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Chapter 1: Bach1 Regulation of the Antioxidant Response 
Element (ARE): Implications for Melanoma Metastatic 

Tumorigenesis 
 

Kimberly Jasmer 
 
 

Abstract: The transcription factor, Nrf2, is stabilized in response to oxidative stress, 

promoting expression of a battery of cytoprotective genes, which protect the cell from the 

insults of oxidative stress. Traditionally, this response has been considered inhibitory of 

cancer development, in part by eliminating damaging oxidative species. However, 

growing evidence suggests a role for these genes in cancer development and 

progression. Significant attention has been paid to the role of Keap1/Nrf2 as a sensor of 

oxidative stress. However, Bach1, an inhibitor that competes with Nrf2 for binding of the 

antioxidant response element (ARE), has received much less consideration.  Bach1 

preferentially targets a specific subset of ARE-dependent genes, it’s main target being 

the enzyme heme oxygenase-1 (HMOX1). Mounting evidence implicates HMOX1 in 

promoting the late stages of cancer development. In particular, of the literature suggests 

a role for HMOX1 in tumorigenesis in metastatic melanoma. Stage IV metastatic 

melanoma has a median survival of only 6 to 9 months and current therapies do not offer 

significant improvement in overall survival.  This chapter explores the Bach1/Nrf2 

dynamic and the potential roles of HMOX1 in melanoma metastatic tumorigenesis.  
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1. Introduction 

Melanoma is the 5th and 7th most common form of cancer in the United States for 

men and women, respectively. In 2015, an estimated 73,870 new cases of melanoma 

will be diagnosed and 9,940 melanoma-related deaths are estimated to occur [1].  Stage 

IV metastatic melanoma, which is characterized by the presence of distant metastases, 

has a median survival of 6 to 9 months [2-4], and a 5-year survival rate of approximately 

16% [1]. Prior to 2011, there were only two approved therapies for the treatment of 

metastatic melanoma: dacarbazine and interleukin-2 (IL-2) [5].  Today, there are nine 

FDA-approved therapies, which are outlined in Table 1. Melanoma metastasizes in an 

unpredictable fashion to many different organs, setting it apart from other visceral, solid-

organ cancers [4].  This characteristic makes diagnosis and treatment difficult.  

Reactive oxygen species (ROS) are highly reactive molecules with multiple 

tumorigenic capabilities [6-18]. Specifically, ROS have been shown to promote 

melanoma initiation and progression in a variety of ways including DNA damage and 

methylation [19] In response to oxidative stress – the accumulation of ROS – the 

transcription factor Nrf2 induces the expression of a number of cytoprotective proteins, 

including detoxifying enzymes, which facilitate the removal of damaging ROS [20, 21]. 

While traditionally Nrf2 has been considered inhibitory of cancer, increasing evidence 

supports the notion that cancer cells can utilize this oxidative stress response to promote 

cancer progression at all stages.  

Significant focus has been given to the role of Keap1/Nrf2 as a sensor for 

oxidative stress. Much less attention has been paid to the relationship between Nrf2 and 

the competitive inhibitor, Bach1. The role of Bach1 and Bach1 targets has been 

underrepresented in the literature.  In particular, the primary target of Bach1 inhibition, 

Heme Oxygenase-1 (HMOX1), may play a role in tumorigenesis of metastatic 
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melanoma. Overexpression of HMOX1 has been implicated in promoting tumorigenesis, 

survival, angiogenesis, and metastatic growth in many cancers, including melanoma 

[22].  Here we explore the Bach1/Nrf2 dynamic and the potential roles of HMOX1 in 

tumorigenesis of melanoma metastases.  

 

2. Current Therapies 

2.1  Surgery and Chemotherapy  

For patients who present with a single resectable metastatic lesion, the current 

standard of care is metastasectomy, or the excision of the metastatic tumor. Complete 

excision results in a modest improvement in overall survival [23-25].  The only approved 

systemic chemotherapeutic agent for the treatment of metastatic melanoma is 

dacarbazine. Approximately 10-15% of patients show a partial response to dacarbazine, 

with a complete response observed in less than 5% of patients and a survival rate at six 

years of less than 2% [2, 3]. Clinical trials assessing treatment with alternative single 

agents or combined chemotherapies have not shown improvement in overall survival 

compared to dacarbazine alone [26, 27].   

 

2.2  Immunotherapy 

Immunotherapy has provided a more promising therapeutic strategy for the 

treatment of metastatic melanoma. The rationale behind the use of immunotherapy is to 

stimulate the patient’s own immune system to identify and destroy cancer cells. High 

dose Interleukin-2 (IL-2) was approved for the treatment of metastatic melanoma in 

1998.  An analysis of 270 patients treated with IL-2 between 1985 and 1993 revealed an 

objective response rate of 16% with 10% having a partial response and 6% having a 

complete response [28, 29].  Because of the high toxicity of this treatment, identifying 



 4 

patients who stand to benefit from high dose IL-2 has been an ongoing effort.  In the 

past five years, four additional immunotherapies have been approved for treatment of 

metastatic melanoma.  Ipilimumab, a monoclonal antibody targeting CTLA-4, was 

assessed in a meta-analysis of 1,861 patients.  This study found a significant 

improvement in overall survival with a three-year survival rate of over 20% [30]. In the 

past year, two monoclonal antibodies targeting PD-1, Nivolumab and Pembrolizumab, 

gained FDA-approval for the treatment of metastatic melanoma [31]. Pembrolizumab or 

Nivolumab are administered following treatment with Ipilimumab alone or Ipilimumab and 

a B-Raf inhibitor for patients harboring the B-RafV600E mutation [31].  Finally, interferon 

alpha 2b has been approved as an adjuvant therapy. Interferon alpha 2b improved 

recurrence-free survival in patients who previously underwent surgical excision of high-

risk malignant melanomas, but had no effect on overall survival [32]. Another study 

found no improvement in overall survival or quality of life when administered in 

combination with dacarbazine compared to dacarbazine alone [33].  

 

2.3 Targeted Therapies 

With recent advancements in the understanding and identification of activating 

mutations in metastatic melanoma, a number of potential therapeutic targets have been 

identified. Approximately 70% of all malignant melanomas harbor an activating mutation 

in the B-Raf gene, the most common of which is B-RafV600E, the replacement of valine 

with glutamic acid at amino acid 600 [34-37]. In clinical trials, a non-specific RAF 

inhibitor, sorafenib, showed no significant improvement in overall survival when taken 

independently [38] or in combination with the chemotherapeutic agents, carboplatin and 

paclitaxel [39]. However, treatment with specific B-RafV600E inhibitors has proved more 

promising and two have gained FDA-approval. In a Phase III clinical trial, vemurafenib 

showed a modest improvement in overall survival to 13.6 months for the vemurafenib 
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group compared to 9.7 months for those receiving dacarbazine [40, 41]. In a separate 

phase II trial, vemurafenib showed an increase in overall survival to 15.9 months and a 

response rate of 53% [42]. Many patients’ tumors develop resistance to vemurafenib [40, 

43, 44] and 15-30% develop cutaneous squamous cell carcinomas [43, 45].  The 

observed acquired resistance to vemurafenib appears to be due to activation of N-Ras 

or receptor tyrosine kinases [44]. Dabrafenib also showed a modest improvement in 

progression-free survival over dacarbazine of 5.1 versus 2.7 months [46].  Finally, in a 

phase III trial, the MEK inhibitor trametinib showed a modest improvement in 

progression-free survival of 4.8 months compared to 1.5 for the dacarbazine group [47]. 

  Current research and clinical trials are focused on assessing the efficiency of 

combinations of targeted therapies such as MEK inhibitors in conjunction with B-

RafV600E-specific inhibitors for patients harboring the B-RafV600E mutation [48, 49]. 

