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 Iron is an essential growth factor and cofactor for multiple molecular functions in the 

human body. It is a reactive metal and in excess is capable of participating in Fenton reactions, 

generating reactive oxygen species and damaging cells. Patients with the iron overload disease 

hemochromatosis, are at increased risk of hepatic and other cancers. Due to the necessity and 

toxicity of iron, it is tightly regulated. Cancerous cells have an increased demand for iron and to 

meet these needs, regulation of iron import (upregulation of transferrin receptor) and export 

(downregulation of ferroportin) proteins is altered. Differential expression of these iron genes is 

associated with prognosis. This has led to further analysis of the association of “iron” genes with 

breast cancer prognosis. The association of duodenal cytochrome b (DCYTB) in breast cancer 

was identified as part of a 16 gene iron regulatory gene signature (IRGS). DCYTB is a 

ferrireductase in duodenal enterocyte responsible for reducing dietary iron for cellular uptake.  

To further characterize the prognostic capability of DCYTB, we evaluated breast cancer 

patient microarray data in two combined cohorts totaling over 1600 patients. We found that high 

DCYTB expression was associated with increased probability of relapse-free survival (both local 

and distant). Results of array data and breast cancer tissue staining agree that DCYTB 

expression is reduced with increased tumor grade. We also show that patient with high DCYTB 

expression are more likely to benefit from Tamoxifen therapy. 

This association is quite interesting because previous research has shown that 

increased iron is associated with poor outcome in cancer. Here, however, we see an iron import 

protein that is associated with good prognosis. Therefore, we evaluated iron metabolism as a 
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result of DCYTB knockdown and overexpression. Iron responsive protein expression and labile 

iron were not altered, suggesting that in breast cancer cell lines DCYTB functions independently 

of iron. Metabolism of copper and ascorbate, two known substrates of DCYTB, was also 

evaluated. The results of these experiments were inconclusive, but revealed potential 

perturbations to reactive oxygen species signaling and regulation of cytochrome p450, which 

will be the focus of future experiments. 
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Chapter I 

Introduction and Background 
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A. Breast cancer 

It is expected that there will be approximately 1.6 million new cases of invasive cancer in 

the United States in 2015 [1]. Breast cancer is the most common cancer in women, accounting 

for 29% of new cases and more than 300,000 women are expected to be diagnosed with breast 

cancer (invasive carcinoma or carcinoma in situ) this year [1]. This equates to approximately 1 

in 8 women developing invasive breast cancer in their lifetime [1]. 

Breast cancer incidence rose drastically in the 1980’s and 90’s [1] This is largely 

attributed to increased mammography screening, which identified many breast cancers earlier 

than they otherwise would have been detected. Identifying the disease in this manner, i.e. 

before symptoms or distant disease are present, has been shown to increase the five-year 

survival rate [1]. Therefore, the rise in breast cancer incidence was coupled with a decrease of 

disease specific mortality through application of breast cancer therapies to more susceptible 

tumors [2]. 

All breast cancer patients will require surgery [3]. Minimally this will be breast conserving 

surgery (lumpectomy) and at most, mastectomy. It is recommended that patients who undergo 

breast conservation surgery receive adjuvant radiation therapy as it reduces the risk of 

recurrence and mortality [4]. Patients with unresectable disease will receive neoadjuvant 

therapy in an attempt to reduce the size of the tumor prior to surgery. Both neoadjuvant and 

adjuvant therapy is given based on the pathological diagnosis of needle biopsies. Estrogen 

receptor (ER) positive tumors, which include luminal A and B subtypes, are treated with 

endocrine therapy, such as tamoxifen [3, 4]. Tumors positive for HER2, including some luminal 

B and HER2-enriched subtypes, are treated with monoclonal antibodies targeting HER2 [4], 

most commonly trastuzumab. Triple negative tumors, which include the basal-like subtype, are 

indicated for chemotherapy [3, 4]. Utilizing these treatment methodologies, the five-year relative 
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survival rate has risen to 91%. However, breast cancer is still the second leading cause of 

cancer related death among women, with about 40,000 deaths expected this year [1]. To fully 

treat this disease, it will be necessary to fully understand the interplay of genes expressed by 

the tumor and effectively target neoplastic cells at multiple points. Alternative therapies, such as 

iron chelation, are currently being explored in an attempt to identify novel and innovative ways 

to eradicate this disease. 

B. Iron metabolism 

Iron is a tightly regulated essential micronutrient. The primary reason for this tight 

regulation of iron is that there is no efflux mechanism for removing iron from the body [5, 6], thus 

uptake of body iron is the only avenue of regulation. In the event that there are elevated iron 

stores in the body, potentially deleterious effects may occur. 

a. Dietary iron requirements and uptake 

The human body contains 3 to 4 grams of iron present largely in the liver, spleen, 

erythrocytes and bone marrow [7]. It is recommended that males at 19 and older ingest 8 

milligrams of iron daily while females age 19 to 50 are recommended to ingest 18 milligrams of 

iron daily [8]. After age 50, the recommendation for females decreases to 8 milligrams daily [8]. 

Dietary iron is largely present in the ferric form, necessitating the expression of a ferrireductase 

in the digestive tract to prepare dietary iron for uptake. Duodenal cytochrome b (DCYTB) was 

discovered in the duodenal enterocytes where it acts as the ferrireductase for dietary ferric iron 

prior to cellular uptake [9] (Figure 1-1). Ferrous iron is imported into the cytoplasm via divalent 

metal transporter 1 (DMT1) where it joins the metabolically active labile iron pool (LIP) [6, 10, 

11]. Labile iron exists loosely bound to the chaperone molecules poly(rC)-binding proteins 

PCBP1, PCBP2 or citrate [12, 13]. Labile iron is utilized in mitochondrial production of iron-sulfur 

clusters [14] and is a necessary cofactor in molecules such as ribonucleotide reductase [15] and 
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prolyl hydroxylases [16]. Excess labile iron can be stored inertly in the 24 subunit ferritin 

polypeptide (FTH1 and FTL) or exported via ferroportin (FPN, SLC40A1). Expression of 

ferroportin is regulated by the hepatic peptide hormone hepcidin (HAMP) [17]. Formation of the 

hepcidin/ferroportin complex results in polyubiquitination and proteasomal degradation of both 

molecules [17, 18]. Iron exported via ferroportin exists in the ferrous state which is oxidized by 

the copper-dependent oxidases hephaestin and ceruloplasmin [19]. Two molecules of ferrous 

iron are then bound by one molecule of apo-transferrin to form holo-transferrin, which delivers 

iron to peripheral tissues. 

b. Cellular iron uptake in peripheral cells 

Peripheral cells express the transferrin receptor (TFRC) concordant with iron 

requirements (see section c). Binding of transferrin to this receptor results in endocytosis of the 

holoprotein/receptor complex (Figure 1-1). The endosome is acidified by proton pumps, 

releasing iron from holo-transferrin, which is reduced by STEAP3 and imported via DMT1. This 

ferrous iron enters the metabolically active labile iron pool where it is utilized, stored or 

exported, as above. 

c. Iron-mediated post-transcriptional regulation 

Tight regulation of cellular iron is required as there is no mechanism by which iron is 

exported from the body [5, 6]. To this end, many proteins involved in iron metabolism contain 

stem-loop structures present in the 5’ or 3’-end of mRNA called iron responsive elements (IRE). 

Iron responsive proteins (IRP1 and IRP2) bind to the IRE under iron deplete conditions 

stabilizing transcripts at the 3’-IRE, such as transferrin receptor, and preventing translation by 

blocking ribosomal binding at the 5’-IRE, e.g. ferritin. The reverse is true under replete 

conditions where transcripts with a 3’-IRE will be destabilized and degraded while translation will 

be de-repressed at the 5’-IRE [6, 20]. 
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d. The role of iron in cancer 

In spite of the cellular necessity for iron, it is a potential tumor initiator and growth factor 

[21, 22]. Metabolically active labile iron will readily undergo Fenton chemistry: oxidation by 

hydrogen peroxide generating a hydroxyl radical and a hydroxide ion [23]. Reaction of DNA with 

these radicals can result in DNA adduct formation or strand breaks, potentially resulting in 

initiation of tumorigenesis [24-26]. In fact, patients with the iron accumulation disorder 

hemochromatosis are at an increased risk of hepatic and other cancers [27, 28]. 

Iron is also coordinated in cofactors, iron-sulfur clusters and heme cofactors [14, 29], or 

directly coordinated by the protein, ribonucleotide reductase and prolyl hydroxylases [15, 16]. 

Due to its involvement in the functionality of multiple proteins, the necessity of cellular iron 

increases drastically for rapidly dividing cancer cells. Investigations into iron biology as it relates 

to cancer have revealed that mice fed iron restrictive diets display a reduced rate of tumor 

growth [26].  

It is possible for cancerous cells to meet their iron requirements by multiple mechanisms 

[30]. First, cells may increase expression of transferrin receptor. This will result in an increased 

endocytosis of holo-transferrin and an increased cellular iron. This can occur through c-Myc 

induced overexpression of transferrin receptor and iron responsive protein 2 (IRP2) and 

inhibition of FTH1 expression [31-33]. Second, decreasing expression of the iron export protein 

ferroportin will reduce iron export, bolstering the labile iron pool. Expression of ferroportin can 

be transcriptionally repressed [34] or post-translationally repressed by hepcidin-mediated 

degradation [17, 35]. 

In light of this evidence, several iron chelators have undergone clinical trials as 

treatments for various cancers [6, 36, 37]. Desferoxamine (DFO), for instance, has been shown 

to arrest the cell cycle and induce apoptosis [38]. Administration to patients (n= 10) with 

advanced hepatocellular carcinoma resulted in a partial response or stable disease in 50% of 
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patients [36]. Another iron chelator, triapine (3-aminopyridine-2-carboxaldehyde 

thiosemicarbazone), is potent ribonucleotide reductase (RNR) inhibitor similar to hydroxyurea. It 

inhibits DNA synthesis by labilizing and chelating ferrous iron from the diferric center of RNR 

[39]. Further, the triapine-Fe(II) complex participates in Fenton reactions, which is likely involved 

in cytotoxicity. Triapine has shown little efficacy as a single agent [37], though this study 

included multiple cancer types from different primary sites. It did, however, provide additional 

benefit when given in combination with gemcitabine [40]. The iron chelating fungicide, ciclopirox 

(CPX), decreased cell growth and viability in several different cancer cell lines in vitro [41, 42]. 

Further experimentation revealed that CPX inhibited Wnt signaling in vitro and that 

administration of CPX to AML patients resulted in decreased expression of Wnt target genes 

[43]. Ultimately, the utilization of iron chelators in cancer therapy requires more research, 

though the potential exists for therapeutic utility of these compounds. Further, this opens the 

door for investigation of the role of other iron genes in cancer. 

Our laboratory has recently investigated the role of ferroportin expression in breast 

cancer [35]. In vitro cell culture models were used to demonstrate that ferroportin expression 

was decreased in malignant breast cells compared to non-malignant breast cells and that this 

correlated with an increase of cellular labile iron in the malignant cells. Using an in vivo murine 

model, we found that tumoral expression of ferroportin resulted in decreased tumor size. We 

also utilized four publicly available breast cancer patient microarray datasets to evaluate 

ferroportin as a prognostic indicator of breast cancer. In these cohorts, patients with high 

ferroportin expression (values above the mean) had a significantly increased distant metastasis-

free survival (DMFS) or disease specific survival (DSS) compared to patients with low 

ferroportin expression. 

As our group and others have shown, iron genes are useful for predicting breast cancer 

endpoints [35, 44, 45]. Gene signatures, such as Oncotype DX and MammaPrint, are clinically 

available. These signatures are used to predict patient outcome and determine the most 
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effective therapeutic regimen [4]. To this end, our laboratory wished to determine the utility of 

multiple iron genes for the prediction of breast cancer outcome. A breast cancer patient meta-

cohort consisting of 759 patients was prepared from 6 publicly available breast cancer patient 

microarray cohorts [46]. Sixty-one iron regulated and related genes were considered for this 

analysis. A 16 gene signature was identified that accurately predicted metastasis-free survival of 

breast cancer patients. Included in the signature were transferrin receptor (p= 6.16e-04, HR= 

3.54) and ferroportin (p= 7.00e-04, HR= 0.76) [46], which correlated as expected from previous 

research. Unexpectedly, duodenal cytochrome b (DCYTB/cybrd1) was the most significant gene 

and its expression was associated with increased DMFS (p= 1.83e-07, HR= 0.60) [46]. This is 

surprising because DCYTB is an iron import protein and increased iron import typically has 

beneficial effects for cancer. DCYTB has been extensively studied in the duodenum [9, 47] yet 

expression in breast and breast cancer has yet to be investigated.  

C. The discovery and function of duodenal cytochrome b 

It had been hypothesized that a ferrireductase must exist in the digestive tract to 

facilitate uptake of dietary ferric iron [48]. In 2001, McKie et al. proposed that the newly 

discovered duodenal cytochrome b (DCYTB), localized in the brush border of duodenal 

enterocytes, supplied reduced dietary iron to DMT1 [9]. DCYTB appears to be induced by iron 

deplete conditions as well as hypoxia [9]. No iron responsive elements (IRE) have yet been 

described, however, hypoxia responsive elements (HRE) have been identified in the DCYTB 

promoter which bind specifically to hypoxia inducible factor 2α (HIF2α) [9, 49, 50]. 

The predicted protein sequence indicated that DCYTB was a member of the cytochrome 

b561 protein family [9]. This family of proteins has been broken down into seven subfamilies of 

di-heme, transplasma membrane electron transporters [51, 52]. The crystal structure of 

cytochrome b561 (CYB561A1) has been determined in Arabidopsis thaliana [53] revealing a 
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homodimer. Based on these studies, it is likely DCYTB exists as a homodimer as well.  

The prototypical chromaffin granule cytochrome b561 (CYB561A1) utilizes intracellular 

ascorbate as a source of reducing equivalents for the reduction of intravesicular ascorbate 

radical (AR) generated in the biosynthesis of dopamine [54]. It is now known that many 

members of the cytochrome b561 family are known to accept electrons from intracellular 

ascorbate [52]. DCYTB has been shown to mediate levels of extracellular ascorbate 

independently of iron in erythrocytes [55], though the intracellular ascorbate binding site is only 

partially conserved [9]. Other substrates, such as flavonoids and dihydrolipoic acid (DHLA) 

represent potential alternative sources of reducing equivalents for b561 cytochromes [56, 57]. 

Regardless of substrate specificity, DCYTB has been shown to reduce iron in a pH-

dependent manner [9, 47, 58, 59]. This reaction was found to be ascorbate-dependent in MDCK 

cells heterologously expressing a Tet-repressible DCYTB-EGFP fusion protein [59]; however, in 

human bronchial epithelial cells this reaction was found to be ascorbate-independent [60]. In 

both cases, DCYTB expression resulted in increased levels of cellular iron [59, 60]. 

Ascorbate-dependent copper reduction by DCYTB has also been shown in the MDCK 

cells described above [59]. This is a pH-independent reaction [59]. Cuprous copper is also a 

substrate for import by DMT1 [61], emphasizing the potential for DCYTB to mediate copper 

uptake in addition to iron.  

To understand DCYTB expression in the breast, we adopted a two-pronged approach 

wherein DCYTB was investigated from a bioinformatic as well as a molecular biology 

standpoint. 

D. Rationale & Aims 

a. Aim 1: The prognostic significance of duodenal cytochrome b 

expression in breast cancer 
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We will first adopt a bioinformatic approach to evaluate the prognostic capabilities of 

DCYTB expression in breast cancer outcome. DCYTB expression has been shown to be 

associated with distant metastasis-free survival (DMFS) of breast cancer patients [46]. Further 

evaluations of the prognostic implications of DCYTB expression on breast cancer subgroups 

have yet to be completed. We hypothesize that utilizing DCYTB to predict breast cancer 

outcome will provide additional diagnostic information. We will utilize the National Center for 

Biotechnology Information Gene Expression Omnibus [62] to identify publicly available breast 

cancer patient microarray cohorts, in addition to the combined cohort described in Miller et al., 

2011 [46]. These cohorts will be analyzed using R [63] in accord with the available phenotypic 

data. Our goal is to evaluate DCYTB compared to current prognostic indicators, such as 

molecular subtype and ER status. This will ultimately allow for more accurate evaluation and 

therapeutic treatment of patients. 

b. Aim 2: The molecular function of duodenal cytochrome b expression in 

breast cancer 

We will next use a molecular biology approach to evaluate the function of DCYTB in 

breast cancer. Our laboratory and others have identified changes to ferroportin and transferrin 

receptor expression as mechanisms by which tumors accumulate iron [22, 35]. The function of 

DCYTB in iron homeostasis is clearly understood in duodenal enterocytes [9, 47, 59], though no 

research to date has investigated DCYTB in breast cells. This is, perhaps, not surprising as iron 

import in breast cells mainly relies on the transferrin/transferrin receptor system. Furthermore, 

while increased intracellular iron in breast cells has been correlated with breast cancer 

prognosis [35], it is unlikely that cellular labile iron will be influenced by DCYTB expression due 

to lack of available substrate [64]. We hypothesize that expression of DCYTB will affect 

intracellular iron differently in the breast that duodenal enterocytes. With the potential for 

negative effects perpetuated by the cellular labile iron pool (LIP), such as DNA damage through 
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generation of oxygen radicals, it is important to understand how DCYTB influences breast cell 

iron homeostasis. 
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Figure 1-1. Cellular iron homeostasis.  

Dietary iron is imported into duodenal enterocytes via DMT1 (divalent metal transporter 1) 

following reduction by the transmembrane ferrireductase DCYTB (duodenal cytochrome b). 

