated receptor from degradation 

30.  More recent work on the hinge region has identified sumoylation sites on amino acids 

lysine 299, lysine 302 and arginine 303 by small ubiquitin-like modifier  (SUMO)-1 and 

may assist in the assembly and disassembly of transcriptional regulator complexes 32.  
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The hinge region is now known to play an important role in the function of ERα and 

critical for normal receptor activity. 

 

ERα  Ligand Binding Domain 

 The E and F domains contain the ligand binding domain and coregulator binding 

sites. Region E is located in the C-terminal portion of the receptor and contains the 11 

(H1-H12 minus H2) alpha-helices that make up the ligand binding domain.  These 11 

helices form a three-layered antiparallel sandwich with helices H3/5, H9, and H11 

making up the core, helices H1-4, H7, H8, and H11 surrounding the core, and helix H12 

flanking the hormone binding pocket 33 34. Upon estradiol binding, the ERα undergoes a 

series of conformational changes that results in a transcriptionally active receptor. The 

binding of agonists to the receptor initiates the AF-2 response, while binding of 

antagonists suppresses the activity of the receptor. 
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Figure 4. Structure of the ERα ligand binding domain complexed with estradiol.   

Helix H12 colored in green makes up the majority of the AF-2 domain of the 

receptor, allowing for coactivator binding35 

 

The conformational changes of the ligand binding domain in response to estradiol 

creates a surface for the binding of coactivator to the receptor.  This region, termed AF-2, 

recognizes the small LXXLL, where L is the amino acid leucine and X is any amino acid, 

motif found on the receptor interacting domain of steroid receptor coactivators.  The 

small hydrophobic groove is made up of residues from helices H3, H4, H5, and H12 of 

the receptor and binds the coactivator-interacting domain in a small alpha-helix 

conformation 36.  In contrast to estradiol, the antagonist 4-hydroxytamoxifen causes helix 

H12 of the receptor to mimic the interactions of coactivator with the AF-2 domain of the 
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receptor and prevents helix H12 from fully closing over the binding pocket and therefore, 

blocks the binding of coactivator to the receptor 36.   Similar conformational and 

positioning changes of helix H12 were seen in crystallographic studies comparing 

binding of estradiol and the partial agonist raloxifen to the receptor 34.   

 

Cellular Localization of Steroid Receptors 

 To function as a transcription factor, it is critical that steroid receptors are targeted 

and localized to the nucleus upon activation by ligand.  Movement of steroid receptors 

into and out of the nucleus is critical for the proper regulation of transcription. Over the 

years, numerous groups have shown that steroid receptors posses the ability to shuttle 

between the cytoplasm and nucleus in their unliganded state.  However, upon binding of 

ligand these receptors rapidly locate to the nucleus.  The localization of steroid receptors 

in their inactive state varies and they tend to fall into two categories.  ER and PgR are 

localized predominately in the nucleus regardless of being bound to hormone 37 38 39 40.  

On the other hand, GR and AR are localized primarily within the cytoplasm in the 

absence of ligand, and MR appears to be evenly distributed between the cytoplasm and 

nucleus 41 42 43.   

In addition to investigating whether the receptor is predominately cytoplasmic or 

nuclear, past work has shown that steroid receptors, specifically ER, can localize to the 

cellular membrane and have the ability to bind ligand 44.  The activation of ERα in the 

cellular membrane allows the receptor to couple with small G proteins and affect 

signaling cascades 45.  Although the mechanism for targeting ERα to the membrane is not 
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known, a palmitoylation site within ERα has been found to be important for 

localization46.   

 

Hsp90-Steroid Receptor Complex 

 Steroid receptors require molecular chaperones in order to function properly. In 

the absence of hormone, steroid receptors are maintained in a chaperone complex 

containing Hsp90, Hsp70, nucleophilins and other small proteins2, and are unable to 

dimerize and bind to DNA.  The region that Hsp90 binds to on ERα is not that clear 

compared to other receptors. Using deletions constructs of the N terminus and ligand 

binding domain of ERα, a small region located in the C-terminal portion of the DNA 

binding domain along with portions of the ligand binding domain seemed to be critical in 

binding Hsp90 47.  Chaperones may also play a role in the recycling the receptor off of its 

response element after activation by hormone as demonstrated by the presence of Hsp70 

at the estrogen regulated pS2 promoter during receptor clearance 48. 

 

Interaction with Steroid Receptor Coactivators 

 A large part of the activity of steroid hormone receptors depends on the 

interaction with a number of cellular factors that are recruited to regulated genes.  Since 

hormone response elements can be located at considerable distances from the start site of 

transcription, other factors can help bridge the interaction between receptor and the 

general transcription machinery 49.   
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 The p160 family of coactivator proteins consists of three closely related proteins. 

The first p160 protein discovered was steroid receptor-coactivator-1 (SRC-1) and it was 

shown to interact with the AF-2 domain of PgR 50.  The second member identified was 

mouse glucocorticoid receptor interacting protein 1 (GRIP1) and was similar to the 

human form of transcription intermediary factor-2 (TIF-2); both proteins are members of 

SRC-2 51 52.  The last member discovered, SRC-3, was discovered by a number of groups 

and identified as p/CIP, RAC3, ACTR, TRAM-1, and AIB1 53 54 55 56.   

 Coactivators bind to steroid receptors via the nuclear receptor interacting domain 

(NID) located within the protein.  The NID of coactivators contain three conserved 

LXXLL motifs that are able to recognize regions of the steroid receptor.  The residues of 

steroid receptors that interact with coactivators are conserved between receptors and form 

a shallow hydrophobic groove.  This hydrophobic groove that forms following binding of 

ligand is made up of amino acids from helices H3, H4, H5 and H12 57 58.  

 In addition to interacting with the AF-2 domain of steroid receptors, it has been 

shown that coactivators can interact with the N-terminal AF-1 domain and influence the 

AF-1 transcriptional activity of the receptor19 59.  Studies with ER have shown that an 

intramolecular interaction between the AF-1 and AF-2 domains of the receptor can be 

enhanced by the binding of coactivator to the receptor 60 61 62 63. 
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Growth Factor Activation of ERα 

There is growing evidence that in addition to hormone, growth factors such as 

epidermal growth factor (EGF) and insulin like growth factor-1 (IGF-1) are able to 

activate ERα. It has been shown that phosphorylation of ERα on serine-118 within the N-

terminus of the receptor by MAPKs can enhance the activation of the receptor and 

perhaps lead to ligand-independent activation of the receptor 15 64 65 13.  It has also been 

shown that phosphorylation of ERα by Akt on serine-167 can lead to an increase in the 

activity of the AF-1 domain 64.  Further, in addition to directly affecting the actions of the 

receptor, it has been shown that enhancing the activity of coactivators such as AIB1 and 

p300/cAMP-responsive element binding protein might lead to ligand independent 

activation of ERα66.  Activation of AIB1 through the MAPK pathway also led to an 

enhancement in the recruitment of histone acetylases to the coactivator-estrogen receptor 

complex 66.  Treatment of MCF-7 breast cancer cells with either EGF or IGF-1 has been 

shown to increase PgR mRNA and decrease ERα protein and mRNA levels67 68.  

Activation of ERα by EGF or IGF-1 was later shown to be mediated by the 

serine/threonine protein kinase Akt and lead to the phosphorylation of ERα on serines 

104, 106, 118 and 167 69.   

 

Activation of ERα  by Cations and Anions 

 In addition to the classical hormone and growth factor activation pathways of 

ERα, a third and novel pathway involving metallic cations and anions have been shown 

to produce estrogen-like activity in both in vitro and in vivo models. Using MCF-7 breast 
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cancer cells, cadmium at a concentration of 1 µM was able to induce cell proliferation 

and increase the transcription of estrogen regulated genes, PgR and pS270 71. Exposure of 

ovariectomized rats to environmentally relevant levels of cadmium led to an induction of 

estrogen regulated genes, increase in uterine wet weight, as well as an increase in cell 

proliferation within the uterus 72.  Effects in the mammary gland of cadmium exposed 

animals included an increase of estrogen regulated genes, increased growth and 

differentiation, and changes to the mammary gland structure similar to estradiol exposed 

animals 72.  All estrogen-like effects of cadmium were blocked by the addition of anti-

estrogen ICI 182,780, suggesting that ERα was mediating their response.  

Transient transfection assays also demonstrated that cadmium was able to activate 

the receptor through the ligand binding domain and its effect was blocked by an anti-

estrogen70.  Using purified ligand binding domain, cadmium was shown to bind to the 

receptor with a dissociation constant of 4-5 x10-10 M and was also shown to block the 

binding of estradiol suggesting an interaction with the ligand binding domain of the 

receptor 73.  Further, mutational analysis of the receptor identified five amino acids as 

possible sites of interaction: C381 on helix H4, C447 on helix H8, E523 on helix H11, 

H524 on helix H11, and D538 located on helix H12 73.  The mechanism by which 

cadmium activates ERα has yet to be determined. 

In addition to cadmium, the bivalent cations calcium, chromium, cobalt, copper, 

lead, mercury, lead, and tin as well as the bivalent anions arsenite, nitrite, selenite, and 

vanadate have been shown to activate ERα 74 72 75 76 77 78.  Mutational analysis of the 
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receptor and activation of a chimeric form of ERα suggest that these metals also interact 

with the ligand binding domain of the receptor.   

 

Non-Genomic Actions of ERα  

 In addition to the classical genomic actions of ERα following activation by ligand, 

an increasing body of research has shown that activation of ERα can lead to rapid 

signaling events.   The non-genomic effects of ERα are thought to activate protein kinase 

signaling cascades leading to various downstream effects.  Activation of ERα by estradiol 

has been shown to increase the activity of adenylate cyclase and thereby, increase the 

production cAMP 79 45.  In various cell lines, the increase in cAMP levels following 

treatment with estradiol lead to increase in cAMP dependent gene transcription.  In 

addition to increasing the levels of cAMP, estradiol has been shown to induce rapid 

activation of MAPK and PI3K/Akt pathways in breast cancer cells 80. Since ERα does not 

have kinase activity, it is thought that the receptor must interact either directly or 

indirectly with proteins that have intrinsic kinase ability or interact with proteins that can 

serve as scaffold to link ERα with other kinases 81.  It has been shown that upon 

cotreatment of estradiol in the presence of c-Src inhibitor the rapid effects of estradiol can 

be blocked, however a direct interaction between the receptor and c-Src has not been 

shown 82.   
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Breast Cancer 

According to the American Cancer Society, the lifetime risk for developing breast 

cancer is one in seven for women in the United States. Breast cancer is therefore the most 

common form of non-cutaneous cancer in women.  While the incidence of breast cancer 

decreased by roughly 7% in early 2000s, that decrease did not continue through 2007 as 

rates remained stable146 147. It is not known why the incidence rates for breast cancer have 

not decreased further, but it has been suggested that recently there has been an increase in 

exposure to low penetrance risk factors or to new unidentified risk factors. Common risk 

factors identified to date for developing breast cancer include family history of breast 

cancer, time of menarche and menopause, endocrine status, age, race, and lifestyle 83 84 85 

86. Two genes have been linked to breast cancer; BRCA1 and BRCA2, but only about 5-

10% of breast cancers are believed to be hereditary, thereby suggesting that breast 

cancers are due to other factors such as lifestyle or environment 87.   

 

Hormone Dependent and Independent Breast Cancer 

Estrogen is involved in the initiation and progression of breast cancer and helps 

sustain the growth of breast cancer cells that express the estrogen receptor. Most breast 

cancer patients are estrogen receptor positive at diagnosis and are candidates for anti-

estrogen therapy with drugs such as tamoxifen. Tamoxifen treatment has lead to an 

increase in survival rates and improved lifestyle for women with breast cancer 88. 

However, not all breast cancer patients respond to tamoxifen treatment and many of those 

who do eventually develop resistance. A key aspect of hormone-independent breast 
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cancers is that most patients still express fully functional ERα protein. Several 

mechanisms have been proposed to be involved in hormone-independent activation of 

ERα.  One mechanism suggested to be involved in the hormone-independent activation of 

ERα involves growth factor signaling pathways 89. As discussed earlier, it has been 

shown that growth factor pathways, including the MAPK/ERK and PI3K/Akt, when 

stimulated by cytokines or growth factors can mediate ERα activity 15 13 90 69 91 92.  

Investigations into the cross talk between ERα and these signaling pathways may lead to 

new forms of treatment for hormone independent breast cancers. 