Immunotherapy combinations are also being tested and an early phase I trial testing the 

combination of nivolumab and ipilimumab showed an objective response rate of 61% 

compared to 11% for patients treated with ipilumumab alone, although a higher rate of 

adverse events was observed for the combination therapy [50]. While current 

immunotherapy and targeted approaches benefit a subset of patients with metastatic 

melanoma, significant toxicity and adverse events continue to hamper these therapies 

[29, 43, 45, 51, 52].  Thus, a more complete understanding of the mechanisms 

underlying melanoma tumorigenesis and metastatic characteristics may provide vital 

insight for identifying additional or alternative therapeutic targets.   
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3. Oxidative Stress 

3.1 Reactive Oxygen Species 

Reactive oxygen species (ROS) are highly reactive molecules that are produced 

by endogenous processes and acquired from exogenous sources [6, 14, 53-55].  Within 

the cell, ROS are primarily produced by complex I and III of the electron transport chain 

during oxidative phosphorylation, but are also produced by peroxisomes and 

inflammatory cell activation. ROS are necessary for proper immune function, skeletal 

muscle physiology, oxygen sensing, and other normal cellular processes [6, 14]. At 

excessive levels, ROS lead to oxidative stress.  An increased level of oxidative stress is 

characteristic of many cancers [56, 57]. Increased metabolic activity, mitochondrial and 

peroxisome dysfunction, and oncogenic signaling all contribute to the increased ROS 

levels in cancer [56-60]. ROS have been implicated in all stages of tumor development 

including tumor initiation [61-63], cell proliferation [64, 65], survival [66, 67], cell motility 

and metastasis [68-71], maintenance of a cancer stem cell population [72], and altered 

metabolism [73]. Studies have identified some potential mechanisms by which ROS 

contribute to these processes including: induction of DNA damage [9-11, 15, 16, 18], 

altered gene expression through epigenetic mechanisms [8, 70, 71] and transcription 

factor activation [7, 12, 13, 74], promoting inflammation [17], and stimulating signaling 

pathways involved in growth, survival, differentiation, and metabolism [12-14, 74-77].  

 

3.2 Nrf2/Keap1: Sensor of Oxidative Stress 

In response to oxidative stress, a battery of cytoprotective proteins are expressed 

including phase II detoxifying enzymes [20, 21], drug transporters [78], anti-apoptotic 

proteins [79], and proteasomal proteins [80]. These genes are regulated by a common 
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cis-acting antioxidant response element (ARE), which is characterized by a consensus 

sequence of 5’- TMAnnRTGAYnnnGCR -3’ [20, 81, 82].  

ARE-dependent cytoprotective genes are activated by an Nrf2/Maf heterodime 

[83-86].  The redox-dependent regulation of Nrf2 involves the protein Keap1 (Kelch-like 

ECH-associated protein 1) [75]. The C-terminal Kelch domain of Keap1 binds the N-

terminal Neh domain of Nrf2 [75] sequestering Nrf2 in the cytoplasm.  Furthermore, 

keap1 forms an E3 ubiquitin ligase complex with Cul3 and Rbx1. In the absence of 

oxidative stress, this complex actively targets Nrf2 for ubiquitination and subsequent 

proteasomal degradation (Fig. 1) [83, 87]. Under oxidative stress or in the presence of 

thiol-reactive chemicals – both of which are electrophiles that react with and oxidize 

Keap1 cysteine sulfhydryl groups – the ability of Keap1 to associate with Cul3 to form a 

functional E3 ubiquitin ligase is abolished. Human Keap1 has 27 cysteine residues that 

can be modified by thiol-reactive electrophilic compounds or ROS [85, 88].  Three of 

these residues (Cys151, Cys273, and Cys288) are necessary for proper Keap1-Nrf2 

complex formation [87].  Modification of these residues in Keap1 by ROS allows Nrf2 to 

escape repression and migrate to the nucleus.  Thus, the Keap1-Nrf2 complex acts as a 

sensor for oxidative stress and, in response, switches on Nrf2-mediated transcription. A 

number of proteins stabilize Nrf2 by interfering with the Keap1/Nrf2 complex [89-101]. In 

addition to the redox-dependent regulation of Nrf2 by Keap1, Nrf2 is regulated by redox-

independent mechanisms in the absence of oxidative stress (Fig. 2). Table 2 

summarizes the known Nrf2 regulatory proteins.   

 

4. Bach1: An ARE Inhibitor 

BTB and CNC Homology 1 (Bach1) is a heme-binding protein that regulates 

heme levels via protein degradation pathway, redox state, and transcriptional regulation 
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of ARE-driven genes [102].  Heme is a reactive iron chelate that can cause oxidative 

damage to cellular membranes and contributes to the generation of ROS [103-106]. 

When heme levels are low, Bach1 forms heterodimers with Maf proteins and competes 

with Nrf2 for binding of ARE elements, repressing expression of a subset of ARE-

dependent genes [102, 107] (Fig. 3). Heme Oxygenase-1 (HMOX1), which has clusters 

of antioxidant response elements in its promoter, is the primary target for Bach1 

transcriptional repression [102, 108]. Bach1 additionally suppresses the transcription of 

the gene encoding NAD(P)H quinone oxidoreductase 1 (NQO1) [109], thioredoxin 

reductase 1 (TXNRD1), ferritin heavy (FTH1) and light chains (FTL) [110], and 

glutamate-cysteine ligase catalytic (GCLC) and glutamate-cysteine ligase modifier 

(GCLM) subunits [111].   

There is some evidence that Bach1 promotes tumor development [112-114]. 

Bach1 inhibits the metastasis suppressor Raf kinase inhibitory protein (RKIP) [112, 113] 

Bach1-deficient mice are less sensitive to 4-nitroquinoline-1-oxidide (4-NQO)-induced 

tongue carcinoma than wild-type mice [114]. Additionally, tumors derived from Bach1-

deficient mice show a diminished level of growth and vascularization. Bach1 is also 

necessary for RasV12-induced transformation of mouse fibroblasts [114].  

Like Nrf2, Bach1 is regulated by a variety of proteins and molecules. Upon heme 

binding, Bach1 is exported from the nucleus [115].  In the cytoplasm, Bach1 is 

ubiquitinated and subsequently degraded [116]. By degrading heme, HMOX1 leads to 

increased levels of Bach1, which feeds back and inhibits further HMOX1 expression.  

Bach1 is itself a target of Nrf2 [117]. Thus, Nrf2-driven expression of Bach1 inhibits 

further expression of Nrf2-dependent genes, creating a negative feedback loop. 
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5. Dual-Role of Nrf2-Target Genes 

5.1 Cancer Prevention 

The battery of proteins up-regulated by Nrf2 in response to oxidative stress act to 

protect the cell from further damage by neutralizing ROS, removing damaged 

macromolecules, and promoting cell survival [20]. Loss of Nrf2 function increased 

metastasis of lung cancer cells [118].  Another study found that Nrf2 knockout mice were 

more sensitive to carcinogens and toxins [119]. Chemopreventive compounds that 

function by inducing the transcription of detoxifying enzymes require Nrf2 to provide 

therapeutic benefit [119-121].  These studies and others [122, 123], support the notion 

that Nrf2 functions to inhibit cancer initiation through its ability to up-regulate expression 

of detoxifying enzymes and cytoprotective proteins.   