Cellular labile iron (metabolically active iron) may be inertly stored in ferritin, utilized for cellular 

processes or exported to systemic circulation via ferroportin. Exported iron is oxidized and 

bound to transferrin for systemic transport where is binds to transferrin receptor. The complex is 

endocytosed and iron is imported into the labile iron pool where it is stored, utilized or exported. 
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The majority of this work was completed by David J. Lemler in Suzy V. Torti’s laboratory. 

This includes biochemical analysis of ferrireductase activity, labile iron pool assays, qRT-PCR, 

monitoring of cell growth and preparation of samples for the ICP-MS analysis performed by 

OHSU. Breast tissue staining by immunohistochemistry was performed by David J. Lemler with 

pathological assessment by Poornima Hegde. All Western blots were completed by David J. 

Lemler, except figures 2-9 and S2-10a which were performed by Lia Tesfay. DCYTB expression 

vectors were prepared by Zhiyong Deng and Bibbin T. Paul. Gene expression analyses 

included in this manuscript were performed by David J. Lemler in collaboration with and under 

the supervision of Miranda L. Lynch.  

The manuscript was written and edited by David J. Lemler, Miranda L. Lynch, Suzy V. 

Torti and Frank M. Torti. 

B. Abstract 

Background: Duodenal cytochrome b (DCYTB) is a ferrireductase that functions together 

with divalent metal transporter 1 (DMT1) to mediate dietary iron reduction and uptake in the 

duodenum. We previously identified DCYTB as a member of a 16 gene Iron Regulatory Gene 

Signature (IRGS) that predicts metastasis-free survival in breast cancer patients. The 

association of increased DCYTB with reduced risk was surprising, since the expression of 

genes that increase iron uptake or retention have generally been associated with increased risk. 

To better understand the relationship between DCYTB and breast cancer, we explored in detail 

both the prognostic significance and molecular function of DCYTB in breast cancer. 

Methods: The prognostic and predictive significance of DCYTB expression independent 

of other iron genes was evaluated using publicly available microarray data from breast cancer 

tissue. Molecular function of DCYTB was assessed by modulating DCYTB expression in breast 
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cancer cells, determining the location of DCYTB in breast tissue, and assessing the effect of 

DCYTB on iron uptake and metabolism using breast cancer patient tissues and cell lines.  

Results: High DCYTB expression was associated with prolonged recurrence-free 

survival in two large independent cohorts, together totaling 1610 patients (cohort #1, p= 1.6e-

11, n= 741; cohort #2, p= 1.2e-05, n= 869; log-rank test). DCYTB also predicted response to 

tamoxifen and chemotherapy in subsets of these cohorts. Immunohistochemistry revealed that 

endogenous DCYTB is localized on the plasma membrane of breast epithelial cells, particularly 

on the surface of the ductal lumen, and that expression is dramatically reduced in high grade 

tumors. DMT1 was also expressed in breast cancer tissue, but did not co-localize with DCYTB. 

Surprisingly, neither overexpression nor knockdown of DCYTB affected levels of ferritin H, 

transferrin receptor or labile iron in breast cancer cells. The absence of an effect on cellular iron 

accumulation was further confirmed by ICP-MS, which showed no difference in total cellular iron 

regardless of the level of DCYTB expression.  

Conclusion: We conclude that DCYTB is expressed in breast tissue but does not affect 

intracellular iron accumulation in breast cancer cells. DCYTB is an important predictor of 

outcome and response to therapy in breast cancer patients.  

C. Background 

Iron has been implicated in both the initiation and progression of cancer. Due to its ability 

to catalyze the formation of oxygen free radicals, iron can facilitate DNA damage and lead to 

potentially mutagenic changes in DNA [65]. Iron can also act as a tumor growth factor, 

potentiating the growth of numerous tumors, including breast tumors, in animal models [26, 66]. 

Consistent with these laboratory studies, epidemiologic studies have linked excess iron and 

cancer [67-70]. For example, subjects with increased levels of circulating iron are at increased 

risk of cancer [21, 27, 28], and conversely, subjects who have undergone phlebotomy for iron 
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reduction are at decreased cancer risk [70]. 

The major mechanism of iron import in both normal and malignant cells is the 

transferrin/transferrin receptor endocytic pathway. Two molecules of ferric iron bound to 

transferrin are endocytosed upon transferrin receptor binding. Iron is released in the acidified 

endosome, reduced, and imported into the cytosol, where it enters a low molecular weight, 

metabolically active labile iron pool (LIP). Excess iron in the cytosol is stored in ferritin or 

exported via the iron exporter, ferroportin [71]. Other mechanisms of iron import include uptake 

of heme, ferritin, and import of siderophore-bound iron by proteins such as Lipocalin 2 (LCN2, 

NGAL), a secreted glycoprotein [72-75].  

In the duodenum, where uptake of dietary iron occurs, an additional mechanism for iron 

import has been described that involves duodenal cytochrome b (DCYTB) [9, 47, 59]. Dietary 

iron is largely present in an oxidized form (ferric iron, Fe+3). DCYTB acts as a ferrireductase, 

reducing ferric iron to ferrous iron to permit iron uptake by divalent metal transporter 1 (DMT1). 

Identified in 2001 [9], DCYTB is a member of the cytochrome b561 protein family of di-heme, 

transplasma membrane electron transporters [51, 52]. Reduction of iron by DCYTB is pH-

dependent and ascorbate-dependent in duodenal enterocytes [9, 47, 58, 59], but ascorbate-

independent in bronchial epithelial cells [60]. Copper is also a substrate for reduction by 

DCYTB, a reaction that occurs in a pH-independent, ascorbate-dependent manner [59]. 

Additionally, DCYTB expression has been shown to maintain extracellular levels of ascorbate 

[55].  

Cancer cells exhibit an enhanced requirement for iron compared to their normal 

counterparts. To meet the increased metabolic demand for iron, breast and other cancer cells 

frequently increase expression of the iron importer transferrin receptor [31-33]. Alternatively or 

additionally, cancer cells suppress expression of the iron efflux protein ferroportin. Although 

retained iron is sequestered in ferritin, this nevertheless results in an increase in labile iron [17, 

34, 35].  
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Measurements of the expression of genes of iron metabolism are strong predictors of 

patient prognosis. For example, breast cancer patient microarray data demonstrated that 

increased transferrin receptor expression [44, 45] or decreased ferroportin expression in breast 

tumors is associated with poor prognosis [35]. Tumoral expression of LCN2 is also associated 

with poor prognosis and increased metastasis in breast cancer [76, 77].  

To ascertain which components of iron metabolism most influence breast cancer 

prognosis, our group studied the association of 61 “iron” genes with breast cancer patient 

outcome [46]. From this, an “iron gene regulatory signature” was derived, consisting of 16 genes 

whose expression best predicted breast cancer patient outcome. Of these 16 genes, duodenal 

cytochrome b (DCYTB, CYBRD1, CYB561A2) was the most significantly associated with distant 

metastasis-free survival (DMFS), with high expression (values above the mean) associated with 

a HR of 0.6 (p= 1.8e-07). Since DCYTB facilitates iron import, its association with improved 

outcome was surprising. The expression of this gene in the breast was also unanticipated, since 

its best-known function involves uptake of dietary iron. 

We sought to understand in greater depth the nature of the association of DCYTB with 

breast cancer, and to explore the role of DCYTB in the breast. We assessed the ability of 

DCYTB to predict patient survival and response to therapy utilizing two large independent gene 

expression datasets obtained from breast cancer patients. We also investigated whether 

DCYTB expression influenced iron homeostasis in malignant breast cells. Our results indicate 

that DCYTB expression is closely tied to patient outcome and response to therapy. We also 

demonstrate that DCYTB does not affect intracellular iron in breast cancer cells. These results 

uncouple DCYTB from iron metabolism in breast cancer tissue and provide an explanation for 

the paradoxical association between increased DCYTB expression and favorable prognosis in 

breast cancer patients. 

D. Results 
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a. DCYTB as a prognostic indicator of breast cancer 

Expression of DCYTB predicts metastasis/relapse-free survival 

We first focused on the prognostic significance of DCYTB when considered as a single 

gene rather than as part of the larger IRGS gene signature [46]. Analysis of the combined 

cohort of 741 breast cancer patients that was used in the design of the IRGS [46] (herein 

termed cohort #1), revealed that high DCYTB expression (values above the mean) was an 

excellent overall predictor of distant metastasis-free survival (p= 1.6e-11, n= 741, log-rank test; 

Figure 2-1a).  

We then validated and expanded our results using additional datasets not included in 

cohort #1, which we combined into a new cohort of 869 patients (cohort #2). To construct this 

cohort, we selected all of the larger datasets (n> 100) with sufficient event rates to meaningfully 

separate patients by outcome (Table 2- 1). Datasets that did not meet these criteria (e.g. 

GSE19615 [78], TCGA) were excluded. In cohort #2, DCYTB expression above the mean was 

again associated with increased relapse-free survival (RFS) (p= 1.2e-05, n= 869; log-rank test; 

Figure 2-1b). One of the datasets used to construct cohort #2 contained information on bone-

specific RFS; analysis of this subgroup (n=272) further revealed that DCYTB expression was 

associated with bone-specific RFS (Figure 2-1c). Consistent with the association of high DCYTB 

with favorable prognosis, we further observed that expression of DCYTB was higher in tumors 

that expressed estrogen receptor (ER+) than in ER- tumors (Supp Figure 2-1). Additionally, 

DCYTB expression decreased with increased tumor grade (Supp Figure 2-2). In aggregate, 

these results indicate that high DCYTB expression predicts a more favorable prognosis in 

breast cancer patients. 

We next tested whether DCYTB retained its prognostic value in known breast cancer 

prognostic groups. We first examined whether DCYTB expression was predictive in both 

estrogen receptor positive (ER+) and ER- cohorts. As shown in Figure 2-2, Kaplan-Meier 
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survival analysis of the cohort #1 indicated that DCYTB significantly predicted DMFS 

independently of estrogen receptor status (p= 1.3e-10 and p= 0.03, log-rank test, Figure 2-2a & 

b). Similarly, analysis of cohort #2 revealed that high DCYTB expression was associated with 

increased relapse-free survival of both ER+ and ER- patients (p= 0.004 and p= 0.01, log-rank 

test, Supp Figure 2-3a & b).  

We also tested whether DCYTB had predictive value in patients whose disease 

remained confined to the breast (LN-) and patients whose disease had spread to adjacent 

lymph nodes (LN+). In cohort #1, DCYTB expression was capable of predicting DMFS 

independently of LN status (p≤ 0.0001, log-rank test Figure 2-2c & d). The association of 

elevated DCYTB expression with prolonged relapse-free survival was also observed in LN+ and 

LN- patients of cohort #2 (p= 0.02 and p= 0.0001, log-rank test, Supp Figure 2-3c & d). 

Collectively, these data indicate that high DCYTB expression is associated with a more 

favorable prognosis in breast cancer patients, independent of their ER or LN status. 

DCYTB expression correlates with better prognosis breast cancer molecular subtypes 

We then investigated the expression of DCYTB within breast cancer intrinsic molecular 

subtypes. These subtypes are now commonly used to divide patients into prognostic subgroups 

based on gene expression profiles [79, 80]. When cohort #1 was divided into intrinsic subtypes, 

the expected prognostic associations with patient outcomes were observed [79, 81]: Luminal A 

and Normal-like demonstrated better outcomes, and Luminal B, Basal and Her2 had less 

favorable survival (Supp Figure 2-4). We found that DCYTB expression was higher in subtypes 

with more favorable prognoses: Luminal A subtype had significantly higher DCYTB expression 

than all other subtypes (p≤ 0.0028, pairwise t-test) while Normal-like subtype had significantly 

higher DCYTB expression than all other subtypes with less favorable prognosis (p≤ 2.8e-15, 

pairwise t-test) and Basal subtype had significantly reduced DCYTB expression compared to all 

other subtypes (p≤ 0.0027, pairwise t-test, Figure 2-3). Subtype information was also available 
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for a subset of patients from cohort #2 (Supp Figure 2-5a). Similar to what we observed in 

cohort #1, in this subset, patients of Luminal A subtype had significantly more DCYTB 

expression compared to Luminal B, Her2 and Basal subtypes and the Normal-like subtype was 

significantly increased compared to Luminal B and Basal (Supp Figure 2-5b). Thus high DCYTB 

expression is associated with subtypes that have better outcome.  

Expression of DCYTB predicts response to therapy 

Finally, we asked whether DCYTB expression was predictive of response to therapy. To 

address this question, we first examined a subset of ER+, LN- patients from cohort #1 that were 

histologically similar and had been treated with tamoxifen monotherapy (n= 263) [46]. DCYTB 

expression significantly predicted DMFS in this group (p= 5.7e-05, log-rank test; Figure 2-4a). 

To determine whether DCYTB also predicted response to chemotherapy, we then examined a 

subset of cohort #2. This group consisted of 310 patients who were ERBB2- (HER2-) and either 

ER+ or ER- and had been treated with taxane-anthracycline neoadjuvant chemotherapy (and 

tamoxifen if ER+) followed by surgery (GSE25055) [82]. We found that DCYTB was also 

predictive of improved RFS in this group (p= 0.003, log-rank test, Figure 2-4b). Thus DCYTB 

predicts response to chemotherapy as well as hormone therapy. 

b. DCYTB expression and localization in normal and malignant breast 

tissue 

We next investigated the level of DCYTB in normal and malignant breast tissue. This 

analysis was restricted to cohort #2 because only cohort #2 contained normal breast samples. 

We observed that normal breast tissue exhibited significantly higher levels of DCYTB mRNA 

than malignant tissue (Supp Figure 2-6).  

We then assessed the cellular distribution and localization of DCYTB in breast tissue 

using immunohistochemical analysis of a tissue microarray of 75 cases and controls. Our 
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objective was to assess whether DCYTB was limited to breast epithelial cells or was present in 

immune, endothelial, adipose and other cell types that constitute tumor tissue. We also 

expected to gain information on the potential function of DCYTB by assessing its intracellular 

distribution. In the duodenum, where DCYTB functions in iron import, DCYTB is localized to the 

brush border, on the surface of the enterocyte [9]. However, there are reports of DCYTB in the 

membrane of intracellular vesicles in both esophageal carcinoma and in normal and malignant 

colon [83, 84]. Further, other members of the cytochrome b561 family, which function in 

vesicular catecholamine synthesis and lysosomal degradation, are expressed in the membrane 

of intracellular organelles [52, 54, 85].  

We observed that DCYTB was present on the luminal surface of epithelial cells in breast 

ducts and on the cell membrane of myoepithelial cells in normal breast tissue (Figure 2-5a). 

Consistent with previous reports, erythrocyte membranes also stained positive for DCYTB [55]. 

Cribriform-type DCIS showed intense staining along the luminal surfaces, similar to normal 

tissue, with additional faint cytoplasmic staining (Figure 2-5b). Higher grade invasive tumors 

displayed reduced gland/tubule formation [86, 87], with a corresponding reduction in epithelial 

cells with membrane expression of DCYTB (Figure 2-5c & d). 

In addition to its role in intestinal iron uptake, DYCTB has been suggested to detoxify 

excess iron in bronchial epithelial cells through a mechanism involving DCYTB-mediated 

ferrireduction, uptake of divalent iron by divalent metal transporter 1 (DMT1), and storage in 

ferritin [60]. Since a role for DCYTB in either iron import or detoxification requires DMT1, we 

performed immunohistochemical analysis of DMT1. As expected, in control duodenal tissue, 

expression of DCYTB and DMT1 overlapped (Figure 2-5i & j), consistent with the functional 

partnership of DCYTB and DMT1 in iron reduction and import in this tissue [9, 10]. In contrast, in 

the breast, expression of DMT1 was predominantly cytoplasmic, with minimal membrane 

staining (Figure 2-5e-h). Collectively, these data suggest that DCYTB expressed in breast tissue 

may not function in its typical iron import role. 
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c. Effects of DCYTB expression on iron metabolism in breast cancer cells 

To directly test whether DCYTB affects iron metabolism in breast cells, we selected breast cell 

lines with high and low expression of DCYTB. As shown in Supp Figure 2-7a, Western blot 

analysis indicated that T47D ductal carcinoma cells exhibited high basal expression of DCYTB, 

whereas MCF7 breast cancer cells exhibited substantially lower DCYTB expression. Because 

we had observed that DCYTB was higher in ER+ than in ER- tumors using both microarray 

(Supp Figure 2-1) and immunohistochemical analysis (Figure 2-5a-d), we explored whether 

DCYTB was directly regulated by estrogen in these cells. We found that DCYTB was neither 

induced by estrogen nor inhibited by tamoxifen (Supp Figure 2-7). 

To determine whether DCYTB played a role in iron import in breast cancer cells, we 

over-expressed and knocked down DCYTB and assessed effects on parameters of iron 

metabolism. We first constitutively overexpressed DCYTB in MCF7 cells, which express low 

levels of endogenous DCYTB (Figure 2-6a). To confirm that this exogenous DCYTB was 

functional, we measured its enzymatic activity using a ferrireductase assay. Tet-off DCYTB-

EGFP MDCK cells, which have been previously shown to express doxycycline-regulated 

functional DCYTB with ferrireductase activity [59], were used as a control. As seen in Figure 2-

6b, MCF7 cells over expressing DCYTB had significantly higher ferrireductase activity than cells 

transfected with empty vector. Control DCYTB-EGFP MDCK cells exhibited the expected 

doxycycline-regulated ferrireductase activity (Figure 2-6b). Thus exogenous DCYTB is 

expressed and functional in MCF7 cells.  

