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ABSTRACT OF THE DISSERTATION 

 

Molecular Evidence of a Biological Role for the Plant Nutrient, Boron, in Human Cells 
 

by 

Kristin Emiko Yamada 

Doctor of Philosophy in Molecular Toxicology 

University of California, Los Angeles, 2014 

Professor Curtis D. Eckhert, Chair 

 

A long-standing goal of the Eckhert Lab has been to understand the biology of boron and its role 

in human health at the molecular level.  The argument for boron’s essentiality in humans is 

weakened by the fact that no molecular mechanism has been identified.  Boron is an essential 

nutrient for plants, and the human consumption of boron from dietary plants equals an intake of 

approximately 1 mg/day.  Boron from plants is nearly completely absorbed as boric acid (BA) 

and circulates unchanged with a half-life of about 23 hours.  This work focuses on three 

unsolved problems in the area of human boron biology: 1) characterization of the molecular 

target of BA and how it interacts with protein targets, 2) the signal transduction consequences of 

BA induced Ca2+ signaling dysregulation, and 3) a molecular explanation of how BA can inhibit 

cell proliferation without resulting in apoptosis.  Collectively, the work presented herein defines a 

mechanism for BA in human cells. 

 

The Eckhert Lab has previously reported that the molecular target of BA is cyclic ADP-ribose 

(cADPR), the endogenous agonist of the ryanodine receptor (RyR), an endoplasmic reticulum 

(ER) Ca2+ channel.  There were two questions remaining.  First, it was unknown if cADPR binds 
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to RyR or one of its accessory proteins.  Second, it was unclear how BA interacted with the RyR 

complex to inhibit cADPR induced Ca2+ release from the ER.  In the first chapter, I provide 

evidence that demonstrates cADPR binds directly to the accessory protein FKPB12.  In this 

chapter, I also provide evidence that demonstrates that in the presence of BA, the binding of 

cADPR to FKBP12 is inhibited. 

 

The Eckhert Lab has also reported that BA induces mild ER stress, a consequence of ER Ca2+ 

dysregulation.  Building on the work of Kimberly Henderson and Sarah Kobylewski, I describe in 

chapter 2 the molecular pathways that are activated by BA treatment of prostate cancer cells at 

physiological concentrations.  I describe evidence that BA activates the eIF2α/ATF4 and ATF6 

pathways.  These results raise two additional questions. EIF2α phosphorylation can occur 

through one of four kinases, each sensitive to different environmental stresses, but it was not 

known which kinase is activated by BA.  In addition, model activators of the eIF2α pathway 

usually activate CHOP, an apoptotic protein.  However, BA does not cause apoptosis or 

increase levels of CHOP protein or mRNA and we did not have a molecular explanation for this 

observation. 

 

The question of which kinase was responsible for BA induction of ph- eIF2α needed to be 

addressed.  In the third chapter, I identify PERK as the kinase sensitive to BA.  PERK has two 

known substrates, eIF2α and Nrf2.  I also provide evidence that demonstrates that BA treatment 

activates Nrf2, which is a transcription factor for the antioxidant response element and induces 

transcription of several antioxidant genes.  This data indicates that BA treatment can increase 

levels of antioxidant proteins in the cell and provides evidence for why BA does not induce 

CHOP.  
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The work described in these three chapters make a large contribution to the field of boron 

biology.  Future studies should explore the link between the molecular mechanisms outlined 

herein with the specific effects observed with boron supplementation in animal models.   
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Chapter 1: 

Introduction- Boron Biology and Health Effects in Animals  

and Humans on the Molecular Level 
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A long-standing goal of the Eckhert Lab has been to understand the biology of boron and its role 

in human health at the molecular level.  This goal has challenged scientists for more than 70 

years. Boron was first discovered as an essential plant nutrient in by Warington in 1923 [1], and 

therefore, humans and animals are exposed to boron through our diet and consumption of 

dietary plants.  In 1939 Hove, Elvehjem and Hart conducted experiments that showed the 

biological form of boron in animals, boric acid (BA), improved the survival of nursing rats [2, 3].  

In order to prove essentiality in animals, a boron-free diet had to be developed.  This was 

difficult and scientists used nutritional stress diets instead to study the health effects of boron.  

Skinner, McHargue, Hunt, Nielson, and others used stress diets to show boron was important 

for bone, brain, the immune system, and executive brain function [4-10].  Later, in 1998, Eckhert 

developed a boron free diet for fish and showed that boron was biologically active in rainbow 

trout and zebrafish [11, 12]. 

 

We then did epidemiological screens to determine if boron intake was associated with human 

health effects.  Studies by Barranco and Eckhert uncovered an unexpected dose-dependent 

protective effect of boron intake on prostate cancer risk [13, 14].  Other researchers like Cui, 

Korkmaz, Mahibir, and Gallardo-Williams began to investigate boron’s role in chemoprevention.  

Higher boron intakes were soon shown to be associated with smaller prostate volumes in men 

and fewer atypical cervical smears in women [15, 16].  The risk of lung cancer in women 

receiving hormone therapy was found to be inversely related to boron intake [16].  BA 

supplementation reduced tumor growth in a LNCaP xenograph murine prostate cancer model 

[17]. 

 

In 1999 Eckhert and co-workers developed a procedure to remove boron from cell culture media 

and this opened the door to the study of physiological levels of BA on single cells [18].  Eckhert 

et al. then used this process with prostate cancer cell lines as a model to study the molecular 
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biology of boron.  Early studies found that BA dose-dependently inhibited LNCaP and DU-145 

prostate cancer cell proliferation, consistent with the epidemiological screens showing BA was 

protective against prostate cancer risk [19].  They also demonstrated that BA binds cis-diol 

moeties and inhibit NAD+-dependent enzyme reactions [20]. NAD+ functions as a coenzyme 

inside the cell, but extracellular NAD+ interacts with CD38, a multifunctional enzyme in the 

plasma membrane with adenosine diphosphate-ribosyl cyclase activity that cyclizes it to form 

cyclic-ADP-ribose (cADPR) [21]. Our lab showed that BA is a non-competitive inhibitor of CD38 

[22]. cADPR is the only known endogenous agonist of the ryanodine receptor (RyR), a high-

conductance Ca2+ channel in the endoplasmic reticulum (ER) [23, 24].  Mass spectrometry 

showed BA formed a complex with cADPR which led us to use confocal Ca2+ imaging of live 

DU-145 and LNCaP cells to determine if BA impaired cADPR's function [25].  BA in the 

physiological range from 1 to 50 µM was a reversible competitive inhibitor of cADPR [22, 26].  

BA inhibited cADPR-stimulated Ca2+ release within seconds of treatment followed by a 32% 

decrease in ER luminal Ca+2 stores [26]. 

 

The studies described thus far laid a foundation for further studying the molecular mechanism of 

BA.  Multiple lines of evidence pointed to the ideas that prostate cancer is sensitive to BA, BA 

alters Ca2+ homeostasis, and BA has affects on the ER: 

• BA treatment inhibits cell proliferation in prostate cancer cell lines [19] 

• BA inhibits CD38 activity, likely leading to lower cADPR levels in the cell [22] 

• BA can bind cADPR directly, the only known agonist to the RyR [27] 

• BA is a reversible competitive inhibitor of cADPR stimulated calcium release from 

the ER [26] 

• BA treatment results in a sustained reduction in stored Ca2+ levels (approx. 32%) 

[26] 
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However, it was not clear what are the signal transduction consequences of BA’s action on 

cADPR and ER Ca2+ homeostasis.  How does BA affect Ca2+ release through the RyR?  What 

are the molecular pathways activated by BA induced lowered luminal Ca2+ levels?  How does 

BA inhibit prostate cancer cell proliferation without inducing apoptosis? 

 

The work presented herein focuses on extending our knowledge of BA’s effects at the molecular 

level and answering the questions discussed above (summarized in Fig. 1-1).  The target of 

cADPR was postulated to be FK Binding Protein 12 (FKBP12), an accessory protein of the RyR 

complex [28].  First we used native protein mass spectrometry to link our observations of BA’s 

effects on ER Ca2+ release and with the cADPR binding data.  We show for the first time, direct 

binding between cADPR and FKBP12.  We also show that BA interaction with cADPR prevents 

it from binding to FKBP12.  This provides a plausible mechanism to explain how BA inhibits 

cADPR stimulated Ca2+ release. 

 

Second, I further examined the effects of BA on ER stress.  The eIF2α/ATF4, ATF6, and IRE1 

pathways are classically used to characterize ER stressors [29].  Different agents known to 

induce ER stress will activate all or a combination of these pathways.  For example, 

thapsigargin, a pharmacological agent known to inhibit Ca-ATPase (SERCA) and lower luminal 

ER Ca2+ [30], will strongly activate all three pathways [31, 32].  Our studies indicate that 

physiological concentrations of BA mildly induces the eIF2α/ATF4 and ATF6 pathways but not 

activate IRE1.  In addition BA does not increase CHOP levels, an apoptotic marker. This is 

consistent with  
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Figure 1-1 Working Model of the Mechanism of Boric Acid in the Human Cell 
(A) CD38 converts NAD+ to cADPR and imports cADPR into the cell. (B) BA inhibits formation of 
the cADPR-FKBP12 complex preventing ER calcium release through the RyR1. (C) BA 
inhibition of ER calcium release results in calcium leakage and approximately 32% reduction in 
luminal calcium. (D) Lower ER calcium triggers ER stress and activates PERK and ATF6. 
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our previous observation that BA inhibits cell proliferation without inducing apoptosis.  Here we 

document the downstream effects of BA induced calcium dysregulation, the molecular 

consequences of the BA-cADPR-FKBP12 interaction. 

 

Last, we identify BA as a novel environmental activator of PERK kinase.  PERK is the member 

of the eIF2α family of kinases that is sensitive to ER stress.  This data further supports the 

hypothesis that BA induces ER stress.  PERK dependent BA activation of Nrf2 and the 

antioxidant response element also help explain how BA can induce ER stress while promoting 

cell survival.  The second important finding reported in chapter 4 is that BA is active in a non-

cancerous cell type.  We show BA activates PERK and the antioxidant response element in 

healthy mouse embryo fibroblasts.   

 

This work identifies molecular pathways that BA modulates and provides a starting point where 

we can make sense of how boron affects a diverse set of tissue types through a central 

mechanism (Table 5-1).   We now can propose new hypotheses for the biological role for BA in 

animals and humans. Work from the Eckhert lab is the first to address the function of boron in a 

human cell model at the molecular level and provides the evidence needed to argue for BA 

essentiality in humans. 
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Chapter 2: 

 Boric Acid Inhibits Formation of the cADPR FKBP12 Complex 
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Abstract: 

Cyclic adenosine diphosphate ribose (cADPR) is the only known endogenous agonist of the 

ryanodine receptor (RyR), a calcium channel in the Endoplasmic Reticulum (ER) FKBP12/12.6 

is an accessory protein of the channel complex that stabilizes RyR1/RyR2 in the closed 

conformation. cADPR has been reported to co-elute with FKBP12.6 on affinity columns 

suggesting that both are bound within the same complex. It has been postulated that cADPR 

binds directly to FKBP12.  Once the cADPR-FKBP12 complex is formed, FKBP12 releases from 

the RyR and increases the probability that the channel will be in the open conformation, 

resulting in Ca2+ release from the ER lumen into the cytoplasm. We previously reported that BA 

is a reversible non-competitive antagonist of cADPR induced calcium release from the ER in 

DU-145 prostate cancer cells.  Here we report the use of mass spectrometry to demonstrate 

that cADPR binds directly to FKBP12.  We further demonstrate that BA reduces cADPR’s 

affinity for FKBP12.  These results provide a deeper understanding of the molecular mechanism 

involved in RyR activation and the effect of BA on mammalian cells.   

 

Introduction: 

Boron is a trace element that has a variety of functions in nature.  Boron exists in high 

concentrations in seawater (425 µM, the ninth most abundant element), however only at a 

concentration of 10 ppm in the earth’s crust (carbon approximately 200 ppm).  Often overlooked 

as an important element, boron has interesting chemical properties and biological relevance [33, 

34]. Boric acid (BA), boron’s most common form in human plasma, binds strongly to cis-diol 

moieties, and therefore, has a high affinity for nucleotides and carbohydrates [25, 35]. BA has 

been reported to have a number of biological functions in a variety of phylogenetic kingdoms. 

BA is an essential element for plant growth, and is required for cell elongation, flowering, and 

seed formation [34, 36]. Several biological molecules contain boron, including the quorum 

sensing molecule auto inducer 2 and various antibiotics (boromycin) [5, 34, 37]. Boron also has 
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several functions in mammalian systems.  Epidemiological studies report that dietary boron 

intake is protective against prostate and lung cancers [13, 14, 16]. Boron is nutritionally relevant 

and research suggests that deficiency negatively effects cognitive performance, bone strength, 

serum 17β-estradiol levels, and the immune system [5, 7, 8, 38-40].  Boron is present in 

physiological tissues as BA. In aqueous fluids, at physiological pH 7.4, boron exists as a mixture 

of boric acid, B(OH)3 (98.4%), and borate ion, B(OH)4
- (1.6%) [34]. Boric acid (BA) is a 

reproductive and developmental toxin at mM concentrations, but at low levels shows 

chemopreventive properties, strengthens bone and inhibits inflammation. Non-toxic blood BA 

levels in humans range from approximately 2 µM to 115 µM depending on dietary intake levels 

[41-45].  In addition, bioaccumulation occurs in the bone and concentrations have been reported 

as high as 5.6 mM [46]. 