 

5.2 Cancer Promotion 

The hallmarks of cancer include growth signal independence, evasion of 

apoptosis, replicative immortality, continual angiogenesis, an inflammatory 

microenvironment, and the ability to invade surrounding tissues and metastasize [124, 

125]. Where as expression of Nrf2 target genes may be inhibitory of cancer initiation, 

aberrant overexpression of Nrf2 target genes has recently been implicated in promoting 

many of these cancer hallmarks in a variety of cancer types [126-130]. Indeed, Nrf2 is 

highly expressed in many human tumors [131-136]. Mutations in both Keap1 and Nrf2, 

which lead to constitutive expression of Nrf2 targets, have been identified in a number of 

different tumors [20, 137]. Here, we explore some of the recent literature, which 

implicates Nrf2 targets in promoting cancer.  There is a developing literature implicating 

Nrf2 target genes in promoting cancer. In addition, the literature implicates a single Nrf2 

target gene, HMOX1, in melanoma tumorigenesis.  
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5.3 Tumorigenesis 

A 2011 study showed that Nrf2 and Nrf2-target gene expression was increased 

in response to the activation of the oncogenes K-Ras, B-Raf, and Myc in mouse 

embryonic fibroblasts [138]. They also demonstrated that activation of Nrf2 promotes K-

Ras-driven lung and pancreatic tumorigenesis in mouse models [138].  It was suggested 

that expression of ARE genes decreases the ROS load in a cell, which may actually 

promote tumorigenesis by overcoming ROS-induced apoptosis, as well as contributing 

to a tumor microenvironment with highly reduced conditions conducive of tumorigenesis 

[138, 139]. Another study found that loss of Nrf2 reduced lung tumorigenesis in mice 

[140].  More recently, Nrf2 was found to promote tumorigenesis in PTEN-deficient 

endometrioid carcinoma and pancreatic cancer cell lines [141].   

 

5.4 Survival, Invasion, and Metastasis 

In addition to tumorigenesis, Nrf2 target genes have been implicated in 

promoting aberrant cell survival as well as invasion and metastasis. Nrf2 regulates the 

expression of the anti-apoptotic protein, Bcl-2, promoting cell survival [79].  Nrf2 up-

regulation is necessary to neutralize ROS and avoid ROS-induced apoptosis or cell 

cycle arrest [20]. Moreover, cancer cells demonstrate an altered metabolism, the 

“Warburg Effect”, that involves increased glucose consumption through the anabolic 

pentose phosphate pathway (PPP) which produces NADPH and ribose 5-phosphate, 

both necessary precursors to nucleic acid and fatty acid synthesis which are essential 

for cell growth and proliferation [142].  Nrf2 acts as a regulator of this metabolic 

reprogramming, favoring anabolic metabolism through the PPP which produces a 

number of byproducts that support the rapid growth characteristic of cancer cells [143]. 

Additionally, GSH and thioredoxin, both targets of Nrf2, may promote cell proliferation by 
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increasing the production of growth-stimulating transcription factors [20]. Nrf2 target 

genes include a host of growth factors [20]. Stable knockdown of Nrf2 in A549 lung 

cancer cells impaired growth in soft agar [144]. Overexpression of HMOX1, an Nrf2-

target gene and the primary target for Bach1 inhibition, has been implicated in promoting 

cancer growth, survival, angiogenesis, and metastatic growth [22].  

 

5.5 Drug Resistance  

Therapy-resistant tumors complicate or undermine the treatment of many 

cancers.  Here, too, Nrf2 may play a role in promoting acquired resistance. Nrf2-induced 

genes include drug efflux pumps as well as detoxifying enzymes that protect the cell 

against the insults of radiation [20, 78, 127, 130, 145]. Subsequently, it has been shown 

that in a number of tissue types, overexpression of ARE-dependent genes by Nrf2 

provides a mechanism by which cells may develop a multi-drug resistance [78, 127].  

Increased Nrf2 activity due to a loss of Keap1 caused chemoresistance and 

radioresistance in prostate cancer cells and promoted tumor growth [146]. 

Overexpression of Nrf2 increased Cisplatin and Camptothecin resistance in pancreatic 

cancer and resistance was correlated with overexpression of the ABC transporter 

ABCG2 [145].  

 

6. Heme Oxygenase 

 The previous sections introduced the tumorigenic properties of ROS, the cellular 

response to oxidative stress and it’s regulators, Keap1/Nrf2 and Bach1, and some of the 

research that implicates the proteins that make up this response in promoting the 

hallmarks of cancer.  The discussion will now be focused on the primary target of Bach1 

repression, HMOX1, and the body of research, which implicates it in promoting cancer 
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development and the role HMOX1 specifically plays in metastatic tumorigenesis in 

melanoma.  

 

6.1 Heme Degradation 

Heme-oxygenase 1 (HMOX1) is an enzyme that catalyzes the degradation of 

heme into three products: carbon monoxide (CO), iron (Fe2+) and biliverdin (BV) in an 

NADPH- and oxygen-dependent manner (Fig. 4) [106, 147-149]. HMOX1 is an integral 

membrane protein located on the smooth endoplasmic reticulum (ER) with its C-terminal 

domain located within the ER lumen [150]. There are two isozymes of heme oxygenase 

that have been identified in humans [103]. HMOX1 transcription is induced by its 

substrate, heme, as well as by oxidative stress, cytokines, bacterial endotoxins, and 

heavy metals [106, 149] while HMOX2 is constitutively expressed. In response to 

oxidative stress and the stabilization of Nrf2, HMOX1 expression is upregulated.  The 

cytoprotective role of HMOX1 is indirect and due, in part, to the removal of reactive 

heme [103-106].  Additionally, the three products of heme degradation play anti-

inflammatory, anti-apoptotic, and anti-proliferative roles [103, 147-149, 151]. While there 

are reports of numerous functions of HMOX1 in immune-regulation, modulation of 

signaling pathways, inhibition of apoptosis, and other cellular and molecular alterations, 

the mechanisms underlying many of these effects are yet to be characterized. These  

roles that have been characterized are described in more detail below. 

BV is rapidly converted to bilirubin (BR) in a reaction catalyzed by biliverdin 

reductase (BVR) [103, 106, 152]. These two bile pigments each play a unique 

antioxidant role in the cell, inhibiting the oxidation of membrane lipids. Biliverdin is a 

radical reductant while bilirubin acts as a radical trap [103]. BR, and BV to a lesser 

extent, both inhibit mitochondrial ROS production [152]. 
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CO is a cytoprotective molecule involved in a number of cellular processes [149] 

including homeostatic signaling [127, 149, 153, 154], anti-inflammatory effects [155], 

inhibition of apoptosis [153, 156, 157], mitochondrial biogenesis and function [106, 153, 

158], and angiogenesis [159, 160]. CO also inhibits proliferation by suppressing 

expression of cyclin A and D1 while simultaneously promoting expression of p21, an 

inhibitor of cyclin-dependent kinases [161, 162].  

Free iron (Fe2+) acts as a pro-oxidant, which increases sensitivity to oxidant 

insults and can lead to cellular damage [103].  However, Fe2+ promotes the expression 

of ferritin, which sequesters iron and functions as a potent antioxidant [163-165]. It is 

important to note that Fe2+ still has a lower impact on ROS production than free heme 

[166].  

NADP+ can be considered a fourth important product of heme degradation [106] 

as it fuels anabolic pathways, including the pentose phosphate pathway (PPP), that lead 

to production of molecules necessary for the generation of nucleic acids and protein.  

 

6.2 HMOX1 Regulation  

Although HMOX1 transcription can be induced by a number of stimuli, for the 

purposes of this review, I will focus on induction by oxidative stress and the 

transcriptional regulation of the HMOX1 ARE by Nrf2, Bach1, and Maf proteins. Under 

normal conditions, Bach1 is bound to the HMOX1 ARE, repressing HMOX1 expression.  

This binding occurs primarily at the more upstream of the two AREs found in the HMOX1 

promoter [167].   In response to oxidative stress, Nrf2 binds both AREs found in the 

HMOX1 promoter, promoting HMOX1 expression [167].  While stabilization of Nrf2 is 

sufficient to promote expression of other cytoprotective gene targets such as thioredoxin 

reductase 1 (TXNRD1), HMOX1, the primary target for Bach1 inhibition, requires that 
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Bach1 first be displaced from the ARE [168]. Nrf2 promotes chromatin remodeling at the 

HMOX1 promoter by recruiting BRG1, a component of BAF remodeling complexes [169, 

170].  BRG1, in turn, promotes Z-DNA formation, which facilitates recruitment of RNA 

polymerase II, promoting transcription. This induction of chromatin remodeling by Nrf2 is 

unique to the HMOX1 promoter and is not observed in other Nrf2-target genes. 