We then tested whether DCYTB modulated iron import by examining transferrin receptor 

1 (TFRC) and ferritin H (FTH1), two sensitive indicators of intracellular iron [88-90]. Expression 

of these proteins is post-translationally regulated by iron: transferrin receptor expression is 

increased in iron deplete conditions and decreased in iron replete conditions, while the opposite 

is true of ferritin H. Thus, high TFRC expression coupled with low FTH1 is indicative of a state of 
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decreased cellular iron, whereas low TFRC and high FTH1 indicates elevated levels of cellular 

iron. We observed no difference in transferrin receptor or ferritin H expression in MCF7 cells 

expressing DCYTB when compared to cells infected with the empty vector (Figure 2-6a), 

suggesting that exogenous DCYTB does not affect levels of intracellular iron.  

To further investigate the effects of DCYTB, we performed the converse experiment by 

knocking down DCYTB in T47D cells, which express high levels of endogenous DCYTB (Figure 

2-7a). DCYTB was significantly reduced by transfection of targeted siRNA (Figure 2-7a); 

however, ferritin H and transferrin receptor were not affected. Consistent with these results, 

measurement of the labile iron pool revealed no change in labile iron as a function of DCYTB 

expression (Figure 2-7b). To confirm these results, we also assessed total cellular iron by ICP-

MS in DCYTB knockdown T47D cells and DCYTB overexpressing MCF7 cells. Treatment with 

iron was used as a control. In both cell types, levels of intracellular iron were comparable, 

regardless of the level of DCYTB expression (Figure 2-8a & b). This suggests that modulation of 

DCYTB expression does not significantly influence overall levels of cellular iron. 

However, it was possible that DCYTB might facilitate iron uptake under the specific 

condition of iron excess. To explore this, we used T47D and MCF7 cells expressing a Tet-

inducible DCYTB expression vector, which enabled us to modulate DCYTB expression over a 

more graded range than that obtained using constitutive overexpression (Supp Figure 2-8). We 

found that in both T47D and MCF7 cells, basal levels of ferritin H were unaffected by DCYTB 

expression, regardless of the levels of DCYTB induction, supporting results obtained with 

constitutive expression of DCYTB (Supp Figure 2-8). We then compared the effect of DCYTB 

on the response of cells to exogenous iron (ferric ammonium citrate, FAC). In all cases, iron 

induced ferritin H and increased the labile iron pool to a similar extent (Figure 2-9). Thus, in both 

T47D and MCF7 cells, there was a 3-4-fold increase in ferritin with 200 µM FAC, regardless of 

the level of DCYTB (Figure 2-9a and c). Similarly, labile iron in both T47D and MCF7 cells was 

unchanged by DCYTB expression (Figure 2-9b & d). Consistent with these results, ICP-MS 
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analysis of cells cultured for 24 hours in 200 µM FAC revealed no effect of DCYTB status on 

total cellular iron (Figure 2-8a &b).  

d. Signaling Pathway Impact Analysis 

Although we observed that DCYTB was capable of reducing iron (Figure 2-6b), 

expression of DCYTB had no measurable effect on iron levels in breast cancer cells (Figure 2-6, 

7, 8 & 9). We therefore sought to identify other molecular functions of DCYTB that might be 

responsible for its positive association with prognosis. To accomplish this, we compared 

expression profiles from patients that expressed the highest (≥ 90th percentile) and lowest (≤ 

10th percentile) levels of DCYTB in cohorts #1 and #2. We used the Signaling Pathway Impact 

Analysis (SPIA) package [91] in the statistical software environment “R” [63] to identify 

functionally altered pathways, accounting for differentially expressed genes and pathway 

topology. In both cohorts, two pathways were significantly altered: cell cycle and focal adhesion 

(Supplemental Table 2- 1). These pathways converge, since increased signaling of the focal 

adhesion pathway can stimulate the cell cycle [92]. We therefore assessed the effect of 

knockdown or overexpression of DCYTB on cell proliferation. We observed that the rate of 

increase in cell number was the same in T47D cells treated with siDCYTB or control siRNA, and 

was also unchanged in MCF7 cells that overexpressed DCYTB when compared to controls 

(Figure 2-10a & b). We also investigated the effect of DCYTB expression on progression 

through the cell cycle in T47D cells treated with siGAPDH or siDCYTB (Supp Figure 2-9a & b). 

There was no appreciable difference in cell cycle distribution regardless of siRNA (Supp Figure 

2-9a & b). Thus, expression of DCYTB does not appear to directly affect cell cycle progression 

or proliferation of breast cancer cells.  

E. Discussion 

DCYTB was identified as one of 16 genes comprising an Iron Regulatory Gene 
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Signature (IRGS) that is predictive of breast cancer patient survival [46]. In the IRGS, high 

expression of DCYTB was associated with improved distant metastasis-free survival. This was 

unexpected, because in the duodenum, DCYTB acts in conjunction with DMT1 to promote iron 

uptake, and an extensive literature links enhanced iron uptake with increased rather than 

decreased cancer risk [21, 26-28, 66-70]. Our results resolve this apparent paradox between 

the anticipated role of DCYTB and its association with favorable prognosis by revealing that in 

breast cancer cells, DCYTB does not play a role in iron acquisition.  

We used immunohistochemical analysis to confirm the expression of DCYTB protein in 

breast tissue and to assess its cellular and subcellular localization (Figure 2-5). We observed 

that DCYTB is present on the cell surface of epithelial and myoepithelial cells, and is particularly 

abundant at the luminal surface of ducts. DCYTB did not co-localize with DMT1, the transport 

protein with which DCYTB partners for uptake of iron, casting doubt on a role for DCYTB in iron 

transport or detoxification in breast cells (Figure 2-5). We therefore used cell culture 

experiments to directly test the ability of DCYTB to impact iron metabolism in breast cancer 

cells. 

Neither DCYTB overexpression nor DCYTB knockdown altered parameters of iron 

metabolism in breast cancer cells. Exogenously expressed DCYTB exhibited ferrireductase 

activity (Figure 2-6b), indicating that the function of the transfected gene was preserved. 

However, basal levels of ferritin, an iron storage protein that is translationally regulated by iron, 

and transferrin receptor, an iron import protein that is also post-transcriptionally regulated by 

iron, were unchanged following either overexpression of DCYTB in MCF7 cells (Figure 2-6a) or 

knockdown in T47D breast cancer cells (Figure 2-7a). DCYTB overexpression also did not 

affect the response of cells to excess exogenous iron (Figure 2-8, 9a & c), the intracellular labile 

iron pool (Figure 2-7b, 9b & d), or total cellular iron (Figure 2-8). 

There are several potential alternative roles for DCYTB. DCYTB is expressed in 

numerous cell types that are not directly involved in dietary iron uptake, such as erythrocytes, 
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airway epithelial cells, astrocytes, and HepG2 cells [55, 60, 93-95]. This has led to the 

suggestion that DCYTB functions as a general oxidoreductase rather than a specific 

ferrireductase [96]. Since DCYTB belongs to the cytochrome b561 family of proteins involved in 

ascorbate regeneration [52], contains predicted ascorbate binding domains [9], uses ascorbate 

as a reductant [58], and has been suggested to function in maintenance of extracellular 

ascorbate in erythrocytes [55], the primary role of DCYTB in breast tissue may lie in the 

maintenance of tissue redox balance. Alternatively, DCYTB is capable of reducing copper [59], 

and this activity may be associated with its protective role in breast cancer, albeit by an 

unknown mechanism.  

We used Signaling Pathway Impact Analysis (SPIA) to identify potentially novel functions 

of DCYTB in breast cancer. We observed that cell cycle and focal adhesion pathways were 

significantly different in breast tumors that express the highest versus the lowest levels of 

DCYTB (Supplemental Table 2- 1). However, DCYTB did not directly affect the proliferation of 

breast cancer cells in tissue culture (Figure 2-10), suggesting that although expression of 

DCYTB is associated with perturbation of the cell cycle in breast tumors, this may not be a 

causal relationship. Future experiments will test whether DCYTB influences the focal adhesion 

pathway, particularly focal adhesion kinase (FAK), which regulates cell survival and motility [92, 

97] and is often aberrantly expressed in cancer [98, 99].  

Despite clear evidence that DCYTB does not modulate iron levels in breast cancer cells, 

our data demonstrate that DCYTB is nonetheless a strong predictor of outcome and response to 

therapy in breast cancer patients. Analysis of two combined cohorts that together total 1610 

breast cancer patients revealed that high DCYTB expression was associated with longer distant 

metastasis-free survival and longer relapse-free survival (both local and distant) (Figure 2-1). 

DCYTB was capable of further stratifying patients into groups with significantly different 

outcomes regardless of ER or LN status (Figure 2-2 and Supp Figure 2-3).  

  Breast cancer patients have been successfully classified into outcome groups based on 
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molecular profiling [79, 80], and several platforms for patient classification have been 

developed, including Oncotype Dx, Mammaprint, PAM50, and EndoPredict [100, 101]. DCYTB 

is not included in these currently available commercial and research-based classification 

systems. However, we observed that DCYTB expression increased in molecular subtypes with 

more favorable prognosis (Figure 2-3 and Supp. Figure 2-5), demonstrating that as a marker, 

DCYTB exhibits behavior that is consistent with known molecular markers of breast cancer.  

Although estimating patient prognosis is helpful to physicians and patients, predicting the 

probability of response to therapy is critical to clinical decision-making, and remains a challenge 

in breast cancer [100, 102, 103]. To test whether DCYTB could be used in predicting response 

to therapy, we assessed the association of DCYTB expression with outcome in two different 

cohorts. The first cohort consistent of women with ER+ tumors who had been treated with 

tamoxifen monotherapy (Figure 2-4a), and the second was a population of women with ERRB2- 

tumors treated with neoadjuvant chemotherapy (Figure 2-4b). We observed a significant 

association of DCYTB expression with patient response to therapy. In both cases, patients with 

low DCYTB expression were less likely to respond to treatment than those with high DCYTB 

expression (Figure 2-4a & b). These results suggest that measurement of DCYTB expression 

may be useful in tailoring therapy: for example, it could help guide a subset of ER+ patients to 

more aggressive therapy, or alternatively, identify those for whom the risks of chemotherapy are 

less warranted.  

F. Conclusion 

Our results demonstrate that DCYTB is a strong predictor of outcome and response to 

therapy in breast cancer patients. Although DCYTB can reduce iron and facilitate iron uptake in 

other tissues, DCYTB appears to function via an iron-independent mechanism in the breast. 

G. Methods 
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a. Cell Culture & Reagents 

17-β-estradiol (Sigma, E2758), Tamoxifen (4-hydroxy-TEMPO) (Sigma, 176141), 

FerroZine (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt 

hydrate) (Sigma, 160601), ferric ammonium citrate (Sigma, F5879), Doxycycline hyclate 

(Sigma, 9891), FuGENE® HD Transfection Reagent (Promega, E2311), Hydroxyurea (Sigma, 

H8627)  

Cell culture: T47D in RPMI-1640 with 10% FBS, MCF7 in EMEM with 10% FBS and 10 

U/mL insulin, MCF10A in MEGM Bulletkit™ with 100 ng/mL cholera toxin (Sigma) and MDCK in 

DMEM with 10% TET-free FBS (Clontech or Hyclone) and puromycin (1.0 ng/mL) [59]. All basal 

media supplied by LONZA and FBS supplied by GEMINI unless otherwise specified. 

b. Overexpression cell lines 

Constitutive DCYTB expression vector 

DCYTB coding sequencing was amplified from cDNA of U138MG cells, which was then 

cloned into BamHI and XbaI sites of pSL2 vector, a lentiviral overexpression vector with an 

EGFP selection marker [104]. The cloning primers were: DCYTB-F (5’ 

tcgggatccgccatggagggctactggcgct 3’) and DCYTB-R (5’ tagtctagatcacatggtagatctctgcccag 3’). 

Sequence comparison with the reference gene in NCBI database revealed that the cloned 

DCYTB cDNA was a polymorphism variant (S266N, rs10455 [105]). To obtain the wide-type 

DCYTB expression vector, we rectified the pSL2-DCYTB (S266N) variant using a site-direct-

mutagenesis cloning method. Sequence authentication for all of the vectors was done by DNA 

sequencing.  

Inducible DCYTB expression vector 

Primers were designed to amplify human DCYTB cDNA from pSL2-DCYTB plasmid. 

Forward (5’ CCCTCGTAAAGAATTCGCCACCATGGCCATGGAGGGCTACTGG 3’) and 
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reverse (5’ GAGGTGGTCTGGATCCTTACATGGTAGATCTCTGCCCAGCC 3’) primers 

contained restriction enzyme sequence for EcoR1 and BamH1 respectively. The PCR product 

of DCYTB (861 bp) was restriction digested and inserted between the EcoR1/BamH1 sites in 

the pLVX-TetOne-Puro (Takara-Clontech, Mountain View, CA). Plasmids were subsequently 

purified and sequenced. Cells were transfected using FuGENE® HD transfection reagent 

followed by 2 weeks of puromycin selection. 

c. siRNA 

All reagents obtained from Dharmacon. Transfections performed according to 

manufacturer’s recommendations with Dharmafect #1 transfection reagent. 

d. Western Blotting 

For DCYTB analysis, non-reduced samples were used; other samples were reduced. 

Western blots were probed with antibodies to DCYTB (Sigma), transferrin receptor (Invitrogen), 

ferritin H (Abcam) or β-actin (Sigma). 

e. mRNA Expression 

qRT-PCR was performed essentially as described [106], except that RNA was isolated 

and purified using the High Pure RNA Isolation Kit (Roche Diagnostics) and RT-qPCR was 

carried out using 2X SYBR® Green PCR Master Mix (BioRad) in a ViiA7 cycler (Applied 

Biosystems). Primers for PCR were designed with IDT PrimerQuest software (Integrated DNA 

Technologies, Inc.): DCYTB forward 5’-TGCATACAGTACATTCCCGCCAGA-3’, DCYTB 

reverse 5’-ATGGAACCTCTTGCTCCCTGTTCA-3’, ACTB forward 5’-

TTGCCGACAGGATGCAGAAGGA-3’, ACTB reverse 5’-AGGTGGACAGCGAGGCCAGGAT-3’. 

GREB1 primers were extracted from Stossi et al. [107]. 

f. Immunohistochemistry 
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Breast tissue microarrays were obtained from US Biomax. Antigen retrieval was 

performed using 0.05% citraconic anhydride (Acros Organics) at pH 7.4 prior to immunostaining 

with a rabbit anti-DCYTB antibody (Sigma) or rabbit anti-DMT1 antibody (Sigma). Slides were 

counterstained with hematoxylin (Poly Scientific). 

g. Measurement of the labile iron pool - LIP Assay 

Cells were siRNA transfected or doxycycline treated in 96-well plates and treated with 

200 μM ferric ammonium citrate (Sigma) for 24 hours prior to assay. Cells were washed, 

incubated with 2 μM calcein acetoxymethyl ester (Life Technologies) for 15 to 30 minutes at 

37°C, washed with phenol-free EMEM, and 100μM starch-conjugated deferoxamine (DFO; a 

generous gift of Biomedical Frontiers, Inc., Minneapolis, MN) was added. Fluorescence was 

measured at 485 nm excitation and 535 nm emission (BioTek Synergy 2). Following 

stabilization of the fluorescence signal, 10 µM salicylaldehyde isonicotinoyl hydrazone (SIH) 

was added for several minutes. The change in fluorescence following the addition of SIH (ΔF) 

was used as a measure of the labile iron pool. 

h. Cell cycle analysis 

Cells were synchronized with a 24-hour treatment of hydroxyurea. Following release 

from synchronization, cells were removed from the culture dishes and washed several times in 

PBS containing FBS and EDTA and fixed in 70% ethanol overnight. Propidium iodide staining 

and RNase treatment was done with FxCycle™ PI/RNase Staining Solution (ThermoFisher 

Scientific, F10797). Fluorescence intensity was collected using a MACSQuant Analyzer. ModFit 

software was used to calculate cell cycle histograms. 

i. Microarray Data Sets 

Cohort #1 [46] was downloaded in October 2013 from Cancer Research [108] as a 
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preprocessed file. Individuals with missing data (event data was unavailable for 18 patients) 

were excluded from the analysis. For construction of cohort #2, four publicly available breast 

cancer patient datasets met our criteria: (i) 303 (Discovery, GSE25055) and 193 (Validation, 

GSE25065) patients from a prospective study at M.D. Anderson Cancer Center that identified a 

predictive signature of response to neoadjuvant chemotherapy [82]; (ii) retrospective study of 

frozen tissue of 272 lymph node negative patients from Rotterdam, Netherlands who did not 

receive systemic adjuvant or neoadjuvant therapy (GSE2034) [109]; and (iii) 101 cancer and 14 

normal patient samples from Dublin, Ireland resected prior to hormone or chemotherapy 

(GSE42568) [110]. GSE25055 was downloaded April 2015 and GSE25065, GSE2034 and 

GSE42568 datasets were downloaded May 2015 from the National Center for Biotechnology 

Information Gene Expression Omnibus [62, 111] along with clinical and follow-up data. Where 

possible, CEL files were downloaded, preprocessed and RMA normalized. Surrogate variable 

analysis (SVA package) was used to batch correct cohort #2 [112, 113].  

j. Statistical analysis 

Analysis of microarray patient datasets was done with R: A Language and Environment 

for Computing using the affy [114], survival [115, 116], limma [117] and SPIA [91] packages. 