 

BA has been shown to interact with cyclic adenosine diphosphate ribose (cADPR) [22, 26], a 

calcium signaling molecule that is ubiquitous in nature.  cADPR plays an important role in many 

mammalian cell types and has also been observed in protozoa and plant cells [28]. For 

example, through intracellular calcium signaling, cADPR has been shown to be involved in 

endothelin-induced contraction in peritubular smooth muscle cells and to mediate stomatal 

closure in plant cells [47, 48].  cADPR is formed through an enzyme catalyzed reaction where 

membrane bound CD38 enzyme (ADP-ribosyl cyclase in plants) converts and transports 

extracellular NADP+/NAD+ to intracellular cADPR [49, 50].  Once inside the cell at µM 

concentrations, cADPR acts on its downstream target.  The only known function of cADPR is its 

role in calcium signaling through the RyR, a homotetrameric calcium channel located on the 

ER/SR [26, 51-53].  FKBP12 and FKBP12.6 are accessory proteins that stabilize RyR1 and 

RyR2 channels in the closed conformation. cADPR has been shown to co-elute with 

recombinant FKBP12.6 using affinity columns [54].  Once the cADPR-FKBP12/12.6 complex is 
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formed, FKBP12/12.6 releases from the RyR1/2 increasing the probability that the channel will 

be in the open conformation, to release Ca2+ into the cytoplasm [54, 55].  

 

Calcium signaling is mediated by RyR and other channels located on cellular calcium stores.  

Calcium signaling is involved in cell cycle progression, cell death, and cell proliferation [56].  

This occurs through various mechanisms, for example, regulation of proteins that regulate cell 

cycle transitions between G0 and G1, calcium release activation of MAPK/NFκB signaling 

pathway, and regulation of Ras phosphorylation [57, 58].  Dr. Eckhert’s group has reported that 

BA treatment of DU-145 and LNCaP prostate cancer cell lines inhibits proliferation, and used 

this model to test BA’s effects on intracellular calcium signaling [19].  Kim et al. reported that BA 

binds to cis-diol ribose moieties in both NAD+ and cADPR.  They also showed that BA was an 

inhibitor of adenosine diphosphate-ribosyl cyclase enzyme (CD38) that converts NAD+ to 

cADPR [22].  Furthermore, confocal microscopy experiments undertaken by Henderson in the 

Eckhert Lab showed that BA is an inhibitor of cADPR induced calcium release from the ER in 

DU-145 prostate cancer cells [26].  

 

Biological assays on BA are difficult because boron lacks a stable radioisotope or a fluorescent 

probe.  Mass spectrometry is one tool that can be used to measure BA binding to its biological 

targets.  In addition, advances in protein mass spectrometry has enabled measurements of 

noncovalent native protein complexes [59].  This technique is useful for measuring direct 

binding of ligands to their molecular targets.  In fact, one of the first protein ligand complexes 

measured using an electrospray ionization- mass spectrometer (ESI-MS) system was human 

FKBP with rapamycin and FK506 [59, 60].  Improvements in ESI techniques, especially 

nanoelectrospray, help with achieving multiply charged ions from proteins in aqueous buffers 

instead of the traditional organic solvents. Mass spectrometry is also a useful technique when 

studying BA because boron lacks a stable radioisotope or a fluorescent label.  Mass 
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spectrometers can easily measure BA binding to its biologically relevant targets such as small 

molecules or proteins.   

  

Here we show for the first time direct binding of cADPR to FKBP12.  We also observe that BA 

inhibits the formation of the cADPR FKBP12 complex, supporting the hypothesis that BA acts 

through this mechanism in its inhibition of cADPR stimulated calcium release from the ER.  

Lastly, predictive models indicate that cADPR binds to FKBP12 in an orientation with cis-diols 

facing the protein surface.  This provides further evidence of BA’s ability to disrupt cADPR 

signaling and alludes to the mechanism of BA in humans. 

 

Methods: 

Materials and Reagents- Ammonium bicarbonate and LB media were purchased from Acros 

Organics (Morris Plains, NJ).  Kanamycin was purchased from Boehringer Maunheim (West 

Germany).  IPTG was purchased from Invitrogen/Life Technologies (Carlsbad, CA).  B-PER 

reagent was purchased from Thermo Scientific (Rockford, IL).  Imidazaole was purchased from 

Fisher Scientific (Pittsburg, PA).  Ni-NTA resin was purchased from Qiagen (Valencia, CA). 

 

FKBP12 cloning, expression, and purification 

His-tagged FKBP12 was cloned into a pET28 vector by the UCLA-DOE Protein Expression 

Technology Center (supported by the DOE Grant DE-FC02-02ER63421).  Plasmid was 

transformed into BL21 DE3 e. Coli expression strain (Life Technologies).  E. Coli cultures were 

grown in LB Media supplemented with 25 µg/ml Kanyamycin.  Overnight cultures were diluted 

1:50 into fresh LB/Kan media and grown until OD600~0.4, then induced with IPTG, final 

concentration 1mM.  Cultures were grown for 3.5 hours after induction and frozen at -80°C.  

Protein was solubilized using 2 ml B-PER reagent/50 ml pellet following the recommended 

protocol.  The lysate was incubated Ni-NTA resin and protein was batch purified and eluted with 
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250 mM imidazole elution buffer.  Eluted protein was dialyzed using D-tube Dialyzer Maxi 

MWCO 3.5 kDa  (Novagen, San Diego, CA), against 500 ml 20 mM ammonium bicarbonate for 

a minimum of 24 hours at 4°C with a minimum of 4 buffer exchanges. Dialyzed protein was 

quantitated using Commassie Plus Protein Assay (Thermo Scientific, Rockford, IL) and EL800 

Universal Microplate Reader (Biotek Instruments, Winooski, VT). 

 

Mass spectrometry analysis 

Data was collected using an LTQ-FT Ultra mass spectrometer (Thermo Fischer Scientific). The 

nanoESI source used borosilicate glass capillaries with Au/Pd coatings (Proxeon Biosystems, 

Odense, Denmark) and was operated at (100 nL/min) analyte flow conditions, 1.35 kV iSpray 

voltage, 0.22 µA spray current, 35.94 V capillary voltage, 190°C capillary temperature, and 

249.82 V tube lens. Each recorded spectrum was averaged over 150-300 individual scans.  

Spectra were deconvoluted using Xtract3 software (Thermo Scientific) and spectral counts 

(peak height) were recorded and in turn used to approximate protein or ligand concentrations. 

 

AUTODOCK Prediction 

The structure of FKBP12 was obtained from Research Collaboratory for Structural 

Bioinformatics (RCSB)-Protein Data Bank (PDB) Research Collaboratory for Structural 

Bioinformatics (RCSB)-Protein Data Bank (PDB) (accession number P62942, FKB1A_HUMAN). 

The PDB entry 2PPN was selected for structural analysis based on its high resolution (0.92 Å) 

and the fact that it was not co-crystalized with other ligands [61]. For docking studies, the pdb 

file was refined by removing the ligand and water molecules from the protein X-ray structure 

using AutoDock Tools 4.2 (The Scripps Research Institute, La Jolla, CA) by adding missing 

hydrogens and adding partial charges on all the atoms based on Gastier charges. The protein 

was defined by a grid box of 72 × 76 × 126 points and spacing of 0.375. The final structure was 

then saved in .pdbqt format. 3D conformation of cADPR was obtained from NCBI PubChem 
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Database (CID 123847).  SDS file was converted to PDB format using Pymol.  Gastier charges 

were added to the ligand and saved in PDBQT format. The genetic algorithm was used to find 

the probable fit for each ligand to receptor. The docking was done with Lamarckian genetic 

algorithm with population size of 150. The most energetically favorable conformation was 

chosen.   

 

Statistical Analysis 

BA inhibition of cADPR-FKBP12 formation data was analyzed using the unpaired Student’s t-

test.  Replicates include peak intensities (peak height) from samples measured on different 

days, and repeat spectra collected from identical samples (n=3-4). 

 

Results: 

cADPR has been reported as the endogenous agonist to RyR luminal calcium release.  It has 

been hypothesized that cADPR binds to FKBP12 resulting in release from and destabilization of 

RyR.  BA has also been reported to be a reversible competitive inhibitor of cADPR induced 

calcium release [26].  We hypothesized that BA acts on RyR calcium release either by binding 

directly to FKBP12 and or cADPR. 

 

BA binds cADPR 

Our lab has shown that BA binds to cADPR in non-physiological conditions (non-aqueous).  We 

tested whether or not this is true when cADPR and BA are in aqueous solution.  cADPR was 

mixed with FKBP12 in an ammonium bicarbonate buffer and measured in an LTQ-FT mass 

spectrometer coupled with a nano-ESI source.  We confirm that cADPR binds FKBP12 in our 

aqueous system (Fig. 2-1).  A spectrum of cADPR alone included the major peak at 541 Da, the 

calculated molecular weight of cADPR.  A spectrum of cADPR mixed with BA included two 
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peaks, one at 542 Da, and another at 567 Da indicating a 25 Da molecular weight shift, 

consistent with BA binding. 

 

BA does not bind FKBP12 

The fact that BA can bind to the cis-diol moieties of cADPR supports the idea that this 

interaction is what results in BA’s calcium release antagonist properties.   However, one cannot 

rule out the possibility that BA also binds to the FKBP12 enhancing the effects due to BA-

cADPR.  We used native protein mass spectrometry to measure cloned FKBP12 alone, with 

FK506 (as a positive control), and with BA.  Spectrum of FKBP12 alone included a major peak 

at 14269 Da, the calculated molecular weight for FKBP12 (Fig. 2-2A).  We observed strong 

binding between FKBP12 and FK506 as expected, indicated by a peak at 15073 Da (Fig. 2-2B), 

however, when FKBP12 was mixed with 11BA, no additional peak was observed (Fig. 2-2C).  

Similar results were observed for spectra measuring 10BA mixed with FKBP12 (not shown). 

 

Peaks observed Molecular Weight (Da) 

cADPR 541 

cADPR + BA 567 

FKBP12 14269 

FKBP12 + FK506 15073 

FKBP12 + cADPR 14802 

 

Table 2-1: Molecules Observed in Mass Spectra and Expected Molecular Weights 
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Figure 2-1 BA Binds cADPR. Data showing BA-cADPR complex forms in aqueous solution.  
Positive ion ESI-mass spectra of cADPR and CADPR-BA complexes in 20 mM ammonium 
bicarbonate at pH 8.0.  Data were collected using an LTQ-FT instrument with a nano-spray ESI 
source. Xtract3 software was used to deconvolute data (deconvoluted spectra shown) (A) 400 
µM cADPR showing an intense signal at mass 541 Da. Other peaks are assigned to impurities 
in the cADPR sample. (B) 200 µM cADPR with 500 µM 10BA.  Appearance of a small peak at m 
= 566 Da is assigned to BA-cADPR. 
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Figure 2-2 BA does not bind FKBP12. Data collected using an LTQ-FT mass spectrometer, 
nano spray source, 20 µM ammonium bicarbonate buffer, pH 8.0. [FKBP12] is 10 µM and [11BA] 
is 200 µM. Spectra represent (A) FKBP12 alone, deconvoluted spectrum, (B) FKBP12 + FK506, 
deconvoluted specturm, (C) FKBP12 + 11BA, raw spectrum. Did not observe an 11BA-FKBP12 
peak, indicating BA does not bind to FKBP12.   
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cADPR binds directly to native FKBP12 

Direct binding of cADPR and FKBP12 has not been reported [62].  We mixed cADPR with 

FKBP12 and observe multiple peaks, each 541 Da apart, indicating that cADPR binds to 

FKBP12 (Fig. 1-3B).  The strongest peak was with one bound ligand. We also collected data 

where [FKBP12] was kept constant and [cADPR] was varied.  Xtract3 software was used to 

deconvolute the spectra and peak intensities of m= 14261 and 14802 were recorded.  Percent 

of FKBP12 bound to cADPR as determined by peak intensities was plotted to determine a 

binding curve (Fig. 1-3C). 

 

10BA inhibits cADPR binding to FKBP12 

Two isotopes of boron exist in nature, 10B and 11B.  Previous studies in yeast demonstrated that 

10B and 11B differentially induced mRNA transcription of several genes, including YDL229W 

which is a heat shock protein located in the ER that functions as a chaperone involved in protein 

folding [63, 64]. Based on the evidence of BA binding to cADPR, we hypothesized that boron 

inhibits the formation of the cADPR-FKBP12 complex.  [FKBP12] and [cADPR] were held 

constant while [BA] varied.  We performed the experiment for both 10B and 11B to see if we 

would observe an isotope effect here as well.  Only 10B had an inhibitory effect on the cADPR-

FKBP12 complex.  A 1:20 BA:cADPR ratio showed the greatest effect.  