When HMOX1 undergoes proteolytic cleavage of a 52 amino acid C-terminal 

region, which releases it from the ER membrane, HMOX1 becomes localized in the 

nucleus [150]. This cleavage and subsequent nuclear localization is enhanced following 

hypoxic exposure or incubation with hemin, both of which increase ROS production 

[150]. Nuclear localization of HMOX1 abolishes HMOX1 activity, but promotes gene 

expression changes by both directly and indirectly modifying transcription factors such 

as AP-1, AP-2, Brn-3, STAT-3, and NF- κB [150]. 

 

6.3 HMOX1 and Cancer 

Although part of the oxidative stress response, the products of which have a 

variety of cytoprotective roles, HMOX1, like Nrf2, is overexpressed in a number of 

cancer types [171-179]. Indeed, mounting evidence suggests that HMOX1 

overexpression in later stages in cancer development may promote cancer progression 

[159, 180, 181].  Overexpression of HMOX1 has been implicated in promoting tumor 

growth, evasion of apoptosis, angiogenesis and metastatic growth in a variety of cancers 

[22, 182]. 

 

6.4 HMOX1 and Melanoma 

HMOX1 is highly overexpressed in human melanoma tumor-associated 

macrophages and more modestly overexpressed in human melanoma tumor cells [177]. 
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Macrophage infiltration is a prognostic marker, which correlates with the extent of 

melanoma growth and angiogenesis. Normal human melanocytes preferentially up-

regulate HMOX1 transcription over other Nrf2-target genes upon treatment with 

electrophilic compounds and UV exposure [183], suggesting Bach1 regulation plays an 

important role in melanocyte physiology.  While HMOX1 overexpression decreased the 

rate of proliferation in some cell types [22], it significantly increased proliferation rates in 

human and murine melanoma lines [181]. Through the functions of the heme 

degradation products described in detail above, HMOX1 leads to decreased ROS, 

protecting a cell from macromolecular damage. However, heme degradation products 

also inhibit apoptosis of cancer cells and promote survival an angiogenesis. Increased 

survival and proliferation has been demonstrated in melanomas in addition to other 

cancers [181]. HMOX1 overexpression also correlated with increased vascular density in 

human malignant vertical growth melanoma [177] and led to increased vascularization in 

murine melanoma [181]. In a meta-profiling analysis of expression data from 190 human 

tumors representing 14 different cancer types, fourteen genes were identified that 

correlated with HMOX1 expression, six of which are involved in extracellular matrix 

(ECM) remodeling [147].  Dysregulated remodeling of the ECM is a hallmark of 

metastasis, altering the way in which cancer cells interact with and adhere to 

surrounding tissues [184]. One of these genes, peroxidasin homolog (PXDN), which 

encodes an adhesion molecule involved in ECM formation, was found to be positively 

correlated with HMOX1 expression in BeWo choriocarcinoma cells and 607B melanoma 

cells by modulation of HMOX1 expression in these cell lines [147]. 

 In addition to what has been studied in the context of melanoma, growing 

evidence supports the role of HMOX1 in later stages of development of other cancers, 

which may prove to be informative for future melanoma research.  For instance, nuclear 

localization of HMOX1, which occurs following its release from the ER membrane 
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through proteolytic cleavage, was increased in prostate [185] and lung [178] cancers, as 

well as head and neck squamous cell carcinomas [186] and correlated with cancer 

progression. Nuclear HMOX1 modulates gene expression by regulating a number of 

transcription factors [150]. The localization of HMOX1 in melanoma has not yet been 

investigated. A number of studies have found that HMOX1 modulates the tumor 

microenvironment, promoting metastasis. HMOX1-specific CD8+ T cells, which have a 

robust immunosuppressive function, have been identified [187]. HMOX1, through the 

action of carbon monoxide, suppresses the expression of proinflammatory genes and 

promotes expression of immunosuppressive, IL-10 [155].  A recent study found that 

HMOX1 expression in myeloid cells promoted formation of lung metastases in mice 

injected with both Lewis lung carcinoma (LLC) cells and B16GF10 melanoma cells either 

subcutaneously or intravenously [188].  Myeloid cells have been shown to play a role in 

modulating the tumor microenvironment, promoting metastasis [189, 190]. 

 

7. Discussion and Dissertation Synopsis 

Taken together, recent studies support an emerging role for HMOX1 in cancer 

development. A few key pieces of evidence suggest a role for HMOX1 in metastatic 

tumorigenesis in melanoma. The most common primary event in melanoma formation is 

the activation of the oncogene, B-Raf, which has been shown to increase Nrf2 

expression and, in turn, expression of Nrf2-target genes, which includes HMOX1. Since 

B-Raf activation is disproportionately represented in metastatic melanoma cases, 

HMOX1 induction may provide one mechanism by which B-Raf promotes progression of 

metastatic melanomas. The observation that melanocytes preferentially up-regulate 

HMOX1 following stabilization of Nrf2 [183] suggests that HMOX1 may play a role in 

melanoma development. It would be valuable to determine why and how melanocytes 
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preferentially up-regulate HMOX1 over other targets. This observation suggests a 

reliance on Bach1 inhibition in melanocytes. Bach1 inhibition must be removed before 

Nrf2 can promote expression of HMOX1. Thus, Bach1 requires more attention as an 

important regulator of the oxidative stress response as it has been all but absent in the 

discussion of the role of ARE-dependent genes in promoting cancer development.  

This first chapter identifies three key areas of research: 1) identification of novel 

therapeutic targets for the treatment of metastatic melanoma, 2) a better understanding 

of the impacts of B-Raf activation in melanoma, and 3) a more thorough characterization 

of Bach1 regulation.  This dissertation aims to contribute to each of those topics.  

This body of work presents additional evidence that implicates heme oxygenase 

activity in promoting tumor progression and metastasis in melanoma as well as a 

proposed mechanism by which B-Raf activation may promote tumorigenesis via HMOX 

activity. Therefore, HMOX activity may provide an important new target for the treatment 

of metastatic melanoma. This work also provides additional characterization of Bach1 

regulation of the ARE. Finally, we describe the synthesis and characterization of tools 

that can be utilized for future studies in melanocyte biology, melanoma research, and 

Bach1 regulation.  

 

 

 

 

 

 

 

 

"
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Table&1.&FDA,Approved&Therapies&for&the&Treatment&of&Metastatic&Melanoma&

Therapy( Mechanism( Median(Overall(
Survival((OS)(

Surgical&Resection& Excision(of(metastatic(tumor( 12(months[25](

Chemotherapeutic&
Agents& ( (

Dacarbazine& Alkylating(agent( 6.4(months[191](
Immunotherapies& ( (

Interleukin,2& Cytokine(that(regulates(T(and(NK(cells( 12(months[28](
Ipilimumab& AntiLCTLAL4(human(monoclonal(antibody( 9.5(months[30](
Nivolumab& AntiLPDL1(human(monoclonal(antibody( 16.8(months[192](

Pembrolizumab& AntiLPDL1(human(monoclonal(antibody( 74.1%(at(12(
months[193](

Interferon&Alfa&2b& Increases(regulatory(T(cells(and(ferritin,(((((((((((((((((((((
Inhibits(angiogenesis;(

Used(as(an(adjuvant(treatment((

+(Dacarbazine:(
4.8(months[33](

Targeted&Therapies& ( (
Vemurafenib& BLRaf(V600E(inhibitor( 13.6(months[41](
Dabrafenib& BLRaf(V600E(inhibitor( 13.1(months[194](
Trametinib& MEK(inhibitor( 81%(at(6(

months[47](
"
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!
Figure 1. Redox-dependent regulation of Nrf2. 