The DCYTB probe with the greatest expression in each cohort was used for analysis. Kaplan-

Meier (KM) survival analysis was used to determine distant metastasis-free survival (DMFS), 

relapse-free survival (RFS) (both local and distant) and bone-specific (RFS). Significance of KM 

plots was determined by the log-rank test. We used the signaling pathway impact analysis 

(SPIA) algorithm [91], implemented in R, to identify significantly activated or inhibited pathways 

(pFWER< 0.05), using information from KEGG pathway annotations and differentially expressed 

genes (p< 0.05) between high and low DCYTB expressing groups.  

k. ICP-MS 
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All containers used for sample digestion and preparation were pre-treated with trace-

metal grade HNO3 to remove metal contaminations. Protein samples were digested in 100 µl 

HNO3 (trace metal grade, Fisher Scientific) in polypropylene reagent tubes (Sarstedt) in a 

heating block at 90° C for 3 hours after which 100 µl of 10 M H2O2 (trace metal grade, Fisher 

Scientific) was added to the solution. The digested sample was further diluted to 2 ml total 

volume with 1% HNO3 and stored in pre-cleaned polypropylene tubes until measurement. To 

ensure elemental recovery of >90%, NIST reference material (freeze-dried, powdered bovine 

liver, SRM 1577c) as well as the common elemental standard mix (VHG laboratories) were 

simultaneously digested by the same method. To determine background contamination from the 

tubes an empty tube was treated with 1 ml HNO3 and prepared concomitantly with the samples. 

Inductively coupled plasma mass spectroscopy (ICP-MS) analysis was performed using an 

Agilent 7700x equipped with an ASX 250 autosampler. The system was operated at a radio 

frequency power of 1550 W, an argon plasma gas flow rate of 15 L/min, Ar carrier gas flow rate 

of 1.04 L/min. Elements were measured in kinetic energy discrimination (KED) mode using He 

gas (4.3 ml/min). Data were quantified using a 9-point (0, 0.5, 1, 2, 5, 10, 50, 100, 1000 ppb 

(ng/g)) calibration curve with external standards for Mg, Mn, Fe, Cu, and Zn. For each sample, 

data were acquired in triplicates and averaged. A coefficient of variance was determined from 

frequent measurements of a sample containing 10 ppb of all elements analyzed. An internal 

standard (Sc, Ge, Bi) introduced with the sample was used to correct for detector fluctuation 

and to monitor plasma stability. Elemental recovery was evaluated by measuring NIST 

reference material (water SRM 1643e) and found to be >90% for all determined elements.  
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Figure 2-1. High DCYTB expression is associated with increased recurrence-free survival 

in breast cancer 

High DCYTB expression is associated with increased recurrence-free survival in breast cancer 

Breast cancer patient microarray data was subsetted into high and low DCYTB expression 

groups (above and below the mean). a. Cohort #1 distant metastasis-free survival (p= 1.6e-11, 

n= 741, log-rank test); b. Cohort #2 relapse-free survival (both local and distant) (p= 1.2e-05, n= 

869, log-rank test); c. Subgroup of cohort #2 (GSE2034) bone-specific relapse-free survival 

(p=0.01, n= 272, log-rank test) 
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Table 2-1. Characteristics of patients and samples used in microarray analysis 

Name n 
Event 

(%) 

Median 
Recurrence-free 
Survival (Years) 

Median 
Follow-up 

(Years) 

Mean Age, 
years (SD) 

ER+ ER- LN+ LN- Her2 PR+ PR- Grade 1/2/3  
Normal 
Tissue 

Cohort #1* 741 
167 
(22) 

7.8 8.7 
60.8 

(12.5) 
643 89 364 358 NA NA NA 153/314/188 NA 

Cohort #2** 869 
251 
(29) 

4.3 4.5 
51 

(11.1) 
486 276 342 426 6 239 250 43/209/309 14*** 

Hatzis et al. [82] 
Discovery 
(GSE 25055) 

303 
63 

(21) 
2.4 2.6 

50 
(10.3) 

170 133 217 86 4 140 157 19/113/149 NA 

Hatzis et al. [82] 
Validation 
(GSE25065) 

193 
42 

(22) 
3.2 3.7 

49.2 
(10.6) 

120 72 125 68 2 99 93 13/59/107 NA 

Wang et al. [109] 
(GSE2034) 

272 
100 
(37) 

7.2 8.6 
54 

(12) 
196 76 0 272 NA NA NA NA NA 

Clarke et al. [110] 
(GSE42568) 

101 
46 

(46) 
5.3 6.2 

58.6 
(11.6) 

65 33 58 43 NA NA NA 11/37/53 14*** 

* constructed from data in caArray: mille-00271; GEO: GSE1456, GSE6532, GSE9195 

** constructed from data in GEO: GSE25055, GSE25065, GSE2043, GSE42568 

*** Normal tissue samples are not included in the number of patients (n). 

Complete datasets were not available for all patients. Discrepancies between total number of patients in cohorts and the number of 

patients evaluated based on individual characteristics (ER status, LN status, Her2, PR, grade) are due to missing data in each of 

these categories. 



36 
 

 

Figure 2-2. DCYTB predicts outcome independent of ER and LN status 

Kaplan-Meier analysis of patients in cohort #1 subsetted by high and low DCYTB expression 

and a. ER+ (p= 1.3e-10, n= 643), b. ER- (p= 0.03, n= 89), c. LN+ (p= 1.5e-07, n= 364), d. LN- 

(p= 0.0001, n= 358) status 
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Figure 2-3. Increased DCYTB expression in molecular subtypes with better outcome in 

cohort #1 

DCYTB expression in each breast cancer molecular subtype of cohort #1. Luminal A, n= 252; 

Normal-like, n= 154; Luminal B, n= 136; Her2, n= 61; Basal, n= 104. *p≤ 0.0028 vs LumA, **p≤ 

2.8e-15 vs LumA and Normal-like cohorts, ***p≤ 0.0027 vs all other cohorts  
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Figure 2-4. DCYTB predicts treatment outcome in Tamoxifen and chemotherapy treated 

cohorts 

a. Kaplan-Meier analysis of ER+ patients in cohort #1 who received Tamoxifen monotherapy 

subsetted by high and low DCYTB expression, p= 5.7e-05, n= 263, log-rank test. b. Kaplan-

Meier analysis of patients who were ERBB2- (HER2-) and either ER+ or ER- and had been 

treated with taxane-anthracycline neoadjuvant chemotherapy (and tamoxifen if ER+) followed 

by surgery (GSE25055) [82], p= 0.003, n= 310, log-rank test. 
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Figure 2-5. Tissue expression of DCYTB & DMT1.  

Representative images from breast tissue microarray (20x magnification) and deidentified 

duodenal tissue from UConn Health Center Department of Pathology. a;f. Normal adjacent 

breast tissue; b;g. Cribriform-type DCIS ER/PR+; c;h. Invasive ductal carcinoma, grade 2, 

ER/PR+; d;i. Invasive ductal carcinoma, grade 3, triple negative; e;j. Normal human duodenum, 

40x; k. Normal adjacent breast tissue, control stained with secondary antibody only, 40x; l. 

Normal human duodenum, controls stained with IgG instead of primary antibody, 40x. The box 

in the series of images to the left, a-d and e-h, represent the location of the magnified image to 

the right. Scale bar = 20 µm  
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Figure 2-6. Expression and activity of DCYTB in cultured breast cells does not affect iron 

metabolism 

a. Western blot of constitutive DCYTB expressing MCF7 cell iron responsive protein expression, 

triplicate samples are shown. b. FerroZine assay at pH 6.4 of indicated cells, results are the 

mean and standard deviation of triplicate samples. 
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Figure 2-7. Knockdown of DCYTB in T47D cells does not affect proteins of iron 

metabolism 

a. Western blot of T47D cells with siRNA-mediated knockdown of DCYTB or GAPDH (control), 

triplicate samples are shown. b. Labile iron pool of DCYTB knockdown T47D cells. Results 

represent the mean and standard deviation of at least 14 replicate samples. 
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Figure 2-8. DCYTB expression does not affect total cellular iron 

a. ICP-MS analysis of total cellular iron in DCYTB knockdown T47D cells and b. Constitutive 

DCYTB expressing MCF7 cells. Cells were either untreated or exposed to 200 µM ferric 

ammonium citrate (FAC) in growth medium for 24 hours. Results represent the mean and 

standard deviation of 3 replicates. 
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Figure 2-9. Iron responsive protein expression and cellular labile iron in response to 

DCYTB induction 

Iron responsive protein expression in a. T47D and c. MCF7 cells induced with doxycycline for 

72 hours. Transferrin receptor and ferritin expression quantified with Fiji ImageJ [118] and 

normalized to uninduced cells expressing the DCYTB containing vector. Labile iron pool 

measurement of b. T47D and d. MCF7 cells induced with doxycycline for 72 hours and iron 

treated for 24 hours. Results represent the mean and standard deviation of at least 15 replicate 

samples. 
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Figure 2-10. Modulation of DCYTB expression does not affect proliferation of cancerous 

breast cells 

a. Proliferation of DCYTB knockdown T47D cells monitored by trypan blue exclusion, b. 

Proliferation of constitutive DCYTB expressing MCF7 cells monitored by Coulter Counter. 

Results represent the mean and standard deviation of 3 replicate samples. 
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K. Supplemental Figures and Tables 

 

Supplemental Figure 2-S1. DCYTB expression is higher in ER+ than ER- patients 

Microarray analysis of DCYTB expression in ER+ (n= 643) and ER- (n= 89) patients of cohort 

#1, p= 2.1e-12 
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Supplemental Figure 2-S2. DCYTB expression decreases with increased tumor grade 

Microarray analysis of DCYTB expression by breast cancer grade in cohort #2. Grade 1, n= 43; 

grade 2, n= 209; grade 3, n= 209. *p= 6.4e-05 vs grade 1, **p≤ 5.9e-07 vs grade 1 & 2. 
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Supplemental Figure 2-S3. DCYTB predicts outcome independent of ER and LN status 

Kaplan-Meier analysis of patients in cohort #2 subsetted by high and low DCYTB expression 

and a. ER+ (p= 0.004, n= 486), b. ER- (p= 0.01, n= 276), c. LN+ (p= 0.02 n= 342), d. LN- (p= 

0.0001, n= 426) status 
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Supplemental Figure 2-S4. Survival by molecular subtype in cohort #1 

Kaplan-Meier analysis by molecular subtype in cohort #1. Subtypes determined by PAM50 [81]: 

Luminal A, n= 252; Normal-like, n= 154; Luminal B, n= 136; Her2, n= 61; Basal, n= 104. 
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Supplemental Figure 2-S5. Increased DCYTB expression in molecular subtypes with 

better outcome in cohort #2 

a. Kaplan-Meier analysis by molecular subtype in cohort #2, b. DCYTB expression in each 

breast cancer molecular subtype of cohort #2. Subtypes determined by PAM50 [81]: Luminal A, 

n= 165; Normal-like, n= 42; Luminal B, n= 78; Her2, n= 36; Basal, n= 184. * p= 0.0021 vs LumA, 

**p< 0.0025 vs LumA & Normal-like. 
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Supplemental Figure 2-S6. DCYTB expression is decreased in cancerous tissue 

Microarray analysis of DCYTB expression in normal breast (n= 14) and breast tumor tissue (n= 

869) in cohort #2, p= 9.7e-08 
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Supplemental Figure 2-S7. DCYTB expression is not regulated by estrogen 

a. Western blot of DCYTB expression in response to 24 hours of 17-β-estradiol treatment, b. 

DCYTB and c. GREB1 (growth regulation by estrogen in breast cancer 1) mRNA expression in 

response to 24 hours of 17-β-estradiol treatment, d. DCYTB and e. GREB1 mRNA expression 

in response to 24 hours of Tamoxifen treatment. Results represent means and standard 

deviations of 3 replicates.  
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Supplemental Figure 2-S8. Induction and activity of Tet-on DCYTB expression vector 

Western blot analysis of DCYTB and ferritin in a. T47D and b. MCF7 cells treated for 72 hours 

with doxycycline. β-actin was used as a loading control. 
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Supplemental Figure 2-S9. Knockdown of DCYTB expression does not affect progression 

through the cell cycle 

Cell cycle progression of hydroxyurea synchronized T47D cells transfected with a. siGAPDH 

(control) or b. siDCYTB. Cells were released from synchronization and ethanol fixed at the 

indicated times. Cell cycle distribution was determined with ModFit software analysis of 

propidium iodide fluorescence. Results represent means and standard deviations of 3 

replicates. 
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Supplemental Table 2-S1. Perturbed pathways identified by Signaling Pathway Impact 

Analysis (SPIA) 

Pathway Name KEGG Pathway ID 
Differentially expressed 

genes p-value 

 
Cohort #1 (n=152) 

Focal adhesion 4510 131 0.000178 

Cell cycle 4110 93 0.000781 

ECM-receptor interaction 4512 52 0.002462 

    
Cohort #2 (n=178) 

Cell cycle 4110 63 0.000393 

Focal adhesion 4510 60 0.005646 

RNA transport 3013 62 0.040746 

 

Data were subsetted into high and low DCYTB expression groups (> 0.9 quantile of expression, 

or < 0.1 quantile). The signaling pathway impact analysis (SPIA) algorithm [91], implemented in 

R, was used to identify significantly activated or inhibited pathways (pFWER< 0.05), using 

information from KEGG pathway annotations and differentially expressed genes (p< 0.05) 

between high and low DCYTB expressing groups. 
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Chapter III 

The effects of DCYTB expression on copper and ascorbate 

metabolism (unpublished data) 
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A. Copper induced gene expression in DCYTB expressing cells 

a. Copper metabolism 

Copper is a redox active metal necessary for scavenging of free radicals, cellular 

respiration and iron homeostasis. It is incorporated into many proteins including: superoxide 

dismutase (SOD1), cytochrome c (CYCS) and ceruloplasmin (CP) [119]. SOD1 participates in 

the neutralization of ROS by converting superoxide into peroxide. CYCS is the terminal enzyme 

in the electron transport chain, converting molecular oxygen to water [120]. CP is the main 

source of copper in plasma, containing anywhere from 60-95% of copper in the serum [119, 

121, 122]. It is also a ferroxidase necessary for iron loading of transferrin [123]. 

Like iron, dietary copper enters the body through the intestine and the recommended 

intake is about 1.0 mg per day [124]. Transport across the membrane is mediated by copper 

transporter 1 (CTR1) though reports indicate that DMT1 is also capable of copper transport [61, 

124-126]. Import of copper via CTR1 is unregulated although high cellular copper 

concentrations result in endocytosis of CTR1, preventing further import [124, 127, 128]. Excess 

copper can be eliminated from the body and it is predominantly excreted in the bile [124]. 

ATP7A, one of the copper transporting P-type ATPases, is necessary for export of copper to the 

plasma. Copper in the plasma is transported bound to albumin, α2-macroglobulin or histidine 

and other amino acids [124, 126]. This copper is bound in the cupric state and must be reduced 

prior to import [124]. 

The chaperone proteins: copper chaperone for superoxide dismutase (CCS) and 

antioxidant 1 copper chaperone (ATOX1) transport copper throughout the cytosol, delivering it 

to the mitochondria, golgi or the nucleus [128, 129]. CCS is responsible for delivering copper to 

SOD1 in the cytosol and mitochondria [130]. ATOX1 delivers copper to the trans-golgi network 

and the Cu-ATPases, ATP7A and ATP7B, for efflux or incorporation into copper-dependent 
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proteins [131]. ATP7A is ubiquitously expressed except in the liver and its localization is 

dependent on cellular copper levels [131]. While levels of cellular copper are low, ATP7A is 

localized to the trans-golgi network, allowing for protein incorporation of molecular copper 

delivered by ATOX1 [132]. When cellular copper levels are high, ATP7A translocates to the 

plasma membrane allowing for the export of excess copper [132]. ATP7B, however, is 

expressed predominantly in the liver where it makes copper available for incorporation in holo-

ceruloplasmin or mediates its excretion in the bile [124, 131]. 

 Two well described disease states result in altered copper metabolism: Menkes and 

Wilson disease. These diseases result from mutations in the Cu-ATPases where a multitude of 

different mutations are described [133]. Menkes disease results from mutations in ATP7A and is 

typically lethal by age 3 [131]. These mutations result in copper deficiency due to defective 

copper export from the intestine [128, 131]. Wilson disease, on the other hand, is caused by 

mutations in ATP7B [124]. Patients with this disease are unable to excrete copper or synthesize 

apo-ceruloplasmin [124]. These patients suffer from hepatic copper overload, which leads to 

liver damage as a result of oxidative stress [124]. Both of these diseases are rare, however, 

there have been reports of cancer associated with Wilson disease [134]. Cancer incidence in 

Wilson disease patients is low, likely due to the latency of hepatic cancers and the use of 

copper chelators to manage the disease. 

b. Copper and cancer 

Copper levels are elevated in cancer patients [119] and copper levels have been shown 

to be associated with progression and recurrence of cancer [103]. Copper is a known cofactor 

for matrix metalloproteinase-2, fibroblast growth factor-1 and angiogenin, proteins involved in 

angiogenesis [135-137]. The importance of angiogenesis in cancer progression is underscored 

by the implementation of copper chelators, clinically used for treatment of Wilson disease, as 

potential cancer therapy [138]. One such chelator, tetrathiomolybdate (TM), has been 
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demonstrated to suppress angiogenesis and reduce tumor volume of orthotopically injected 

SUM149 breast cancer cells in nude mice [139]. In vitro treatment of SUM149 breast cancer 

cells also reduced expression of the proangiogenic factors: VEGF, IL1 and IL6 through 

repression of NF-κB-dependent transcription [139]. Another chelator, trientine, was 

demonstrated to reduce tumor volume of HuH-7 hepatoma transplanted into nude mice [140]. 

Copper chelation in this context suppressed IL8 induced angiogenesis [140]. 