 

Tamoxifen Association with ErbB-2 and Akt 

Tamoxifen, functionally known as a selective estrogen receptor modulator 

(SERM) since it can elicit estrogen-like responses in certain tissue types,, acts by 

inhibiting the binding of estradiol to the receptor and disrupts cellular mechanism leading 

to cell arrest 93 94. This blockage leads to a decrease in cell proliferation and an increase 

in cell death 95 96. However, close to 50% of breast cancer patients with advanced disease 

do not respond to tamoxifen treatment. ErbB-2 expression is thought to be involved in 

resistance of breast cancer cells to tamoxifen 97 98.  ErbB-2, also known as HER2, is a 

member of the epidermal growth factor receptor (EGFR) family of transmembrane 

tyrosine kinases and is able to heterodimerize with other members of the family and 

activate downstream signal transduction pathways. Activation of the EGFR/ErbB-2 

pathway leads to numerous downstream effects such as cell proliferation, blockage of 

apoptosis and cell proliferation. Others have demonstrated that treatment of MCF-



 

21 
 

7/HER2-18 cells, which overexpress ErbB-2, with low amounts of tamoxifen induces 

EGFR/ErbB-2 signaling in these cells, which leads to an activation of the Akt signal 

transduction cascade99.  These kinases are then able to phosphorylate the N-terminus of 

the estrogen receptor as well as the AIB1 coactivator, leading to the activation of ERα.  

 

Nitrite Biology 

 Nitrite is a common anion found in the body as a result of metabolism and the 

oxidation of nitric oxide.  While being mostly thought of as being a byproduct of 

metabolism in the body, it is now thought that nitrite is an important marker for nitric 

oxide synthase activity and therefore, its levels may be an indicator of poor health 

outcome for some diseases 100.  Nitrite was once a major health concern and the 

formation of N-nitrosamines was thought to be highly carcinogenic.  Over the years it has 

been shown that nitric oxide plays an important role in vasodilation and low dose 

treatment of subjects with nitrites have been shown to be beneficial in treating certain 

cardiovascular conditions 101 102 103 148.  However, even though nitrites have been shown 

to be beneficial in certain instances, it has also been linked to increased risk in liver, 

stomach, pancreatic and bladder cancers 104.   

 

Sources of Nitrite 

 Exposure to nitrite can be from either endogenous, primarily from the breakdown 

of nitric oxide, or exogenous sources.  Established safe levels for daily intake of nitrite 

and nitrate set by the Joint Foods Agriculture Organization of the United Nations and the 
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World Health Organization Expert Committee on Food Additives are 0.07 mg/kg body 

weight and 3.7 mg/kg body weight respectively.  Following the generation of nitric oxide 

from nitric oxide synthase (NOS), nitrite and nitrate are formed very rapidly by the 

oxidation of nitric oxide in the blood and tissue105.  Nitrite levels have also been shown to 

increase following intake of foods containing high amounts of nitrate 106. Since humans 

lack the enzyme required to reduce nitrate, the conversion of nitrate to nitrite is believed 

to be facilitated by bacteria residing in the mouth.  Therefore, the reduction of nitrate by 

these bacteria leads to an increase in nitrite concentration 107.   

In addition to these endogenous sources of nitrite, diets and environmental 

exposures can increase the amount of nitrite in the body.  Diets rich in specific types of 

vegetables high in nitrates contribute to the majority of human exposure 108.  The use of 

nitrate containing fertilizers on these plant products can also influence the total amount of 

exposure.  Cured and processed meats also contain high amounts of nitrite and nitrate as 

both are used as a preservative in the preparation of these foods. Additional exposures 

can also occur through the use of some medicines, drinking water, and certain industrial 

processes such as textile coloring.   

 

Nitric Oxide Synthases 

Nitric oxide synthases are a family of enzymes that produce nitric oxide (NO) 

from the amino acid L-arginine. There are three forms of NOS; neuronal, endothelial, and 

inducible, and are encoded by three different genes 109. These enzymes share a similar 

three-dimensional structure, containing an N-terminal oxygenase domain with binding 
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sites for heme and a C-terminal reductase domain that has binding sites for NADPH, 

FAD and FMN 110. Although NO be can oxidized to create reactive oxygen species, the 

major breakdown products of NO in the cell are nitrite and nitrate. NO has a very short 

half-life in the blood of around 1s and is able to freely cross the cellular membrane 111.  

NO is a very important signaling molecule and is able to signal in a paracrine or autocrine 

fashion, resulting in effects on blood flow, neuronal activity as well as immune response.  

Following release from the enzyme, NO can activate the soluble enzyme guanylate 

cyclase to produce cyclic guanosine monophosphate (cGMP), which can then activate a 

series of kinases that can modulate many different cellular processes 112. 

   

Activation of ERα  by Nitrite 

   Recent work in our lab has shown that the anion nitrite is able to bind to the 

ligand binding domain of ERα and activate transcription in MCF-7 cells113.  At a 

concentration of 1 uM, nitrite was able to increase the transcription of PgR and pS2, two 

estrogen regulated genes, and increase the amount of PgR protein.  The effects of nitrite 

were blocked by the anti-estrogen ICI 182,780.  Through mutational analysis and 

functional assays, six amino acids within the ligand binding domain were determined to 

be critical in the activation of the receptor by nitrite. These amino acids include cysteine 

381 on helix H4, histidine 516 on helix H10, lysine 520 on helix H11, lysine 529 in the 

loop between helix H11 and H12, asparagine 532 also in the loop, and histidine 547 

located on helix H12 (Figure 5).    
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IGF-1, Akt, eNOS and Nitrite Activation of ERα 

To establish the role of IGF1-1, eNOS and nitrite in the activation of ERα, our 

laboratory tested the hypothesis that growth factor signaling through the Akt pathway 

results in the phosphorylation and activation of eNOS, and subsequent activation of ERα 

by nitrite. Unpublished data from our laboratory has shown that treatment of MCF-7 

breast cancer cells with IGF-1 leads to an increase in the expression of estrogen regulated 

genes; progesterone receptor (PgR) and cathepsin D mRNA, which was blocked by the 

addition of an eNOS inhibitor, NG-nitro-L-arginine methyl ester HCl (L-NAME) or the 

anti-estrogen ICI 182,720.  To help define the pathway by which IGF-1 activates ERα, 

we stably transfected in a constitutively active form of Akt (myr-Akt) (Figure 5).  

Activation through the Akt pathway again led to an increase in PgR and cathepsin D 

mRNA, and these effects were blocked by the addition of L-NAME, suggesting that the 

activation of ERα by IGF-1 occurs through the Akt/NOS pathway. As mentioned 

previously, six amino acids were critical for the activation of ERα by nitrite and these 

same amino acids C381, H516, K520, K529, N532, and H547 in the ligand binding 

domain are also important for IGF-1 activation of ERα.  In addition, using the A/B 

domain of ERα as bait in a yeast-two hybrid assay, we were able to capture eNOS, 

suggesting that the two proteins may interact.  Therefore, IGF-1 acting through the 

second messenger nitrite, might account for the activation of ERα by the IGF-1/Akt 

signaling pathway. 
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Figure 5. Activation of ERα through the IGF-1/Akt/eNOS pathway. Upon activation of 

the IGF-1, Akt is able to phosphorylate and activate eNOS leading to an increase in the 

production of NO and the oxidation of NO to NO2
-. NO2

- is then able to interact with 

specific amino acids within the ligand binding domain of ERα causing the activation of 

ERα and increase in gene transcription. 
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Relevance 

 With the increasing incidence of breast cancer in the United States and world, it is 

important to study factors leading to the development and progression of the disease. 

Recently, numerous studies have shown the importance of growth factor signaling 

pathways in hormone independent breast cancer through their ability to activate ERα.  

Since many breast cancers patients reach a stage of hormone independent cancer, yet still 

express a fully functional estrogen receptor, investigating the mechanism by which 

growth factors activate ERα will be of great importance in devising new treatment 

therapies and strategies for patients with hormone independent breast cancer. Ultimately, 

I hope that the findings from my proposal will lead to new advancements in breast cancer 

research and treatment. 
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Hypothesis 

 Nitrite activates ERα by a three step mechanism involving the ligand binding domain 

of the receptor (Figure 6). 

Aim 1. Determine whether the interaction of nitrite with site A is responsible for the 

dissociation of hsp90 

Aim 2. Determine if site B is necessary for ERα binding to DNA 

Aim 3. Determine if nitrite interaction with site C activates ERα and recruits steroid 

receptor coactivator and RNA Pol II to estrogen regulate promoters 
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Figure 6. Sites and steps involved in the activation of ERα by the anion nitrite.  

Mutational analysis and molecular modeling suggest that nitrite interacts with 

specific amino acids on helices H4, H10, H11 and H12. Lys529 on H11 and asn532 on 

the loop between H11 and H12 form site A, his516 on H10 and lys520 on H11 form site 

B, and cys381 on H4 and his547 on H12 form site C where nitrite binds to the receptor. 

We propose that the interaction of nitrite with site A is necessary for the initial movement 

of helix H12 and dissociation of hsp90 from the receptor. Site B is involved in the 

straightening of helices H10 and H11 to form the dimerization domain that is necessary 

for homodimerization and DNA binding. Site C is critical for the repositioning of helix 

H12 under helix H4 and the movement of helix H3 for the proper formation of the 

coactivator binding site on the receptor. 
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Chemicals 

Estradiol and sodium nitrite were purchased from Sigma-Aldrich.  ICI 182,780 

and NG-Nitro-L-arginine methyl ester hydrochloride (L-NAME) were purchased from 

TOCRIS.  

 

Cell Lines and Tissue Culture 

Human embryonic kidney 293 (HEK 293) cells were maintained in Improved 

MEM (IMEM) containing phenol red and without lipoic acid (Crystalgen) and 

supplemented with 10% fetal bovine serum (HyClone Laboratory) in T-175 tissue culture 

flasks (BD Falcon). Lombardi Cancer Center-1 (LCC1) cells were obtained from the 

Tissue Culture Shared Resource, Georgetown University, and maintained in phenol red 

free IMEM (Cellgro/Mediatech) and supplemented with 5% charcoal stripped fetal calf 

serum (Valley Biomedical) in T-75 tissue culture flasks (BD Falcon).  Cells were 

maintained at 37 degrees Celsius and 10% CO2.   

 

Plasmids and Mutant Constructs 

All plasmids used in experiments were previously developed in our lab or were 

provided by other labs78 114 115 116. 
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Treatments 

For immunoprecipitation, chromatin immunoprecipitation and re-chromatin 

immunoprecipitation experiments, HEK 293 cells were transfected and treated for 3 

hours with 1 nM 17β-estradiol (E2) or 1 uM sodium nitrite.  In gene expression 

experiments, the transfected cells were treated with 1 nM estradiol or 1 uM sodium nitrite 

for 16 hours.  LCC1 cells were either left untreated or treated with 1 nM estradiol, 100 

nM ICI-182,780 or 100 µM L-NAME for 16 hours. 

 

Transient Transfection 

HEK 293 cells were plated into 10 cm tissue culture dishes (BD Biosciences) 

containing 10 ml IMEM supplemented with 10% charcoal striped fetal calf serum (Valley 

Biomedical) at a density of 3,000,000 cells. Twenty-four hours following plating, cells 

were transfected with Trans-IT LT-1 (MirusBio) at a ratio of 3 ul Trans-IT LT-1 to 1 ug 

plasmid DNA. Transfection reagent and DNA complex was prepared by warming the 

Trans-IT LT-1 reagent to room temperature. To 500 ul of IMEM, 15 ul of Trans-IT LT-1 

was added and mixed gently. Following addition of reagent, 5 ug of plasmid DNA was 

added to the mixture and pipetted gently, the complex was allowed to incubate for 15 

minutes at room temperature. The DNA complex was then added to the plates drop wise 

and gently rocked to ensure an even distribution. The cells were then allowed to incubate 

with the DNA complex and after 48 hours experiments were performed. 



 

33 
 

Immunoblotting 

Forty-eight hours post-transfection, the HEK 293 cells were washed twice with 

phosphate buffered saline (PBS), collected and pelleted by centrifugation at 2,000 rpm 

for 5 minutes. The cell pellet was resuspended in 1 ml of radioimmunoprecipitation 

(RIPA) buffer (500 mM NaCl, 1% Nonidet P-40, 0.5% Sodium deoxycholate, 0.1% 

sodium dodecyl sulfate (SDS), 50 mM Tris, pH 8.0) containing protease inhibitors (1 mM 

AEBSF, 800 nM aprotinin, 50 uM bestatin, 10 uM pepstatin, 2 mM leupeptin (Roche)) 

and incubated on ice for 15 minutes. The cells were centrifuged at 12,000g for 10 

minutes at 4 degree C. The lysate was then transferred to a new tube and protein 

concentration was determined using the bicinchoninic acid (BCA) assay (Pierce).  