!
!
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!
Figure 2. The regulation of Nrf2 and the Antioxidant Response Element (ARE) is multi-faceted.  
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Table 2. Nrf2 Regulatory Proteins 
Protein Mechanism References 

p62 Has sequence similar to ETGE domain 
found in Nrf2, Binds Keap1, inhibits Nrf2 
binding 

[95, 96, 98] 

p21 Binds Nrf2 at DRG and ETGE domains, 
inhibits Keap1 binding 

[101] 

PKCδ and 
antioxidants 

Cysteine 151 in Keap1 is modified by 
antioxidants, PKCδ phosphorylates Nrf2, 
inhibits Keap1-Nrf2 binding 

[87, 93] 

Prothymosin-α  Binds DRG region of Keap1 and mediates 
nuclear import of Keap1/Cul3/Rbx3 E3 
ubiqtuitin ligase which binds Nrf2 and 
transports it back to the cytoplasm for 
proteasomal degradation  

[92] 

PALB2 Has sequence similar to ETGE domain 
found in Nrf2, Binds Keap1, inhibits Nrf2 
binding; Also blocks nuclear export of Nrf2 

[94] 

GSK3b and SCFβ –
TrCP  

GSK3b phosphorylates multiple serine 
residues within the Neh domain of Nrf2.  
SCFβ –TrCP ubiquitinates phosphorylated 
Nrf2, marking it for proteasomal 
degradation 

[195] 

Oncogenic 
activation of K-Ras, 
B-Raf, and Myc  

Increased expression of Nrf2 through 
unknown mechanism 

[87] 

Nrf2 Through auto-regulatory positive feedback 
loop, Nrf2 binds the ARE in it's own 
promoter, promoting expression 

[196] 
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!
Figure 3. Bach1 is an ARE-binding protein, which inhibits expression of ARE-dependent genes 
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Figure 4. Heme Degradation.  Heme Oxygenase-1 (HMOX1) mediates the release of carbon monoxide (CO) from 
hemin, the rate-limiting step in heme degradation, in an NADPH-dependent reaction. The products of heme 
degradation (CO, Iron, Biliverdin, and Bilirubin) contribute to a variety of cellular functions.  

!

!
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Abstract: Melanoma accounts for only 2% of all skin cancers but the majority of skin 

cancer related deaths.  Metastatic melanoma has a very poor prognosis with a 

median survival of only 6 to 10 months and current therapies are ineffective for many 

patients. Activating mutations in B-Raf are found in approximately 70% of malignant 

melanomas. However, B-Raf inhibitors and other targeted therapies have shown 

minimal improvement in overall survival, emphasizing the need for the identification 

of additional therapeutic targets. Activating mutations in B-Raf are more prevalent in 

metastatic melanoma than in localized tumors.  Here we report evidence that 

activation of B-Raf, but not N-Ras, is a driver for anchorage-independent 

melanosphere formation. We also demonstrate that treatment with cobalt 

protoporphyrin IX (CoPP), which derepresses Bach1, promoting expression of target 

genes, including heme oxygenase-1 (HMOX1), is sufficient to promote 

melanosphere formation, independent of proliferation. We further provide evidence 

of a role for heme oxygenase activity in anchorage-independent growth following 

both the CoPP treatment and B-Raf activation. Global transcriptome analysis 

revealed enrichment for genes involved in focal adhesion and extracellular matrix 

(ECM)-receptor interactions following either B-Raf activation or treatment with CoPP. 

Our data indicate that melanosphere formation is dependent on heme oxygenase 

activity.  We propose that heme oxygenase promotes melanosphere formation by 

modulating focal adhesion and extracellular matrix (ECM)-receptor interactions. 

Heme oxygenase may provide a suitable target for the treatment of metastatic 

melanoma.  
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Introduction 

Melanoma is the sixth most common form of cancer in the United States [1]. Distant 

metastatic disease, classified as stage IV melanoma, has a median survival of only 6 

to 10 months [4] and a 5-year survival rate of approximately 16% [1]. Unpredictable 

widespread metastasis to any organ is characteristic of stage IV melanoma [4].  

Current therapeutic approaches demonstrate poor response rates and limited 

improvement in overall survival [25, 27, 28, 30, 31, 40, 191, 192, 197], highlighting 

the need for identification of novel therapeutic targets for the treatment of metastatic 

melanoma.  

B-Raf, a kinase in the MAPK cascade, is mutated in approximately 70% of all 

malignant melanomas; B-RafV600E is the most common, accounting for 80% of these 

cases [34-37]. Activating mutations in N-Ras are also frequently found in metastatic 

melanoma and represent approximately 15-25% of cases [198]. However, 

therapeutic approaches targeting B-Raf, or more specifically B-RafV600E, show a very 

modest improvement in overall survival [41, 194] and a high frequency of acquired 

resistance and disease progression [40, 43, 44, 199]. Thus, greater understanding of 

the impacts of B-Raf activation in melanoma development is necessary. 

One consequence of B-Raf activation is an increase in Nrf2 expression, 

potentially through activation of the c-Jun transcription factor [138]. Nuclear factor, 

erythroid 2-like 2 (Nrf2), a member of the cap ‘n’ collar (CNC) family of transcription 

factors, binds the antioxidant response element (ARE), promoting the expression of 

over 200 antioxidant and cytoprotective genes [84, 85, 200]. Nrf2 is usually stabilized 

in response to oxidative stress to combat the damaging effects of reactive oxygen 

species (ROS), which have multiple tumorigenic properties [6-11, 13-17]. 
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Macromolecular damage caused by ROS also contributes to diseases such as 

cardiovascular disease, neurodegenerative disease, and obesity [6, 201]. Keap1 

(Kelch-like ECH-associated protein 1) acts as an adaptor substrate for a Cul3-

dependent E3-ubiquitin ligase, which ubiquitinates multiple lysine residues within the 

N-terminal Neh domain of Nrf2, marking Nrf2 for proteasomal degradation [75, 83]. 

Under oxidative stress, however, ROS modify cysteine residues within Keap1, 

abolishing its ability to bind Cul3 and form a functional E3-ubiquitin ligase [85, 87, 

88]. Nrf2 is then stabilized and can promote gene expression in the nucleus. Thus, 

Keap1:Nrf2 acts as a sensor for oxidative stress.  

Traditionally, Nrf2 has been considered inhibitory of cancer by promoting the 

expression of phase II detoxifying enzymes [20, 21], drug transporters [78], anti-

apoptotic proteins [79], and proteasomes [80], which facilitate the removal of ROS 

and promote cell survival.  Recently, however, Nrf2 target genes have been 

implicated in influencing multiple cancer hallmarks and facilitating cancer 

development in a number of cancer types [126-129]. High levels of Nrf2 have been 

observed in many human tumors [131-136] and mutations in both Keap1 and Nrf2, 

as well as epigenetic modification of the Keap1 gene, that lead to increased levels of 

Nrf2-target genes have been identified in a number of different tumors [20, 137].  

Thus, one or more of the Nrf2-target genes up-regulated following B-Raf activation in 

melanoma development may be involved in tumorigenesis and may provide a 

suitable target for the treatment of metastatic melanoma.  

In addition to the Nrf2 regulation of ARE elements, Bach1 is a heme-binding 

protein that acts as a transcriptional repressor, inhibiting expression of a subset of 

ARE-dependent genes by competing with Nrf2 for ARE binding [102, 107]. The 

Heme Oxygenase-1 (HMOX1) gene is the best-characterized target for Bach1 
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inhibition [102, 108].  Under basal conditions, Bach1 is bound to the HMOX1 

promoter, inhibiting expression, and must be removed before Nrf2 can bind to 

promote transcription [168]. HMOX1 is an enzyme that catalyzes the degradation of 

heme into carbon monoxide (CO), iron (Fe2+) and biliverdin (BV) [148]. HMOX1 is 

inhibitory of cancer initiation by preventing ROS-induced damage. However, HMOX1 

is overexpressed in a number of cancer types [171-179] and mounting evidence 

suggests that HMOX1 overexpression at later stages in cancer development may 

promote cancer progression [159, 180, 181].  Indeed, overexpression of HMOX1 has 

been implicated in promoting tumor growth, evasion of apoptosis, angiogenesis and 

metastatic growth in a variety of cancers [22, 182]. There are two human isozymes 

of heme oxygenase [103]. HMOX1 is inducible by heme, oxidative stress, cytokines, 

heavy metals, and bacterial endotoxin while HMOX2 is thought to be constitutively 

expressed [106, 149].   