Cancerous cells are capable of developing resistance to therapy through elimination of 

cytotoxic drugs through efflux or sequestration, termed multidrug resistance (MDR). MDR is a 

large concern for cancer patients and physicians as it is often the cause of failed chemotherapy 

[141]. MDR was first characterized by expression of MDR1/P-glycoprotein (ABCB1) [141], but 

other proteins have since been identified as participants in MDR. The copper ATPases, ATP7A 

and ATP7B, have been found to be involved with MRD [142, 143]. Early research focused on 

copper transporter dependent resistance to cis-diaminedichloroplatinum (II) (CDDP), however, 

resistance to Taxol, doxorubicin and other drugs have also been found to be related to 

expression of these ATPases [143, 144]. ATP7A sequesters cytotoxic drugs in the golgi [145]. 

The intrinsic red fluorescence of doxorubicin was localized to the golgi, rather than the nucleus, 

of CHO cells and human fibroblasts in the presence of ATP7A [144], thus inhibiting toxicity. 

Expression of ATP7B results in reduced accumulation and decreased sensitivity of cisplatin in 

human epidermoid KB carcinoma cells due to increased efflux of the drug [146]. 

c. Cellular response to copper in the presence of DCYTB 

DCYTB has been shown to be a cupric reductase [59]. Due to the relevance of copper in 

multiple aspects of cancer development and progression and the ability of DCYTB to reduce 

copper for cellular import, we investigated the effects of DCYTB expression on the cellular 

response to copper. We used four genes described by Song et al. [147] as copper responsive: 

metallothionein (MTA2), HSP70 (HSPA1A1), heme oxygenase (HMOX1) and cytochrome p450 
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(CYP1A1) [147]. Metallothioneins, such as MTA2, are copper storage proteins, sequestering 

excess copper until it is needed by the cell [148]. HSP70 is one of the heat shock proteins 

responsible for proper protein folding and aids in the cellular stress response [149]. HMOX1 is 

the oxygenase responsible for the first step in heme catabolism [150]. CYP1A1 is a phase I 

monooxygenase involved in drug metabolism and sterol synthesis [151].  

To determine whether DCYTB was affecting cells in a copper-dependent manner, MCF7 

cells expressing empty vector or DCYTB were treated with cuprous or cupric chloride and the 

expression of the copper responsive genes MTA2, HSPA1A1, HMOX1 and CYP1A1 [147] was 

evaluated by qRT-PCR. Cupric copper will require reduction prior to import via CTR1. We would 

expect that reduction would be increased in cells expressing DCYTB. On the other hand, 

cuprous copper would not require reduction prior to import and therefore should not be 

influenced by the expression of DCYTB.  

The original study that identified these genes as copper responsive found that gene 

expression increased for all genes with copper treatment [147]. Our results recapitulate these 

findings (Figures 3-1a-d). There was no difference in HMOX1 expression at the basal level and 

an increase was not appreciable until higher copper treatment concentrations were used (Figure 

3-1a). At these higher concentrations, DCYTB expression resulted in an increase of gene 

expression without respect to the oxidation state of the copper treatment (Figure 3-1a). 

HSPA1A1 displayed a pattern of increase similar to HMOX1 in that only higher concentrations 

had an effect (Figure 3-1b). DCYTB expression in this case also resulted in an increase of gene 

expression, but only when the cells were treated with cupric copper (Figure 3-1b). MTA1 

showed no difference in basal expression with or without DCYTB expression (Figure 3-1c). 

Expression increased with copper treatment regardless of the oxidation state of copper and 

expression of MTA2 was significantly increased in DCYTB expressing cells at all levels of 

copper treatment (Figure 3-1c). Expression of CYP1A1 was decreased in DCYTB expressing 

cells when untreated and when treated with either oxidation state of copper (Figure 3-1d). It was 
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not until cells were treated with 200 μM cupric copper that expression of CYP1A1 in DCYTB 

expressing cells began to approach the expression seen in cells expressing the empty vector 

(Figure 3-1d). 

d. Discussion 

 Increased expression of metallothionein does not appear to be an effect of DCYTB 

expression alone as the basal levels of expression are unaffected, while overexpression of 

DCYTB results in increased MTA2 expression in response to copper treatment (Figure 3-1c). 

Metallothioneins are capable of binding multiple copper atoms allowing them to be inertly, but 

reversible stored [148]. This may indicate that cells expressing DCYTB have enhanced copper 

uptake since upregulation of metallothioneins is a result of increased cellular copper [147].  

 Alternatively, copper is capable of participating in Fenton-like reactions [152] and the 

response of these genes to copper has been shown to be ROS dependent [153, 154]. Induction 

of HMOX1 and CYP1A1 is a response to ROS and GSH depletion through induction of AP-1 

transcription factor [153]. This may suggest that alterations to ROS signaling or GSH levels are 

inducing CYP1A1 expression in DCYTB expressing cells (Figure 3-1d) indicating that further 

investigation of the redox state of cells as a result of DCYTB expression is required. 

 The striking repression of CYP1A1 in DCYTB expressing cells with and without copper 

treatment also warrants further investigation. In addition to drug metabolism, CYP1A1 has also 

been shown to be involved in survival and proliferation in breast cancer cell lines [155]. Breast 

tumors show upregulation of CYP1A1 which positively correlates with grade [156]. It is 

interesting to note that we see a decrease of DCYTB expression as grade increases (Figure 2-

S1), which may suggest that loss of DCYTB is de-repressing CYP1A1 expression. Study of the 

effect of DCYTB expression on CYP1A1 expression should be undertaken with the Dox-

inducible DCYTB expressing breast cells, which would reveal to what extent DCYTB influences 

CYP1A1.   
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Figure 3-1. Copper responsive genes are differentially expressed with copper treatment 

in DCYTB overexpressing MCF7 cells. 

mRNA expression of a. HMOX1, b. HSPA1A1, c. MTA2 and d. CYP1A1 in MCF7 cells 

overexpressing DCYTB treated for 24 hours with cuprous or cupric chloride. 
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B. Modulation of ascorbate metabolism and cellular oxidants in 

response to DCYTB expression 

The initial studies of DCYTB identified it as a cytochrome b561 homolog potentially 

capable of reducing ascorbate through conserved ascorbate and ascorbate radical (AR) binding 

domains [9, 51, 157]. Ascorbate is an essential antioxidant that serves a cofactor in many 

cellular processes [158, 159]. It has been shown to be an effective adjuvant cancer therapy 

[160-165]. Levels of ascorbate also influence DCYTB-mediated ferrireduction [59], but directed 

investigations have not been carried out to evaluate the interplay between ascorbate, or its 

oxidation products, and DCYTB.  

a. Ascorbate metabolism 

Ascorbate is a potent water-soluble antioxidant. It is possibly the most important 

antioxidant in extracellular fluid [163, 166]. Many mammals are capable of synthesizing 

ascorbate from glucose. Humans lack L-gulonolactone oxidase (GULO), which is required for 

synthesis, and must rely on transplasma membrane electron transport (tPMET) to maintain 

circulating ascorbate levels [165]. 

Ascorbic acid (AA, ascorbate, vitamin C) is regenerated at the expense of GSH and 

NAD(P)H. AA is reversibly converted to ascorbate radical (AR) following one electron oxidation 

reaction. Two molecules of AR can be converted to one molecules each of AA and DHA or one 

molecule can be reversibly oxidized to dehydroascorbate (DHA) through donation of a second 

electron. DHA can be converted to diketogulonic acid through an irreversible hydrolytic ring 

opening or it can be converted to AA by GSH or NAD(P)H. 

b. Ascorbate in cancer 

Typical serum levels of ascorbate range from 0.6 to 2.0 mg/dL, with levels of 0.3 mg/dL 
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indicative of deficiency [163]. Cancer patients are AA depleted with serum levels of 0.06 ± 0.01 

mM (~0.001 mg/dL) [167]. This can result in collagen destabilization (similar to that seen in 

scurvy) and aberrant activation of hypoxia inducible factors [159, 163, 168-171]. 

In vitro experiments have demonstrated selective dose-dependent cytotoxic and growth 

inhibitory effects of ascorbate in multiple cancer cell lines, including: lymphoma, breast and 

pancreatic, compared to normal counterparts [162, 163, 172]. Administration of ascorbate (4 

g/kg) to mice with ovarian or pancreatic tumor xenografts decreased tumor growth [172]. 

Evidence suggests that the therapeutic benefit of ascorbate is derived from its pro-oxidant 

activities. Ascorbate generates the ascorbate radical through autoxidation, which in turn reacts 

with oxygen to form peroxide [165]. Autoxidation of ascorbate occurs slowly at physiological pH 

[173, 174]. However, reduction of ferric iron by ascorbate occurs rapidly, resulting in the 

formation of bioreactive ferrous iron and the potential for Fenton chemistry to occur. Both of 

these reactions result in the generation of superoxide anion and have the ability to cause 

cellular damage [162, 164, 175-177].  

The utility of ascorbate in cancer therapy has been somewhat controversial. Several 

published studies found that oral administration of ascorbate to cancer patients had benefit 

though these studies were not properly controlled [178-180]. In two double-blind studies, 

another group found that oral ascorbate had no benefit in the treatment of cancer [181, 182]. 

Oral administration only achieves 220 μM (3874 mg/dL) plasma concentrations [183]. Plasma 

and tissue levels of ascorbate are tightly regulated following oral administration [162, 183, 184]. 

To achieve the desired plasma concentrations of ascorbate, doses must be given 

intravenously (I.V.) to bypass saturable gastrointestinal absorption [163]. I.V. administration of 

as little as 10 g/day achieved plasma concentrations from 1 to 5 mM (17.6 to 88.06 mg/dL) 

[165], more than equivalent to the 1000 μM doses shown to have cytotoxicity in vitro [183]. A 

review by Lamson et al. [185], summarizes the benefits of combining vitamin C with other 

therapies. There are no reported cases where addition of vitamin C has been shown to 
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decrease effectiveness of the primary therapy, while benefits include improved quality of life, 

increased therapeutic effect and decreased toxicity [185]. 

c. Cytochrome b561 ascorbate modulation 

Cytochromes b561 mediate transplasma membrane electron transport (tPMET). The 

prototypical cytochrome b561, chromaffin granule cytochrome b561 (CYB561A1), is a 

transplasma membrane protein in neuroendocrine secretory glands vesicles. This protein 

transfers electrons from extravesicular (intracellular) AA to intravesicular AR for the ultimate 

generation of dopamine in chromaffin granules [54, 186]. Other members of this protein family, 

such as the putative tumor suppressor 101F6 (CYB561D2), have been shown to accept 

electrons from extracellular AA. These electrons are transferred to the intracellular space 

resulting in the accumulation of intracellular AA. Intracellular AA accumulation has been linked 

to peroxide formation and selective growth inhibition of non-small cell lung cancer in vitro and in 

vivo [187]. 

DCYTB (CYB561A2) acts as a ferrireductase in the duodenum [9]. However, iron 

reduction kinetics suggest that iron may not be the primary substrate [59]. In fact, the putative 

AA and AR binding sites are partially conserved [9]. This suggests that DCYTB is donating an 

electron to extracellular AR, forming AA, prior to iron reduction. This function has been 

demonstrated in erythrocytes wherein DCYTB transfers electrons from the intracellular space to 

extracellular AFR, thus maintaining extracellular levels of AA [55].  

d. Influence of DCYTB expression on ascorbate metabolism in breast 

cancer cells 

Cytochromes b561 have been implicated in trans-membrane electron transport and this 

likely underlies the mechanism of iron reduction by DCYTB [52]. The ascorbate radical may also 

act as an extracellular electron acceptor while ascorbate is the primary intracellular electron 
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donor [9, 55, 59]. In this manner, it is possible that expression, or loss of expression, of DCYTB 

will result in alterations to the levels of cellular ascorbate and potentially disrupt intracellular 

antioxidant mechanisms. The goal of these experiments was to identify DCYTB-dependent 

alterations to ascorbate and cellular reactive oxygen species.  

We first used HPLC to directly determine the influence of DCYTB expression on cellular 

ascorbate levels. Cell lysates from MCF7 cells expressing vector or DCYTB, T47D cells 

transfected with siDCYTB or siScramble and Tet-off DCYTB-EGFP MDCK cells were collected 

in a solution of 0.05% trifluoroacetic acid (TFA) to stabilize ascorbate. DCYTB knockdown 

appeared to increase cellular ascorbate while overexpression had a minimal effect (Figure 4-1). 

However, there was no change of intracellular ascorbate in MDCK cells with or without 

doxycycline treatment (Figure 4-1). These results indicate that there are technical issues with 

the experiment. The trend of increased ascorbate in both of the breast cancer cell lines with 

higher DCYTB expression may indicate that the issue is with the MDCK cells or that the assay 

requires further refinement to identify the effects of DCYTB expression. 

Ascorbate is the major antioxidant species in cells and its regeneration at the expense of 

GSH and NAD(P)H may prevent cellular levels from being detectably altered. Depletion of GSH 

and NAD(P)H would result in an increase of reactive oxygen species. To determine how DCYTB 

expression would affect peroxide generation, we treated DCYTB overexpressing MCF7 cells 

with Amplex UltraRed to determine the levels of extracellular peroxide as a surrogate for levels 

of superoxide [60]. Extracellular peroxides are higher in cells expressing DCYTB (Figure 4-2), 

suggesting the levels of superoxide would also be increased.  

 To further investigate the effect of DCYTB expression of ROS and peroxides generation, 

we did the converse knockdown experiment. In this system we were able to interrogate 

intracellular ROS as well as extracellular peroxides using 6-carboxy-2’,7’-dichlorofluorescein 

diacetate (DCFH-DA) and Amplex UltraRed. Comparison of siDCYTB and siScramble treated 

T47D cells showed no difference in either intracellular or extracellular peroxide, despite a 
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successful knockdown of DCYTB (Figure 4-3). 

e. Discussion 

Current results show that extracellular peroxide increases (Figure 4-2) while intracellular 

ascorbate may be increasing (Figure 4-1) with exogenous DCYTB expression in MCF7 cells. 

Peroxide has been shown to diffuse through the plasma membrane [188] and this has been 

proposed as one of the mechanisms by which ascorbate mediates cell death [175]. We do not 

see alterations to cell growth regardless of DCYTB expression (Figure 2-10) it is possible that 

this is not detectable in this in vitro system due to the buffering capacity of the media. We were 

unable to evaluate intracellular peroxide levels due to the interference of GFP expression in the 

system with the measurement of DCFH-DA fluorescence. Utilization of doxycycline-inducible 

DCYTB cells, lacking GFP expression, may reveal increased intracellular peroxide, providing an 

avenue for further investigation. 

Changes to cellular peroxide or ROS in response to DCYTB knockdown were not 

detectable (Figure 4-3). It is possible that normal levels of DCYTB expression only slightly 

perturb cellular oxidants and measuring such changes may require more sensitive techniques. 

However, endogenous DCYTB expression in these cells may affect ascorbate metabolism more 

subtly than that seen with exogenous expression. In this system, peroxide may be appropriately 

mitigated by GSH forming GSSG. GSSG is then reduced by NAD(P)H, which is reduced by 

glucose. This may result in insufficient glucose to generate the ATP required for cancer cells 

growth and apoptosis [175]. Evaluation of GSH/GSSG, NAD(P)H and ATP are all called for in 

this case. However, it is again possible that the buffering capacity of the cell culture system may 

interfere with these experiments and modifications would be required. 

Due to the minimal changes detected in cellular ascorbate levels (Figure 4-1), other 

electron donors should be interrogated. The flavonoid quercetin has been identified as a 

substrate for DCYTB-mediated transmembrane electron transport [56]. Dihydrolipoic acid 
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(DHLA) may also serve as a substrate for DCYTB as it has been identified as a substrate for 

other cytochrome b561 family members [57]. DCYTB can function independently of ascorbate 

[60], thus it is important to consider these potential electron donors and the potential 

downstream effects of altered metabolism through loss of DCYTB expression.  
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Figure 4-1. Intracellular ascorbate levels are not influenced by DCYTB expression. 

Cells were incubated in phenol-free, serum-free medium for 4 hours, followed by 0.05% TFA 

wash and harvest. Cells were lysed by sonication and debris removed by centrifugation. Lysate 

was aliquoted and stored at ‐20°C until HPLC analysis by Tatiana Shcheglova, Ph.D.  



74 
 

 

Figure 4-2. Extracellular peroxides are increased in DCYTB overexpressing cells. 

Extracellular peroxide production determined by Amplex UltraRed. Fluorescence was read with 

Synergy 2 plate reader.  
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Figure 4-3. Knockdown of DCYTB does not affect levels of extracellular peroxide or 

intracellular reactive oxygen species. 

a. Extracellular peroxide production determined by Amplex UltraRed and b. intracellular reactive 

oxygen species determined by DCFH-DA in T47D cells transfected with siDCYTB or 

siScramble, c. Western blot of DCYTB expression following siRNA knockdown  
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Chapter IV 

Conclusions & Future Directions 
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Our group identified a signature of 16 “iron” genes capable of prediction outcome in 

breast cancer patients [46]. Among these genes, DCYTB was the most significantly associated 

with outcome. Our current work further analyzed the prognostic potential of DCYTB expression 

in breast cancer patients in addition to the functional role of DCYTB in breast cancer. The 

results of Chapter II demonstrate that DCYTB significantly predicts outcome in multiple patient 

cohorts and provides additional information beyond that provided by current markers and 

prognostic signatures. Genetic profiling is currently indicated in cases where the indication for 

therapy is unclear [4]. Multiple gene panels, such as MammaPrint and Oncotype DX, are 

currently available for predicting risk of recurrence and response to therapy [189, 190]. These 

panels do not include DCYTB. However, this research shows that utilization of DCYTB 

expression as a prognostic marker will provide additional information to physicians. This is 

expected to aid in treatment decisions which will improve therapeutic response and thereby 

prolonging time to relapse. 

a. Iron Metabolism 

DCYTB functions as an iron uptake protein in the duodenum [9, 47, 59]. We know that 

increased iron uptake is associated with poor prognosis in a variety of cancers [21, 27, 28, 35, 

44, 45, 67-70]. However, we see in Chapter II that DCYTB expression at physiological and 

supraphysiological levels did not affect cellular iron, suggesting an iron-independent mechanism 

in the breast.  