Samples were mixed with Laemmli sample buffer (1% SDS, 100 mM DTT, 50 mM Tris, 

pH 7.5,  0.1 % bromphenol blue). The samples were boiled for 5 minutes prior to loading 

at 95 degree C. Proteins were resolved in 10% Tris-HCl Criterion Gels (Bio-Rad 

Laboratories) run for 1 hour at 120 volts. Proteins were transferred to Imobilon-P PVDF 

membrane (Millipore) at a constant 0.25 amps for 2.5 hours. Following transfer, the blot 

was blocked in Tris-buffered saline (TBS) blocking buffer containing 5% non-fat milk 

(Bio-Rad Laboratories) and 0.05% Tween-20 (Fisher) for 45 minutes at room 

temperature. Primary anti-estrogen receptor-alpha antibody (6F11, Vector Labs) was 

diluted 1:500 in blocking buffer and incubated overnight at 4 degrees C with constant 

agitation. Following incubation with primary antibody, the blot was washed once for 15 

minutes in TBS and 0.05% Tween-20 (TBS-T) and then washed two more times for 5 
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minutes with TBS-T. The blot was then incubated with HRP-conjugated anti-mouse (GE 

Healthcare) antibody at a dilution of 1:5,000 in blocking buffer for 45 minutes at room 

temperature and then washed as described above. To the blot a 1:1 mixture of ECL 

Western Blotting Substrate (Pierce) was added to the membrane and allowed to incubate 

for 1 minute. Excess detection reagent was removed and the membrane was placed within 

a protective film and set in a film cassette. The membrane was then exposed to CL-

XPosure Film (Pierce) and developed. The membrane was stripped by washing for 15 

minutes in Re-Blot (Millipore), and then washed twice for 5 minutes in blocking buffer. 

The membrane was then re-probed using anti-actin antibody (Clone AC-15, Sigma) at a 

dilution of 1:5,000 in blocking buffer. The membrane was probed with HRP conjugated 

secondary anti-mouse IgG (GE Healthcare) antibody at a dilution of 1:10,000 in blocking 

buffer and developed using ECL reagent (Pierce). 

 

ERα/hsp90 Co-Immunoprecipitation 

Forty-eight hours following transfection, HEK 293 cells were either left untreated 

or treated with 1 nM estradiol or 1 uM sodium nitrite for three hours. Following 

incubation with ligand, the cells were washed with cold PBS scraped and collected. To 

the cell pellet, 1 ml of lysis buffer (150 mM NaCl, 1% NP-40, 50 mM Tris, pH 8.0, 20 

mM sodium molybdate and the protease inhibitors 1 mM AEBSF, 800 nM aprotinin, 50 

uM bestatin, 10 uM pepstatin, 2 mM leupeptin) was added and mixed by gentle 

pippetting; the cell lysate was incubated on ice for 10 minutes. Following incubation, the 

lysate was passed through a 20-gauge needle 4 to 5 times and then centrifuged for at 4 
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degrees C for 10 minutes at 12,000g. To half of the lysate, 3 ug of anti-estrogen receptor 

(H-184, Santa Cruz Biotechnologies) antibody was added and to the remaining half 3 ug 

of normal rabbit IgG (Santa Cruz Biotechnology) was added and the lysate and mixed 

end over end at 4 degrees C for 16 hours. 40 ul of Protein A Sepharose 4 Fast Flow (GE 

Biosciences) beads were washed three times in lysis buffer and then added to the cell 

lysate and allowed to mix for 1 hour at 4 degree C. The beads were pelleted at 12,000g 

for 20 seconds and the supernatant was removed. The beads were washed twice in lysis 

buffer and then boiled for 5 minutes in sample buffer. The samples were loaded onto a 

10% Tris-HCl Criterion gel (Bio-Rad Laboratories) and set at a constant 120 volts for 1.5 

hours. The gel was transferred to Imobilon-P (Millipore) membrane as described 

previously. Following transfer, the membrane was incubated in blocking buffer for one 

hour at room temperature with agitation. The membrane was then probed with anti-hsp90 

(AC88, Stressgen) antibody at a 1:1,000 dilution in blocking buffer over night at 4 degree 

C. The membrane was washed once for 15 minutes in TBS-T followed by two additional 

washings for 5 minutes. Secondary HRP conjugated anti-mouse IgG (GE Healthcare) 

antibody was diluted 1:10,000 in blocking buffer and incubated with membrane for 45 

minutes with agitation. The membrane was washed once for 15 minutes and then twice 

for 5 minutes in wash buffer and developed using ECL reagent (Pierce). The membrane 

was stripped by incubation in Re-Blot Plus (Millipore) for 10 minutes. Following 

incubation in stripping buffer, the membrane was washed twice in blocking buffer for 

five minutes and re-probed with anti-estrogen receptor-alpha  (6F11, Vector Labs) 

antibody at a 1:1,000 dilution in blocking buffer. The membrane was washed three times 
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with wash buffer and incubated with HRP conjugated anti-mouse IgG (GE Healthcare) 

antibody for one hour.  After incubation with secondary antibody, the membrane was 

washed three times in wash buffer and developed with ECL reagent (Pierce).  

 

Steroid Receptor Coactivator-1 (SRC-1) Immunoprecipitation 

Forty-eight hours following transfection, HEK 293 cells were either left untreated 

or treated with 1 nM estradiol or 1 uM sodium nitrite for three hours. Following 

incubation with ligand the cells were washed with cold PBS scraped and collected. To the 

cell pellet, 1 ml of lysis buffer (150 mM NaCl, 1% NP-40, 50 mM Tris, pH 8.0 and 

protease inhibitors 1 mM AEBSF, 800 nM aprotinin, 50 uM bestatin, 10 uM pepstatin, 2 

mM leupeptin) was added and mixed by gentle pippetting; the cell lysate was incubated 

on ice for 10 minutes. Following incubation, the lysate was passed through a 20-gauge 

needle 4 to 5 times and then centrifuged at 4 degrees C for 10 minutes at 12,000g. To the 

lysate, 5 ug of anti-SRC-1 (C-20, Santa Cruz Biotechnology) antibody was added and the 

lysate was mixed end over end at 4 degrees C for 16 hours. To the lysate mixture, 40 ul 

of Protein A Sepharose 4 Fast Flow (GE Biosciences), that was pre-washed three times in 

lysis buffer, were added and allowed to mix for 1 hour at 4 degree C. After incubation, 

the beads were pelleted at 12,000g for 20 seconds and the supernatant was removed. The 

beads were washed twice in lysis buffer and then boiled for 5 minutes in sample buffer. 

The samples were loaded onto a 7.5% Tris-HCl Criterion gel (Bio-Rad Laboratories) and 

set at a constant 120 volts for 1.5 hours. The gel was transferred to Imobilon-P 
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(Millipore) membrane as described previously. The membrane was probed with anti-

estrogen receptor-alpha (6F11, Vector Labs) antibody at a 1:500 dilution followed by 

incubation with HRP conjugate anti-mouse IgG (GE Healthcare) antibody and developed 

using ECL reagent (Pierce). The membrane was stripped with Re-Blot Plus (Millipore) 

for 10 minutes, blocked twice for 5 minutes in blocking buffer and re-probed with anti-

SRC-1 (8/SRC-1, BD Biosciences) antibody at a 1:5,000 dilution in blocking buffer.  The 

membrane was washed three times for 10 minutes in wash buffer and then incubated with 

HRP conjugated anti-mouse IgG (GE Healthcare) antibody at a dilution of 1:1,000 in 

blocking buffer. After incubation with secondary antibody, the membrane was washed 

three times with was buffer for 10 minutes and developed with ECL reagent (Pierce) and 

exposed to X-ray film. 

 

Chromatin Immunoprecipitation (ChIP) Assay 

HEK 293 cells were treated for 3 hours with 1 nM estradiol, 1 uM or untreated 

control. The cells were fixed by the addition of 300 ul of 37% formaldehyde (Electron 

Microscopy Services) for 10 minutes at 37 degrees C. Crosslinking was blocked by the 

addition of 0.125 M glycine and incubated for 5 minutes at room temperature. Cells were 

washed twice in ice cold PBS containing Complete Protease Inhibitor Tablet Cocktail 

(Roche) and collected. The cells were lysed in 300 ul lysis buffer (1% SDS, 50 mM Tris, 

pH 8.0, 5 mM EDTA) containing Complete Protease Inhibitor Tablet and 2 mM 

leupeptin (Roche) for 10 minutes on ice. Following incubation on ice, the lysate was 
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sonicated three times for 15 seconds and once for 10 seconds on setting 4 of a Microson 

Unltrasonic Cell Disruptor (Misonix). The cell lysate was then centrifuged at 12,000g for 

10 minutes at 4 degree C to remove cell particulate and debris. The lysate was transferred 

to a new tube and diluted 1:10 with ChIP dilution buffer (16.7 mM Tris pH 8.0, 1.2 mM 

EDTA pH 8.0, 167 mM NaCl, 0.01% SDS, 1.1% Triton X-100 and protease inhibitors). 

One ml of diluted lysate was pre-cleared for two hours with 50 ul protein A 

Agarose/Salmon sperm DNA (Millipore) and 10 ul normal rabbit serum at 4 degree C. 

The pre-cleared lysate was centrifuged for one minute at 1,000 rpm to pellet beads and 

transferred to a new tube. From the pre-cleared lysate a 5% or 10% aliquot was taken for 

input control and frozen at -20 degree C. To the lysate, 4 ug of anti-estrogen receptor-

alpha (H-184, Santa Cruz Biotechnology) antibody or control IgG (Millipore) was added 

and immunoprecipitated overnight at 4 degree C with rotation. Following overnight 

immunoprecipitation, 40 ul of protein A agarose/Salmon sperm DNA (Millipore) was 

added to the lysate for an additional one hour at 4 degree C. The lysate and beads were 

centrifuged for one minute at 1,000 rpm.  The beads were then washed sequentially for 3-

5 minutes with the following buffers, low salt buffer (20 mM Tris pH 8.0, 2 mM EDTA 

pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Triton X-100), high salt buffer (20 mM Tris pH 

8.0, 2 mM EDTA, 500 mM NaCl, 0.1% SDS, 1% Triton X-100), LiCl wash (10 mM Tris 

pH 8.0, 1 mM EDTA pH 8.0, 250 mM LiCl, 1% sodium deoxycholate, 1% NP-40) and 

then washed twice for 5 minutes with TE buffer (10 mM Tris pH 8.0, 1 mM EDTA pH 

8.0).  Following the washes, elution buffer (1% SDS, 0.1 M NaHCO3) was freshly 

prepared and 100 ul was added to beads followed by rotation for 15 minutes; this step 
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was repeated a second time for a total of 200 ul. To the elution mixture, 8 ul of 5 M NaCl 

was added and the samples were incubated at 65 degree C for 6-16 hours. The input 

control samples were also reverse crosslinked at this time.  The DNA was then purified 

using QIAquick PCR Purification Kit (Qiagen).   

 The promoter primers chosen for PCR amplification are as follows:  

hC3-fwd 5’-GAGAAAGGTCTGTGTTCACCAGG-3’ 

hC3-rev 5’-TGCAGGGTCAGAGGGACAGA-3’ 

pS2-fwd 5’GGCCATCTCTCACTATGAATCACTTCTGC-3’ 

pS2-rev 5’GGCAGGCTCTGTTTGCTTAAAGAGCG-3’ 

The PCR primers for gene specific promoters used in the ChIP assays were synthesized 

by Invitrogen 117.  Primers were diluted to 100 uM in ChIP TE buffer and stored at 4 

degrees C until use.   PCR reactions contained 3 ul of antibody immunoprecipitated 

DNA, control IgG immunoprecipitated DNA (Millipore), and input DNA in a reaction 

mixture contain 12.5 ul HotStart-IT Taq Master Mix (USB Corporation) and 0.2 uM of 

each primer and were performed on MJ Thermo Cycler (MJ Research). Thermal cycling 

conditions are as follows for the hC3 promoter – initial denaturation – 95 degrees for 5 

minutes, followed by denaturation – 95 degree C for 30 seconds, annealing – 55 degrees 

C for 30 seconds, extension – 72 degrees C for 30 seconds which was for 30-32 cycles 

and followed by a final extension step at 72 degree C for 5 minutes and final soak at 4 

degree C. PCR conditions for pS2 promoter – initial denaturation – 95 degrees for 5 

minutes, followed by denaturation – 95 degree C for 30 seconds, annealing – 65 degrees 

C for 30 seconds, extension – 72 degrees C for 30 seconds which was for 29-32 cycles 
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and followed by a final extension step at 72 degree C for 5 minutes and final soak at 4 

degree C. After amplification, the samples were run on a 1.5% Tris borate-EDTA agarose 

gel for 1 hour at 100 volts, stained with ethidium bromide (Fisher) and visualized on 

FluroChem 8900 imager (Alpha Innotech).  