 

 



18 
	  

 

Figure 2-3 cADPR binds FKBP12. Example spectra from LTQ-FT experiments.  (A) 10 µM 
FKBP12.  Major peak at m=14261 Da is assigned to FKBP12-6X his with initial methionine 
cleaved.  (B) 10 µM FKBP12, 400 µM cADPR. Major peak at m=14261 Da is assigned to 
unbound FKBP12 and smaller peak at m=14802 Da is assigned to bound cADPR-FKBP12. 
Additional peaks for multiple cADPR molecules bound to FKBP are observed at m=15343 Da 
and m=15884 Da (C) FKBB12 cADPR binding curve.  Data collected using an LTQ-FT mass 
spectrometer, nano spray source, 20µM ammonium bicarbonate buffer, pH 8.0. [FKBP12] was 
held constant at a final concentraion of 10 µM and mixed with varying concentrations of cADPR 
final concentrations between 0 to 400 µM.  Bound and unbound concentrations were calculated 
using peak intensities from deconvoluted spectra (Xtract3). 
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Figure 2-4 BA inhibits cADPR-FKBP12 binding. Data collected using an LTQ-FT mass 
spectrometer, nano spray source, 20µM ammonium bicarbonate buffer, pH 8.0. Data was 
analyzed using intensity counts for 14261 (unbound) and 14802 (bound) peaks. (B) represents 
100 µM FKBP12 and 400 µM CADPR and 10mM 10BA which shows a decrease in cADPR 
bound FKBP12 as compared to (A) which is 100 µM FKBP12, 400 µM CADPR and 0 10BA. (C) 
[FKBP12] and [cADPR] were held constant at a final concentrations of 10 µM and 200 µM 
respectively and mixed with varying concentrations of BA at final concentrations between 0 to 
100 µM. Replicates include peak intensities (peak height) from samples measured on different 
days, and repeat spectra collected from identical samples (n= 3-4). Significance difference 
represented using * p<0.05. 
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Figure 2-5: AUTODOCK predictions of cADPR-FKBP12 binding. (A) cADPR shown in red, 
FKBP12 shown in stick and ball representation (Green- Carbon, White- Hydrogen, Blue- 
Nitrogen, Red- Oxygen, Yellow- Sulfur)  (B) cADPR shown in red and FKBP12 shown in 
secondary structures.  cADPR is predicted to bind to FKBP12 in an orientation where cis-diols 
are located facing the protein surface. (C) cADPR shown in red, cis-diols shown in green,  and 
FKBP12 shown using a space filling mesh representation.  BA binds at the cis-diol and this 
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reprsentation shows BA does not fit between the protein surface and cis-diol (grey arrow). 
 

Autodock predictions show cADPR binds to FKBP12 with cis-diol moieties facing protein surface 

The hypothesis that BA inhibits cADPR-FKBP12 binding would be supported by evidence 

showing 1) BA changes the structural conformation of FKBP12 preventing cADPR binding, 2) 

BA changes bond angles and shape of cADPR preventing binding, and or 3) BA blocks cADPR 

in the binding pocket of FKBP12.  The first is not probable based on the fact that we do not 

observe BA binding to FKBP12 (Fig. 2), however the second and third may occur.  We used 

AutoDock docking software to predict what the cADPR-FKBP12 complex looks like.  We chose 

the most energetically stable prediction and show that cADPR binds to FKBP12 in an orientation 

where the cis-diols on the cADPR interact with the amino acid residues on the protein (Fig. 5).  

This data further supports our hypothesis that BA can inhibit cADPR-FKBP12 binding. 

 

Discussion: 

Elucidation of BA’s biological targets and the downstream effects of BA binding are critical to 

our to understanding of the physiological effects of BA as a micronutrient and chemopreventive 

agent.  Our lab has previously published that BA treatment slows proliferation of DU-145 cells 

and is an antagonist of stimulated calcium release from the RyR on the ER [26, 65]. Here we 

show that FKBP12, an accessory protein of the RyR, is necessary for BA inhibition of calcium 

release.  This led us to characterize the interaction of FKBP12, BA, and cADPR. 

 

To characterize the interaction of these three molecules, we used native protein mass 

spectrometry to measure binding between FKBP12 and cADPR (Fig 2-2C).  The data reveal two 

important observations.  First, we measure direct binding between FKBP12 and cADPR, an 

interaction that has been hypothesized to occur based on co-elution on affinity columns [54].  
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Second, this study shows that cADPR binds to FKBP12 and that BA inhibits this interaction (Fig 

2-4).  This gives molecular evidence for BA’s antagonist effects on calcium release. 

 

In addition, to support the hypothesis that BA prevents cADPR from binding to FKBP12 leading 

to the inhibition of calcium release through the RyR, we performed protein ligand docking 

predictions using AutoDock software (Fig 2-5).  This predicts the most likely binding 

conformation between a protein and ligand based on energetics.  The results show that BA 

binds to cADPR at one of the key ligand atoms involved in hydrogen bonding to the protein (Fig 

2-5B).  The orientation of cADPR in relation to FKBP12 indicate that BA binding to cADPR at 

the cis-diol would sterically interfere with cADPR-FKBP12 formation (Fig. 2-5C). 

 

The data reported support the hypothesis that BA’s antagonistic effects on calcium release from 

the ER is mediated through FKBP12, and specifically, BA interferes with the cADPR FKPB12 

complex.  We have characterized the binding between these two molecules and show that BA 

reduces the affinity between FKBP12 and cADPR.  10BA decreases the binding between 

FKBP12 and cADPR but not 11BA. The most effective concentration of 10BA  was at a 1:20 

BA:cADPR ratio.  One explanation for the isotope effect is that the boric acid-borate relaxation 

time longer for 10BA than for 11BA [66].  The lighter isotope is likely to stay in the boric acid form 

longer than the borate form.  From a geometry standpoint, the trigonal planar boric acid will 

more readily bind to cis-diols than the tetrahedral borate anion. 

 

 

Conclusions: 

Overall, this study identifies a molecular target for BA, which provides a plausible mechanism 

for how BA affects the cell. Disruption of normal Ca2+ signaling has the potential to have many 

downstream effects.  BA’s binding to cADPR and preventing formation of the cADPR-FBKP12 
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complex explains how it inhibits cADPR stimulated Ca2+ release. Subsequently, BA may 

modulate molecular pathways associated with ER Ca2+ dysregulation such as pathways that 

respond to ER stress.  Results from the BA isotope studies in yeast indicate that BA may affect 

ER protein chaperones and processes involved with proper protein folding.  Future studies 

should address the downstream signal transduction consequences of BA’s effects on cADPR-

FKBP12. 
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Chapter 3:1  

Physiological Levels of Boric Acid Induce Temporal Activation of the eIF2α/ATF4 and 

ATF6 Pathways but Decrease CHOP in DU-145 Prostate Cancer Cells 

  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 A modified version of a part of this chapter has been submitted for publication to BioMetals.  
Co-authors include Kimberly Henderson, Sarah Kobylewski, and Curtis Eckhert.  The co-
authors contributed to the writing of this chapter, experimental design, and data analysis.  All the 
work presented here are contributions I made to the project with the exception of figure 2-8A & 
B done by Sarah Kobylewski, which was required for completeness of story.  Sarah Kobylewski 
also repeated replicates for western blot and real-time PCR figures.	  
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Abstract: 

Boron intake previously has been shown to be associated with reduced risk of prostate cancer 

and gland volume.  Boric acid (BA), within the 1 to 60 µM range of blood plasma in healthy men, 

has been shown to be a reversible competitive inhibitor of cyclic ADP ribose (cADPR), the 

endogenous agonist of the endoplasmic reticulum (ER) ryanodine receptor, and depletes ER 

luminal calcium (Ca2+) levels.  The goal of this study was to measure BA’s effects on pathways 

induced by inhibition of cADPR and decreased luminal Ca2+ levels.  Here we show DU-145 

prostate cancer cells respond to BA treatment at 10 µM in a time-dependent manner that 

manifests as an expansion of the ER, activation of the eIF2α/ATF4 integrative stress response 

(ISR) and the ATF6 branch of the unfolded protein response (UPR).  Real-time PCR and 

immunoblot analysis from 15 min to 24 h showed BA increased the expression of ATF4 and its 

downstream genes GADD34 and HERP, except CHOP, which decreased. CHOP protein 

expression also decreased with BA treatment. BA increases cleavage of cytoplasmic ATF6 

protein, ATF6 movement into the nucleus and increased transcription of downstream genes 

Grp78, Grp94, calreticulin, XBP1 and EDEM1. Cleavage of XBP1, an indicator of IRE1 pathway 

activation, was not observed.  These results are consistent with prior reports that the UPR 

pathway is down-regulated in genetic models of prostate cancer and BA inhibits cell proliferation 

without inducing apoptosis.  Our observations extend current knowledge of the sequence of 

events initiated by BA from rapid dose-dependent inhibition of cADPR and depletion of luminal 

ER [Ca2+] to time-dependent activation of pathways known to be expressed in tissues affected 

by boron status. 

 

Introduction: 

Boron's role in biological systems is challenging to study.  It does not have a stable 

radioisotope, is not removed from water using common laboratory ultra-purification systems, is 

added to many reagents as a surfactant and buffering agent and is poorly controlled in 
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laboratory animal diets.  Boron was first shown to be essential for plant growth in 1923, but it 

was not until 1996 that a molecular role was identified [1].  Borate esters were shown to link 

polysaccharide chains of rhamnoglactauran II thereby reinforcing cell walls against the extreme 

hydrostatic pressures incurred during cell elongation [67].  Subsequently, it was shown to be 

required for optimum embryonic growth in rainbow trout, initial stages of cleavage of the 

zebrafish zygote and normal development of xenopus embryos [11, 12, 68].   

 

A number of studies have been reported using animal models and human subjects indicating 

BA has a biological function.  Human studies conducted over several months identified deficits 

in cognitive function as the primary symptom of boron deficiency [39].   These studies together 

with numerous studies in animals have identified the endocrine [69], immune [70], nervous [39] 

and skeletal systems [9] as responsive to boron intake .  The Eckhert lab turned to the use of 

epidemiology as a screening tool to determine if boron status was associated with a human 

disease that could be used as an endpoint for probing its mechanism of action [14].  Using this 

tool, Eckhert et al. found that boron intake was inversely associated with the risk of prostate 

cancer [14] and others showed it also reduced the risk of lung cancer in a dose dependent 

manner [14, 16].  Importantly, the protective effect remained when the source of exposure was 

water, thus eliminating the possibility of dietary confounders [13].  Studies in prostate cancer 

models showed that boric acid reduced growth rates of human prostate tumor implants in nude 

mice [17] and cell proliferation in cultured prostate cancer cells in a dose dependent manner 

without inducing apoptosis [19]. Understanding how boric acid reduced cancer risk required 

learning more about its molecular partners, i.e. a molecular mechanism. 

 

Spectroscopy studies conducted in the 1970s measuring the interaction of borate with pyridine 

nucleotides had shown that borate interacted with NAD+ but at 1000 times physiological 

concentrations [20].  Using this as a starting point, we used mass spectrometry to determine 
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that two borate molecules bind to the ribose moiety of NAD+ and the binding affinity was greatly 

reduced by phosphorylation and reduction in charge [25, 71] .  In addition to its role as a 

coenzyme in intermediary metabolism, cells use NAD+ as a paracrine signaling molecule.   

NAD+ is released into the extracellular environment and binds to the extracellular domain of 

CD38, a multifunctional enzyme in the plasma membrane, that converts it into cADPR which is 

then released into the cytoplasm [21].   There cADPR acts as an endogenous agonist of the ER 

ryanodine receptor Ca2+ channel.  We showed boric acid bound to cADPR (Chap. 1) [22] and 

using confocal Ca2+ imaging of live cells showed boric acid was a reversible competitive inhibitor 

of cADPr [26].  The response occurred within seconds and was followed by a 32% decrease in 

ER luminal [Ca+2].   

  

ER luminal Ca+2 concentrations are 1000 times higher than that of the cytoplasm (100-500 µM 

versus 20-100 nM, respectively) allowing for fast and precise cellular signaling [72, 73].  High 

ER Ca+2 concentrations are required for protein folding and depletion of ER Ca+2 by thapsigargin 

treatment leads to the accumulation of unfolded proteins and ER stress [74, 75].  Here we report 

that treatment of DU-145 cells with physiological concentrations of BA leads to ER expansion, 

activation of the eIF2α/ATF4 ISR and ATF6 branch of the unfolded protein response (UPR).   
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Figure 3-1 ER stress pathways Three pathways are classically assayed to determine if an 
agent causes ER stress.  1) eIF2α/ATF4, 2) ATF6, and 3) IRE1 
 

 

Methods: 

Chemicals-Boric acid, Tris, NaCl, MgCl2, DTT, methanol, and DMSO were purchased from 

Sigma-Aldrich (St. Louis, MO). Paraformaldehyde was purchased from Affymetrix/USB 

Corporation (Cleveland, OH).  TritonX-100, Tween-20, and NP40 were purchased from Fisher 

Scientific, Pittsburg, PA).  BSA and thapsigargin were purchased from Santa Cruz 

biotechnologies (Santa Cruz, CA).  FBS was purchased from Gibco-Life Sciences (Grand 

Island, NY).  Protease and phosphatase inhibitors were purchased from Calbiochem (San 

Diego, CA) 

 

Cell culture 

DU-145 prostate cancer cells, obtained from the American Type Culture Collection (ATCC, 

Manassas, VA), were maintained in RPMI Media (Gibco-Life Technologies, Grand Island, NY) 
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supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin (100 

µg/ml), and 1640 (L-glutamine (200 mM) (Gibco-Life Technologies).  Cells were plated on 10 or 

15 cm plates (Corning Life Sciences, Corning, NY or Genesee Scientific, San Diego, CA) and 

incubated at 37ºC in a humidified chamber containing 5% CO2 and 95% air and grown to 80% 

confluency.   The procedure used to remove boron from media has been previously described 

[76]. All treatment groups in the present study used media that had been stripped of boron by 

shaking with 2 grams of Amberlite IRA 743 exchange resin (Sigma-Aldrich) for 12 h at 4ºC. 

 

Immunoblot analysis (Western) 

DU-145 cells grown on 15 cm plates (Corning) to 80% confluency were treated with 10 µM BA, 

1 µM thapsigargin (Tg), or DMSO (DM) vehicle for varying time points.  Cells were washed with 

ice cold PBS supplemented with 0.1% Tween (PBST) prior to adding 100 µl RIPA (Radio 

Immuno-precipitation Assay) lysis buffer.  Cell lysates were scraped from plates using a spatula 

(Corning) and passed through a 23 gauge needle (BD, Franklin Lakes, NJ) 8-10 times on ice.  