 Cell culture medium lacks ascorbate, an essential electron donor for DCYTB-mediated 

iron reduction. The lack of iron uptake by DCYTB expressing cells may be severely influenced 

by this lack of ascorbate, masking the true function of DCYTB in breast cells. This is unlikely, 

however, as increased cellular iron is associated with poor prognosis in breast cancer patients 

[35]. The focus on ascorbate as the primary electron donor is borne from its membership in the 

cytochrome b561 family which primarily accept electrons from ascorbate for transplasma 
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membrane transport [52, 59, 191]. Previous research also indicates that the cytochrome b561 

ascorbate and ascorbate radical binding domains are partially conserved in DCYTB [9] and 

reduction kinetics suggest that neither iron nor copper are the primary substrate [59]. Other 

electron donors have been identified for DCYTB. The flavonoid quercetin has been shown to 

increase iron reduction by DCYTB [56]. Dihydrolipoic acid (DHLA) has also been identified as 

an electron donor for tonoplast-localized cytochrome b561 (TCYTB) and the putative tumor 

suppressor cytochrome b561 (TS101F6) [57]. Other cytochrome b561 were not investigated, 

however this does suggest that they would be capable of accepting electrons from DHLA. 

Further investigation is warranted into the iron import by DCYTB in the breast in light of these 

conclusions. It is unlikely that the results will differ, as it is fundamental for cell survival to 

maintain sufficient ascorbate concentrations and due to the other potential sources of electron 

donors for DCYTB. 

b. Copper-mediated effects 

We investigated 4 genes identified as copper inducible [153, 154], which are in fact 

responding to ROS signaling induced by Fenton-like reaction due to excessive copper [152]. All 

copper genes are increased as expected, however in DCYTB expressing cells CYP1A1 was 

repressed (Figure 3-1a-d). This is interesting because expression of CYP1A1 has been linked to 

proliferation and survival of breast cancer cells [155]. This provides an excellent direction for 

further evaluation of the molecular function of DCYTB in breast cancer. Expression of CYP1A1 

in response to ROS is induced by AP-1 and inhibited by NF-κB transcription factors [153]. 

Depletion of GSH induces signaling through p38 MAPK or JNK signaling, inducing AP-1 

transcription [153]. Signaling through these pathways and activation of these transcription 

factors is frequently dysregulated in cancer [192, 193]. Investigation of the redox status with 

respect to DCYTB expression is a good starting point for evaluating this effect. 
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c. In vivo and 3D models 

 We present many results that suggest DCYTB expression should have an apparent and 

appreciable effect on breast cancer cells. The most prominent finding in DCYTB expressing 

cells and tumors is that the cell cycle is expected to be perturbed. The signaling pathway impact 

analysis of breast cancer patient microarray data specifically indicates that the cell cycle is 

perturbed in patients with high expression of DCYTB (Figure 2-S4). This analysis also identified 

alterations to the focal adhesion pathway which has downstream effects on the cell cycle 

(Figure 2-S4). Additionally, we see that MCF7 cells overexpressing DCYTB have reduced 

expression of CYP1A1 (Figure 3-1d). The expression of CYP1A1 has been associated with 

increased proliferation in breast cancer [155]. In spite of the mounting evidence indicating that 

DCYTB expression perturbs the cell cycle, we were unable to demonstrate any growth 

difference in knockdown or overexpressing cells (Figure 2-10). 

 We see in Chapter III, Section B that analysis of cellular ascorbate and detection of ROS 

are plagued with technical issues. It may be possible to correct these issues, for instance by 

adjusting the buffering capacity of the medium to more accurately mimic the tumor 

microenvironment. However, the benefits of DCYTB expression may only be detectable using 

3D models or in vivo systems. 3D culture involves the culture of cell aggregates grown on or 

embedded in matrix or grown in scaffold-free suspension [194]. Evidence suggests that two-

dimensional cell culture does not accurately mimic cell-cell interactions or the tumor 

microenvironment and gene expression profiles of 3D models are more similar to tumors than 

2D cell culture [195]. The original identification of cell cycle perturbation was identified using 

data from breast cancer patients, which mounting evidence suggests, are not accurately 

represented by 2D culture models [194]. Moving these experiments into 3D culture and in vivo 

murine models is the logical next step to understanding the positive association of DCYTB with 

breast cancer patient prognosis.  



80 
 

Bibliography 

1. Siegel RL, Miller KD, Jemal A: Cancer statistics, 2015. CA Cancer J Clin 2015, 65(1):5-29. 
2. Berry DA, Cronin KA, Plevritis SK, Fryback DG, Clarke L, Zelen M, Mandelblatt JS, Yakovlev AY, 

Habbema JD, Feuer EJ et al: Effect of screening and adjuvant therapy on mortality from breast 
cancer. N Engl J Med 2005, 353(17):1784-1792. 

3. Haque R, Ahmed SA, Inzhakova G, Shi J, Avila C, Polikoff J, Bernstein L, Enger SM, Press MF: 
Impact of breast cancer subtypes and treatment on survival: an analysis spanning two 
decades. Cancer Epidemiol Biomarkers Prev 2012, 21(10):1848-1855. 

4. Senkus E, Kyriakides S, Ohno S, Penault-Llorca F, Poortmans P, Rutgers E, Zackrisson S, Cardoso 
F, Committee EG: Primary breast cancer: ESMO Clinical Practice Guidelines for diagnosis, 
treatment and follow-up. Ann Oncol 2015, 26 Suppl 5:v8-30. 

5. Andrews NC: Iron homeostasis: insights from genetics and animal models. Nat Rev Genet 2000, 
1(3):208-217. 

6. Torti SV, Torti FM: Iron and cancer: more ore to be mined. Nat Rev Cancer 2013, 13(5):342-355. 
7. Andrews NC: Forging a field: the golden age of iron biology. Blood 2008, 112(2):219-230. 
8. Trumbo P, Yates AA, Schlicker S, Poos M: Dietary reference intakes: vitamin A, vitamin K, 

arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel, silicon, 
vanadium, and zinc. J Am Diet Assoc 2001, 101(3):294-301. 

9. McKie AT, Barrow D, Latunde-Dada GO, Rolfs A, Sager G, Mudaly E, Mudaly M, Richardson C, 
Barlow D, Bomford A et al: An iron-regulated ferric reductase associated with the absorption 
of dietary iron. Science 2001, 291(5509):1755-1759. 

10. Gunshin H, Mackenzie B, Berger UV, Gunshin Y, Romero MF, Boron WF, Nussberger S, Gollan JL, 
Hediger MA: Cloning and characterization of a mammalian proton-coupled metal-ion 
transporter. Nature 1997, 388(6641):482-488. 

11. Tandy S, Williams M, Leggett A, Lopez-Jimenez M, Dedes M, Ramesh B, Srai SK, Sharp P: Nramp2 
expression is associated with pH-dependent iron uptake across the apical membrane of 
human intestinal Caco-2 cells. J Biol Chem 2000, 275(2):1023-1029. 

12. Frey AG, Nandal A, Park JH, Smith PM, Yabe T, Ryu MS, Ghosh MC, Lee J, Rouault TA, Park MH et 
al: Iron chaperones PCBP1 and PCBP2 mediate the metallation of the dinuclear iron enzyme 
deoxyhypusine hydroxylase. Proc Natl Acad Sci U S A 2014, 111(22):8031-8036. 

13. Grootveld M, Bell JD, Halliwell B, Aruoma OI, Bomford A, Sadler PJ: Non-transferrin-bound iron 
in plasma or serum from patients with idiopathic hemochromatosis. Characterization by high 
performance liquid chromatography and nuclear magnetic resonance spectroscopy. J Biol 
Chem 1989, 264(8):4417-4422. 

14. Beinert H, Holm RH, Munck E: Iron-sulfur clusters: nature's modular, multipurpose structures. 
Science 1997, 277(5326):653-659. 

15. Logan DT, Su XD, Aberg A, Regnstrom K, Hajdu J, Eklund H, Nordlund P: Crystal structure of 
reduced protein R2 of ribonucleotide reductase: the structural basis for oxygen activation at a 
dinuclear iron site. Structure 1996, 4(9):1053-1064. 

16. Mole DR: Iron homeostasis and its interaction with prolyl hydroxylases. Antioxid Redox Signal 
2010, 12(4):445-458. 

17. Nemeth E, Tuttle MS, Powelson J, Vaughn MB, Donovan A, Ward DM, Ganz T, Kaplan J: Hepcidin 
regulates cellular iron efflux by binding to ferroportin and inducing its internalization. Science 
2004, 306(5704):2090-2093. 

18. Qiao B, Sugianto P, Fung E, Del-Castillo-Rueda A, Moran-Jimenez MJ, Ganz T, Nemeth E: 
Hepcidin-induced endocytosis of ferroportin is dependent on ferroportin ubiquitination. Cell 



81 
 

Metab 2012, 15(6):918-924. 
19. Petrak J, Vyoral D: Hephaestin--a ferroxidase of cellular iron export. Int J Biochem Cell Biol 

2005, 37(6):1173-1178. 
20. Sanchez M, Galy B, Schwanhaeusser B, Blake J, Bähr-Ivacevic T, Benes V, Selbach M, 

Muckenthaler MU, Hentze MW: Iron regulatory protein-1 and -2: transcriptome-wide 
definition of binding mRNAs and shaping of the cellular proteome by iron regulatory proteins. 
Blood 2011, 118(22):e168-e179. 

21. Hsing AW, McLaughlin JK, Olsen JH, Mellemkjar L, Wacholder S, Fraumeni JF, Jr.: Cancer risk 
following primary hemochromatosis: a population-based cohort study in Denmark. Int J 
Cancer 1995, 60(2):160-162. 

22. Yang DC, Jiang XP, Elliott RL, Head JF: Inhibition of growth of human breast carcinoma cells by 
an antisense oligonucleotide targeted to the transferrin receptor gene. Anticancer Res 2001, 
21(3B):1777-1787. 

23. Fenton HJH: LXXIII.-Oxidation of tartaric acid in presence of iron. Journal of the Chemical 
Society, Transactions 1894, 65(0):899-910. 

24. Stadtman ER: Metal ion-catalyzed oxidation of proteins: biochemical mechanism and 
biological consequences. Free Radic Biol Med 1990, 9(4):315-325. 

25. Cadet J, Delatour T, Douki T, Gasparutto D, Pouget JP, Ravanat JL, Sauvaigo S: Hydroxyl radicals 
and DNA base damage. Mutat Res 1999, 424(1-2):9-21. 

26. Hann HW, Stahlhut MW, Menduke H: Iron enhances tumor growth. Observation on 
spontaneous mammary tumors in mice. Cancer 1991, 68(11):2407-2410. 

27. Osborne NJ, Gurrin LC, Allen KJ, Constantine CC, Delatycki MB, McLaren CE, Gertig DM, 
Anderson GJ, Southey MC, Olynyk JK et al: HFE C282Y homozygotes are at increased risk of 
breast and colorectal cancer. Hepatology 2010, 51(4):1311-1318. 

28. Elmberg M, Hultcrantz R, Ekbom A, Brandt L, Olsson S, Olsson R, Lindgren S, Loof L, Stal P, 
Wallerstedt S et al: Cancer risk in patients with hereditary hemochromatosis and in their first-
degree relatives. Gastroenterology 2003, 125(6):1733-1741. 

29. Ryter SW, Tyrrell RM: The heme synthesis and degradation pathways: role in oxidant 
sensitivity. Heme oxygenase has both pro- and antioxidant properties. Free Radic Biol Med 
2000, 28(2):289-309. 

30. Jiang XP, Elliott RL, Head JF: Manipulation of iron transporter genes results in the suppression 
of human and mouse mammary adenocarcinomas. Anticancer Res 2010, 30(3):759-765. 

31. Wu KJ, Polack A, Dalla-Favera R: Coordinated regulation of iron-controlling genes, H-ferritin 
and IRP2, by c-MYC. Science 1999, 283(5402):676-679. 

32. O'Donnell KA, Yu D, Zeller KI, Kim JW, Racke F, Thomas-Tikhonenko A, Dang CV: Activation of 
transferrin receptor 1 by c-Myc enhances cellular proliferation and tumorigenesis. Mol Cell Biol 
2006, 26(6):2373-2386. 

33. Wang W, Deng Z, Hatcher H, Miller LD, Di X, Tesfay L, Sui G, D'Agostino RB, Jr., Torti FM, Torti SV: 
IRP2 regulates breast tumor growth. Cancer Res 2014, 74(2):497-507. 

34. Chen Y, Zhang S, Wang X, Guo W, Wang L, Zhang D, Yuan L, Zhang Z, Xu Y, Liu S: Disordered 
signaling governing ferroportin transcription favors breast cancer growth. Cell Signal 2015, 
27(1):168-176. 

35. Pinnix ZK, Miller LD, Wang W, D'Agostino R, Jr., Kute T, Willingham MC, Hatcher H, Tesfay L, Sui 
G, Di X et al: Ferroportin and iron regulation in breast cancer progression and prognosis. Sci 
Transl Med 2010, 2(43):43ra56. 

36. Yamasaki T, Terai S, Sakaida I: Deferoxamine for advanced hepatocellular carcinoma. N Engl J 
Med 2011, 365(6):576-578. 

37. Murren J, Modiano M, Clairmont C, Lambert P, Savaraj N, Doyle T, Sznol M: Phase I and 



82 
 

pharmacokinetic study of triapine, a potent ribonucleotide reductase inhibitor, administered 
daily for five days in patients with advanced solid tumors. Clin Cancer Res 2003, 9(11):4092-
4100. 

38. Yu Y, Kovacevic Z, Richardson DR: Tuning cell cycle regulation with an iron key. Cell Cycle 2007, 
6(16):1982-1994. 

39. Popovic-Bijelic A, Kowol CR, Lind ME, Luo J, Himo F, Enyedy EA, Arion VB, Graslund A: 
Ribonucleotide reductase inhibition by metal complexes of Triapine (3-aminopyridine-2-
carboxaldehyde thiosemicarbazone): a combined experimental and theoretical study. J Inorg 
Biochem 2011, 105(11):1422-1431. 

40. Yen Y, Margolin K, Doroshow J, Fishman M, Johnson B, Clairmont C, Sullivan D, Sznol M: A phase 
I trial of 3-aminopyridine-2-carboxaldehyde thiosemicarbazone in combination with 
gemcitabine for patients with advanced cancer. Cancer Chemother Pharmacol 2004, 54(4):331-
342. 

41. Eberhard Y, McDermott SP, Wang X, Gronda M, Venugopal A, Wood TE, Hurren R, Datti A, Batey 
RA, Wrana J et al: Chelation of intracellular iron with the antifungal agent ciclopirox olamine 
induces cell death in leukemia and myeloma cells. Blood 2009, 114(14):3064-3073. 

42. Zhou H, Shen T, Luo Y, Liu L, Chen W, Xu B, Han X, Pang J, Rivera CA, Huang S: The antitumor 
activity of the fungicide ciclopirox. Int J Cancer 2010, 127(10):2467-2477. 

43. Song S, Christova T, Perusini S, Alizadeh S, Bao RY, Miller BW, Hurren R, Jitkova Y, Gronda M, 
Isaac M et al: Wnt inhibitor screen reveals iron dependence of beta-catenin signaling in 
cancers. Cancer Res 2011, 71(24):7628-7639. 

44. Habashy HO, Powe DG, Staka CM, Rakha EA, Ball G, Green AR, Aleskandarany M, Paish EC, 
Douglas Macmillan R, Nicholson RI et al: Transferrin receptor (CD71) is a marker of poor 
prognosis in breast cancer and can predict response to tamoxifen. Breast Cancer Res Treat 
2010, 119(2):283-293. 

45. Yang DC, Wang F, Elliott RL, Head JF: Expression of transferrin receptor and ferritin H-chain 
mRNA are associated with clinical and histopathological prognostic indicators in breast cancer. 
Anticancer Res 2001, 21(1B):541-549. 

46. Miller LD, Coffman LG, Chou JW, Black MA, Bergh J, D'Agostino R, Jr., Torti SV, Torti FM: An iron 
regulatory gene signature predicts outcome in breast cancer. Cancer Res 2011, 71(21):6728-
6737. 

47. Latunde-Dada GO, Van der Westhuizen J, Vulpe CD, Anderson GJ, Simpson RJ, McKie AT: 
Molecular and functional roles of duodenal cytochrome B (Dcytb) in iron metabolism. Blood 
Cells Mol Dis 2002, 29(3):356-360. 

48. Crane FL, Sun IL, Clark MG, Grebing C, Low H: Transplasma-membrane redox systems in growth 
and development. Biochim Biophys Acta 1985, 811(3):233-264. 

49. Mastrogiannaki M, Matak P, Keith B, Simon MC, Vaulont S, Peyssonnaux C: HIF-2alpha, but not 
HIF-1alpha, promotes iron absorption in mice. J Clin Invest 2009, 119(5):1159-1166. 

50. Shah YM, Matsubara T, Ito S, Yim SH, Gonzalez FJ: Intestinal hypoxia-inducible transcription 
factors are essential for iron absorption following iron deficiency. Cell Metab 2009, 9(2):152-
164. 

51. Tsubaki M, Takeuchi F, Nakanishi N: Cytochrome b561 protein family: expanding roles and 
versatile transmembrane electron transfer abilities as predicted by a new classification system 
and protein sequence motif analyses. Biochim Biophys Acta 2005, 1753(2):174-190. 