 

Re-ChIP Assays 

HEK 293 cells were treated for 3 hours with 1 nM estradiol, 1 uM sodium nitrite 

or untreated control. The cells were fixed by the addition of 300 ul of 37% formaldehyde 

(Electron Microscopy Services) for 10 minutes at 37 degrees C. Crosslinking was 

blocked by the addition of 0.125 M glycine and incubated for 5 minutes at room 

temperature. Cells were washed twice in ice cold PBS containing protease inhibitor tablet 

Complete Protease Inhibitor Tablet Cocktail (Roche) and collected. The cells were lysed 

in 300 ul lysis buffer (1% SDS, 50 mM Tris, pH 8.0, 5 mM EDTA) containing Complete 

Protease Inhibitor Tablet and 2mM leupeptin (Roche) for 10 minutes on ice. Following 

incubation on ice, the lysate was sonicated three times for 15 seconds and once for 10 

seconds. The cell lysate was then centrifuged at 12,000g for 10 minutes at 4 degree C to 

remove particulates. The lysate was transferred to a new tube and diluted 1:10 with ChIP 

dilution buffer. Diluted lysate was pre-cleared for two hours with 50 ul protein A 

agarose/salmon sperm DNA (Millipore) and 10 ul normal rabbit serum at 4 degree C. 

From the pre-cleared lysate, a 1% aliquot was taken as an input control. The pre-cleared 

lysate was centrifuged for one minute at 1,000 rpm to pellet beads and transferred to a 
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new tube. To the lysate, 4 ug of anti-estrogen receptor-alpha (H-184, Santa Cruz 

Biotechnology) antibody was added and immunoprecipitated overnight at 4 degree C. 

Following overnight immunoprecipitation, 40 ul of protein A agarose/salmon sperm 

DNA was added to the lysate for an additional one hour at 4 degree C. The lysate and 

beads were centrifuged for one minute at 1,000 rpm.  The beads were then washed 

sequentially for 3-5 minutes with the following buffers, low salt buffer twice (20 mM 

Tris pH 8.0, 2 mM EDTA pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Triton X-100), LiCl 

wash (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0, 250 mM LiCl, 1% sodium 

deoxycholate, 1% NP-40) and then washed once for 5 minutes with TE buffer (10 mM 

Tris pH 8.0, 1 mM EDTA pH 8.0).  Following the washes, the beads were incubated for 

30 minutes at 37 degrees C in 25 ul low salt buffer containing 10 mM DTT. After 

incubation, the beads were centrifuged at 1,000 rpm, the supernatant was removed and 

then diluted 20 fold with low salt buffer. To the diluted sample, 5 ug of SRC-1 antibody 

(C-20, Santa Cruz Biotechnology) or 4 ug RNA polymerase II antibody (CTD4H8, 

Millipore) was added and incubated overnight with agitation at 4 degree C. To the 

immunoprecipitated sample, 50 ul of protein A agarose/salmon sperm DNA was added 

and incubated for an additional hour at 4 degree C. The bead mixture was then spun at 

1,000 rpm for one minute the supernatant was removed. The beads were then washed 

sequentially for 3 minutes with low salt buffer, medium salt buffer (20 mM Tris pH 8.0, 

EDTA pH 8.0, 250 mM NaCl, 0.1% SDS, 1.0% Triton X-100) for SRC-1 re-ChIP and, 

high salt for RNA polymerase II re-ChIP, LiCl buffer, and twice with TE buffer. The 

complexes were eluted twice for 15 minutes with 100 ul of freshly prepared elution 
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buffer. The crosslinks for immunoprecipitated samples and input controls were reversed 

by the addition of 8 ul of 5 M NaCl and incubated for 6-16 hours at 65 degree C. The 

DNA was then purified using QIAquick PCR Purification Kit (Qiagen).   PCR primers, 

cycling conditions, and gel visualization used for ERα ChIP assay are the same.  

 

 Quantitative ChIP Assays 

All cross-linking, isolation, immunoprecipitation and reverse cross-linking steps 

performed for ChIP and re-ChIP assays described above were carried out in the same 

manner for quantitative ChIP assays. Primers for the pS2 promoter were identical to those 

described earlier, hC3 primers used are as follows:  

hC3-fwd 5’- TTCTCCAGACCTTAGTGTTC-3’ 

hC3-rev 5’-TGGGTGAGTAACCTGAG-3’ 

Primers were synthesized by Invitrogen.   Quantitative PCR was performed on an ABI 

7900HT (Applied Biosystems) instrument. Each reaction consisted of 1 ul sample or 

input DNA, 12.5 ul RT2 SYBR Green/ROX qPCR Master Mix (SA 

Biosciences/QIAGEN), 10 ul ddH2O, and 0.25 ul of each primer and loaded onto a 96-

well reaction plate (Applied Biosystems). The cycling condition used were for the hC3 

promoter are as follows: Initial denaturation – 10 minutes at 95 degree C, followed by 40 

cycles of denaturation at 95 degree C for 15 seconds followed by annealing/extension at 

60 degree C for 1 minute. Cycling conditions for the pS2 promoter were similar, however 

the annealing/extension temperature was changed to 65 degree C for one minute.  
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Following the PCR program a melt curve was generated using the instrument specific 

program and a dissociation curve was generated.   

 

RNA Isolation 

Forty-eight hours post-transfection, HEK 293 cells were either left untreated or 

treated with 1 nM estradiol or 1 uM sodium nitrite. Sixteen hours later, the cells were 

washed twice in ice cold PBS, scraped and collected. To each cell pellet, 1 ml of TRIzol 

Reagent (Invitrogen) was added and resuspended by passing several times through a 

pipette. The homogenized sample was then allowed to incubate at room temperature for 5 

minutes. Following incubation, 0.2 ml of chloroform was added to each sample and 

shaken vigorously for 15 seconds by hand. Samples were incubated for 3 minutes at room 

temperature and then placed in a centrifuge and spun at 12,000g for 10 minutes at 4 

degree C. A 0.4 ml portion of the upper aqueous phase was removed and placed into a 

new tube. RNA was then precipitated by the addition of 0.5 ml isopropyl alcohol.  The 

samples were incubated for 15 minutes at room temperature and then spun in centrifuge 

at 12,000g for 10 minutes at 4 degree C. Supernatant was removed from the tube and the 

pellet was washed once with 1 ml of 75% ethanol and vortexed. The washed pellet was 

placed in a centrifuge and spun at 7,500g for 5 minutes. Following centrifugation, the 

wash was removed and the RNA pellet was allowed to briefly air dry. The resulting RNA 

pellet was then resuspended in 100 ul DEPC treated H2O (Crystalgen) and stored at -80 

degree C.  The RNA was further purified using RNeasy Mini Kit (Qiagen). 
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Following treatment with 1 nM estradiol, 100 nM ICI or 100 µM L-NAME for 16 

hours, LCC1 cells were collected and harvested as described above.  RNA was extracted 

according to the TRIzol Reagent (Invitrogen) protocol and isolated RNA was stored at  

-80 degree C. 

 

Reverse Transcription 

RNA concentration by A260 and A260/ A280 ratios for each sample was found by 

measuring on NanoDrop Spectrophotometer (Thermo Scientific).  Deoxyribonuclease I 

(DNase I) amplification grade (Invitrogen) treatment was performed on purified RNA in 

order to remove and eliminate genomic DNA contamination. Briefly, 1 ug RNA was 

added to a mixture of 1 ul of 10X DNase I reaction buffer, 1 ul of 1 ug DNase I enzyme 

amplification grade, and DEPC-treated water up to 10 ul total. The reaction was 

incubated at room temperature for 15 minutes and stopped by the addition of 1 ul of 25 

mM EDTA and heated at 65 degree C for 10 minutes.   

Following genomic DNA removal, 0.5 ug of RNA was used for complementary 

DNA (cDNA) synthesis using TaqMan (Applied Biosystems) in a reaction containing, 

2.5 ul of 10X RT Buffer, 5.5 ul of 25 mM MgCl2, 5 ul of 2.5 mM deoxy-NTPs (dNTPs) 

mixture, 1.25 ul of 50 uM random hexamers, 0.5 ul of 20 U/L RNase inhibitor, 0.625 ul 

of 50 U/L MultiScribe Reverse Transcriptase, and RNase-free water up to 25 ul.  Thermal 

cycling parameters for the reverse transcription reactions were carried out as follows: 

incubation – hold for 10 minutes at 25 degree C, reverse transcription – hold for 30 

minutes at 48 degree C, and reverse transcription inactivation – hold for 5 minutes at 95 
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degree C. Following reverse transcription reaction the cDNA was diluted 1:5 with 

RNase-free water and stored at -20 degree C until further analysis. 

 

Real-Time Gene Expression Analysis 

Following cDNA synthesis, gene expression analysis was conducted using gene 

specific primers obtained for the following genes: human GAPDH (SA Biosciences 

PPH00150E), human C3 (SA Biosciences PPH01185E), and human pS2 (SA Biosciences 

PPH00998B).  Each 25 ul PCR reaction contained 12.5 ul RT2 SYBR Green/ROX qPCR 

Master Mix (SA Biosciences), 5 ul template cDNA, 1 ul of gene specific primer from a 

10 uM stock, 5.5 ul ddH2O.  The samples were loaded onto a 96 well reaction plate 

(Applied Biosystems), and quantitative PCRs were performed using an ABI 7900 HT 

instrument (Applied Biosystems) and SDS 2.3 software (Applied Biosystems), with the 

following cycling conditions: 10 minutes at 95 degree C, and then 40 cycles of 95 degree 

C for 15 seconds and 60 degree C for 60 seconds.  At the end of the real-time thermal 

cycling program, the instrument was set to run the default melt curve program in order to 

generate a dissociation curve to ensure a single peak in each reaction. 

 Real-time gene expression analysis of LCC1 cells were conducted using gene 

specific primers for the following genes:  human 18S (Applied Biosystems 

Hs99999901_s1), human progesterone receptor (PgR) (Applied Biosystems 

Hs00172183_m1) and human Growth Regulation by Estrogen in Breast Cancer 1 

(GREB1) (Applied Biosystems Hs00536409_m1). Each 25 ul PCR reaction contained 5 

ul of template cDNA, 1.25 ul gene specific primer, 12.5 ul Sensimix II Probe Mastermix 
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(Bioline) and up to 25 ul with water.  Samples were run on ABI 7900HT (Applied 

Biosystems) and analyzed using SDS 2.1 software (Applied Biosystems). 

 

Statistical Analysis 

                  All statistical tests for hsp90 association, quantitative ChIP and real-time PCR 

of mRNA were performed using GraphPad Prism (GraphPad Software) or Excel 

(Microsoft).
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CHAPTER III. 

RESULTS
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Expression of exogenous wild-type and mutant ERα.  In order to study the 

mechanism by which nitrite activates ERα, wild-type and mutants C381A, H516A, 

K520A, K529A, N532A and H547A were transiently transfected into HEK 293 cells. 

HEK 293 cells are ideal for our studies since they do not contain endogenous ERα.  

Forty-eight hours post-transfection, the cells were lysed and the expression of ERα was 

determined.  As shown in Figure 7, there was no significant difference in the expression 

of wild-type or mutant receptors.  ERα was not expressed in untransfected HEK 293 cells 

as shown in first lane. 
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Figure 7. Expression of exogenous wild-type and mutant ERα in HEK 293 cells.  

HEK 293 were plated in 10 cm dishes at a density of 3x106 cells per dish. Twenty-

four hours after plating the cells were transfected with 5 ug plasmid DNA of ERα wild-

type or mutants C381A, H516A, K520A, K529A, N532A, H547A. Forty-eight hours post-

transfection, the cells were washed twice in cold PBS, collected, and lysed in high salt 

extraction buffer. Protein concentration was determined using the BCA assay. Ten 

micrograms of protein per well were loaded on a 10% Tris-HCl gel for western blot 

analysis. Following gel transfer, the immunoblot was performed using antibodies to ERα. 