The protein was quantitated using the Coomassie Plus Protein Assay (Thermo-

Scientific,Waltham, MA).  Aliquots of 10-35 µg protein were run on a 4-12% gradient TGX SDS-

PAGE (Bio-Rad, Hercules, CA) at 200V for 30 min along with a molecular weight ladder (Bio-

Rad).  Protein was transferred to a nitrocellulose membrane in transfer buffer with 20% 

methanol at 40V for 1.5 h.  Membranes were blocked in 3% BSA with 37.5 mM Tris (pH 8.8), 

125 mM NaCl, and 0.1% Tween 20 for at least 4 h.   Following blocking, the membranes were 

incubated with the primary antibody for 1 h in PBST or 3% BSA blocking solution, washed in 

PBST, and incubated with the appropriate secondary antibody with a HRP tag, followed by 

washing 3 times with PBST.  The membranes were exposed to ECL Plus (Amersham/GE 

Healthcare, Pittsburg, PA) for 2-5 min and imaged using a Typhoon 9410 Variable Mode Imager 

(Amersham).  Densitometry was performed using ImageQuant 5.2 software (Molecular 

Dynamics, Pittsburg, PA) or the ImagJ (NIH, Bethesda, MD) gel analysis tool.  All secondary 
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antibodies were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA).  The following 

primary antibodies from Santa Cruz Biotechnology were used: Grp78/BiP mouse monoclonal, 

Actin (goat polyclonal), GAPDH (mouse monoclonal), ATF4 (rabbit polyclonal), GADD34 (rabbit 

polyclonal), CHOP/Gadd153 (rabbit polyclonal), TIA-1 (goat polyclonal), XBP-1 (rabbit 

polyclonal).   The eIF2α (rabbit polyclonal) and ph-eIF2α (rabbit polyclonal) antibodies were 

purchased from Cell Signaling (Danvers, MA) and ATF6 (mouse monoclonal) was purchased 

from Imgenex (San Diego, CA). 

 

Taqman real time PCR (RT-PCR) 

DU-145 cells were grown on 10 cm plates (Corning) to 80% confluency at least 24 h prior to 

treatment.   Cells were treated with 10 µM BA, 1 µM Tg, or DM vehicle for varying time points.  

RNA was isolated from cells using an RNeasy mini kit (Qiagen, Valencia, CA).  Total RNA (2 

µg) was reverse transcribed using Superscript III reverse transcriptase (Invitrogen) with random 

hexamer primers (Invitrogen) at a final volume of 20 µl at 25°C, 10 min (10:00); 50°C, 45:00; 

and 70 °C, 15:00.  Applied Biosystems (ABI, Foster City, CA) Taqman predesigned assays were 

used for all genes as well as GAPDH as a control internal housekeeping gene.  Plates were 

read by a 7500 Fast Real Time PCR System using the 7500 Fast System Software v1.4.0 (ABI).  

Quantitation of gene expression levels were calculated from a standard curve created from 

reactions containing a combination of cDNA from all treatments for each gene.   

 

Immunofluorescence microscopy 

DU-145 cells were grown to 80% confluency on glass cover slips (Fisher Scientific, Pittsburg, 

PA) and treated with either BA-stripped media, 10 µM BA, or 1 µM Tg.  For ERp72 experiment, 

cells were fixed with ice cold methanol and incubated at -20°C for 15 minutes.  Fixed cells were 

blocked in 5% normal goat serum, 0.3% tritonX-100 in PBS for 1 hour.  Next, they were 

incubated with anti-ERp72 (Santa Cruz Biotechnology) at 1:150 overnight, followed by anti-
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rabbit-FITC (Santa Cruz Biotechnology) at 1:200 for 1.5 hours. For ATF6 experiment, cells were 

fixed with 4% paraformaldehyde in PBS and permeabilized with 0.5% TritonX-100 in PBS.  

Fixed cells were blocked with 10% FBS in PBS overnight.  Next, they were incubated in a 

humidity chamber with anti-ATF6 (Imgenex, San Diego, CA) at concentrations of 1:200, 

followed by secondary Alexa 488 1:500.  Coverslips were mounted with a mixture of Vectashield 

with 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA) and regular 

HardSet Vectashield (Vector Laboratories) mounting mediums at 1:5 respectively.  Images were 

captured with an Olympus DP72 camera (Olympus America, Center Valley, PA) connected to 

an Olympus BX51 fluorescence microscope (Olympus America) using an Olympus UIS2 

UPlanFLN 100X/1.30 OilPh3 objective (Olympus America) and FITC and DAPI filters.  Either 

Olympus DP2-BSW (Olympus America) or Adobe Photoshop (Adobe Systems Incorporated, 

San Jose, CA) software was used to merge and crop images. Fluorescence intensity was 

measured using the ImageJ (NIH) histogram tool in RGB mode.  Area was also measured using 

imageJ (NIH).  Area was outlined using the polygon tool.  DAPI staining is specific for the 

nucleius (Blue).  Alexa-488 staining binds to the ERp72 antibody (Green). 

 

XBP1 Cleavage Analysis 

Total RNA was extracted from BA (0-250 µM) or thapsigargin (10 µM) treated DU-145 cells 

using RNeasy Mini Kit (Qiagen).  RNA was reverse transcribed using SuperScript III reverse 

transcriptase (Invitrogen).  XBP1 cDNA was amplified with GoTaq Flexi DNA Polymerase 

(Promega, Madison WI) using the forward primer 5’CACCTGAGCCCCGAGGAG3’ and reverse 

primer  5’TTAGTTCATTAATGGCTTCCAGC3’.  50 µl PCR reactions were run under the 

following amplification conditions: 95°C for 2 min; 95°C for 30 s, 60°C for 30 s, 72°C for 30 s, all 

for 25 cycles; 72°C for 5 min [32].  PCR products were run on 2% agarose E-gels with SybrSafe 

(Invitrogen) or 4% ethidium bromide agarose gels. 
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Statistical Analysis 

All immunoblot, RT-PCR, and Immunofluoresence data was analyzed using the unpaired 

Student’s t-test.  All time points represent 3-6 independent biological replicates unless indicated 

otherwise. 

 

Results: 

BA causes dose dependent ER expansion  

We hypothesized that BA induced ER stress based on the calcium studies by Henderson et al.  

Light microscopy of BA treated DU-145 cells revealed cell flattening [77]. We were interested in 

knowing how this morphological change manifested at the ultrastructural level.  We used 

immunofluorescence microscopy on DU-145 cells treated for 24 h with 0, 10, 50 or 250 µM BA.  

We stained for the ER protein, ERp72 to measure ER size (FITC).  The results show a dose 

dependent increase in ER size (normalized to size of the nucleus), indicative of ER expansion. 

(Fig. 3-2).    

 

BA induces phosphorylation of eIF2α.  

The eIF2 complex is part of a large ternary complex (eIF2–GTP–tRNAi Met) that positions the 

initiator methionine at the first codon of mRNA to commence translation and protein synthesis.  

eIF2α is the regulatory subunit of the eIF2 complex and phosphorylation on serine 51 inhibits 

the formation of the eIF2-GTP-tRNAiMet complex inhibiting the initiation of transcription [78, 79].  
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Figure 3-2 BA induces ER expansion in DU-145 cells. (A) Immunofluorescence images of 
DU-145 cells treated for 24 h with 0, 10, 50, and 250 µM BA. 1 µM thapsigargin (Tg) was used 
as a positive control and DMSO (DM) as vehicle.  Cells were stained for ER marker, ERp72 
(green).  Area measurements were recorded of total ER size and size of the nucleus.  The ratio 
of ER area/Nuclear area was calculated.  A dose-dependent increase in ER size is observed.  
Images are representative of results, (n=37-50 cells). (B) Immunofluorescence images of DU-
145 cells treated with 10 µM BA over 1 hour. Cells were stained and quantitated as in panel A. 
An increase in ER size was observed at 15 minutes and sustained through 1 hour.  Pictures are 
representative of results, (n=8-18).  Significance differences were represented using * p<0.05, 
**p<0.01 and ***p<0.001. 
 

We used a polyclonal antibody to measure phosphorylation of eIF2α at serine 51 and expressed 

phosphorylation by the following formula: (ph-eIF2α/actin)/(total eIF2α/actin).  Phosphorylation 

of eIF2α at serine 51 increased at 1 hour in a dose dependent manner (Fig. 3-3A) and at 0.5, 1, 
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and 2 h treatment with 10 µM BA (Fig. 3-3B).  As a positive control we treated with DU-145 cells 

with 1 µM thapsigargin or DMSO (vehicle) for 1 h. Thapsigarin induces ER stress by decreasing 

ER luminal Ca2+ as a consequence of its ability to inhibit SERCA, an ATPase that pumps Ca2+ 

into the ER [30]. Thapsigargin significantly induced phosphorylation of eIF2α in DU-145 cells 

(Fig. 3-3).   

 

BA induces ATF4 transcription and translation 

Phosphorylation of eIF2α selectively activates transcription and translation of ATF4, a 

transcription factor in the highly conserved integrated stress response (ISR) that enables cells to 

survive adverse environmental conditions [80].  We used RT-PCR to measure ATF4 

transcription in DU-145 cells treated with 10 µM BA.  ATF4 mRNA increased at 0.5, 1 and 2 h 

treatment and then declined (Fig. 3-4B).  ATF4 mRNA was elevated at 1 h in cells treated with 

thapsigargin (Fig. 3-4B).  We used polyclonal antibodies to measure ATF4 protein expression 

which showed an increase from 1 to 3 h and a decrease starting at 4 and 5 h treatments (Fig. 3-

4A). Thapsigargin controls were increased at 1 h treatment (Fig. 3-4A). 

 

BA induces GADD34 and Herp transcription, but decreases CHOP 

ATF4 moves into the nucleus where it activates genes that assist in cell survival by relieving the 

stress of the accumulation of unfolded proteins or apoptosis in the case of lethal stresses [29].  

GADD34 and Herp are ATF4-inducible survival genes and CHOP (GADD153) is a pro-apoptotic 

gene.  We treated DU-145 cells with 10 µM BA at varying time points and used RT-PCR to 

analyze changes in mRNA levels for these genes at several time points.  GADD34 provides a 

negative feedback loop in the eIF2α/ATF4 pathway by dephosphorylating ph-eIF2α [29].  We 

show a significant increase in GADD34 at 0.5, 1, and 2 h treatment  (Fig. 3-4C).   Herp is a 

protein involved in ER associated degradation (ERAD) that recruits the 26S proteasome 

component to the ER membrane during ER stress [29].  Herp mRNA was increased significantly 
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Figure 3-3 BA induces eIF2α phosphorylation at ser-51 in DU-145 cells.  (B) DU-145 cells 
treated with 10 µM BA for 0, 0.25, 0.5, 1, 2, 3, 4, 5, and 6 h and1 µM thapsigargin (Tg) or DMSO 
(DM) for 1 hour. BA induced phosphorylation of eIF2α in DU-145 cells at 0.5, 1, and 2 h of 
treatment and with Tg treatment (n= 3-5).   Significance differences are represented using * 
p<0.05, **p<0.01 and ***p<0.001.  
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Figure 3-4  BA activates ATF4 in DU-145 cells.  (A) BA treatment results in an increase in 
ATF4 protein levels.  DU-145 cells treated with 10 µM BA for 0, 0.25, 0.5, 1, 2, 3, 4, 5, and 6 h 
and1 µM thapsigargin (Tg) or DMSO (DM) for 1 hour.  ATF4 protein is increased in cells treated 
between 1-5 h BA treatment and with Tg.  ATF4 protein is significantly decreased at 4 and 5 h 
of treatment, (n=3-5).  (B) BA induces an increase in ATF4 transcription in DU-145 cells.  10 µM 
BA induces ATF4 transcription at 0.5, 1, and 2 h of treatment.  1 µM thapsigargin (Tg) and 
DMSO vehicle (DM) was used as a positive control and significantly induced ATF4 transcription, 
(n=3-5).  (C)  ATF-4 inducible genes GADD34 and Herp are up regulated and CHOP is down 
regulated by BA.    10 µM BA induced expression of GADD34 at 0.5, 1, and 2 h and Herp at 4 h 
of treatment.  10 µM BA down-regulates expression of GADD153 (CHOP) at 0.5, 4, and 12 h of 
treatment and Herp at 0.5 h (n=3-4).  As a positive control 1 µM thapsigargin (Tg) up-regulated 
expression of all three genes compared to DMSO vehicle (DM), (n=3).  Significance differences 
were represented using *p<.05, **p<.01 and ***p<.001. 
 

15 min after treatment, then returned to normal before it increased again 4 h treatment (Fig. 3-

4C).  In contrast, 10 µM BA caused GADD153/CHOP mRNA (an apoptotic gene) expression to 

decrease intermittently at 30 min, 4 and 12 h treatment (Fig. 3-4C).  This result is consistent 

with previous observations that showed treatment of DU-145 cells with BA does not induce 



37 
	  

apoptosis even at a level of 1000 µM where reproductive and developmental toxicity occurs 

[77].   

 

BA induces GADD34 protein translation 

 Immunoblots using a polyclonal antibody showed GADD34 protein increased at 3 h treatment 

of DU-145 cells with 10 µM BA (Fig. 3-5A).  The increase in GADD34 protein occurred within the 

timeframe of eIF2α dephosphorylation (Fig. 3-3B).  Treatment with 1 µM thapsigargin increased 

both GADD34 mRNA and protein (Fig. 3-4C and 3-5A, respectively).  