52. Asard H, Barbaro R, Trost P, Berczi A: Cytochromes b561: ascorbate-mediated trans-membrane 
electron transport. Antioxid Redox Signal 2013, 19(9):1026-1035. 

53. Lu P, Ma D, Yan C, Gong X, Du M, Shi Y: Structure and mechanism of a eukaryotic 
transmembrane ascorbate-dependent oxidoreductase. Proc Natl Acad Sci U S A 2014, 



83 
 

111(5):1813-1818. 
54. Srivastava M, Duong LT, Fleming PJ: Cytochrome b561 catalyzes transmembrane electron 

transfer. J Biol Chem 1984, 259(13):8072-8075. 
55. Su D, May JM, Koury MJ, Asard H: Human erythrocyte membranes contain a cytochrome b561 

that may be involved in extracellular ascorbate recycling. J Biol Chem 2006, 281(52):39852-
39859. 

56. Vlachodimitropoulou E, Naftalin RJ, Sharp PA: Quercetin is a substrate for the transmembrane 
oxidoreductase Dcytb. Free Radic Biol Med 2010, 48(10):1366-1369. 

57. Bérczi A, Zimányi L, Asard H: Dihydrolipoic acid reduces cytochrome b561 proteins. European 
Biophysics Journal 2013:1-10. 

58. Oakhill JS, Marritt SJ, Gareta EG, Cammack R, McKie AT: Functional characterization of human 
duodenal cytochrome b (Cybrd1): Redox properties in relation to iron and ascorbate 
metabolism. Biochimica et Biophysica Acta (BBA) - Bioenergetics 2008, 1777(3):260-268. 

59. Wyman S, Simpson RJ, McKie AT, Sharp PA: Dcytb (Cybrd1) functions as both a ferric and a 
cupric reductase in vitro. FEBS Lett 2008, 582(13):1901-1906. 

60. Turi JL, Wang X, McKie AT, Nozik-Grayck E, Mamo LB, Crissman K, Piantadosi CA, Ghio AJ: 
Duodenal cytochrome b: a novel ferrireductase in airway epithelial cells. Am J Physiol Lung Cell 
Mol Physiol 2006, 291(2):L272-280. 

61. Arredondo M, Munoz P, Mura CV, Nunez MT: DMT1, a physiologically relevant apical Cu1+ 
transporter of intestinal cells. Am J Physiol Cell Physiol 2003, 284(6):C1525-1530. 

62. Edgar R, Domrachev M, Lash AE: Gene Expression Omnibus: NCBI gene expression and 
hybridization array data repository. Nucleic Acids Res 2002, 30(1):207-210. 

63. R Core Team: R: A Language and Environment for Statistical Computing. In.: R Foundation for 
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 2015. 

64. Liuzzi JP, Aydemir F, Nam H, Knutson MD, Cousins RJ: Zip14 (Slc39a14) mediates non-
transferrin-bound iron uptake into cells. Proc Natl Acad Sci U S A 2006, 103(37):13612-13617. 

65. Akatsuka S, Yamashita Y, Ohara H, Liu YT, Izumiya M, Abe K, Ochiai M, Jiang L, Nagai H, Okazaki Y 
et al: Fenton reaction induced cancer in wild type rats recapitulates genomic alterations 
observed in human cancer. PLoS One 2012, 7(8):e43403. 

66. Radulescu S, Brookes MJ, Salgueiro P, Ridgway RA, McGhee E, Anderson K, Ford SJ, Stones DH, 
Iqbal TH, Tselepis C et al: Luminal iron levels govern intestinal tumorigenesis after Apc loss in 
vivo. Cell reports 2012, 2(2):270-282. 

67. Nelson RL: Iron and colorectal cancer risk: human studies. Nutr Rev 2001, 59(5):140-148. 
68. Hong CC, Ambrosone CB, Ahn J, Choi JY, McCullough ML, Stevens VL, Rodriguez C, Thun MJ, Calle 

EE: Genetic variability in iron-related oxidative stress pathways (Nrf2, NQ01, NOS3, and HO-1), 
iron intake, and risk of postmenopausal breast cancer. Cancer Epidemiol Biomarkers Prev 2007, 
16(9):1784-1794. 

69. Edgren G, Reilly M, Hjalgrim H, Tran TN, Rostgaard K, Adami J, Titlestad K, Shanwell A, Melbye 
M, Nyren O: Donation frequency, iron loss, and risk of cancer among blood donors. J Natl 
Cancer Inst 2008, 100(8):572-579. 

70. Zacharski LR, Chow BK, Howes PS, Shamayeva G, Baron JA, Dalman RL, Malenka DJ, Ozaki CK, 
Lavori PW: Decreased cancer risk after iron reduction in patients with peripheral arterial 
disease: results from a randomized trial. J Natl Cancer Inst 2008, 100(14):996-1002. 

71. McKie AT, Marciani P, Rolfs A, Brennan K, Wehr K, Barrow D, Miret S, Bomford A, Peters TJ, 
Farzaneh F et al: A novel duodenal iron-regulated transporter, IREG1, implicated in the 
basolateral transfer of iron to the circulation. Mol Cell 2000, 5(2):299-309. 

72. West AR, Oates PS: Mechanisms of heme iron absorption: current questions and controversies. 
World J Gastroenterol 2008, 14(26):4101-4110. 

http://www.r-project.org/


84 
 

73. Li L, Fang CJ, Ryan JC, Niemi EC, Lebron JA, Bjorkman PJ, Arase H, Torti FM, Torti SV, Nakamura 
MC et al: Binding and uptake of H-ferritin are mediated by human transferrin receptor-1. Proc 
Natl Acad Sci U S A 2010, 107(8):3505-3510. 

74. Yang J, Goetz D, Li JY, Wang W, Mori K, Setlik D, Du T, Erdjument-Bromage H, Tempst P, Strong R 
et al: An iron delivery pathway mediated by a lipocalin. Mol Cell 2002, 10(5):1045-1056. 

75. Abella V, Scotece M, Conde J, Gomez R, Lois A, Pino J, Gomez-Reino JJ, Lago F, Mobasheri A, 
Gualillo O: The potential of lipocalin-2/NGAL as biomarker for inflammatory and metabolic 
diseases. Biomarkers : biochemical indicators of exposure, response, and susceptibility to 
chemicals 2015:1-7. 

76. Bauer M, Eickhoff JC, Gould MN, Mundhenke C, Maass N, Friedl A: Neutrophil gelatinase-
associated lipocalin (NGAL) is a predictor of poor prognosis in human primary breast cancer. 
Breast Cancer Res Treat 2008, 108(3):389-397. 

77. Leng X, Lin H, Ding T, Wang Y, Wu Y, Klumpp S, Sun T, Zhou Y, Monaco P, Belmont J et al: 
Lipocalin 2 is required for BCR-ABL-induced tumorigenesis. Oncogene 2008, 27(47):6110-6119. 

78. Li Y, Zou L, Li Q, Haibe-Kains B, Tian R, Li Y, Desmedt C, Sotiriou C, Szallasi Z, Iglehart JD et al: 
Amplification of LAPTM4B and YWHAZ contributes to chemotherapy resistance and 
recurrence of breast cancer. Nat Med 2010, 16(2):214-218. 

79. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, Pollack JR, Ross DT, Johnsen H, 
Akslen LA et al: Molecular portraits of human breast tumours. Nature 2000, 406(6797):747-
752. 

80. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, Hastie T, Eisen MB, van de Rijn M, 
Jeffrey SS et al: Gene expression patterns of breast carcinomas distinguish tumor subclasses 
with clinical implications. Proc Natl Acad Sci U S A 2001, 98(19):10869-10874. 

81. Parker JS, Mullins M, Cheang MC, Leung S, Voduc D, Vickery T, Davies S, Fauron C, He X, Hu Z et 
al: Supervised risk predictor of breast cancer based on intrinsic subtypes. J Clin Oncol 2009, 
27(8):1160-1167. 

82. Hatzis C, Pusztai L, Valero V, Booser DJ, Esserman L, Lluch A, Vidaurre T, Holmes F, Souchon E, 
Wang H et al: A genomic predictor of response and survival following taxane-anthracycline 
chemotherapy for invasive breast cancer. JAMA 2011, 305(18):1873-1881. 

83. Brookes MJ, Hughes S, Turner FE, Reynolds G, Sharma N, Ismail T, Berx G, McKie AT, Hotchin N, 
Anderson GJ et al: Modulation of iron transport proteins in human colorectal carcinogenesis. 
Gut 2006, 55(10):1449-1460. 

84. Boult J, Roberts K, Brookes MJ, Hughes S, Bury JP, Cross SS, Anderson GJ, Spychal R, Iqbal T, 
Tselepis C: Overexpression of cellular iron import proteins is associated with malignant 
progression of esophageal adenocarcinoma. Clin Cancer Res 2008, 14(2):379-387. 

85. Zhang DL, Su D, Berczi A, Vargas A, Asard H: An ascorbate-reducible cytochrome b561 is 
localized in macrophage lysosomes. Biochim Biophys Acta 2006, 1760(12):1903-1913. 

86. Rakha EA, Reis-Filho JS, Baehner F, Dabbs DJ, Decker T, Eusebi V, Fox SB, Ichihara S, Jacquemier 
J, Lakhani SR et al: Breast cancer prognostic classification in the molecular era: the role of 
histological grade. Breast Cancer Res 2010, 12(4):207. 

87. Protocol for the Examination of Specimens From Patients With Invasive Carcinoma of the 
Breast 
[http://www.cap.org/ShowProperty?nodePath=/UCMCon/Contribution%20Folders/WebConten
t/pdf/cp-breast-invasive-16protocol-3300.pdf] 

88. Aziz N, Munro HN: Iron regulates ferritin mRNA translation through a segment of its 5' 
untranslated region. Proceedings of the National Academy of Sciences 1987, 84(23):8478-8482. 

89. Hentze MW, Rouault TA, Caughman SW, Dancis A, Harford JB, Klausner RD: A Cis-Acting 
Element Is Necessary and Sufficient for Translational Regulation of Human Ferritin Expression 

http://www.cap.org/ShowProperty?nodePath=/UCMCon/Contribution%20Folders/WebContent/pdf/cp-breast-invasive-16protocol-3300.pdf
http://www.cap.org/ShowProperty?nodePath=/UCMCon/Contribution%20Folders/WebContent/pdf/cp-breast-invasive-16protocol-3300.pdf


85 
 

in Response to Iron. Proceedings of the National Academy of Sciences of the United States of 
America 1987, 84(19):6730-6734. 

90. Casey JL, Hentze MW, Koeller DM, Caughman SW, Rouault TA, Klausner RD, Harford JB: Iron-
Responsive Elements: Regulatory RNA Sequences that Control mRNA Levels and Translation. 
Science 1988, 240(4854):924-928. 

91. Tarca AL, Kathri P, Draghici S: SPIA: Signaling Pathway Impact Analysis (SPIA) using combined 
evidence of pathway over-representation and unusual signaling perturbations. In., R package 
version 2.24.0 edn; 2013. 

92. Zhao JH, Reiske H, Guan JL: Regulation of the cell cycle by focal adhesion kinase. The Journal of 
cell biology 1998, 143(7):1997-2008. 

93. Prat A, Parker JS, Karginova O, Fan C, Livasy C, Herschkowitz JI, He X, Perou CM: Phenotypic and 
molecular characterization of the claudin-low intrinsic subtype of breast cancer. Breast Cancer 
Res 2010, 12(5):R68. 

94. Sabatier R, Finetti P, Guille A, Adelaide J, Chaffanet M, Viens P, Birnbaum D, Bertucci F: Claudin-
low breast cancers: clinical, pathological, molecular and prognostic characterization. Molecular 
cancer 2014, 13:228. 

95. Tulpule K, Robinson SR, Bishop GM, Dringen R: Uptake of ferrous iron by cultured rat 
astrocytes. Journal of neuroscience research 2010, 88(3):563-571. 

96. Lane DJ, Richardson DR: The active role of vitamin C in mammalian iron metabolism: much 
more than just enhanced iron absorption! Free Radic Biol Med 2014, 75:69-83. 

97. Mitra SK, Hanson DA, Schlaepfer DD: Focal adhesion kinase: in command and control of cell 
motility. Nat Rev Mol Cell Biol 2005, 6(1):56-68. 

98. Oktay MH, Oktay K, Hamele-Bena D, Buyuk A, Koss LG: Focal adhesion kinase as a marker of 
malignant phenotype in breast and cervical carcinomas. Hum Pathol 2003, 34(3):240-245. 

99. Lightfoot HM, Jr., Lark A, Livasy CA, Moore DT, Cowan D, Dressler L, Craven RJ, Cance WG: 
Upregulation of focal adhesion kinase (FAK) expression in ductal carcinoma in situ (DCIS) is an 
early event in breast tumorigenesis. Breast Cancer Res Treat 2004, 88(2):109-116. 

100. Cyr AE, Margenthaler JA: Molecular profiling of breast cancer. Surg Oncol Clin N Am 2014, 
23(3):451-462. 

101. Martin M, Brase JC, Ruiz A, Prat A, Kronenwett R, Calvo L, Petry C, Bernard PS, Ruiz-Borrego M, 
Weber KE et al: Prognostic ability of EndoPredict compared to research-based versions of the 
PAM50 risk of recurrence (ROR) scores in node-positive, estrogen receptor-positive, and HER2-
negative breast cancer. A GEICAM/9906 sub-study. Breast Cancer Research and Treatment 
2016, 156(1):81-89. 

102. Schwartz GF, Bartelink H, Burstein HJ, Cady B, Cataliotti L, Fentiman IS, Holland R, Hughes KS, 
Masood S, McCormick B et al: Adjuvant therapy in stage I carcinoma of the breast: the 
influence of multigene analyses and molecular phenotyping. The breast journal 2012, 
18(4):303-311. 

103. Goodman VL, Brewer GJ, Merajver SD: Copper deficiency as an anti-cancer strategy. Endocrine-
related cancer 2004, 11(2):255-263. 

104. Deng Z, Wan M, Cao P, Rao A, Cramer SD, Sui G: Yin Yang 1 regulates the transcriptional activity 
of androgen receptor. Oncogene 2009, 28(42):3746-3757. 

105. Zaahl MG, Merryweather-Clarke AT, Kotze MJ, van der Merwe S, Warnich L, Robson KJ: Analysis 
of genes implicated in iron regulation in individuals presenting with primary iron overload. 
Human genetics 2004, 115(5):409-417. 

106. Wang W, Di X, D'Agostino RB, Jr., Torti SV, Torti FM: Excess capacity of the iron regulatory 
protein system. J Biol Chem 2007, 282(34):24650-24659. 

107. Stossi F, Barnett DH, Frasor J, Komm B, Lyttle CR, Katzenellenbogen BS: Transcriptional profiling 



86 
 

of estrogen-regulated gene expression via estrogen receptor (ER) alpha or ERbeta in human 
osteosarcoma cells: distinct and common target genes for these receptors. Endocrinology 
2004, 145(7):3473-3486. 

108. The Journal of Cancer Research [http://cancerres.aacrjournals.org/] 
109. Wang Y, Klijn JG, Zhang Y, Sieuwerts AM, Look MP, Yang F, Talantov D, Timmermans M, Meijer-

van Gelder ME, Yu J et al: Gene-expression profiles to predict distant metastasis of lymph-
node-negative primary breast cancer. Lancet 2005, 365(9460):671-679. 

110. Clarke C, Madden SF, Doolan P, Aherne ST, Joyce H, O'Driscoll L, Gallagher WM, Hennessy BT, 
Moriarty M, Crown J et al: Correlating transcriptional networks to breast cancer survival: a 
large-scale coexpression analysis. Carcinogenesis 2013, 34(10):2300-2308. 

111. National Center for Biotechnology Information Gene Expression Omnibus 
[http://www.ncbi.nlm.nih.gov/geo/] 

112. Johnson WE, Li C, Rabinovic A: Adjusting batch effects in microarray expression data using 
empirical Bayes methods. Biostatistics (Oxford, England) 2007, 8(1):118-127. 

113. Leek JT, Evan J, Parker HS, Fertig EJ, Jaffe AE, Storey JD: sva: Surrogate Variable Analysis. In., R 
package version 3.14.0. edn. 

114. Gautier L, Cope L, Bolstad BM, Irizarry RA: affy--analysis of Affymetrix GeneChip data at the 
probe level. Bioinformatics 2004, 20(3):307-315. 

115. Therneau T: A Package for Survival Analysis in S. In., Version 2.38 edn; 2015. 
116. Therneau TM, Grambsch PM: Modeling Survival Data: Extending the Cox Model: Springer, New 

York; 2000. 
117. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK: limma powers differential 

expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Research 2015. 
118. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C, 

Saalfeld S, Schmid B et al: Fiji: an open-source platform for biological-image analysis. Nature 
methods 2012, 9(7):676-682. 

119. Gupte A, Mumper RJ: Elevated copper and oxidative stress in cancer cells as a target for cancer 
treatment. Cancer Treat Rev 2009, 35(1):32-46. 

120. Capaldi RA: Structure and function of cytochrome c oxidase. Annu Rev Biochem 1990, 59:569-
596. 

121. Harris ZL, Durley AP, Man TK, Gitlin JD: Targeted gene disruption reveals an essential role for 
ceruloplasmin in cellular iron efflux. Proc Natl Acad Sci U S A 1999, 96(19):10812-10817. 

122. Tapiero H, Townsend DM, Tew KD: Trace elements in human physiology and pathology. 
Copper. Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie 2003, 57(9):386-
398. 

123. Hellman NE, Gitlin JD: Ceruloplasmin metabolism and function. Annual review of nutrition 2002, 
22:439-458. 

124. Roberts EA, Sarkar B: Liver as a key organ in the supply, storage, and excretion of copper. Am J 
Clin Nutr 2008, 88(3):851S-854S. 