As a surrogate to assess tumorigenicity, we measured anchorage-

independent melanosphere formation by melanocytes and melanoma cell lines in 

non-adherent conditions. In this study, we provide evidence that derepression of 

Bach1 target genes is sufficient for melanosphere formation. We also demonstrate 

that heme oxygenase activity is necessary for B-RafV600E –induced melanosphere 

formation, though as a result of HMOX2 induction, rather than HMOX1. We propose 

a mechanism by which  heme oxygenase promotes melanosphere formation by 

modulating focal adhesion and ECM-receptor interactions. Heme oxygenase activity 

may provide a novel therapeutic target for the treatment of metastatic melanoma. 
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Materials And Methods 

Cell Culture 

Primary Normal Human Epidermal Melanocytes (NHEM) were obtained from 

PromoCell and cultured in Melanocyte Growth Medium, also purchased from 

PromoCell. Human melanoma cell lines were a gift from Dr. Thomas Quinn, 

Department of Biochemistry, University of Missouri. Human melanoma cell lines 

were cultured in a medium composed of Dulbecco’s modified Eagle’s medium 

(DMEM; Corning), 10% fetal bovine serum (FBS) (Atlanta Biologicals), and 2mM L-

glutamine (Gibco).  HEK 293T cells were grown in DMEM supplemented with 10% FBS, 

2 mM L-glutamine and 500 µg/ml geneticin (Gibco).  Unless otherwise noted, all cells 

were cultured on Biolite dishes (Thermo Scientific).  Biolite dishes were coated in 1% 

gelatin for culturing of 293T cells.  TrypLE (Gibco) was used for cell dissociation.  

 

Sequencing in Melanoma Cell Lines and NHEM cells 

To determine the status of B-Raf, N-Ras, Keap1 and Nrf2 in each of the melanoma cell 

lines used, total RNA was isolated from each cell line using the PureLink RNA mini kit 

(Life Technologies) according to manufacturer’s protocol.  First strand cDNA synthesis 

was done using the SuperscriptTM III First Strand Synthesis Kit (Life Technologies). 

PCR was conducted on a BioRad T100 thermo cycler to amplify fragments of B-Raf, 

N-Ras, Keap1 and Nrf2 using Epicentre PCR Mastermix and Taq polymerase (New 

England Biolabs).  PCR products were purified using the GeneJet PCR purification 

kit (Thermo Scientific) and approximately 250 ng of each sample were used for 

sequencing. Sequencing was done at the DNA Core at the University of Missouri 

using a 3730xl 96-capillary DNA Analyzer with Applied Biosystems Big Dye 

Terminator.  The primers used for both PCR amplificiation and sequencing were 
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obtained from Sigma-Aldrich and the sequences can be found in supplementary 

Table 1. Sequences were compared to mRNA sequences obtained from the National 

Center for Biotechnology Information (NCBI) using the following gene accession 

numbers: N-Ras (NM_002524), B-Raf (NM_004333), Nrf2 (NM_006164), and Keap1 

(NM_203500).  

 

Silencing Hairpin RNA Design and Synthesis 

To identify 19-mer target sequences for silencing of HMOX1 expression, 

pSicoOligomaker 1.5 software was used and results cross-referenced with those 19-mer 

targets identified by the siRNA at Whitehead software (http://sirna.wi.mit.edu/).  Oligos 

were designed according to the Jack’s Lab protocol (http://jacks-

lab.mit.edu/protocols/psico) and ordered from Sigma Aldrich. Their sequences can be 

found in Table 5. Annealing and cloning of the oligos into the pSicoR vector was done 

according the Jack’s Lab protocol.  The pSicoR PGK puro vector was obtained from 

Addgene (Plasmid 12084).  

 

Viral Preparation and Infection for Stable Cell Line Generation 

For stable cell line generation, viral preparation was done in HEK 293T cells.  HEK 293T 

cells grown on a 10cm plate were refed with 3 ml of fresh antibiotic-free media one hour 

prior to transfection.  Transfections were carried out using LipoD293TM  DNA in vitro 

transfection reagent (SignaGen) according to manufacturer’s protocol.  For retroviral 

preparation, each transfection reaction included 24 µl of LipoD293 reagent, 2 µg of 

pHCMV-10A1 (Addgene, Plasmid 15805) containing the 10A1 Murine Leukemia Virus 

Envelope, 2 µg of a gag-pol-containing viral packaging construct (Addgene, Plasmid 

14887) and 4 µg of either pBABE-Empty Vector (a gift of Dr. Alan Diehl) or pBABE-B-
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RafV600E (Addgene, Plasmid 17544). For lentiviral preparation, each transfection 

reaction included 24 µl of LipoD293 reagent, 2.6 µg of psPAX2 lentiviral packaging 

vector (Addgene, Plasmid 12260), 1.4 µg of pMD2.G vector containing VSV-G envelope 

(Addgene, Plasmid 12259), and 4 µg of either an empty pSICOR vector or pSICOR 

containing a silencing hairpin as described above. After 15-minute incubation at room 

temperature, the LipoD293/DNA mixture was added to the 293T cells.  Supernatant was 

collected at 24 hours and the cells refed with an additional 3 ml of medium.  Supernatant 

was again collected at 48 hours.  The two supernatant fractions were combined and 

filtered through a 0.45 µm filter unit (Millipore).  1 ml of the total viral preparation was 

supplemented with polybrene (Sigma Aldrich) for a final concentration of 4 µg/ml and 

added to a 35 mm plate of one or more of the melanoma cell lines.  After 24 hours, the 

medium was removed and replaced with medium containing 1 µg/ml of puromycin 

(Sigma Aldrich).  Selection occurred over 3-5 days.  After an untransfected plate of cells 

were killed off by the antibiotic selection, the infected cells that survived selection were 

transferred to new dishes and expanded until there were sufficient cells to freeze down 

stock vials.  Stable cell lines were maintained in complete media containing 1 µg/ml of 

puromycin.   

 

Immunoblot Analysis 

Cells were lysed in High Salt ELB lysis buffer [1 M Tris pH 8.0, 1% NP-40, 250 mM 

NaCl, 5 mM EDTA] supplemented with protease and phosphatase inhibitors (1x G-

Biosciences Protease Arrest, 200 µM Na3VO4, and 1 mM PMSF). 3x sample buffer [6% 

SDS, 150 mM Tris-HCl pH 6.8, .005% Bromophenol Blue dye, 7.5% glycerol, 15% β-

mercaptoethanol,) was added to the lysates. Lysates were boiled for 10 minutes.  Lysate 

samples were run on Genscript ExpressPlusTM PAGE Precast gels in an XCell 

SureLockTM Mini-Cell gel box (Life Technologies) and then transferred onto 0.45µm 
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nitrocellulose membrane (BioRad) at 30 volts on ice for one hour. The membrane was 

incubated for 2 hours with 5% non-fat dry milk in phosphate-buffered saline (PBS) 

containing 0.1% Tween-20 (Fischer Scientific).  After 2 hours, the membrane was 

washed with PBS/Tween-20 and incubated with primary antibody overnight.  Primary 

antibodies used for Western blots were obtained from Santa Cruz Biotechnology (Santa 

Cruz, CA) and include rabbit polyclonal anti-Nrf2 (H-300), mouse monoclonal anti-

HMOX1 (A-3), mouse monoclonal anti-HMOX2 (B-3), mouse monoclonal anti-Bach1 (F-

9), and mouse monoclonal anti-Raf-B (F-7). Mouse monoclonal anti-β-Tubulin (E7) was 

obtained from the Developmental Studies Hybridoma Bank.  Except for anti-β-Tubulin, 

which was used at a 1:2000 dilution, all primary antibodies were used at 1:1000.  