 

 

Figure 3-5 BA induces an increase in GADD34 protein in DU-145 cells.  (A) DU-145 cells 
treated with 10 µM BA for 0, 0.25, 0.5, 1, 2, 3, 4, 5, and 6 h and1 µM thapsigargin (Tg) or DMSO 
(DM) for 1 hour.  GADD34 translation is increased in cells treated for 3 h BA treatment and Tg 
treatment (n=3-5). Significance differences were represented using * p<0.05, **p<0.01 and 
***p<0.001.   
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Figure 3-6  GADD153 (CHOP) protein is down regulated in BA treated DU-145 cells.   (A) 
DU-145 cells treated with 10 µM BA for 0, 0.25, 0.5, 1, 2, 3, 4, 5, and 6 h and1 µM thapsigargin 
(Tg) or DMSO (DM) for 1 hour. CHOP (GADD153) translation is decreased in DU-145 cells 
treated for 0.25, 0.5, 3, 4, 5, and 6 h with BA treatment, but increased with Tg treatment. (n=3-
4). Significance differences were represented using * p<0.05, **p<0.01 and ***p<0.001.  
 

BA decreased CHOP translation 

We performed immunoblots using both monoclonal and polyclonal antibodies to CHOP on DU-

145 cells treated with 10 µM BA.  CHOP is an apoptotic protein and increased levels will point a 

cell towards cell death.  CHOP protein expression was decreased at 0.25, 0.5, 3, 4, 5, and 6 h 

treatment (Fig. 3-6).  Thapsigargin increased CHOP protein expression at 1 h (Fig. 3-6).  The 

BA-induced decrease in CHOP expression was consistent with our observation that the same 

BA dose decreased CHOP transcription (Fig. 3-4C) and previous reports that DU-145 cells do 

not undergo apoptosis with BA treatment even at 1000 µM [77].   

 

BA induces ATF6 activation 

In response to ER stress, the ER resident protein, ATF6, is translocated to the Golgi apparatus 

where it undergoes proteolysis by the S1P/S2P protease system.  The resulting soluble 

cytoplasmic fragments enter the nucleus and activate transcription of target genes with ER 

stress response elements (ERSE), such as GRP78/BiP [81]. We used immunofluorescence 
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microscopy to measure the movement of cleaved ATF6 into the nucleus and observed an 

increase in the nuclear ATF6/cytoplasmic ATF6 ratio at 0.5 h treatment with 10 µM BA (Fig. 3-

7A & C).  Nuclear ATF6 immunofluorescence staining began to subside after 4 h. We confirmed 

these results with an immunoblot measuring the full length 100 kDa band and the cleaved 70 

kDa band (Fig. 3-7B).  The ratio p70/p100 began to rise at 0.25 and became significant at 1 h 

(Fig. 3-7C).  

 
BA increases transcription of ATF6 target genes  

Cleaved ATF6 is a transcription factor for UPR-related genes that contain the ERSEI in their 

promoter [29, 82].  ATF6-inducible genes include the two Ca2+ proteins Grp78/BiP and 

calreticulin as well as Grp94, XBP1, and GADD153 (CHOP) [74, 82].  In order to confirm that 

BA activated ATF6 was acting as a transcription factor, we measured the mRNA of these genes 

by RT-PCR following treatment of DU-145 cells with BA.  10 µM BA increased Grp94 mRNA at 

0.25 h, Grp78/BiP mRNA at 1, 2, and 8 h, calreticulin mRNA at 2, 4, 8, and 24 h, and XBP1 at 

24 h treatment  (Fig. 3-7D).  As discussed above, GADD153/CHOP is also an ATF4-inducible 

gene and transcription was decreased with BA treatment (Fig. 3-4C).   

 
BA increased GRP78/BiP translation 

Glucose-regulated protein (GRP78), also known as BiP has three major functions: it is the major 

ER chaperone; it binds to and maintains the three UPR transmembrane sensors ATF6, PKR-

like ER kinase (PERK), and IRE1 in an inactive form, but is released when unfolded and 

misfolded proteins accumulate and functions as a pro-survival chaperone activating the 

unfolding response (UPR); and is a major Ca2+ binding protein [83, 84]. We used a monoclonal 

antibody to measure GRP78/BiP protein in DU-145 cells treated with 10 µM BA.  It was  
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Figure 3-7  BA activates ATF6 in DU-145 cells.  (A) ATF6 translocates to the nucleus and the 
p70/p100 increases in BA treated DU-145 cells.  10 µM BA induced ATF6 (green) to cleave and 
move into the nucleus (blue) of DU-145 cells treated up to 4 h. A significant increase in ATF6 
activation was observed for treatments 1 hour and longer (C).  1 µM thapsigargin (Tg) was used 
as a positive control (n=15-48).  (B) DU-145 cells treated with 10 µM BA for 0, 0.25, 0.5, 1, 2, 3, 
4, 5, and 6 h and1 µM thapsigargin (Tg) or DMSO (DM) for 1 hour. The ATF6 p70/p100 ratio 
was significantly increased at 1 and 5 h BA treatment and Tg treatment (C). (D) BA up regulates 
ATF6-inducible genes BiP, Grp94, calreticulin, and XBP1.   10 µM BA induced expression of  
BiP (Grp78) at 0.5, 1, and 2 h which decreased after 4 h, Grp94 at 4 h, calreticulin at 2, 4, 8, 
and 24 h, and XBP1 at 24 h of treatment.  The positive control 1 µM thapsigargin (Tg) up 
regulated expression of all genes compared to DMSO vehicle (DM) (n=4-9).  Significance 
differences were represented using * p<0.05, **p<0.01 and ***p<0.001.  
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Figure 3-8 BA induces an increase in Grp78 (BiP) protein in DU-145 cells.  (A) DU-145 cells 
treated with 10 µM BA for 0, 0.25, 0.5, 1, 2, 3, 4, 5, and 6 h and1 µM thapsigargin (Tg) or DMSO 
(DM) for 1 hour.  Translation increased in cells treated for 0.5, 1, 2, 3, and 4 h BA treatment and 
with Tg treatment (n= 3-4). Significance differences were represented using *p<0.05, **p<0.01 
and ***p<0.001.  
 

increased significantly at 0.5, 1, 2, 3, and 4 h treatment (Fig. 3-8).  The positive control 

thapsigargin also increased GRP78/BiP protein (Fig. 3-8).   

 

BA does not activate the IRE1 branch of UPR  

The accumulation of unfolded and misfolded proteins in the ER causes inositol-requiring 

protein-1 (IRE-1) to dimerize allowing trans-autophosphorylation of juxtaposed kinase domains 

and activation of their endoribonuclease domains located in the cytoplasm [85]. IRE1 activates a 

transcription factor called Hac1 in yeast and XBP1 in metazoans that induces a large number of 

genes encoding parts of the ER-resident folding machinery. Import of these gene products into 

the ER augments the organelle’s folding capacity. The easiest and most common method for 

analyzing the activation of the IRE1 branch of the UPR is to look at the splicing of XBP1, an 

action that is required for translation of the transcription factor (XBP1p).  We used primers 

specific for both spliced and unspliced forms of XBP1 mRNA.  When PCR products are run 
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slowly on an agarose gel, the two forms separate into two individual bands if IRE-1 is activated 

and XBP1 mRNA is spliced.  We treated DU-145 cells with varying doses of BA for 24 h and no 

splicing was seen (Fig. 3-9A).  We also treated DU-145 cells with 10 µM BA for varying time 

points and again we did not observe any spliced mRNA (Fig. 3-9B).   XBP1p acts as a 

transcription factor for a number of UPR-related genes.  If BA activated IRE1 we would expect 

an increase in the transcription of these genes.  We used RT-PCR to analyze the expression of 

XBP1 target genes Hrd1 and EDEM1.  BA treatment  did not increase the transcription of 

Hrd1which is specifically controlled by XBP1 (Fig. 3-9C), however, the transcription of EDEM1 

was increased at 2, 4, and 24 h by treatment with10 µM BA (Fig. 3-9C).  We expect the 

difference is related to the fact that EDEM1 is induced by ATF6 in addition to XBP1.  We show 

that ATF6 was activated by BA, and it likely induced transcription of EDEM1 (Fig. 3-7).   

 

Figure 3-9  BA does not activate the IRE1 signaling pathway.  (A) DU-145 cells were treated 
with 0, 10, 50, 100, or 250 µM BA or 1 µM thapsigargin (Tg) for 24 h.  Thapsigargin was used as 
a positive control.  Varying doses over 24 h did not lead to XBP1 cleavage.  (B) DU-145 cells 
were treated with 10 µM BA for varying time points or 1 µM thapsigargin (Tg) as a positive 
control.  XBP1 was not cleaved at any time point by BA.  Image is representative of results, 
(n=3). (C) BA up regulates the XBP1-inducible gene for Edem1 but not Hrd1.  10 µM BA 
induces expression of Edem1 at 2, 4 and 24 h. 10 µM BA does not induce expression of Hrd1 in 
DU-145 cells.  As a positive control 1 µM thapsigargin (Tg) up-regulated expression of both 
genes compared to DMSO vehicle (DM), (n= 3-6).  Significance differences were represented 
using *p<0.05, **p<0.01 and ***p<0.001. 
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Discussion: 

Boron is an essential plant nutrient with a known molecular function, but in animal cells its 

molecular biology has been obscure.  We describe the response of DU-145 human prostate 

cells to physiological concentrations of BA.  We draw six main conclusions from our 

experimental results, which are summarized in figure 3-10. First, BA causes a dose-dependent 

expansion of the ER. ER expansion is induced by ATF6 [86] and independently by XBP1(S) [87, 

88].  We show that treatment with BA activated ATF6, but not IRE1.  

 

The second conclusion is BA increases BiP/GRP78 a resident ER chaperone and a classic 

marker for ER stress (Fig. 3-8).  The extended period of BiP/GRP78 protein elevation may be 

explained by its long half-life of  >48 h [89].    Binding protein, also known as glucose responsive 

protein, 78 binds about 20% of the ER’s Ca2+ and is the master regulator of the UPR [83, 90].  

High ER [Ca2+] is required for protein folding and when it is low unfolded proteins accumulate 

and BiP/GRP78 is released from resident chaperones and binds to unfolded/misfolded proteins 

[90].  In eukaryotic cells, newly synthesized secretory and transmembrane unfolded 

polypeptides are transported through translocons into the ER lumen.  BiP/GRP78 gates the ER 

side of the translocon [83, 91, 92], recognizes hydrophobic regions of nascent unfolded proteins 

entering the ER, and assists in their folding and assembly into polypeptides [93, 94].  When 

unfolded and misfolded proteins accumulate, BiP/GRP78 activates UPR pathways to remove 

the stress.  BiP/ GRP78 is expressed in the mineralizing matrices of teeth, bone, and in the 

extracellular matrix of differentiating human marrow stromal cells and dental pulp stem cells. 

BiP/GRP-78 binds to type I collagen and dentin matrix protein 1 and aids in the nucleation of 

calcium phosphate [95]. Our observation that BA induces GiP/GRP78 translation thus identifies 

a connection as to how boron supplementation increases bone mass and strength [4, 9, 96].   
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The third conclusion is BA mildly activates eIF2α phosphorylation (ph-eIFα).  EIF2α binds met-

tRNAi  and catalyzes the formation of puromycin-sensitive 80S preinitiation complexes [89].  

The interaction between BiP/GRP78 and nascent unfolded proteins is stabilized by luminal ER 

Ca2+.  When Ca2+ concentrations fall, BiP/GRP78 is released and interacts with PERK, a kinase 

that phosphorylates eIF2α [90].  Phosphorylation of eIF2α leads to an inhibition of global protein 

translation and is an upstream event that leads to the induction of ATF4-inducible genes.  We 

showed a significant increase in the phosphorylation of eIF2α in DU-145 cells treated with BA 

(Fig. 3-3).  GADD34, the phosphatase that removes the phosphate from ph-eIF2α, was also 

significantly increased with BA treatment (Fig. 3-5).  The time frame of  phosphorylation and 

dephosphorylation events is consistent with deactivation (Figs. 3-3B, 3-4C, 3-5). 

 

The fourth conclusion is that BA activates the transcription factor, ATF4.  Phosphorylation of 

eIF2α increases upstream open reading frame (uORF) mediated translation of bone related 

activating transcription factor 4 (ATF4).  The ph-eIF2α /ATF4 branch of the UPR is highly 

conserved from yeast to mammals and has been named the Integrated Stress Response (ISR) 

because it is a target of many different types of environmental stresses [80].  Treatment with BA 

resulted in an increase in ATF4 transcription followed by an increase in protein levels (Figs. 3-

4A & B).  We also observed an induction of ATF4-inducible genes GADD34 and Herp (Fig. 3-

4C).  Herp (homocysteine-induced ER protein) is dually regulated by ATF6 and ATF4 [97].  In 

neurons, moderate levels of ER stress increase Herp levels which promotes cell survival by 

stabilizing ER Ca2+, preserving mitochondrial function and suppressing caspase 3, whereas 

lethal doses decrease Herp levels and induce apoptosis [98].  In neuronal PC12 cells, 

promotion of cell survival is accomplished by Herp's association with ryanodine and inositol Ca2+ 

channels and facilitation of their proteasome-mediated protein degradation [99].  Herp 

associates with the ubiquitin-protein ligase (E3) Hrd1/synoviolin, which mediates the 

ubiquitylation of substrate proteins and their retro-translocation to the cytosol [100].  Herp 



45 
	  

mRNA was induced by BA treatment in DU-145 cells, but Hrd1 mRNA was not. The much 

longer half-life of Hrd1 (15 h) compared to Herp (2 h) may explain the difference in their 

expression in our experiments because Hrd1 may require induction of mRNA at levels too low to 

be detected in our experiments [100]. Our observation that BA induces ATF4 provides a lead to 

understanding how boron supplementation increases bone mass and strength [4, 9, 96].  ATF4 

regulates osteogenesis during development and bone remodeling postnatally and up regulates 

osteocalcin [101]. Parathyroid hormone is an essential regulator of endochondral bone 

formation, an important anabolic agent for the reversal of bone loss and mediates its functions 

in part by regulating binding of ATF4 to the osteoblast specific gene, osteocalcin [102].  