Actin was used as a loading control. 
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  Role of nitrite in the dissociation of the chaperone complex from ERα.  In the 

inactivated state, ERα is bound to two molecules of hsp90 and several small proteins such 

as immunophilins 2.  To measure the association and dissociation of the ERα-hsp90 

complex, the transfected cells were then treated with estradiol (1 nM) or nitrite (1 uM) for 

three hours and the ERα-hsp90 complex was isolated by immunoprecipitation with an 

antibody to ERα.  The immunoprecipitated samples were separated by gel 

electrophoresis and transferred to a PVDF membrane.  The membrane was probed with 

an antibody to hsp90, stripped, and probed with an antibody to ERα (Figure 8).  To 

ensure equivalent amounts of starting material were used, input ERα and hsp90 were also 

included.  To determine the amount of hsp90 bound to ERα, the blots were quantified 

and the results are expressed as the percent of hsp90 associated with ERα (Figure 9).  As 

shown in Figure 2, all forms of the receptor bound to hsp90 when left untreated.   

Treatment of the wild-type receptor and the mutants with estradiol resulted in the 

dissociation of hsp90.  Treatment of the wild-type receptor and the C381A, H516A, 

K520A, and H547A mutants with nitrite also resulted in the dissociation of hsp90 but 

treatment of the K529A and N532A mutants with the anion failed to cause the 

dissociation of hsp90.  The inability of nitrite to induce the dissociation of hsp90 from 

K529A and N532A suggests that the interaction of nitrite with Site A at the boundary of 

helix H11 and loop 11-12 is necessary for the dissociation of the heat shock complex 

from the receptor.   
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Figure 8. Dissociation of hsp90-ERα complex by estradiol and nitrite.   

HEK 293 cells were transfected with wild-type or mutant ERα. Forty-eight hours 

post-transfection, the cells were treated for 3 hours with either vehicle control, 1 nM 

estradiol, or 1 uM sodium nitrite. Following treatment, the cells were washed, collected 

and lysed.  Immunoprecipitation was performed with antibody to ERα or normal rabbit 

IgG for 16 hours. Western blot was performed using antibody to hsp90. The blot was then 

stripped and re-probed with antibody for ERα.  Input ERα and hsp90 were probed in 

order to ensure equal amount of starting material.  Representative blot from at least 

three independent experiments.  
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Figure 9.  Percent of hsp90 associated with ERα following treatment with estradiol or 

nitrite.   

Western blots were imaged using the AlphaInnotech Fluorochem imager and 

quantification using ImageJ software (NIH). Density values for hsp90 were normalized to 

the density values of ERα and expressed as percent of hsp90 associated with ERα relative 

to control for each mutant. Plotted values are the means ±SEM from at least three 

independent experiments, ∗ p < .05 
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   Recruitment of ERα to estrogen regulated genes by nitrite. To determine a 

functional role of the nitrite interaction sites in the recruitment of ERα to estrogen 

response elements in estrogen regulated promoters, a chromatin immunoprecipitation 

(ChIP) assay was employed.  For this assay, HEK 293 cells were again transiently 

transfected with wild-type ERα or the mutants for forty-eight hours and treated with 

estradiol (1 nM) or nitrite (1 uM) for three hours.  Following treatment, the cells were 

fixed, the DNA was fragmented by sonication, pre-cleared and the ERα/DNA complexes 

were isolated by immunoprecipitation with an antibody to ERα.  To demonstrate the 

recruitment of ERα to estrogen responsive genes, the proximal promoters of hC3 and pS2 

were then amplified using standard PCR assay (Figures 10 & 12).  In addition to 

visualizing the PCR products by ethidium bromide staining, the binding of ERα to the 

hC3 and pS2 promoters was quantified using a real time PCR assay (Figures 11 & 13).  

Treatment of the wild-type and mutant forms of ERα with estradiol resulted in an 

approximately 3- to 7-fold increase in the recruitment of the receptors to the hC3 and pS2 

promoters demonstrating the ability of the mutants to bind to DNA.  Treatment of wild-

type ERα, Site B mutant K520A, and Site C mutant H547A with nitrite also resulted in 

an approximately 3- to 4-fold enrichment of the receptors on the promoters.  However, 

treatment of the Site A mutants K529A and N532A, the Site B mutant H516A, or the Site 

C mutant C381A with the anion failed to enrich their binding to the hC3 and pS2 

promoters.  The inability of nitrite to recruit the Site A mutants K529A and N532A to the 

hC3 and pS2 promoters is consistent with the inability of the anion to induce the 

dissociation of hsp90 from these mutants.  The ability of nitrite to recruit the Site B 
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mutant K520A and the Site C mutant H547A but not the Site B mutant H516A or the Site 

C mutant C381A to the hC3 and pS2 promoters suggests that the interaction of nitrite 

with intact sites at the interface of helix H10/H11 (Site B) and at the junction of helix 

H10/H11 with helices H4 and H12 (Site C) is necessary for binding of ERα to DNA. 
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Figure 10. Recruitment of ERα to the hC3 promoter by estradiol and nitrite.   

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection the cells were either treated with vehicle control, 1nM 

estradiol, or 1uM sodium nitrite. After treatment, the cells were fixed with 1% 

formaldehyde for 10 minutes at 37 degree C, washed with cold PBS, collected and lysed. 

Following sheering of chromatin and pre-clearing, the lysate was immunoprecipitated 

with antibody to ERα or rabbit IgG. Antibody receptor complexes were recovered by the 

incubation of the lysate with protein A beads. The beads were serially washed and 

immunoprecipitated DNA was eluted off the bead. The resulting DNA was purified and a 

PCR assay was performed using promoter specific primers.  The PCR reactions were 

then loaded onto a 1.5% Tris Borate EDTA agarose gel containing ethidium bromide and 

the bands were visualized using a UV imager (AlphaInnotech). Representative blot of at 

least three independent experiments. 
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Figure 11. Recruitment of ERα to the hC3 promoter by estradiol and nitrite.   

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection, the cells were either treated with vehicle control, 1nM 

estradiol or 1uM sodium nitrite. After treatment the cells were fixed with 1% 

formaldehyde for 10 minutes at 37 degree C, washed with cold PBS, collected and lysed. 

Following sheering of chromatin and pre-clearing, the lysate was immunoprecipitated 

with antibody to ERα. Antibody-receptor complexes were recovered by the incubation of 

the lysate with protein A beads. The beads were serially washed and immunoprecipitated 

DNA was eluted. The resulting DNA was purified and qPCR was performed using 

promoter specific primers. Plotted values are the means ±SEM from at least three 

independent experiments, ∗ p < .05 
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Figure 12. Recruitment of ERα to the pS2 promoter by estradiol and nitrite.   

HEK 293 cells were transfected with either wild-type or mutant ER and forty-

eight hours post-transfection the cells were either treated with vehicle control, 1nM 

estradiol or 1uM sodium nitrite. After treatment the cells were fixed with 1% 

formaldehyde for 10 minutes at 37 degree C, washed with cold PBS, collected and lysed. 

Following sheering of chromatin, the lysate was immunoprecipitated with antibody to 

ERα or rabbit IgG. Antibody receptor complexes were recovered by the incubation of the 

lysate with protein A beads. The beads were serially washed and immunoprecipitated 

DNA was eluted. The resulting DNA was purified and a PCR assay was performed using 

promoter specific primers.  The PCR products were then loaded onto a 1.5% Tris Borate 

EDTA agarose gel containing ethidium bromide and visualized with a UV imager 

(AlphaInnotech). Blot is representative of at least three independent experiments. 
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Figure 13. Recruitment of ERα to the pS2 promoter by estradiol and nitrite.   

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection, the cells were either treated with vehicle control, 1nM 

estradiol or 1uM sodium nitrite. After treatment, the cells were fixed with 1% 

formaldehyde for 10 minutes at 37 degree C, washed with cold PBS, collected and lysed. 

Following sheering of chromatin, the lysate was immunoprecipitated with antibody to 

ERα. Antibody receptor complexes were recovered by the incubation of the lysate with 

protein A beads. The beads were serially washed and immunoprecipitated DNA was 

eluted. The resulting DNA was purified and qPCR was performed using promoter 

specific primers. Plotted values are the means ±SEM from at least three independent 

experiments, ∗ p < .05 
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 Interaction of ERα  and SRC-1 by nitrite.  Following dissociation of hsp90 from 

the receptor and binding to DNA, the receptor can interact with coactivators in order to 

facilitate the recruitment of the general transcription machinery necessary for gene 

expression.  We wanted to determine whether nitrite is able to induce the binding of 

coactivator following activation of the receptor.  In order to study this protein-protein 

interaction, coimmunoprecipitation assays were carried out using whole cell lysate from 

HEK 293 cells transfected with wild-type or mutant forms of ERα.  Following a three 

hour incubation with either 1nM estradiol, 1uM sodium nitrite, or no treatment, the cells 

were lysed and immunoprecipitated with an antibody to SRC-1.  The precipitated 

material was then analyzed by western blot and probed with an antibody for ERα to 

detect its presence. Following ERα detection the membrane was stripped and probed with 

antibody to SRC-1.  Following treatment with estradiol all forms of ERα 

coimmunoprecipitated with SRC-1 (Figure 14).  However, following treatment with 

nitrite only the wild-type and the mutant H547A were able to coimmunoprecipitate with 

SRC-1 (Figure 14).  Both K520A and K529A mutant ERα were able to 

coimmunoprecipitate with SRC-1 in the absence of ligand, however, this interaction was 

increased in the presence of estradiol only, but not in the presence of nitrite (Figure 8).  

Taken together these data suggest that treatment of all forms of ERα with estradiol 

increase the interaction with SRC-1, while nitrite was able to increase the interaction 

between the wild type and H547A with SRC-1. 
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Figure 14. Interaction between ERα and SRC-1 upon treatment with estradiol and 

nitrite.   

HEK 293 cells were transfected with wild-type and mutant forms of ERα. Forty-

eight hours post-transfection, the cells were treated with either 1nM estradiol, 1uM 

sodium nitrite, or left untreated for three hours. Following treatment the cells were 

collected, lysed and immunoprecipitated with antibody to SRC-1 for 16 hours.  Following 

immunoprecipitation, a western blot was performed with antibody to ERα. The membrane 

was then stripped and probed with antibody to SRC-1.  Western blot is representative of 

two independent experiments. 
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Recruitment of SRC-1 to estrogen regulated genes by nitrite.  In addition to 

studying the coactivator and receptor interaction through coimmunoprecipitation 

experiments, we wanted to determine if nitrite promotes the recruitment of SRC-1 to 

estrogen regulated genes when the receptor is bound to DNA.  To define the role of the 

nitrite interaction sites in the recruitment of SRC-1 to ERα regulated genes, re-ChIP 

assays were performed.  In this assay, HEK 293 were transiently transfected with the 

wild-type and mutant forms of the receptor, treated with estradiol (1 nM) or nitrite (1 

uM), fixed, and the DNA was fragmented.  Protein/DNA complexes were 

immunoprecipitated first with an antibody to ERα and then with an antibody to SRC-1.  

The proximal promoters of hC3 and pS2 were amplified using a PCR assay (Figures 15 

and 17) and quantified using a real time PCR assay (Figures 16 & 18).  Treatment of the 

wild-type and mutant receptors with estradiol resulted in an approximately 2- to 7-fold 

increase in the recruitment of SRC-1 demonstrating the ability of the mutants to recruit 

SRC-1 to the hC3 and pS2 promoters.  Treatment of the wild-type receptor with nitrite 

also resulted in an approximately 3-fold increase in the recruitment of SRC-1, but 

treatment of the mutants with the anion failed to recruit SRC-1.  The failure of nitrite to 

recruit SRC-1 to the Site A mutants K529A and N532A, the Site B mutant H516A, and 

the Site C mutant C381A is consistent with the failure of these mutants to bind to the hC3 

and pS2 promoters.  The ability of the Site B mutant K520A and the Site C mutant 

H547A to bind to the hC3 and pS2 promoters but inability to recruit SRC-1 to the 

promoters suggests that Sites B and C also have a role in the initiation of transcription. 
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Figure 15. Recruitment of SRC-1 to the hC3 promoter by estradiol and nitrite.   

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection the cells were either treated with vehicle control, 1 nM 

estradiol or 1 uM sodium nitrite. After treatment the cells were fixed with 1% 

formaldehyde for 10 minutes at 37 degree C, washed with cold PBS, collected and lysed. 