Secondary antibodies used for western blot were purchased from Jackson 

ImmunoResearch Laboratories (West Grove, PA) and include goat anti-rabbit IgG-

horseradish peroxidase and goat anti-mouse IgG-horseradish peroxidase.  Secondary 

antibodies were used at a 1:2000 dilution and incubated for one hour.  Western blots 

were developed using SuperSignal™ West Pico Chemiluminescent Substrate and 

imaged using a FujiFilm Intelligent Dark Box and LAS-3000 software. For quantitation, 

three biological replicates of each cell line and/or sample were collected followed by the 

above western blot protocol.  Band intensity was measured using MultiGuage software, 

normalized to tubulin expression, and statistical significance was determined by the 

Student’s standard t-test.    

 

Melanosphere Assay 

Stem cell medium used for melanosphere assays was composed of DMEM/F12(1:1) 

(Gibco) supplemented with B27 Serum-Free Supplement (Gibco), 20 ng/ml 

Recombinant Human FGF (Life Technologies),  20 ng/ml Recombinant Human EGF 

(Life Technologies), and 2.5 µg/ml Amphotericin B (Gibco).  Cell culture melanosphere 
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assays were conducted in Corning Ultra-Low Attachment 6-well plates (Corning).  For 

melanosphere assays, 20,000 cells were plated per well of 6-well plate in 4 ml of stem 

cell medium.  Cells were counted using a BioRad TC20 automated cell counter. After 10 

days, the melanospheres were imaged using a Leica M205 for counting and 

measurement and also a Leica DMI6000B for high-resolution phase images. 

Melanospheres that measured at least 100 µM in diameter and had a distinct border 

were counted.  Following the 10-day assay, cells and melanospheres were collected, 

centrifuged and then dissociated using TrypLE (Gibco) and counted again on the BioRad 

TC20 automated cell counter.  Each melanosphere assay was conducted in duplicate 

simultaneously and also repeated on a separate day. Thus, each assay represents four 

biological replicates.  Melanosphere formation is reported as the number of spheroids 

that form ± the standard error of the mean (SEM). Error bars represent the standard 

error of the mean (SEM) and statistical significance was determined by a standard 

Student’s t-test.  

 

Real-Time RT-PCR 

For each cell line and/or treatment, three 35mm plates of cells containing approximately 

1"x"106"cells"were lysed and RNA isolated using the Qiagen RNeasy mini kit according to 

manufacturer’s instructions. Homogenization of the sample was achieved by passing the 

entire sample through an 18-gauge needle, 10 times. The RNA was eluted in RNAse-

free water. Forty percent of the isolated RNA from each sample was used to synthesize 

cDNA, which was done using the High Capacity cDNA Reverse Transcription Kit by 

Applied Biosystems according to manufacturer’s instructions. cDNA was purified using 

the GeneJet PCR purification kit (Thermo Scientific). Quantitative PCR was carried out 

on an Applied Biosystems® 7500 Real Time PCR System for 40 cycles.  All PCR 

reactions were conducted in triplicate in an Applied Biosystems® MicroAmp® Optical 96-
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well Reaction Plate with a 25 µl reaction volume containing 12.5 µl of Thermo Scientific 

Maxima SYBR Green/ROX qPCR Master Mix, 7 µl of purified cDNA and a final primer 

concentration of 0.15 µM for both forward and reverse primers. The cDNA in each 

replicate represents approximately 5% of the total RNA collected, or 5 x 104 cells.  

Primers were obtained from Sigma-Aldrich and their sequences can be found in 

supplementary Table S1. Expression levels were analyzed using the Comparative CT 

Method for quantitative RT-PCR. Briefly, expression is normalized to actin and then 

shown as the fold-change over an untreated sample.  Error is shown as the standard 

error of the mean of the three biological replicates. Statistical significance was 

determined by the standard Student’s t-test.       

 

RNA-Seq Analysis and Functional Annotation Clustering 

Cells were grown in non-adherent conditions in stem cell medium for 5 days prior to 

collection.  The five-day timepoint was chosen because on this day HS936T cells treated 

with CoPP and HS936T-B-RafV600E cells begin to show melanosphere formation. All cells 

were plated at a density of 6.25 x 103 cells/ml in 8 ml total volume.  For the HS936T-B-

RafV600E cells, a single well per replicate was grown.  For the HS936T-EV cells and 

HS936T-EV cells treated with CoPP, 12 wells per replicate were plated and collected.  

HS936T-B-RafV600E cells proliferate in non-adherent conditions, yielding approximately 6 

x 105 cells on day 5.  However, the HS936T-EV cells do not proliferate in these 

conditions, so in order to obtain sufficient RNA for analysis, additional wells were plated 

and pooled together yielding approximately 6 x 105  cells from which to isolate RNA. All 

conditions were done in triplicate. RNA was isolated using the Qiagen RNeasy mini kit 

according to manufacturer’s instructions. Homogenization of the sample was achieved 

by passing the entire sample through an 18-guage needle, 10 times. The RNA was 

eluted in RNAse-free water.  A total of 2.5 µg of RNA per sample at a concentration of 
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100 ng/ µl were used for RNA sequencing analysis which was carried out by the DNA 

Core at the University of Missouri on a Illumina HiSeq 2000.  The RNA-seq was carried 

out using a 1x50 run type, which returns approximately 34 million reads per sample.  

Pairwise comparisons were done using both DESeq and EdgeR analyses as described 

previously [202]. Those genes found to be differentially expressed by a minimum of a 2-

fold increase by both analyses were used for DAVID functional annotation clustering 

(http://david.abcc.ncifcrf.gov/). P-values for DAVID functional annotation clustering are 

from a modified Fisher’s Exact Test (EASE Score). For individual gene expression 

analysis, the pairwise data produced by DESeq analysis alone was used.  

 

Pharmacological Inhibitors 

The pharmacological inhibitors used include: Tin protoporphyrin IX dichloride (Tocris 

Biosciences) and Protoporphyrin IX Cobalt Dichloride (CoPP)(Sigma-Aldrich).  For 

western blot, treatments were done overnight at 10 µM. For melanosphere assay, CoPP 

treatment was added at 10 µM on day one.  Tin protoporphyrin IX dichloride treatment 

was also added on day one for melanosphere assay, but those samples were 

supplemented every 48 hours with 10 µM Tin protoporphyrin IX dichloride for the 

duration of the assay (10 days). 

 

Bilirubin Quantitation 

Cells were plated with 2.5" x" 105" "cells per 35 mm plate. Each treatment was done in 

triplicate. Twenty-four hours after plated, three of the plates were treated with 10 µM 

CoPP. The following morning the cells were lysed in 500 µl of High Salt ELB Lysis Buffer 

[1 M Tris pH 8.0, 1% NP-40, 250 mM NaCl, 5 mM EDTA] supplemented with protease 

and phosphatase inhibitors (1x G-Biosciences Protease Arrest, 200 µM Na3VO4, and 1 

mM PMSF) on ice and then immediately collected into a dark tube to avoid light 
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exposure. 50 µl of each lysate was used to measure bilirubin with the Bilirubin Assay Kit 

(MAK126, Sigma-Aldrich) according to manufacturers protocol. To detect a colorimetric 

product, absorbance was measured at 530 nm on a PerkinElmer Enspire 2300 plate 

reader and total bilirubin calculated as described by the manufacturer. Error bars 

represent the standard error of the mean of three biological replicates and statistical 

significance was determined using the standard Student’s t-test.  