 

BA reduced the CCAAT/enhancer-binding protein homologous protein (CHOP), also referred to 

as growth arrest- and DNA damage-inducible gene 153 (GADD153), at both the mRNA and 

protein level.  This outcome is consistent with previous reports showing that low levels of BA do 

not cause apoptosis in prostate cell lines [77].  The absence of CHOP activation by BA is also 

consistent with the antiapoptotic activity of BiP/GRP78 and Herp, and the absence of BA 

activation of IRE1 (Figs. 3-4C, 3-6, 3-7D, 3-8, 3-9).  One reason may be related to the level of 

stress induced by BA.  A single upstream ORF (uORF) located in the 5’-leader of the CHOP 

mRNA is responsible for CHOP translation.   In non-stress conditions and when eIF2α 

phosphorylation is low, the uORF serves as a barrier that prevents translation of the 

downstream CHOP coding region.  Lethal stress levels enhance eIF2α phosphorylation which 

facilitates ribosome bypass of the uORF and allows translation [103].  In our experiments, 

thapsigarin-induced eIF2α phosphorylation was higher than that induced by BA.  Another 

explanation may lie in CHOP's mRNA stability.  Methionyl-tRNA synthetase (MetRS) catalyzes 

the specific attachment of methionine to its tRNAMet to generate methionyl-tRNAMet required 

for protein synthesis. CHOP and MetRS genes overlap in a 55 bp domain of their 3'UTR ends 

that contains a mRNA destabilization element.  It has been proposed that the interaction 
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between the two mRNAs prevents the formation of the destabilization complex [104].  If BA 

does not induce MetRS the decrease we observed in CHOP mRNA and protein could be the 

result of CHOP mRNA decay.   

 

The fifth conclusion is that BA activates the ATF6 pathway.  ATF6 is retained in the ER bound to 

BiP/GRP78 and it dissociates from ATF6 when unfolded proteins accumulate.  ATF6 moves to 

the Golgi where it is cleaved by S1P and S2P proteases to form a soluble basic leucine zipper 

(bZIP) transcription factor that moves into the nucleus [83, 105].  Nuclear ATF6 binds to an ER 

stress response element (ERSE) located upstream of target genes which include BiP/GRP78, 

calreticulin, and XBP1 (X-Box Binding Protein-1) [106].  In our experiments, BA caused ATF6 

protein to cleave and move to the nucleus (Fig. 3-7).     

 

Our study shows that calreticulin mRNA increased in BA-treated DU-145 cells (Fig. 3-7D).  

Calreticulin is a major ER calcium binding protein and increases luminal Ca2+ stores [107, 108].  

As a chaperone, it recognizes the terminal glucose and four internal mannoses in newly-

synthesized glycoproteins [109].  Reductions in ER Ca2+ decrease the formation of these 

complexes and ER folding capacity. Calreticulin facilitates the folding of major histocompatibility 

complex (MHC) class I molecules and their assembly factor tapasin, thereby influencing antigen 

presentation to cytotoxic T cells [110, 111].  Calreticulin is also required for the stability and 

nuclear localization of the p53 protein [112].  Whether the ability of BA to induce calreticulin 

transcription is related to its multiple effects of BA on the immune system is a question that 

needs further study [5].  

 

The second ATF6-regulated gene we evaluated was BiP/GRP78.  Transcripts of BiP/GRP78 

were increased significantly with BA treatment (Fig. 3-7D). The increase in BiP/GRP78 protein 

(Fig. 3-8) before its mRNA transcript is in accord with previous studies in HeLa cells that 
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showed thapsigargin induced rapid BiP translation that preceded transcription [113]. The 

authors suggest that storage of BiP/GRP78 mRNA transcripts allows cells to rapidly synthesize 

the protein to adapt to small perturbations and reserves transcriptional up-regulation for 

conditions that cause major reductions in the protein level [113].   

 

The molecular chaperone grp94/gp96 is the paralog of heat-shock protein 90 (HSP90) in the ER 

and we show treatment with BA caused a rapid, but transient increase in its mRNA.  It is 

required for folding several cell surface proteins including integrins, toll-like receptors (TLRs), 

insulin-like growth factors (IGFs), thymoglobulin, and the platelet glycoprotein Ib-IX-V complex 

[114].  This is of interest because boron supplementation has been reported to reduce platelet 

count in humans and tissue IGF1 in prostate LNCaP xenograph rat tumors [7, 17].   

 

XBP1 mRNA is induced by ATF6 and spliced by IRE1 to form transcription factor XBP1(S) 

[106].  In our experiments, XBP1 mRNA was elevated in BA-treated cells (Fig. 3-7D) [106].  

ATF6 alpha forms a heterodimer for the induction of ER degradation enhancing α-mannosidase-

like 1 (EDEM1) which enhances the release of terminally misfolded glycoproteins from the 

calnexin chaperone system for ERAD.  In our study EDEM1 mRNA was elevated by BA 

treatment (Fig. 3-9C).    

 

The sixth conclusion is that BA does not activate IRE1.  IRE1 executes site-specific cleavage of 

XBP-1 mRNA and the resulting fragments are ligated to yield a transcript encoding a basic 

leucine zipper protein, termed XBP-1(S) [32, 115].  We did not observe a change in XBP1 

cleavage in BA-treated cells (Figs. 3-9B & C).  The IRE1 pathway transactivates transcription of 

genes encoding ER chaperones and components required for ER-associated degradation of 

misfolded proteins [106].   
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BA induces mild activation of the eIF2α/ATF4 and ATF6 pathways, but does not activate the 

IRE1 pathway.  Together with mild activation of eIF2α/ATF4f and ATF6, decreased CHOP 

levels, and no IRE1 activation we conclude that BA induces a discordant ER stress response 

and acts different than classic ER stressors.  This demonstrates that there may be a non-ER 

stress role for these signal transduction pathways and that BA is an environmental stimulus of 

these pathways.  Additional studies need to be done to further understand the larger 

implications of this finding. 
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Figure 3-10 BA differentially activates UPR related pathways in DU-145 cells.  (A) 
Schematic of the pathways evaluated in this study.  Darker images and text indicate activated 
pathways, lightened images and text indicate pathways that were not activated. (B) Temporal 
representation of activation events with 10 µM BA are separated by UPR pathway.  Intensity of 
activation is illustrated by intensity of color 
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Conclusion: 

This study provides for the first time an outline of molecular pathways activated in an animal cell 

by BA at a concentration that can be achieved in human plasma by dietary intake.  The median 

consumption of boron in the U.S. ranges from 0.75 to 1.35 mg B/d in adults [116] and most is 

derived from dietary plants.  Borates provide the essential diester link between chains of the 

pectic polysaccharide rhamnogalactanuran II (RG-II) that is essential for plant cell elongation 

and growth.  RGII occurs in the cell walls of gymnosperms and angiosperms and is a soluble 

plant fiber that constitutes 15% to 30% of dietary fiber [67].  Rich food sources include tree nuts 

and peanuts, fruits, vegetables, legumes and wine which along with olive oil are the signature of 

the Mediterranean diet [117].  Coffee in North America, and soybeans in China are major 

contributors to the diet [116, 118] and both are associated with reduced risk of prostate cancer 

[119, 120].  This work outlines the molecular pathways that can be activated by BA exposure 

from the diet. 

 

Furthermore, this work is important because it gives a molecular mechanism through which we 

can argue a molecular role for boron in humans and animals.  We now have a starting point for 

studying the potentially diverse roles for boron in the human.  By characterizing the modulation 

of ER stress pathways by BA, we can now begin to link the known health effects of BA observed 

in animal models. 
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Chapter 4:  

Boric Acid Activation of eIF2α  and Nrf2 is PERK Dependent 
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Abstract: 

We have previously reported that physiological levels of boric acid (BA) (10 µM) activate the 

eIF2α/ATF4 branch of the unfolded protein response (UPR) in DU-145 prostate cancer cells. 

The ATF4 pathway is initiated by phosphorylation of eIF2α at Ser51 by GCN2, Perk, HRI, or 

PKR kinase. 10 µM BA treatment increases levels of ph-eIF2α/total eIF2α protein between 0.5-2 

hours in DU-145 cells. We hypothesize that phosphorylation occurs through PERK, the kinase 

activated by ER stress. We tested this using MEF WT cells and MEF Perk -/- cells to determine 

if PERK was required for BA activated eIF2α phosphorylation.  MEF WT cells showed an 

increase in ph-eIF2α/ total eIF2α at 1 hour with 10 µM BA treatment. The increase in ph-eIF2α 

was not observed in 10 µM BA treated MEF PERK -/- cells over a 6 hour time course, indicating 

that PERK was required for BA induced phosphorylation of eIF2α. To further test the hypothesis 

we used DU-145 cells to assess Nrf2 activation, another PERK dependent pathway. Nrf2 

activation leads to translocation from the cytoplasm to the nucleus where it acts as a 

transcription factor for the antioxidant response element (ARE). Immunofluorescence showed 

that 10 µM BA treatment resulted in Nrf2 translocation to the nucleus at 1.5-2 hours. In addition, 

we measured mRNA levels of three ARE genes (HMOX-1, NQO1, and GCLC) using real-time 

PCR. 10 µM BA treatment resulted in an increase in mRNA levels of all three genes at between 

1-4 hours in DU-145 cells, following the temporal pattern observed in the immunofluorescence 

experiments. Nrf2 studies were repeated in MEF WT and PERK -/- cells and the data show that 

both Nrf2 nuclear translocation and increased transcription of ARE genes are dependent on 

PERK.  These results provide evidence that BA is an activator of PERK at physiological 

concentrations that can be achieved through diet. 

Introduction: 

Boron is an essential plant nutrient and a structural component of the cell wall that is ingested 

and absorbed from diet as boric acid (BA).  The molecular function of BA in humans is 
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unknown. However, low BA intake is associated with an impaired immune system, decreased 

bone density, and other health effects [6].  Furthermore, BA in drinking water is associated with 

a dose dependent decrease in risk of prostate and lung cancers [13, 14]. We have shown that 

concentrations of BA achievable in the blood through the diet can inhibit Ca2+ release from the 

endoplasmic reticulum (ER) and that it can mildly activate the eIF2α/ATF4 and ATF6 pathways 

[26, 41-45, 121].   

EIF2α is a key regulator of protein translation inhibition as a cellular response to environmental 

and ER stress [122]. Phosphorylation at Ser51 results in inhibition of eIF2B and in turn inhibits 

global protein synthesis [123].  There are four well-characterized eIF2α kinases, each activated 

by different cellular conditions.  These kinases each have a conserved eIF2α kinase domain 

that contributes to the recognition of eIF2α [123-125]. They differ in their regulatory domains 

which allow each kinase to respond to distinct stimuli [123].   

 

The first kinase, protein kinase R (PKR), is sensitive to double stranded RNA (dsRNA).  dsRNA 

promotes kinase activity, and in its absence, the dsRNA binding domain interacts with the 

kinase domain keeping it in an inactive state.  dsRNA binding induces a conformational change 

in PKR exposing the kinase domain [123, 126-128]. The second kinase is PKR-like ER kinase 

(PERK).  The regulatory domain of PERK is localized to the ER lumen and is sensitive to 

accumulation of unfolded proteins and ER stress [123].  There are two models of PERK 

activation.  The first describes PERK activation through dissociation of BiP (a protein 

chaperone) from the kinase upon accumulation of unfolded and misfolded proteins in the ER.  

When BiP leaves PERK, PERK will dimerize and become active.  In the absence of the ER 

stress, BiP stays bound to PERK maintaining it in an undimerized inactive form [123, 129].  The 

second model describes PERK activation through binding of unfolded proteins to the IRE1 

domain on PERK.  Binding at the IRE1 domain results in oligomerization of PERK, resulting in 
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activation [130].  The third kinase is general control nonderepressible 2 (GCN2).  GCN2 is 

sensitive to amino acid deficiency [131, 132].  Under amino acid starvation, uncharged tRNAs 

bind to the regulatory domain of GCN2 and prevent it from inhibiting the kinase domain.  GCN2 

has also been shown to be sensitive to purine nucleotide limitation, high salinity, glucose 

limitation, rapamycin, methylmethane sulfonate, and UV light [123, 133, 134].   Lastly, heme-

regulated inhibitor kinase (HRI) is sensitive to heme deprivation in erythroid cells, and in other 

cell types, arsenite, cadmium, heat shock, osmotic stress, and nitric oxide [123, 135, 136].  

Heme binds to the amino-terminal domain, which interacts with the kinase domain maintaining it 

in an inactive state under normal heme levels.  When cells become heme deficient, this 

interaction is disrupted, leading to activation of HRI [137]. We hypothesize that BA 

phosphorylates eIF2α through PERK because it is the kinase sensitive to ER Ca2+ levels and 

ER stress.  

  

 

Figure 4-1 PERK signaling pathway 
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PERK is activated upon ER stress and once activated, its signaling bifurcates into two 

pathways, eIF2α/ATF4 and Nrf2/Keap-1.  Nrf2 is a transcription factor for the antioxidant 

response element (ARE) and activation points the cell towards cell survival instead of apoptosis 

[138]. Cullinan and Diehl proposed a model where ph-eIF2α and ph-Nrf2 signaling converge 

and amplify PERK signaling [139].  It is possible that the balance between these two PERK 

dependent signaling pathways determine the fate of a cell.  We used DU-145, MEF WT, and 

MEF PERK -/- cells to demonstrate that BA can induce both pathways and that induction is 

dependent on PERK.  