Following sheering of chromatin and pre-clearing, the lysate was immunoprecipitated 

with antibody to ERα or rabbit IgG. Antibody receptor complexes were recovered by the 

incubation of the lysate with protein A beads. The beads were serially washed and the 

antibody complex dissociated with 10 mM DTT for 30 minutes at 37 degree C. The eluate 

was diluted 20 times with low salt wash buffer and immunoprecipitated again with 

antibody to SRC-1. Eluate was then incubated with protein A beads, serially washed, and 

immunoprecipitated DNA was eluted.  The resulting DNA was purified and a PCR assay 

was performed using promoter specific primers.  The PCR products were then loaded 

onto a 1.5% Tris Borate EDTA agarose gel containing ethidium bromide and visualized. 
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Figure 16. Recruitment of SRC-1 to the hC3 promoter by estradiol and nitrite.   

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection the cells were either treated with vehicle control, 1nM 

estradiol or 1uM sodium nitrite. After treatment, the cells were fixed with 1% 

formaldehyde for 10 minutes at 37 degree C, washed with cold PBS, collected and lysed. 

Following sheering of chromatin and pre-clearing, the lysate was immunoprecipitated 

with an antibody to ERα. Antibody receptor complexes were recovered by the incubation 

of the lysate with protein A beads. The beads were serially washed and the antibody 

complex dissociated with 10 mM DTT for 30 minutes at 37 degree C. The eluate was 

diluted 20 times with low salt wash buffer and immunoprecipitated again with antibody 

to SRC-1. Eluate was then incubated with protein A beads, serially washed, and 

immunoprecipitated DNA was eluted.  The resulting DNA was purified and qPCR was 

performed using promoter specific primers. Plotted values are the mean ±SEM from at 

least three independent experiments, ∗ p < .05 
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Figure 17. Recruitment of SRC-1 to the pS2 promoter by estradiol and nitrite.   

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection the cells were either treated with vehicle control, 1nM 

estradiol, or 1uM sodium nitrite. After treatment, the cells were fixed with 1% 

formaldehyde for 10 minutes and 37 degree C, washed with cold PBS, collected and 

lysed. Following sheering of chromatin, the lysate was immunoprecipitated with an 

antibody to ERα or rabbit IgG. Antibody receptor complexes were recovered by 

incubating the lysate with protein A beads. The beads were serially washed and the 

antibody complex was dissociated with 10 mM DTT for 30 minutes at 37 degree C. The 

eluate was diluted 20 times with low salt wash buffer and immunoprecipitated again with 

antibody to SRC-1. Eluate was incubated with protein A beads, serially washed, and 

immunoprecipitated DNA was eluted.  The resulting DNA was purified and a PCR assay 

was performed using promoter specific primers.  The PCR products were then loaded 

onto a 1.5% Tris Borate EDTA agarose gel containing ethidium bromide and visualized.  

Blot is representative of at least three independent experiments. 
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Figure 18. Recruitment of SRC-1 to the pS2 promoter by estradiol and nitrite.   

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection the cells were either treated with vehicle control, 1nM 

estradiol, or 1uM sodium nitrite. After treatment, the cells were fixed with 1% 

formaldehyde for 10 minutes at 37 degree C, washed with cold PBS, collected and lysed. 

Following sheering of chromatin, the lysate was immunoprecipitated with antibody to 

ERα. Antibody receptor complexes were recovered by incubating the lysate with protein 

A beads. The beads were serially washed and the antibody complex dissociated with 10 

mM DTT for 30 minutes at 37 degree C. The eluate was diluted 20 times with low salt 

wash buffer and immunoprecipitated again with antibody to SRC-1. Eluate was incubated 

with protein A beads, serially washed, and immunoprecipitated DNA was eluted.  The 

resulting DNA was purified and qPCR was performed using promoter specific primers. 

Plotted values are the mean ±SEM from at least three independent experiments, ∗ p < .05 



 

70 
 

Recruitment of RNA Polymerase II to estrogen regulated genes by nitrite.  In 

order to define the role of the nitrite interaction sites in promoting the recruitment of 

RNA Polymerase II (RNA Pol II) to ERα regulated genes, re-ChIP assays were 

performed in HEK 293 cells.  For RNA Polymerase II re-ChIP assays, HEK 293 were 

transiently transfected with the wild-type and mutant forms of the receptor, treated with 

estradiol (1 nM) or nitrite (1 uM), fixed, and the DNA was fragmented.  Protein/DNA 

complexes were immunoprecipitated first with an antibody to ERα and then with an 

antibody to RNA Pol II.  The proximal promoters of hC3 and pS2 were amplified using a 

PCR assay (Figures 19 & 21) and quantified using a real time PCR assay (Figures 20 & 

22).  Treatment of the wild-type and mutant receptors with estradiol resulted in an 

approximately 2- to 4-fold increase in the recruitment of RNA Pol II demonstrating the 

ability of the mutants to recruit RNA Pol II to the hC3 and pS2 promoters.  Treatment of 

the wild-type receptor with nitrite also resulted in an approximately 3-fold increase in the 

recruitment of RNA Pol II but treatment of the mutants with the anion failed to recruit 

Pol II.  The failure of nitrite to recruit RNA Pol II to the Site A mutants K529A and 

N532A, the Site B mutant H516A, and the Site C mutant C381A is consistent with the 

failure of these mutants to bind to the hC3 and pS2 promoters.  The ability of the Site B 

mutant K520A and the Site C mutant H547A to bind to the hC3 and pS2 promoters but 

inability to recruit RNA Pol II to the promoters suggests that Sites B and C also have a 

role in the initiation of transcription.   
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Figure 19. Recruitment of RNA polymerase II to the hC3 promoter by estradiol and 

nitrite. 

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection the cells were either treated with vehicle control, 1 nM 

estradiol, or 1 uM sodium nitrite. After treatment the cells were fixed with 1% 

formaldehyde for 10 minutes and 37 degree C, washed with cold PBS, collected and 

lysed. Following sheering of chromatin, the lysate was immunoprecipitated with antibody 

to ERα or rabbit IgG. Antibody receptor complexes were recovered by the incubation of 

the lysate with protein A beads. The beads were serially washed and antibody complex 

dissociated with 10 mM DTT for 30 minutes at 37 degree C. The eluate was diluted 20 

times with wash buffer and immunoprecipitated again with antibody to RNA polymerase 

II. Eluate was incubated with protein A beads, serially washed, and immunoprecipitated 

DNA was eluted.  The resulting DNA was purified and a PCR assay was performed using 

promoter specific primers.  PCR products were then loaded onto a 1.5% Tris Borate 

EDTA agarose gel containing ethidium bromide and visualized.  Blot is representative of 

at least three independent experiments. 
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Figure 20. Recruitment of RNA polymerase II to the hC3 promoter by estradiol and 

nitrite.  

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection the cells were either treated with vehicle control, 1 nM 

estradiol, or 1 uM sodium nitrite. After treatment the cells were fixed with 1% 

formaldehyde for 10 minutes at 37 degree C, washed with cold PBS, collected and lysed. 

Following sheering of chromatin, the lysate was immunoprecipitated with an antibody to 

ERα. Antibody receptor complexes were recovered by the incubation of the lysate with 

protein A beads. The beads were serially washed and antibody complex dissociated with 

10 mM DTT for 30 minutes at 37 degree C. The eluate was diluted 20 times with wash 

buffer and immunoprecipitated again with antibody to RNA polymerase II. Eluate was 

incubated with protein A beads, serially washed, and immunoprecipitated DNA was 

eluted.  The resulting DNA was purified and qPCR was performed in duplicate using 

promoter specific primers. Plotted values are the mean ±SEM from at least three 

independent experiments, ∗ p < .05 
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Figure 21. Recruitment of RNA polymerase II to the pS2 promoter by estradiol and 

nitrite.  

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection the cells were either treated with vehicle control, 1 nM 

estradiol, or 1 uM sodium nitrite. After treatment the cells were fixed with 1% 

formaldehyde for 10 minutes at 37 degree C, washed with cold PBS, collected and lysed. 

Following the sheering of chromatin, the lysate was immunoprecipitated with antibody to 

ERα or rabbit IgG. Antibody receptor complexes were recovered by the incubation of the 

lysate with protein A beads. The beads were serially washed and the antibody complex 

dissociated with 10mM DTT for 30 minutes at 37 degree C. The eluate was diluted 20 

times with low salt wash buffer and immunoprecipitated again with antibody to RNA 

polymerase II. Eluate was incubated with protein A beads, serially washed, and 

immunoprecipitated DNA was eluted.  The resulting DNA was purified and a PCR assay 

was performed using promoter specific primers.  PCR products were then loaded onto a 

1.5% Tris Borate EDTA agarose gel containing ethidium bromide and visualized.  Blot is 

representative of at least three independent experiments. 
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Figure 22. Recruitment of RNA polymerase II to the pS2 promoter by estradiol and 

nitrite. 

HEK 293 cells were transfected with either wild-type or mutant ERα and forty-

eight hours post-transfection the cells were either treated with vehicle control, 1 nM 

estradiol, or 1 uM sodium nitrite. After treatment, the cells were fixed with 1% 

formaldehyde for 10 minutes at 37 degree C, washed with cold PBS, collected and lysed. 

Following sheering of chromatin, the lysate was immunoprecipitated with antibody to 

ERα. Antibody receptor complexes were recovered by the incubation of the lysate with 

protein A beads. The beads were serially washed and antibody complex dissociated with 

10 mM DTT for 30 minutes at 37 degree C. The eluate was diluted 20 times with low salt 

wash buffer and immunoprecipitated again with antibody to RNA polymerase II. Eluate 

was incubated with protein A beads, serially washed, and immunoprecipitated DNA was 

eluted.  The resulting DNA was purified and qPCR was performed in duplicate using 

promoter specific primers. Plotted values are the mean ±SEM from at least three 

independent experiments, ∗ p < .05 
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 Induction of estrogen regulated genes hC3 and pS2 mRNA by nitrite.  Finally 

we wanted to determine if treatment with nitrite was able to induce the transcription of 

estrogen regulated genes.  Following activation of the receptor by ligand, dissociation 

from the hsp90 complex, recruitment to DNA and association with coactivators, an 

increase in gene transcription should occur. In this assay, the transfected HEK 293 cells 

were treated for 16 hours with estradiol or nitrite, RNA was isolated, and the amount of 

hC3 and pS2 mRNA was determined using a quantitative real time RT-PCR assay.  The 

data were normalized to the amount of GAPDH mRNA and expressed as percent control 

(Figure 23 & 24).   As expected, treatment of the wild-type and mutant receptors with 

estradiol resulted in a 3- to 5-fold increase in hC3 and pS2 mRNA that was consistent 

with their ability to bind and recruit SRC-1 and RNA Pol II to the hC3 and pS2 

promoters.  Treatment of wild-type ERα with nitrite resulted in an approximately 3- to 5-

fold increase in hC3 and pS2 mRNA that was also consistent with its ability to bind and 

recruit SRC-1 and RNA Pol II to the hC3 and pS2 promoters.  Consistent with their 

inability to dissociate hsp90, bind to DNA, and recruit SRC-1 and RNA Pol II, the Site A 

mutants failed to induce hC3 and pS2 mRNA when treated with nitrite.  Also consistent 

with their inability to bind to the hC3 and pS2 promoters, the Site B mutant H516A and 

the Site C mutant C381A failed to increase the expression of hC3 and pS2 mRNA.  The 

Site B mutant K520A and the Site C mutant H547A, which bound to the hC3 and pS2 

promoters but did not recruit SRC-1 or RNA Pol II, also failed to induce hC3 and pS2 

providing additional evidence that the interaction of nitrite with intact sites at the 

interface of helix H10/H11 (Site B) and at the junction of helix H10/H11 and helices H4 
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and H12 (Site C) is necessary for the binding of SRC-1 and the recruitment of RNA Pol 

II.  
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Figure 23.  Regulation of hC3 mRNA by wild-type and mutant ERαs.   

HEK 293 cells were transfected for forty-eight hours with either the wild-type or 

mutants forms of ERα.  The transfected cells were either untreated or treated with 1 nM 

estradiol, or 1 uM sodium nitrite for 16 hours. Following incubation with the ligand, the 

cells were collected, lysed and RNA purification was performed.  The purified RNA was 

then subjected to reverse transcription to generate cDNA. The cDNA was then analyzed 

by real-time PCR using commercially designed primers to the hC3 gene.  GAPDH was 

used as an internal control to ensure equal amounts of mRNA were analyzed.  Data are 

expressed as percent control for each mutant.  Mean values ±SEM are the results from 

two independent experiments.  
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Figure 24.  Regulation of pS2 mRNA by wild-type and mutant ERαs.   