125. Tennant J, Stansfield M, Yamaji S, Srai SK, Sharp P: Effects of copper on the expression of metal 
transporters in human intestinal Caco-2 cells. FEBS Lett 2002, 527(1-3):239-244. 

126. Moriya M, Ho YH, Grana A, Nguyen L, Alvarez A, Jamil R, Ackland ML, Michalczyk A, Hamer P, 
Ramos D et al: Copper is taken up efficiently from albumin and alpha2-macroglobulin by 
cultured human cells by more than one mechanism. Am J Physiol Cell Physiol 2008, 
295(3):C708-721. 

127. Petris MJ, Smith K, Lee J, Thiele DJ: Copper-stimulated endocytosis and degradation of the 
human copper transporter, hCtr1. J Biol Chem 2003, 278(11):9639-9646. 

128. Prohaska JR: Role of copper transporters in copper homeostasis. Am J Clin Nutr 2008, 

http://cancerres.aacrjournals.org/
http://www.ncbi.nlm.nih.gov/geo/


87 
 

88(3):826S-829S. 
129. Lutsenko S: Human copper homeostasis: a network of interconnected pathways. Curr Opin 

Chem Biol 2010, 14(2):211-217. 
130. Cobine PA, Pierrel F, Winge DR: Copper trafficking to the mitochondrion and assembly of 

copper metalloenzymes. Biochim Biophys Acta 2006, 1763(7):759-772. 
131. Tumer Z, Moller LB: Menkes disease. Eur J Hum Genet 2010, 18(5):511-518. 
132. La Fontaine S, Mercer JF: Trafficking of the copper-ATPases, ATP7A and ATP7B: role in copper 

homeostasis. Arch Biochem Biophys 2007, 463(2):149-167. 
133. de Bie P, Muller P, Wijmenga C, Klomp LWJ: Molecular pathogenesis of Wilson and Menkes 

disease: correlation of mutations with molecular defects and disease phenotypes. Journal of 
Medical Genetics 2007, 44(11):673-688. 

134. Xu R, Hajdu CH: Wilson disease and hepatocellular carcinoma. Gastroenterology & hepatology 
2008, 4(6):438-439. 

135. Engleka KA, Maciag T: Inactivation of human fibroblast growth factor-1 (FGF-1) activity by 
interaction with copper ions involves FGF-1 dimer formation induced by copper-catalyzed 
oxidation. J Biol Chem 1992, 267(16):11307-11315. 

136. Soncin F, Guitton JD, Cartwright T, Badet J: Interaction of human angiogenin with copper 
modulates angiogenin binding to endothelial cells. Biochem Biophys Res Commun 1997, 
236(3):604-610. 

137. Simeon A, Emonard H, Hornebeck W, Maquart FX: The tripeptide-copper complex glycyl-L-
histidyl-L-lysine-Cu2+ stimulates matrix metalloproteinase-2 expression by fibroblast cultures. 
Life Sci 2000, 67(18):2257-2265. 

138. Wang F, Jiao P, Qi M, Frezza M, Dou QP, Yan B: Turning Tumor-Promoting Copper into an Anti-
Cancer Weapon via High-Throughput Chemistry. Current medicinal chemistry 2010, 
17(25):2685-2698. 

139. Pan Q, Kleer CG, van Golen KL, Irani J, Bottema KM, Bias C, De Carvalho M, Mesri EA, Robins DM, 
Dick RD et al: Copper deficiency induced by tetrathiomolybdate suppresses tumor growth and 
angiogenesis. Cancer Res 2002, 62(17):4854-4859. 

140. Moriguchi M, Nakajima T, Kimura H, Watanabe T, Takashima H, Mitsumoto Y, Katagishi T, 
Okanoue T, Kagawa K: The copper chelator trientine has an antiangiogenic effect against 
hepatocellular carcinoma, possibly through inhibition of interleukin-8 production. Int J Cancer 
2002, 102(5):445-452. 

141. Lage H: An overview of cancer multidrug resistance: a still unsolved problem. Cellular and 
molecular life sciences : CMLS 2008, 65(20):3145-3167. 

142. Nakayama K, Miyazaki K, Kanzaki A, Fukumoto M, Takebayashi Y: Expression and cisplatin 
sensitivity of copper-transporting P-type adenosine triphosphatase (ATP7B) in human solid 
carcinoma cell lines. Oncol Rep 2001, 8(6):1285-1287. 

143. Furukawa T, Komatsu M, Ikeda R, Tsujikawa K, Akiyama S: Copper transport systems are 
involved in multidrug resistance and drug transport. Curr Med Chem 2008, 15(30):3268-3278. 

144. Owatari S, Akune S, Komatsu M, Ikeda R, Firth SD, Che XF, Yamamoto M, Tsujikawa K, Kitazono 
M, Ishizawa T et al: Copper-transporting P-type ATPase, ATP7A, confers multidrug resistance 
and its expression is related to resistance to SN-38 in clinical colon cancer. Cancer Res 2007, 
67(10):4860-4868. 

145. Samimi G, Safaei R, Katano K, Holzer AK, Rochdi M, Tomioka M, Goodman M, Howell SB: 
Increased expression of the copper efflux transporter ATP7A mediates resistance to cisplatin, 
carboplatin, and oxaliplatin in ovarian cancer cells. Clin Cancer Res 2004, 10(14):4661-4669. 

146. Komatsu M, Sumizawa T, Mutoh M, Chen ZS, Terada K, Furukawa T, Yang XL, Gao H, Miura N, 
Sugiyama T et al: Copper-transporting P-type adenosine triphosphatase (ATP7B) is associated 



88 
 

with cisplatin resistance. Cancer Res 2000, 60(5):1312-1316. 
147. Song MO, Freedman JH: Expression of copper-responsive genes in HepG2 cells. Mol Cell 

Biochem 2005, 279(1-2):141-147. 
148. Tapia L, Gonzalez-Aguero M, Cisternas MF, Suazo M, Cambiazo V, Uauy R, Gonzalez M: 

Metallothionein is crucial for safe intracellular copper storage and cell survival at normal and 
supra-physiological exposure levels. Biochem J 2004, 378(Pt 2):617-624. 

149. Bukau B, Horwich AL: The Hsp70 and Hsp60 Chaperone Machines. Cell 1998, 92(3):351-366. 
150. Dulak J, Jozkowicz A: Novel faces of heme oxygenase-1: mechanisms and therapeutic 

potentials. Antioxid Redox Signal 2014, 20(11):1673-1676. 
151. Omiecinski CJ, Remmel RP, Hosagrahara VP: Concise review of the cytochrome P450s and their 

roles in toxicology. Toxicol Sci 1999, 48(2):151-156. 
152. Pham AN, Xing G, Miller CJ, Waite TD: Fenton-like copper redox chemistry revisited: Hydrogen 

peroxide and superoxide mediation of copper-catalyzed oxidant production. Journal of 
catalysis 2013, 301:54-64. 

153. Korashy HM, El-Kadi AO: The role of redox-sensitive transcription factors NF-kappaB and AP-1 
in the modulation of the Cyp1a1 gene by mercury, lead, and copper. Free Radic Biol Med 2008, 
44(5):795-806. 

154. Reinecke F, Levanets O, Olivier Y, Louw R, Semete B, Grobler A, Hidalgo J, Smeitink J, Olckers A, 
Van der Westhuizen FH: Metallothionein isoform 2A expression is inducible and protects 
against ROS-mediated cell death in rotenone-treated HeLa cells. Biochem J 2006, 395(2):405-
415. 

155. Rodriguez M, Potter DA: CYP1A1 regulates breast cancer proliferation and survival. Mol Cancer 
Res 2013, 11(7):780-792. 

156. Vinothini G, Nagini S: Correlation of xenobiotic-metabolizing enzymes, oxidative stress and 
NFkappaB signaling with histological grade and menopausal status in patients with 
adenocarcinoma of the breast. Clin Chim Acta 2010, 411(5-6):368-374. 

157. Nakanishi N, Takeuchi F, Tsubaki M: Histidine cycle mechanism for the concerted 
proton/electron transfer from ascorbate to the cytosolic haem b centre of cytochrome b561: a 
unique machinery for the biological transmembrane electron transfer. J Biochem 2007, 
142(5):553-560. 

158. Frei B, England L, Ames BN: Ascorbate is an outstanding antioxidant in human blood plasma. 
Proceedings of the National Academy of Sciences 1989, 86(16):6377-6381. 

159. Salnikow K, Kasprzak KS: Ascorbate depletion: a critical step in nickel carcinogenesis? Environ 
Health Perspect 2005, 113(5):577-584. 

160. Cameron E, Pauling L, Leibovitz B: Ascorbic acid and cancer: a review. Cancer Res 1979, 
39(3):663-681. 

161. Agus DB, Vera JC, Golde DW: Stromal cell oxidation: a mechanism by which tumors obtain 
vitamin C. Cancer Res 1999, 59(18):4555-4558. 

162. Chen Q, Espey MG, Krishna MC, Mitchell JB, Corpe CP, Buettner GR, Shacter E, Levine M: 
Pharmacologic ascorbic acid concentrations selectively kill cancer cells: action as a pro-drug to 
deliver hydrogen peroxide to tissues. Proc Natl Acad Sci U S A 2005, 102(38):13604-13609. 

163. Gonzalez MJ, Miranda-Massari JR, Mora EM, Guzman A, Riordan NH, Riordan HD, Casciari JJ, 
Jackson JA, Roman-Franco A: Orthomolecular oncology review: ascorbic acid and cancer 25 
years later. Integr Cancer Ther 2005, 4(1):32-44. 

164. Verrax J, Calderon PB: Pharmacologic concentrations of ascorbate are achieved by parenteral 
administration and exhibit antitumoral effects. Free Radic Biol Med 2009, 47(1):32-40. 

165. Du J, Cullen JJ, Buettner GR: Ascorbic acid: chemistry, biology and the treatment of cancer. 
Biochim Biophys Acta 2012, 1826(2):443-457. 



89 
 

166. Sies H, Stahl W, Sundquist AR: Antioxidant functions of vitamins. Vitamins E and C, beta-
carotene, and other carotenoids. Ann N Y Acad Sci 1992, 669:7-20. 

167. Mikirova N, Casciari J, Riordan N, Hunninghake R: Clinical experience with intravenous 
administration of ascorbic acid: achievable levels in blood for different states of inflammation 
and disease in cancer patients. Journal of Translational Medicine 2013, 11(1):1-10. 

168. Traber MG, Stevens JF: Vitamins C and E: beneficial effects from a mechanistic perspective. 
Free Radic Biol Med 2011, 51(5):1000-1013. 

169. Egeblad M, Rasch MG, Weaver VM: Dynamic interplay between the collagen scaffold and 
tumor evolution. Current opinion in cell biology 2010, 22(5):697-706. 

170. Espinosa Neira R, Salazar EP: Native type IV collagen induces an epithelial to mesenchymal 
transition-like process in mammary epithelial cells MCF10A. Int J Biochem Cell Biol 2012, 
44(12):2194-2203. 

171. Hielscher AC, Qiu C, Gerecht S: Breast cancer cell-derived matrix supports vascular 
morphogenesis. Am J Physiol Cell Physiol 2012, 302(8):C1243-1256. 

172. Chen Q, Espey MG, Sun AY, Pooput C, Kirk KL, Krishna MC, Khosh DB, Drisko J, Levine M: 
Pharmacologic doses of ascorbate act as a prooxidant and decrease growth of aggressive 
tumor xenografts in mice. Proc Natl Acad Sci U S A 2008, 105(32):11105-11109. 

173. Buettner GR: In the absence of catalytic metals ascorbate does not autoxidize at pH 7: 
ascorbate as a test for catalytic metals. J Biochem Biophys Methods 1988, 16(1):27-40. 

174. Buettner GR: Ascorbate oxidation: UV absorbance of ascorbate and ESR spectroscopy of the 
ascorbyl radical as assays for iron. Free radical research communications 1990, 10(1-2):5-9. 

175. Chen Q, Espey MG, Sun AY, Lee JH, Krishna MC, Shacter E, Choyke PL, Pooput C, Kirk KL, 
Buettner GR et al: Ascorbate in pharmacologic concentrations selectively generates ascorbate 
radical and hydrogen peroxide in extracellular fluid in vivo. Proc Natl Acad Sci U S A 2007, 
104(21):8749-8754. 

176. Du J, Martin SM, Levine M, Wagner BA, Buettner GR, Wang SH, Taghiyev AF, Du C, Knudson CM, 
Cullen JJ: Mechanisms of ascorbate-induced cytotoxicity in pancreatic cancer. Clin Cancer Res 
2010, 16(2):509-520. 

177. Sestili P, Brandi G, Brambilla L, Cattabeni F, Cantoni O: Hydrogen peroxide mediates the killing 
of U937 tumor cells elicited by pharmacologically attainable concentrations of ascorbic acid: 
cell death prevention by extracellular catalase or catalase from cocultured erythrocytes or 
fibroblasts. J Pharmacol Exp Ther 1996, 277(3):1719-1725. 

178. Cameron E, Campbell A: The orthomolecular treatment of cancer. II. Clinical trial of high-dose 
ascorbic acid supplements in advanced human cancer. Chemico-biological interactions 1974, 
9(4):285-315. 

179. Cameron E, Pauling L: Supplemental ascorbate in the supportive treatment of cancer: 
Prolongation of survival times in terminal human cancer. Proc Natl Acad Sci U S A 1976, 
73(10):3685-3689. 

180. Cameron E, Pauling L: Supplemental ascorbate in the supportive treatment of cancer: 
reevaluation of prolongation of survival times in terminal human cancer. Proc Natl Acad Sci U S 
A 1978, 75(9):4538-4542. 

181. Creagan ET, Moertel CG, O'Fallon JR, Schutt AJ, O'Connell MJ, Rubin J, Frytak S: Failure of high-
dose vitamin C (ascorbic acid) therapy to benefit patients with advanced cancer. A controlled 
trial. N Engl J Med 1979, 301(13):687-690. 

182. Moertel CG, Fleming TR, Creagan ET, Rubin J, O'Connell MJ, Ames MM: High-dose vitamin C 
versus placebo in the treatment of patients with advanced cancer who have had no prior 
chemotherapy. A randomized double-blind comparison. N Engl J Med 1985, 312(3):137-141. 

183. Padayatty SJ, Sun H, Wang Y, Riordan HD, Hewitt SM, Katz A, Wesley RA, Levine M: Vitamin C 



90 
 

pharmacokinetics: implications for oral and intravenous use. Ann Intern Med 2004, 140(7):533-
537. 

184. Levine M, Wang Y, Padayatty SJ, Morrow J: A new recommended dietary allowance of vitamin 
C for healthy young women. Proc Natl Acad Sci U S A 2001, 98(17):9842-9846. 

185. Lamson DW, Brignall MS: Antioxidants and cancer therapy II: quick reference guide. Alternative 
medicine review : a journal of clinical therapeutic 2000, 5(2):152-163. 

186. Fleming PJ, Kent UM: Cytochrome b561, ascorbic acid, and transmembrane electron transfer. 
Am J Clin Nutr 1991, 54(6 Suppl):1173S-1178S. 

187. Ohtani S, Iwamaru A, Deng W, Ueda K, Wu G, Jayachandran G, Kondo S, Atkinson EN, Minna JD, 
Roth JA et al: Tumor suppressor 101F6 and ascorbate synergistically and selectively inhibit 
non-small cell lung cancer growth by caspase-independent apoptosis and autophagy. Cancer 
Res 2007, 67(13):6293-6303. 

188. Antunes F, Cadenas E: Estimation of H2O2 gradients across biomembranes. FEBS Lett 2000, 
475(2):121-126. 

189. van de Vijver MJ, He YD, van't Veer LJ, Dai H, Hart AA, Voskuil DW, Schreiber GJ, Peterse JL, 
Roberts C, Marton MJ et al: A gene-expression signature as a predictor of survival in breast 
cancer. N Engl J Med 2002, 347(25):1999-2009. 

190. Dowsett M, Sestak I, Lopez-Knowles E, Sidhu K, Dunbier AK, Cowens JW, Ferree S, Storhoff J, 
Schaper C, Cuzick J: Comparison of PAM50 risk of recurrence score with oncotype DX and IHC4 
for predicting risk of distant recurrence after endocrine therapy. J Clin Oncol 2013, 
31(22):2783-2790. 

191. Lane DJ, Lawen A: Ascorbate and plasma membrane electron transport--enzymes vs efflux. 
Free Radic Biol Med 2009, 47(5):485-495. 

192. Eferl R, Wagner EF: AP-1: a double-edged sword in tumorigenesis. Nat Rev Cancer 2003, 
3(11):859-868. 

193. Hoesel B, Schmid JA: The complexity of NF-kappaB signaling in inflammation and cancer. 
Molecular cancer 2013, 12:86. 

194. Edmondson R, Broglie JJ, Adcock AF, Yang L: Three-Dimensional Cell Culture Systems and Their 
Applications in Drug Discovery and Cell-Based Biosensors. Assay and Drug Development 
Technologies 2014, 12(4):207-218. 

195. Takagi A, Watanabe M, Ishii Y, Morita J, Hirokawa Y, Matsuzaki T, Shiraishi T: Three-dimensional 
cellular spheroid formation provides human prostate tumor cells with tissue-like features. 
Anticancer Res 2007, 27(1A):45-53. 

 
 


	University of Connecticut
	OpenCommons@UConn
	9-7-2016

	The Prognostic Capability and Molecular Function of Duodenal Cytochrome B in Breast Cancer
	David Lemler
	Recommended Citation


	tmp.1475077204.pdf.lAV9_