 

Methods: 

Chemicals-Boric acid, Tris, NaCl, MgCl2, sucrose, DTT, krebs ringer buffer and DMSO were 

purchased from Sigma-Aldrich (St. Louis, MO).  Sucrose was purchased from USB Corporation 

Cleveland, OH). Methanol, Tween-20, NP40, and cycloheximide were purchased from Fisher 

Scientific, Pittsburg, PA).  BSA and thapsigargin were purchased from Santa Cruz 

biotechnologies (Santa Cruz, CA).  FBS, cell culture media, and cell culture supplements were 

purchased from Life Technologies (Grand Island, NY).  Protease and phosphatase inhibitors 

and AI-1 Nrf2 Activator were purchased from Calbiochem (San Diego, CA).  Embryonic stem 

cell grade 2-mercaptoethanol was purchased from Millipore EMD (Billerica, MA). 

 

Cell culture 

DU-145 prostate cancer cells, obtained from the American Type Culture Collection (ATCC, 

Manassas, VA), were maintained in RPMI Media 1640 supplemented with 10% fetal bovine 

serum (FBS), penicillin (100 U/ml), streptomycin (100 µg/ml), and L-glutamine (200 mM) (Life 

Technologies, Grand Island, NY).  Cells were plated on 10 or 15 cm plates (Genesee Scientific, 
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San Diego, CA) and incubated at 37ºC in a humidified chamber containing 5% CO2 and 95% air 

and grown to 70-80% confluency.   MEF WT and MEF Perk -/- cells, obtained from the ATCC 

were maintained in DMEM Media (Life Technologies, Grand Island, NY) supplemented with 

10% fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin (100 µg/ml), and L-glutamine 

(200 mM), 0.1 mM Non-Essential Amino Acids, and 0.05 mM 2-mercaptoethanol.  Cells were 

plated on 10 or 15 cm plates (Genesee Scientific, San Diego, CA) and incubated at 37ºC in a 

humidified chamber containing 5% CO2 and 95% air and grown to 80% confluency.   Our 

procedure to remove boron from media has been previously described [76]. Briefly, all treatment 

groups in the present study used media that had been stripped of boron by shaking with 2 

grams of Amberlite IRA 743 exchange resin (Sigma-Aldrich) for 12 h at 4ºC.  BA, thapsigargin, 

AI-1, or DMSO were added to the boron stripped media for treatments.  Amino acid starvation 

treatments were done by incubating cells in Krebs Ringer Buffer prepared with boron free water 

(Sigma-Aldrich) supplemented with 10% dialyzed FBS (Life Technologies). 

 

Immunoblot analysis (Western) 

DU-145, MEF WT, and MEF PERK -/- cells grown on 15 cm plates (Corning, Corning, NY) to 

80% confluency were treated with 10 µM BA, 1 µM thapsigargin, AI-1 Nrf2 Activator, DMSO 

vehicle, or for amino acid starvation condition, krebs ringer buffer supplemented with 10% 

dialyzed FBS (Life Technologies) for varying time points.  Cells were washed with ice cold PBS 

supplemented with 0.1% Tween (PBST) prior to adding 100 µl RIPA (Radio Immuno-

precipitation Assay) lysis buffer.  Cell lysates were scraped from plates using a spatula 

(Corning) and passed through a 23 gauge needle (BD, Franklin Lakes, NJ) 8-10 times on ice.  

The protein was quantitated using the Coomassie Plus Protein Assay (Thermo-Scientific, 

Waltham, MA).  Aliquots of 10-20 µg protein were run on a 4-12% gradient TGX SDS-PAGE 

(Bio-Rad, Hercules, CA) at 150V for 50 min along with AccuRuler Prestained Protein Ladder 

(Lamda Biotech, St. Louis, MO).  Protein was transferred to a nitrocellulose membrane in 
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transfer buffer with 20% methanol at 40V for 1.5 h.  Membranes were blocked in 3% BSA with 

37.5 mM Tris (pH 8.8), 125 mM NaCl, and 0.1% Tween 20 for at least 4 h.   Following blocking, 

the membranes were incubated with either total EiF2α or P-EiF2α primary antibody overnight at 

a 1:1000 concentration in TBST, washed 3 times in TBST, and incubated with donkey anti-

Rabbit HRP conjugated antibody at a 1:1000 in TBST for 40 min, followed by washing 3 times in 

TBST.  Actin was probed as a loading control.  Membranes were incubated with primary 

antibody at a 1:1000 concentration for 1 hour and a donkey anti-goat HRP conjecated 

secondary antibody at a 1:1000 concentration for 40 min.  The membranes were exposed to 

ECL2 (Thermo Scientific, Rockford, IL) for 2-5 min and imaged using a Typhoon 9410 Variable 

Mode Imager (Amersham, Pittsburg, PA).  Densitometry was performed using ImageJ software 

(NIH).  All secondary antibodies and actin primary antibody (goat polyclonal) were purchased 

from Santa Cruz Biotechnologies (Santa Cruz, CA). The eIF2α (rabbit polyclonal) and ph-eIF2α 

(rabbit polyclonal) were purchased from Cell Signaling (Danvers, MA). 

 

Taqman real time PCR (RT-PCR) 

DU-145 cells were grown on 10 cm plates (Corning) to 80% confluency at least 24 h prior to 

treatment.   Cells were treated with 10 µM BA, 1 µM thapsigargin, or DMSO vehicle for varying 

time points.  RNA was isolated from cells using an RNeasy mini kit (Qiagen, Valencia, CA).  

Total RNA (2 µg) was reverse transcribed using Superscript III reverse transcriptase (Invitrogen) 

with random hexamer primers (Invitrogen) at a final volume of 20 µl at 25°C, 10 min (10:00); 

50°C, 45:00; and 70 °C, 15:00.  Applied Biosystems (ABI, Foster City, CA) Taqman predesigned 

assays (FAM) were used for all genes as well as GAPDH (VIC) as a control internal 

housekeeping gene.  Plates were read by a 7500 Fast Real Time PCR System using the 7500 

Fast System Software v1.4.0 (ABI).  Quantitation of gene expression levels were calculated 

from a standard curve created from reactions containing a combination of cDNA from all 

treatments for each gene.   
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Immunofluorescent microscopy 

Cells were grown to 80% confluency on glass cover slips (Fisher Scientific, Pittsburg, PA) and 

treated with either BA-free media, 10 µM BA, or 10 µM AI-1 Nrf2 Activator. Cells were first fixed 

with ice cold methanol and incubated at -20°C for 15 minutes.  Fixed cells were blocked in 5% 

normal goat serum, 0.3% tritonX-100 in PBS for 1 hour.  Next, they were incubated with anti-

Nrf2 (Santa Cruz Biotechnology) at 1:150 overnight, followed by anti-rabbit-FITC (Santa Cruz 

Biotechnology) at 1:200 for 1.5 hours. Coverslips were mounted with a mixture of Vectashield 

with 4′,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA) and regular HardSet 

Vectashield (Vector Laboratories) mounting mediums at 1:5 respectively.  Images were 

captured with an Olympus DP72 camera (Olympus America, Center Valley, PA) connected to 

an Olympus BX51 fluorescence microscope (Olympus America) using an Olympus UIS2 

UPlanFLN 100X/1.30 OilPh3 objective (Olympus America) and FITC and DAPI filters.  Either 

Olympus DP2-BSW (Olympus America) or Adobe Photoshop (Adobe Systems Incorporated, 

San Jose, CA) software was used to merge and crop images. FITC Intensities were measured 

using ImageJ the histogram tool in RGB mode.  Areas of the nucleus (co-stained with DAPI) or 

the cytoplasm were selected using the polygon tool and average green intensity was recorded. 

 

Statistical Analysis 

All immunoblot and RT-PCR data was analyzed using the unpaired Student’s t-test.  All time 

points represent 4-6 replicates.  The polysome profile was analyzed using the trapezoid area 

under the curve method. ImageJ software (NIH, Bethesda, MD) was used for 

immunofluorescence quantitation of stained cells. Only cells with clear borders of the cytoplasm 

and nucleus were selected for study. Mean intensity of nuclear and cytoplasmic areas was 

determined by outlining areas of the cell with the polygon tool and using the histogram tool in 
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RGB mode to record average green intensity. Differences were evaluated using the unpaired 

student’s t-test, n=25-30.  

 

Results: 

BA induced phosphorylation of eIF2α is PERK dependent 

We have previously reported that 10 µM BA treatment of DU-145 results in an increase in ph-

eIF2α/Total eIF2α (Fig. 3-3).  This phosphorylation step can be achieved through four different 

kinases, GCN2, PERK, PKR, or HRI. We hypothesized that BA acts through PERK because this 

is the kinase that responds to ER stress.  We measured induction of ser-51 phosphorylated 

EiF2α by immunoblot in MEF WT and MEF PERK -/- cells in order to test whether PERK is 

required for BA’s effect on ph-eIF2α induction.  We show that 10 µM BA results in an increase 

in ph-eIF2α/Total eIF2α over a 6 hour time course in MEF WT cells (Fig. 4-2A).  The strongest 

effect was  
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Figure 4-2 BA treatment increases ph-EiF2a in DU-145 and MEF WT cells, but not MEF 
PERK -/- cells 
Cells were treated with 10 µM BA over a 6 h time course and total protein lysate was analyzed 
by immunoblot against total and ph-eIF2α. 1 µM Thapsigargin (Tg) and amino acid starvation 
treatments were used as positive controls.  Blots show BA induces phosphorylation of eIF2α in 
(A) MEF WT cells (1 & 6 h) (n=4), but not in (B) MEF Perk -/- cells (n=3) supporting the 
hypothesis that BA activation of eIF2α is PERK dependent.   (C) Amino acid starvation induced 
phosphorylation of eIF2α at (0.5-2 h), likely through GCN2 (n=3). 
 
 

observed at 1 h.  However, MEF PERK -/- cells did not respond to BA.  We did not observe a 

change in ph-EiF2α levels with 10 µM BA treatment over 6 hours, thus showing PERK is 

required for BA induced eIF2α phosphorylation (Fig. 4-2B).  As a control, we also amino acid 

starved MEF PERK -/- cells over a 6 h timecourse and observe an increase in eIF2α 

phosphorylation as compared to untreated between 0.5-2 h (Fig. 4-2C).  Amino acid starvation 

phosphorylates eIF2α through the kinase GCN2 [140]. 
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BA activates Nrf2 in DU-145 and MEF WT cells, but not MEF PERK -/- cells 

In addition to eIF2α, Nrf2 is also a PERK substrate [138].  In order to test whether or not BA can 

also activate Nrf2 we treated DU-145, MEF WT, and MEF PERK -/- cells with 10 µM BA and 

measured Nrf2 translocation from the cytoplasm to the nucleus.  Nrf2 normally resides in the 

cytoplasm where it is bound to an actin anchored protein, Keap-1. This interaction keeps Nrf2 in 

the cytoplasm until it is phosphorylated by PERK [141-143].  Upon phosphorylation, Nrf2 

dissociates from Keap-1 and moves to the nucleus where it acts as a transcription factor of the 

ARE [144].  AI-1 was used as a positive control at 10 µM in DMSO.  AI-1 is a pharmacological 

agent that dissociates Nrf2 from Keap-1.  Immunofluorescent microscopy shows that BA can 

activate Nrf2.  We observe an increase in nuclear FITC staining as compared to cytoplasmic in 

DU-145 cells at 1.5, 2 and 3 h BA treatment and in MEF WT at 0.5-2 h and 3 h BA treatment.  

AI-1 also strongly induced Nrf2 at 3 hours in DU-145 cells and 1 h in MEF cells as compared to 

DMSO treated.  Activation by BA in MEF PERK -/- cells did not occur confirming that PERK is 

required for BA activation of Nrf2.  A slight decrease in the nuclear/cytoplasmic staining 

occurred at 1 and 2.5 h BA treatment (Fig. 4-3). 

 
BA activates transcription of ARE genes 

Since we observed Nrf2 translocation to the nucleus upon BA treatment, we wanted to confirm 

that Nrf2 was acting as a transcription factor of the ARE.  We used real-time PCR to measure 

mRNA levels of three ARE genes, NQO1, GCLC, and HMOX-1 (Fig. 4-4).  BA treatment of DU-

145 cells showed an increase in transcription of all three genes tested.  GCLC increased at 2 h, 

HMOX-1 increased at 1 h, and NQO1 increased at 2-4 h.  MEF WT cells showed an increase in 

transcription of GCLC at 1.5-2 h and HMOX-1 at 1-2 h, but no significant increase was seen in 

NQO1 transcription. Interestingly, MEF PERK -/- cells decreased transcription of GCLC at 1.5 h 

and NQO1 at 1.5-2 h upon BA treatment, but HMOX-1 increased at 1-2 h.  Transcription was  
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Figure 4-3 BA treatment activates Nrf2 in DU-145 and MEF WT, but not MEF PERK -/- cells 
Cells were treated with 10 µM BA for varying time points, fixed and stained for Nrf2 (FITC) and 
DAPI (nuclear stain). AI-I, a chemical that induces Nrf2/Keap-1 dissociation, was used as a 
positive control. Co-staining between DAPI and FITC indicates translocation of Nrf2 from the 
cytoplasm to the nucleus, evidence of Nrf2 dissociation from Keap-1 (activation).  N labels the 
nucleus.  BA treatment resulted in Nrf2 activation in DU-145 (1.5-3 h) and MEF WT (0.5-3 h) 
cells, but not MEF Perk -/- cells. BA treatment resulted in reduced Nrf2 activation in MEF Perk -
/- cells (1 & 2.5 h). The data support the hypothesis that PERK activation by BA leads to Nrf2 
translocation to the nucleus. Activation quantified by measuring ratio of FITC intensity in 
Nucleus/Cytoplasm (n=25-30). 
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activated later in DU-145 cells than in MEF WT cells and the strength of activation was lower, 

following the Immunofluorescence microscopy data.  This provides additional evidence of Nrf2 

activation. 