HEK 293 cells were transfected for forty-eight hours with either the wild-type or 

mutants forms of ERα.  The transfected cells were either untreated or treated with 1 nM 

estradiol, or 1 uM sodium nitrite for 16 hours. Following incubation with the ligand, the 

cells were collected, lysed and the RNA was isolated.  The purified RNA was then reverse 

transcribed to generate cDNA. The cDNA was then analyzed by real-time PCR using 

primers to the pS2 gene.  GAPDH was used as an internal control to ensure equal 

amounts of mRNA were analyzed.  Data are expressed as percent control for each 

mutant.  Mean values ±SEM are the results from two independent experiments. 
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Effects of NOS Inhibition on PgR and GREB1 mRNA in hormone independent 

breast cancer cells.  To determine the effects of NOS inhibition on estrogen regulated 

genes, the LCC1 hormone independent breast cancer cell line was used, and the amount 

of PgR and GREB1 mRNA was measured.  LCC1 cells were either untreated or treated 

with estradiol (1 nM), ICI-182,780 (100 nM), or the NOS inhibitor L-NAME (100 µM) 

for 16 hours. Following treatment, RNA from the cells was isolated and real time-PCR 

analysis was performed using primers to PgR or GREB1 gene.  The data were normalized 

to human 18S RNA and expressed as percent control (Figures 25, 26, 27 & 28).  As 

expected, treatment of LCC1 cells with 1 nM estradiol resulted in an approximately 2.5- 

to 3.5-fold increase and PgR and GREB1 mRNA respectively.  In addition, the pure 

antiestrogen ICI 182,780 resulted in an approximate 75% decrease of both PgR and 

GREB1 mRNA.  Treatment of LCC1 cells with the NOS inhibitor L-NAME resulted in 

an approximately 50% decrease of both PgR and GREB1 mRNA.  The ability of L-

NAME to reduce the amount of PgR and GREB1 mRNA suggests a functional role for 

nitrite in activating ERα in estrogen independent LCC1 breast cancer cells. 
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Figure 25. Effect of Estradiol on PgR gene expression. 

 LCC1 cells were either untreated or treated with 1 nM estradiol for 16 hours.  

Following treatment, the cells were collected, lysed and RNA was isolated.  The purified 

RNA was then reverse transcribed to generate cDNA. The cDNA was then analyzed by 

real-time PCR analysis using PgR specific primers. The amount of PgR mRNA was 

normalized to the amount of 18S RNA and the data are expressed as percent control.  

Mean values ±SEM are the results from three independent experiments, ∗ p < .05 
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Figure 26. Effect of Estradiol on GREB1 gene expression. 

 LCC1 cells were either untreated or treated with 1 nM estradiol for 16 hours.  

Following treatment, the cells were collected, lysed and RNA was isolated.  The purified 

RNA was then reverse transcribed to generate cDNA. The cDNA was then analyzed by 

real-time PCR analysis using GREB1 specific primers. The amount of GREB1 mRNA was 

normalized to the amount of 18S RNA and the data are expressed as percent control.  

Mean values ±SEM are the results from three independent experiments, ∗ p < .05 
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Figure 27. Effect of L-NAME on PgR gene expression. 

 LCC1 cells were either untreated or treated with 100 nM ICI 182,780, or 100 uM 

L-NAME for 16 hours.  Following treatment, the cells were collected, lysed and RNA was 

isolated.  The purified RNA was then reverse transcribed to generate cDNA. The cDNA 

was then analyzed by real-time PCR analysis using PgR specific primers. The amount of 

PgR mRNA was normalized to the amount of 18S RNA and the data are expressed as 

percent control.  Mean values ±SEM are the results from three independent experiments, 

∗ p < .05 
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Figure 28. Effect of L-NAME on GREB1 gene expression. 

 LCC1 cells were either untreated or treated with 100 nM ICI 182,780, or 100 uM 

L-NAME for 16 hours.  Following treatment, the cells were collected, lysed and RNA was 

isolated.  The purified RNA was then reverse transcribed to generate cDNA. The cDNA 

was then analyzed by real-time PCR analysis using GREB1 specific primers. The amount 

of GREB1 mRNA was normalized to the amount of 18S RNA and the data are expressed 

as percent control.  Mean values ±SEM are the results from three independent 

experiments, ∗ p < .05 
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Summary 

 

 In this study we have shown that nitrite is able to activate ERα by a stepwise 

mechanism involving the ligand binding domain of the receptor.  Previous work in our 

lab has shown that the anion nitrite can mimic the effects of estrogen in MCF-7 breast 

cancer cells. Treatment with 1 µM sodium nitrite was able to induce transcription of 

estrogen regulated genes, induce cell growth and recruit ERα to an estrogen regulated 

gene promoter78.  Further, the effects of nitrite were blocked upon treatment with the anti-

estrogen ICI 182,780, indicating that the effects of nitrite were dependent on ERα. 

Mutational analysis of ERα revealed six amino acids that were critical for the activation 

of the receptor by nitrite.  Cys381 located on helix H4, His516 on helix H10, Lys520 of 

helix H11, Lys529 on the loop between helices H10 and H11, Asn532 on helix H11 and 

His547 on helix H12.  When any one of these amino acids were mutated to alanine and 

used in transient transfection assays along with a CAT reporter, activation did not occur 

in the presence of nitrite, but occurred in the presence of estradiol. Molecular modeling 

studies suggest that nitrite interacts with three specific sites within the ligand binding 

domain.  Lys529 on helix H11 and asn532 in the loop between helices H11 and H12 

constitute site A.  His516 on helix H10 and lys520 on helix H11 form site B.  Cys381 on 

helix H4 and his547 on helix H12 form site C.  Based on our model we propose that the 

interaction with nitrite at site A is necessary for the initial movement of helix H12 over 

the ligand binding pocket and dissociation of hsp90.  Site B is involved in the 

straightening of helices H10 and H11 to form one continuous helix and the dimerization 
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domain necessary for homodimerization and DNA binding.  Finally, site C is critical for 

positioning helix H12 over the ligand binding pocket and the formation of the AF-2 

domain necessary to bind coactivator.  In order to address the mechanism of activation by 

nitrite, we investigated the effects of nitrite on three major steps required to produce a 

fully activated receptor using wild-type and site specific mutants important for nitrite 

activation. 

 The first question to study the mechanism by which nitrite activates ERα was to 

determine if nitrite was able to cause the dissociation of hsp90 and the receptor.  In the 

unactivated state, ERα is found in a multiprotein chaperone complex comprised of a set 

of hsp90 dimers, hsp70, and smaller immunophilin proteins 2.  Upon binding of ligand to 

the receptor, these chaperone proteins dissociate from ERα and the receptor can then 

dimerize, bind to DNA and recruit the necessary proteins for activation of gene 

transcription.   In order to study the effects of nitrite on the dissociation of hsp90 from the 

receptor, coimmunoprecipitation assays were conducted using the wild-type and mutant 

forms of ERα.   Following treatment with 1 µM sodium nitrite the wild-type, C381A, 

H516A, K520A and H547A forms of the receptor were able to dissociate from hsp90. 

However, the mutants K529A and N532A did not dissociate following treatment with 

nitrite.  These data suggest that the site A mutants, K529A and N532A, are required for 

the dissociation of hsp90 from the receptor in the presence of nitrite. 

 The next question we addressed in our study was to determine if wild-type and 

mutant forms of ERα were recruited to DNA following treatment with nitrite.  Following 

dissociation from the hsp90 complex, activated ERα is able to associate tightly to the 
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nucleus, dimerize and bind to response elements on DNA.  Using ChIP assays we were 

able to show that wild-type and the mutants K520A and H547A were recruited to two 

different estrogen regulated promoters in the presence of nitrite.  However, both the 

C381A and H516A mutants failed to be recruited to DNA by nitrite even though the 

anion was able to cause the dissociation of the hsp90 complex from each of these 

mutants.  Although not addressed in this study, further investigation into why the C381A 

and H516A mutants dissociated from the hsp90 complex, but failed to be recruited to 

DNA is required.  It is possible that even though these mutants dissociated from hsp90, 

nitrite fails to induce the proper conformation necessary for the receptor to form a stable 

dimer and bind DNA.    

The third question that we addressed in this study is whether following the 

dissociation of the receptor from the hsp90 complex and recruitment to estrogen 

regulated genes was the receptor able to bind the coactivator SRC-1.  In 

coimmunoprecipitation assays, wild-type and the mutant H547A were both able to bind 

the coactivator SRC-1 following treatment with nitrite.  It is interesting that out of all the 

mutants for nitrite, only the H547A mutant was able to bind SRC-1 in the presence of 

nitrite (Figure 8).  In order to account for the differences seen in our 

coimmunoprecipitation assays with SRC-1, we propose that changes in the positioning of 

helix H12 and the formation of the AF-2 domain alter the stability of the coactivator 

binding site.  Helix H-12 and the loop 11-12 are known to be a highly flexible region of 

steroid receptors 5 118.  Therefore, with all of sites A and B along with the site C residue 

C381 still present in the receptor, nitrite could induce the majority of conformational 
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changes of the receptor needed to dissociate from hsp90.  However, the absence of the 

final bridging between helices H4 and H12 might not stabilize the receptor enough to 

enable the formation of the AF-2 domain and therefore, only partially bind SRC-1 in 

solution.    

While the wild-type and the mutant H547A were able to bind SRC-1 in whole cell 

lysate, we wanted to investigate whether SRC-1 was recruited to endogenous promoters 

of estrogen-regulated genes by performing re-ChIP assays.  In our assays only the wild-

type form of the receptor was able to recruit SRC-1 when activated by nitrite.  It is not 

clear as to why both K520A and H547A, which were able to dissociate hsp90 and bind to 

DNA, were not able to recruit coactivator.  One possibility that these two mutants failed 

to recruit coactivator is that they were unable to dimerize with a partner receptor and 

therefore, were not recognized by SRC-1.  Another possibility is that rather than binding 

coactivator, these two mutants might bind repressor proteins or other coactivators.  The 

conformational changes that nitrite might induce in these two mutants might be similar to 

that of the pure anti-estrogen fulvestrant (faslodex, ICI 182,780).  The bulky alkyl side 

group on the ICI 182,780 compound prevents helix H-12 from fully closing over the 

binding pocket and forming the AF-2 domain.  The pure anti-estrogen bound receptor has 

been shown to block the shuttling of the receptor between the cytoplasm and nucleus, as 

well rapidly decrease the steady state levels of ERα protein in the cell 119 120.  

Alternatively, these mutants could behave as the mixed agonist 4-hydroxytamoxifen and 

dependent on the tissue or promoter analyzed may recruit coactivator or corepressor121.    
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 Lastly, we wanted to determine if nitrite was able to recruit RNA Pol II to 

endogenous promoters following the recruitment of SRC-1 and general transcription 

machinery.   Once again, only the wild-type form of the receptor was able to recruit RNA 

Pol II to the promoters following treatment with nitrite. To confirm that RNA Pol II 

recruitment did not occur for any of the nitrite site mutants, we measured the mRNA 

expression of both hC3 and pS2 in transfected HEK 293 cells.  Again, only the wild-type 

ERα was able to increase the transcription of estrogen regulated genes in the presence of 

nitrite.   All mutant forms or ERα were able to recruit SRC-1 and RNA Pol II to the 

promoters and induce gene transcription in the presence of estradiol, but not in the 

presence of nitrite. 

 In addition to addressing the mechanism by which nitrite activates ERα, we have 

also shown that, in the hormone independent LCC1 breast cancer cell line, inhibition of 

nitrite production leads to a decrease in the expression of the estrogen inducible genes 

PgR and GREB1.  These data suggest that, nitrite and NOS play a functional role in 

activating ERα in the LCC1 cell line and potentially contributes to the hormone 

independent growth of these cells.  Future studies will address the hypothesis that 

overexpression and/or constitutive activation of NOS results in the synthesis of nitrite 

which activates ERα leading to the hormone independent growth of breast cancer cells.  

To test this hypothesis, further work using LCC1 in our lab will begin to focus on the 

amount of nitrite/nitrate produced in these cells compared to their hormone dependent 

parental cell line MCF-7.  Expression of protein and each isoform of NOS will be 

analyzed. In addition, amounts of activated NOS will be determined using phospho-
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specific antibodies against each isoform.  Lastly, we will determine what effects NOS 

inhibition has on cell growth and proliferation.  Results from these studies might have 

important implications in the future treatment and management of hormone independent 

breast cancer. 

 
Proposed Model of Activation by Nitrite  

Similar to other nuclear hormone receptors and the classical genomic pathway of 

activation, ERα is activated by estradiol binding within the pocket of the LBD.  To date, 

only X-ray and NMR structures of ERα bound to ligand are available, therefore, our 

understanding of the structural changes that occur to ERα is limited.  Based upon the 

crystal structures of the apo- and holo-RXR-α, and the agonist and antagonist bound ERα 

an induced fit model has been proposed to account for the structural and conformational 

changes that occur as a result of hormone binding 3 34 4 36 33 122.  According to the induced 

fit model of activation, the binding of estradiol pushes out helix H11 from the ligand 

binding pocket.  Upon expulsion, helix H11 rotates around its helical axis and moves away 

from the ligand binding pocket converting the short loop between helices H10 and H11 into 

an alpha-helical structure resulting in a continuous bent helix between helices H10 and H11.  

The repositioning of helix H11 pulls helix H12 over the pocket and under helix H4 freeing 

the omega loop between helices H1 and H3 from its interaction with helix H12.  The omega 

loop then relocates under helix H6 causing the N-terminal end of helix H3 to rotate around 

its axis and to bend towards helix H4 and the center of the pocket.  Once inside the ligand 

binding pocket, estradiol is able to act as a scaffold for the LBD 34 36 123.  The hydroxyl 
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groups located on the A and D rings of estradiol form hydrogen bonds with amino acids 

on helices H3, H5, and H11 and the steroid backbone forms van der Waals interactions 

with hydrophobic amino acids on helices H3, H5, H7, and H11 causing the compaction 

of the LBD and the addition of one to two α-helical turns at the ends of helices H3, H8, 

and H11 34,36  33.  As a consequence of binding estradiol, the receptor dissociates the heat 

shock complex, localizes in the nucleus, dimerizes and binds to response elements on 

DNA, and recruits coactivators and the general transcriptional machinery.   

In contrast to estradiol binding within the pocket of the receptor, previous results 

in our lab demonstrate that nitrite activates ERα through sites on the exterior, solvent 

accessible surface of the LBD 78.  Site A is located at the C-terminal boundary of helix 

H11 with loop 11-12; Site B is located at the interface of helices H10 and H11; and Site 

C bridges helices H4, H10, and H12.  The results of the present study show that these 

sites have specific functions in the activation of ERα.  Site A is necessary for the 

dissociation of the heat shock complex and Sites B and C are involved in binding to DNA 

and the recruitment of coactivators and the general transcriptional machinery suggesting 

a model whereby the interaction of nitrite with these sites alters the structure and 

conformation of the LBD similar to the changes induced by estradiol.  However, in 

contrast to the induced fit mechanism of estradiol activation of ERα, nitrite appears to 

activate the receptor through the formation and bridging of α-helical structures in the 

LBD.  In our proposed activation model (Figure 29), the interaction of nitrite at Site A 

with lys529 on helix H11 and asn532 and val534 in loop 11-12 promotes the formation of 

α-helical turns on the C-terminal end of helix H11 and pulls loop 11-12 towards helix 
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H11.  The formation of a stable alpha-helical end of H11 can be seen in the crystal 

structures of ERα complexed to estradiol and the mixed agonists tamoxifen and 

raloxifen33 34 36.  Alternatively, based upon the apo- and holo-hRXR crystal structures, 

the binding of nitrite to the receptor could lead to a disruption of the alpha-helical end 

and a lengthening of loop 11-12 124 4.  In either case, the resulting movement of loop 11-

12 towards helix H11 causes the movement of helix H12 and the dissociation of the heat 

shock complex.  The flexibility of loop 11-12 and the inability of the Site A mutants to 

dissociate hsp90 and consequently to bind to DNA and recruit SRC-1 and Pol II suggest 

that Site A is the initial site of interaction with the receptor.  At Site B, the interaction of 

nitrite with his516 on helix H10, asn519 and lys520 in the short loop between helices 

H10 and H11, and glu523 on helix H11 converts the loop into a helical structure around 

gly521.  The conversion of the loop into a helix causes helix H11 to rotate around its axis 

and to tilt away from the core of the pocket resulting in the formation of helix H10/H11.  

Together with helices H8 and H9, helix H10/H11 forms the dimerization domain and 

stabilizes the binding of the receptor to DNA.  The formation of helix H10/H11 also 

repositions helix H12 over the pocket resulting in the release of the omega loop which 

relocates underneath helix H6 causing the N-terminal end of helix H3 to rotate and tilt 

towards the core of the pocket.  In addition to repositioning helix H12 over the pocket, 

the formation of helix H10/H11 repositions asn519 for the formation of Site C suggesting 

that the interaction of nitrite with Site B precedes the interaction of the anion with Site C.  

At Site C, the interaction of nitrite with cys381 on helix H4 and his547 on helix H12 

pulls helix H12 under helix H4.  The further interaction of the anion with arg515 and 
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asn519 on helix H10/H11 then pulls helices H4 and H12 towards helix H10/H11 bridging 

Sites B and C.  Ultimately, the bridging of Sites B and C links the two regions of the 

receptor into the active conformation that stabilizes the dimerization and AF-2 domains 

and facilitates the binding to DNA and coactivators. 
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Figure 29.  Proposed model of activation by nitrite.   

The interaction at Site A stabilizes the C-terminal of helix H11 and loop 11-12 

allowing hsp90 to dissociate. Site B converts helices H10 and H11 into one continuous 

helix.  Site C bridges the interaction between helices H4 and H12, and brings helices H4 

and H12 closer to helix H10/11. Interaction between sites B and C allow for the 

recruitment of coactivator and general transcription machinery. 
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In support of our model of nitrite activation, similar mechanisms are used by 

anions to alter α-helical structures and to bridge domains in metal/metalloid sensing 

proteins in bacteria.  Similar to Sites A and B, the arsenite binding sites in the ArsR/SmtB 

family of transcriptional repressors are located at the ends of α-helices 125 126.  Binding of 

the metalloid at the end of the helix causes a conformational change and dissociation 

from DNA.  In addition to these bacterial transcriptional repressors, the crystal structure 

of α-amylase from humans has been determined bound to nitrite 127.  In the case of α-

amylase, a chloride ion is usually bound within the active site and is thought to help 

stabilize a portion of helical structure within the substrate binding loop.  The nitrite anion 

bound to the enzyme appears to perform the same role in stabilizing the helical region of 

the ligand binding site and is able to form numerous hydrogen bonds and electrostatic 

interactions with neighboring amino acids.   

Similar to Site C and the bridging of Sites C to B, the nitrate and molybdate 

binding clefts in the periplasmic solute binding proteins NrtA and ModA2 bridge the α-

helical and β-sheet containing domains of the proteins 128 129.  Within the cleft, the anion 

forms ionic and hydrogen bonds with the back bone and side chains of amino acids in the 

two domains causing a conformational change and closure of the cleft.  It has also been 

shown that nitrite is able to bind with a high affinity to the NrtA cleft 130.  Although 

similar mechanisms are employed by bacterial metal/metalloid sensing proteins to bind 
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anions, further studies are needed to determine whether these mechanisms are involved in 

nitrite activation of ERα.     

Based on our findings we conclude that treatment of wild-type ERα with nitrite 

leads to the dissociation of the receptor from the hsp90 complex, recruitment of the 

receptor to DNA, recruitment of both SRC-1 and RNA Pol II to estrogen regulated 

promoters, and an increase in the transcription of estrogen regulated genes.  Site A 

mutants, K529A and N532A, are required for the dissociation of the receptor from the 

hsp90 complex in the presence of nitrite.  Site B and C mutants are required for the 

proper recruitment of the receptor to DNA, and the binding of coactivator and general 

transcription machinery. 

 While this study provides answers to the mechanism behind nitrite activation of 

ERα, there are many questions still that have yet to be answered. As discussed 

previously, upon activation by hormone, ERα can be phosphorylated on several amino 

acids.  These phosphorylation events can influence cell localization, interactions with 

proteins in the cytosol, non-genomic actions of the receptor, as well as effect the types of 

coactivator interactions that can occur and influence the transcriptional activity of the 

receptor.  The stability of ERα both at the mRNA and protein level is influenced by 

estradiol.  The half-life of the mRNA falls from about 4 hours to 40 minutes in cells 

treated with estradiol 131.  While the half-life of the receptor protein following ligand 

binding has been shown to be as short as 3-4 hours 132.  The ubiquitin pathway is key for 

proper degradation of the receptor following ligand activation 133.  What effects nitrite 

has on degradation of ERα at mRNA and protein has yet to be determined.  While this 
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study demonstrated the ability of nitrite to recruit receptor to DNA at a specific time 

point following addition of ligand, it would be interesting to investigate what changes if 

any nitrite has on the transcriptional dynamics of ERα.  Following treatment with 

estradiol, ERα has been shown to undergo a rapid binding to DNA and the recruitment of 

coactivators to assist in chromatin remodeling and transcriptional initiation 48 134 135.  

Previously, we have shown in MCF-7 cells that nitrite is able to recruit ERα to the pS2 

promoter similar to estradiol, but not to the same level 78.  Therefore, it would be 

interesting to look further at the recruitment of ERα to DNA by nitrite and determine if 

there are any differences not only in timing but also in the recruitment of other factors 

involved in transcription.  In addition, the effect of nitrite on ERα mediated transcription 

could be compared to estradiol on a genome-wide level using microarrays and on the 

transcriptional level using ChIP-Seq to investigate whether there are any differences 

between the two treatments.  Lastly, it would be beneficial if we or other groups were 

able to obtain the crystal structure of ERα bound to nitrite.  The structure would not only 

provide further evidence for binding of the anion to the receptor, but would also confirm 

the sites of interaction and our model of the conformational changes that are thought to 

take place in order to activate the receptor. 
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NOS and Breast Cancer 

What was once thought of as an inert metabolite, nitrite has received a lot of 

attention recently not only as part of the normal physiology of the body, but also in 

certain types of disease and cancers.  The results from our experiments with LCC1 cells, 

suggest that NOS and nitrite might play a functional role in the progression of breast 

cancer.  Breast cancer patients appear to have elevated serum and tissue levels of nitrite, 

and the amount of nitrite is elevated in the breast tissue of breast cancer patients 

compared to patients with benign breast cancer 136 137.  Coincidentally, in breast cancer 

tumors, the expression of inducible NOS is associated with an increased risk of 

proliferation, tumor grade, and invasiveness, and tumors with high NOS activity 

expressed the progesterone receptor138. 

Nitric oxide derived from eNOS within the tumor has been shown to play an 

important role in tumor invasiveness and angiogenesis 139.  In a murine model of breast 

cancer, a positive relationship is seen between NO production and tumor progression, 

growth and metastasis, and the addition of the NOS inhibitor L-NAME resulted in 

reduced migration of the cells 140.  Further, in a mouse model that was developed to be 

deficient in iNOS, there was a delay in the development of hyperplasia suggesting that 

NOS activity might play a role in the initiation of breast cancer 141.  Together these two 

studies suggest a possible role for nitrite and nitrate in the development and progression 

of breast cancer.      



 

104 
 

Given the role that NOS might play in breast cancer, polymorphisms that may 

alter eNOS activity could have a major impact on the progression of breast cancer. An 

interesting polymorphism of eNOS is a G>T switch at position 894 within the gene, 

resulting in an amino acid glutamate to aspartate substitution at residue 298 in the 

protein.  Two recent epidemiological studies have shown that women with the 

Glu298Asp polymorphism are at an increased risk for breast cancer and the Glu298Asp 

form of eNOS has been linked with an increase in plasma nitrite levels 142 143.  Similar to 

breast cancer, polymorphisms within the eNOS gene found in the prostate and ovary have 

been reported to increase the risk of developing cancer in both of these organs 144 142.  

Even though these polymorphisms point to an increased risk in developing cancer, the 

exact mechanism involved has yet to be determined. 

 Over the years many compounds have been identified and much research has been 

conducted in order to determine the mechanism of action that these compounds have on 

the endocrine system 145.  Endocrine disrupters can act in many ways including; 

mimicking naturally occurring steroids and acting as an agonist or antagonist, or perhaps 

alter the way in which steroids are produced.  Recently, our lab has shown that a new 

class of compounds termed “metalloestrogens,” can display estrogen-like effects both in 

vitro and in vivo.  With the increase in the amount of nitrite present in the environment, it 

is important to realize the potential endocrine impact the anion could have.  The results 

published in this study demonstrate the ability of nitrite to act on specific sites in ERα 

leading to the dissociation in hsp90, recruitment to estrogen regulated gene promoters, 

recruitment of coactivators and RNA Pol II, and the ability to increase gene expression.  
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In addition, by inhibiting the production of nitrite in hormone independent cells and 

estrogen regulated gene transcription suggest a functional role for nitrite interaction with 

ERα in breast cancer.  Therefore, continued research into the effects that nitrite has on 

ERα activation and endocrine function deserves further attention. 
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