 

 

 
Figure 4-4 BA is an activator of the ARE 
Cells were treated with 10 µM BA for varying time points.   AI-I was used as a positive control. 
Real-time PCR was performed using primers for three ARE genes, glutamate-cysteine ligase 
catalytic subunit (GCLC), heme oxygenase I (HMOX1), and NAD(P)H dehydrogenase [quinone] 
1 (NQO1). GapDH was used as an internal control. BA induced transcription of all three genes 
in DU-145 cells, however in MEF WT cells, only GCLC and HMOX1 transcription was 
increased.  BA treated MEF PERK -/- showed a reduction in GCLC and NQO1 transcription, but 
unexpectedly an increase in HMOX1. These data indicate that BA can induce transcription of 
ARE controlled genes, however, the dependence of HMOX1 transcription on PERK is not clear.  
BA may be acting on other pathways that transcriptionally regulate HMOX1. (n=4) 
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Discussion: 

Collectively, the data presented support the hypothesis that BA activates PERK. BA is a 

modulator of the eIF2α/ATF4 pathway and a competitive reversible antagonist of cADPR 

induced ER calcium release [26, 121]. However, the specific kinase targeted was not 

investigated. PERK was required for phosphorylation of eIF2α, translocation of Nrf2 from the 

cytoplasm to the nucleus, and the increased transcription of GCLC and NQO1 ARE genes.  

 

This is the first report showing BA is an inducer of Nrf2 and the ARE. The ARE controls several 

genes that regulate redox homeostasis and some detoxifying enzymes [145].  Nrf2 activation 

coordinates exclusion of toxic compounds and maintains cellular levels of detoxifying enzymes 

[139, 146, 147].  We measured three genes that are commonly used to assay ARE activation by 

Nrf2 [139, 148-150]. γ-glutamylcysteine synthetase (GCLC) is the rate-limiting enzyme in 

glutathione synthesis [151], Heme-oxygenase 1 (HMOX1) is an essential enzyme in heme 

metabolism [152, 153], and NAD(P)H:quinone oxidoreductase 1 (NQO1) is a FAD-binding 

protein that reduces quinones to hydroquinones preventing production of free radical species 

[154].   

 

HMOX-1 and NQO1 did not behave as expected in the MEF cells.  HMOX-1 mRNA levels were 

increased in all three cell types with BA treatment. In normal cells, HMOX-1 can be controlled by 

a variety of response elements.  For example, HMOX-1 can be controlled by the ARE, but the 

StRE (stress response element) activated by AP-1, has also been reported to have 

transcriptional control over HMOX-1 mRNA levels [155-157]. It is possible that BA can activate 

HMOX-1 through one of these alternative pathways.  BA induced an increase in NQO1 mRNA 

levels in DU-145 cells, but not in MEF WT or MEF PERK -/- cells.  This can be explained by the 

fact that they are healthy cells and not of a cancer lineage.  NQO1 is strongly controlled by the 
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Nrf2/ARE pathway [158]. It is possible that levels of 10 µM BA was too low of a dose to induce 

transcription in MEF WT cells.   Interestingly, NQO1 responded the strongest of the three genes 

to BA in DU-145 cells. 

 

The finding that BA activates Nrf2 and ARE may explain why BA slows proliferation of DU-145 

cells but does not cause apoptosis [19].  Activation of the ARE increases the level of antioxidant 

protein in the cell and point the cell towards survival instead of death.  We previously reported 

that BA modulates the eIF2α/ATF4 pathway without inducing CHOP (an apoptotic protein), a 

finding uncharacteristic of the classical view of the unfolded protein response pathways and 

consistent with the fact that BA can slow cell proliferation without promoting cell death [19, 121].  

Thapsigargin is a sequiterpene lactous derived from plants that is an irreversible inhibitor of ER 

Ca2+-ATPase (SERCA) and tumor promoter.  Thapsigargin depletes ER Ca2+ and activates 

eIF2α, inhibits the fusion of autophagosomes with lysosomes, and is a strong inducer of CHOP 

[31, 159]. Furthermore, it has been reported that high CHOP levels reduces cellular glutathione 

levels and increases ROS [160, 161].  BA’s depression of CHOP levels may synergize with the 

beneficial effects of Nrf2 activation [121].  The fact that BA does not induce CHOP while 

activating Nrf2 provides further evidence that BA modulates cellular responses that promote 

recovery from stress and in turn cellular survival.  This suggests that the balance between 

PERK phosphorylation of eIF2α and Nrf2 may determine the fate of a cell [139, 162]. 

 

Lastly, this work is the first to show BA can induce ph-eIF2α and Nrf2 activation in a cell type 

other than a prostate cancer cell line.  Our data indicates that BA is bioactive in normal cell 

types (MEF WT) and provides evidence of a role for boron other than chemoprevention. 
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Conclusions: 

PERK is a key regulator of the cell, and BA’s ability to modulate this kinase gives insight into the 

basis of BA physiology. This data also provides another example of the balance between 

eIF2α/ATF4 and Nrf2 pathways as it pertains to apoptosis and cell survival signals. 
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Chapter 5: 

Conclusions 
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We draw several conclusions and implications from the studies presented.  First, it helps answer 

several questions remaining in the field of boron biology.  For example, 1) What is the 

mechanism by which boron deficiency, toxicity, or supplementation elicits its health effects in 

animals and humans?  2) Is there a broader role for boron in animal and human health? 3) Can 

boron be a novel environmental signal?  This work outlines molecular pathways that boron 

modulates and identifies an implication for BA’s ability to bind cADPR. 

 

We can now begin to develop a unifying molecular mechanism by which boron affects several 

tissue types.  The ER stress pathways are known to function in many cell and tissue types, 

especially those with a secretory function [163-166]. The fact that BA can modulate ER calcium 

homeostasis and activate ER stress pathways provides plausibility that it is through this 

mechanism where it acts on tissues sensitive to boron.  A proposed model of how BA functions 

in the cell is summarized in figure 5-1.  Furthermore, ER stress pathways have been implicated 

in diseases and health effects also shown to be affected by BA status in animals and humans.  

In particular PERK and or ATF6 knockout models link tissues affected by boron to these 

pathways.  A summary of this is presented in Table 5-1.   

 

The second conclusion is that BA is a mild activator of ER stress, and that the level and 

transient nature of induction of ER stress genes is consistent with the observation that BA can 

slow the proliferation of DU-145 cells without promoting apoptosis and CHOP (Figs. 3-6 & 3-4C) 

[19].  There are several examples in the literature of hypotheses that argue the intensity and 

specific pattern in which a stressor induces ER stress pathways determines cell fate [138, 139, 

162, 167].  For example, Xu et al. propose that agents which augment the PERK/eIF2α pathway 

may be enough to protect a cell from ER mediated apoptosis [168].  CHOP promotes cell cycle 

 
 
 



69 
	  

 
Tissue ER Stress Pathway Boron  

Bone • PERK -/- mice have skeletal defects, deficient bone 
mineralization, osteoporosis, & abnormal compact 
bone development [169] 

• Mutation in PERK gene EIF2AK3 causes Wolcott–
Rallison syndrome (multiple epiphyseal dysplasia, 
osteopenia) 

• Boron supplementation in vitamin-D 
deficient rats increases bone 
mineralization [170, 171] 

• Boron supplementation in Vitamin-D 
deficient chicks decreased bone 
mineral metabolism [170, 172] 

• Boron promotes bone strength in 
male rats [8] 

Pancreas • PERK is highly expressed in the pancreas. PERK−/− 
mice have normal pancreata at birth, but the islets 
of Langerhans progressively degenerate, resulting 
in loss of insulin-secreting beta cells and 
development of diabetes mellitus, followed later by 
loss of glucagon-secreting alpha cells. [169] 

• Mutation in PERK gene EIF2AK3 causes Wolcott–
Rallison syndrome (infancy-onset diabetes mellitus) 

• Supplemental dietary boron 
temporarily reduced the abnormally 
elevated renal excretion of albumin, 
potassium and sodium during the 
acute phase of diabetes mellitus in 
rats [173] 

Secretory 
Cells  

• PERK -/- develop a progressive destruction of 
secretory cells (pancreatic B cells, collagen 
secreting osteoblasts)[163, 169] 

• Hyper accumulation in semen 
(prostate) (1.6 – 4.5 X higher than 
blood concentration) [174] 

Brain • PERK is activated after brain ischemia which 
results in an increase in ph-eif2a in post-ischemic 
brain. The protein translation repression leads to 
neuronal death.  [175] Brain ischemia results in 
rapid luminal ER Ca2+ depletion, triggers ER stress 
[176].  

• Mouse forebrain-specific PERK -/- reduces both the 
phosphorylation of eIF2 and the expression of 
ATF4, leading to impaired behavioral flexibility [177]  

• Brain samples from patients diagnosed with 
schizophrenia had lower levels of PERK and ATF4 
than normal samples [177] 

• Experiments in which the genes involved in the 
integrated stress response are manipulated 
revealed that the modulation of this pathway 
influences learning and memory. [178] 

• Mutation in PERK gene EIF2AK3 causes Wolcott–
Rallison syndrome (mental retardation or 
developmental delay) 

• Low boron intake is associated 
with a reduction in executive 
brain function (memory) as 
measured by EEG in rats and 
executive brain function tests in 
humans [8, 39, 40, 179] 

Immune 
System 

• Reduced eIF2α signaling increases sensitivity of 
cells to viral infection [180].    

• XBP1 and ATF6 are activated in C. elegans upon 
infection with pore-forming toxin-harboring bacteria 
and are required for proper defense against these 
pathogens [181, 182].  

• ATF6-like protein ZIP60 (an important component 
of the plant ER-stress response) is also induced 
upon infection with a bacterial pathogen [182, 183].  

• Tobacco leaves infected with Pseudomonas 
cichorri upregulate the expression of ZIP60, and 
silencing of ZIP60 allows higher multiplication of P. 
cichorri compared to control plants, suggesting that 
ER-signaling pathway is evolutionarily conserved in 
host defense. [182, 184] 

• A controlled human study dietary 
boron resulted in a decrease in 
arthritic symptoms with boron 
supplementation (6 mg/day) [185] 

• In rats (10mg/kg) BA was shown to 
be anti-arthritic and anti-pyretic 
[186]. 

• Boron deprivation in mice 
downregulated 30/31 
cytokines/chemokines associated 
with the inflammatory response six 
days post infection [8, 187] 

 
Table 5-1 Tissue types affected by PERK or ATF6 and boron status 
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arrest and or apoptosis and studies using a mutated CHOP gene reveal that ER stress can 

occur without apoptosis [160, 188, 189].  In addition, PERK–/– knockout and eIF2αS51A knock-in 

cells are hypersensitive to ER stress despite their inability to induce CHOP activity under these 

conditions [190-192].  Ron suggests that the survival benefit of mediating eIF2α (also known as 

the integrated stress response) may extend beyond resistance to ER stress [167].  Increased 

activity of eIF2α has been shown to protect against oxidative stress that goes with glutamatergic 

neurotoxicity [193].	     In addition Hallenback and colleagues report that hibernation is associated 

with ph-eIF2α and protein translation inhibition in ground squirrels [194].  Hibernation is one of 

the most stress-resistant states known in mammalian physiology.  Protein translation inhibition 

(ph-eIF2α) may protect squirrels from environmental stresses during hibernation.  Collectively, 

one could speculate that BA can modulate stress responses through PERK and ATF6.  We only 

mildly induce these pathways at BA concentrations achievable through diet (10 µM).  Dietary 

intake may protect cells through this mechanism from cellular stresses.  

 

Lastly, we conclude with a few speculative comments regarding the broad role of boron in 

human health.  Boron is essential for plants, and therefore the majority of human exposure 

occurs through diet [195].  We propose the idea that boron is an environmental signal to animals 

and humans indicating ingestion of plants.  Plants often contain xenobiotics that can be harmful, 

and boron may serve to prime a cell’s ER stress and antioxidant response in order to help a cell 

deal with xenobiotic insults.  The cell will halt protein translation and recover from stress before 

continuing normal cellular functions.  

 

Furthermore, the Mediterranean diet is thought to protect against diseases like metabolic 

syndrome, cancer, and cardiovascular disease [196-198].  Ancel Keys first defined the 
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Figure 5-1 Working Model of the Mechanism of Boric Acid in the Human Cell 
(A) CD38 converts NAD+ to cADPR and imports cADPR into the cell. (B) BA inhibits formation of 
the cADPR-FKBP12 complex preventing ER calcium release through the RyR1. (C) BA 
inhibition of ER calcium release results in calcium leakage and approximately 32% reduction in 
luminal calcium. (D) Lower ER calcium triggers ER stress and activates PERK and ATF6. 
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Mediterranean diet in the 1950s and observed the association with reduced cardiovascular 

disease [196].  It consists of olive oil, vegetables, legumes, whole-grains, fruits and nuts [196].  

We cannot help but notice that the Mediterranean diet is also a high boron diet [195].  Some of 

the foods with high boron concentrations are legumes, nuts (especially peanuts), wine, raisins, 

peaches, grapes, cereals, and peas [195].  The Mediterranean region is also known to have 

high boron soil levels [199].  Boron also may contribute to the beneficial effects of the 

Mediterranean diet. 

 

These studies make a large contribution to the field of boron biology.  We characterize the 

modulation of molecular pathways by BA in a human cell model and propose a mechanism 

through which the diverse gross health effects observed in BA deprivation studies can be linked.  

We postulate that BA has a beneficial effect in humans and animals at dietary exposure levels. 
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