Results 

Melanoma cell lines which harbor the activating mutation, B-RafV600E, form 

melanospheres when grown in non-adherent culture conditions.  

We first wanted to determine whether the melanoma cell lines we had available 

harbored B-Raf and N-Ras mutations, the two most commonly mutated genes in 

melanoma. RNA was isolated from each of six cell lines: normal human embryonic 

melanocytes (NHEM) and five melanoma cell lines. cDNA was subsequently 

synthesized. Sequencing of PCR-amplified fragments of the total cDNA revealed 

that three of the melanoma lines harbored a mutation in B-Raf (V600E) the most 

common activating mutation in melanoma (Table 3). The other melanoma lines had 

a wild-type B-Raf gene, but harbored an activating mutation in the N-Ras gene 

(Q61K). Similarly, sequencing was done to determine if mutations in either Nrf2 or 

Keap1 were present in these cell lines. All six cell lines had a wild-type sequence for 

both the Nrf2 and Keap1 genes (Table 3).  

The cancer stem cell (CSC) theory posits that tumors are a heterogeneous 

population and that CSCs represent a subpopulation uniquely capable of initiating 

tumor formation [203, 204]. This population has been identified in a number of 

tumors including melanoma [204-206]. Some tumors are hierarchically organized 
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with a CSC population that expresses specific genetic markers and is solely capable 

of tumor initiation.  However, other tumors have non-hierarchical organization, CSCs 

which lack any genetic markers, and demonstrate reversible phenotypes within the 

cell population [205, 206]. Tumorigenic subpopulations of melanoma tumor cells that 

are capable of recapitulating a melanoma tumor have been identified and continue to 

be characterized [205, 206].  This tumorigenic potential can be assessed using a 

melanosphere assay in which melanoma cells are grown in non-adherent culture 

conditions and cells that form spheroids or melanospheres during the assay 

represent a tumorigenic population. [207-211].  In this way, melanosphere formation 

can be used as a surrogate to assess the tumorigenic potential of melanoma cells. 

Cells that form melanospheres in non-adherent conditions over the course of the ten-day 

assay show higher levels of tumorigenicity when injected into SCID mice as compared to 

cells that do not form melanospheres [207]. This melanosphere assay was used 

extensively in this study to assess the effects of specific genetic alterations and 

pharmacological interventions on the tumorigenicity of melanoma cells. 

Thus, to assess the tumorigenic potential of melanocytes and melanoma cell 

lines, cells were plated in ultra-low attachment plates in stem cell medium. After 

being grown in non-adherent conditions for ten days both the number and size of 

melanospheres was determined. Melanospheres that grew to a diameter of at least 

100 µM were counted. Three out of five melanoma cell lines tested formed 

melanospheres (M14, SK-Mel-5, SK-Mel-28), while the remaining melanoma cell 

lines (HS936T, TXM13) and NHEM cells did not form melanospheres during the ten-

day period (Fig. 5). NHEM cells did not survive the non-adherent culture conditions 

while the melanoma cell lines all remained viable. HS936T and TXM13 cells did not 

appear to proliferate over the ten-day period and did not form melanospheres. M14, 
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SK-Mel-5, and SK-Mel-28 cells visibly increased in cell number over the ten-day 

assay, with the SK-Mel-5 cells demonstrating the highest level of proliferation. M14 

cells formed the largest melanospheres. SK-Mel-5 cells formed the smallest 

melanospheres and far more than any other cell line tested: 721.8 ± 62.31 as 

compared to 99.75 ± 10.85 and 49.25 ± 2.98 for M14 and SK-Mel-28, respectively. 

Melanosphere formation correlated with B-Raf activation. The cells lines with the B-

RafV600E mutation formed melanospheres, while those that did not form 

melanospheres harbored the N-RasQ61K mutation. The correlation between B-Raf 

activation and tumorigenic potential is consistent with the observation that activating 

mutations in B-Raf are more prevalent in metastatic melanoma than in localized 

tumors [34, 212, 213].    

 

Nrf2 and HMOX1 are required for melanosphere formation in B-Raf-active 

melanoma.  

For the remainder of this study, SK-Mel-5 cells were chosen as a model for B-Raf-

active melanoma because they showed the highest percent of sphere-forming units, 

suggesting that this cell line represents the most tumorigenic of our available lines. 

To test if Nrf2 may be contributing to melanosphere formation in B-Raf-active 

melanoma, Sk-Mel-5 cells were infected with a pSICO vector containing either a 

silencing hairpin RNA (shRNA) targeting Nrf2 (shNrf2) or a scramble RNA. Inhibition 

of Nrf2 in Sk-Mel-5 cell decreased melanosphere formation (Fig. 6A) from 680 ± 

59.08 to 367 ± 34.54 spheroids. Infection with a pSICO vector containing the shNrf2 

shRNA decreased Nrf2 protein levels by more than 50% (Fig. 6B).  
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 This data suggests that Nrf2 plays a role in the melanosphere formation 

observed in B-Raf-active melanoma lines.  An increase in the expression or stability 

of the transcription factor Nrf2 leads to changes in the expression of a number of 

target genes. One Nrf2-target gene, Heme Oxygenase-1 (HMOX1), has been 

implicated in promoting metastatic growth in a number of cancer types [22, 159, 180, 

181]. There have been a number of studies that implicate HMOX1 in promoting 

melanoma development, primarily when overexpressed at later stages of 

development. In human melanoma tumor-associated macrophages, HMOX1 is 

highly overexpressed but is more modestly overexpressed in human melanoma 

tumor cells [177].  HMOX1 is also preferentially expressed in melanocytes (as 

compared to other Nrf2-target genes) when exposed to UV light or electrophilic 

compounds which stimulate the oxidative stress response [183]. HMOX1 expression 

in myeloid cells promoted formation of lung metastases in mice injected with 

B16GF10 melanoma cells either subcutaneously or intravenously [188].  In a meta-

profiling analysis of expression data from 190 human tumors, a number of genes 

involved in extracellular matrix (ECM) remodeling were identified that correlated with 

HMOX1 expression [147].  Remodeling of the ECM is a hallmark of metastasis. 

Expression of peroxidasin homolog (PXDN), which encodes an adhesion molecule 

involved in ECM formation, was dependent on HMOX1 expression in both BeWo 

choriocarcinoma cells and 607B melanoma cells [147]. 

Together, this suggests a role for Nrf2 in metastatic growth and tumorigenesis 

in melanoma through the function of HMOX1. For this reason, SK-Mel-5 cells were 

infected with either a scramble RNA or an shRNA against HMOX1.  A decrease in 

melanosphere formation in cells infected with the HMOX1 shRNA was observed 

(Fig. 7A) from 680 ± 59.08 to 360 ± 31.91 spheroids.  . Infection with the shHMOX1 
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shRNA decreased HMOX1 protein levels by about 50% compared to cells infected 

with a scramble RNA (Fig. 7B). 

In addition to its enzymatic function, HMOX1 promotes gene expression 

changes in the nucleus by modifying other transcription factors [150]. Normally, 

HMOX1 is located in the ER membrane. However, HMOX1 is released from the ER 

membrane by proteolytic cleavage of its C-terminal region and becomes localized to 

the nucleus. Hypoxic exposure or hemin can induce this cleavage and subsequent 

localization [150]. To test whether the melanosphere inhibition observed by HMOX1 

knockdown was due to the enzymatic or transcriptional roles of HMOX1, activity was 

inhibited pharmacologically by treatment with tin protoporphyrin (SnPP). Tin 

protoporphyrin is a metalloporphyrin, which acts as a competitive inhibitory substrate 

for heme oxygenase. SnPP treatment decreased melanosphere formation in SK-

Mel-5 cells (Fig. 7C) from 731.5 ± 58.96 to 409.8 ± 6.76 spheroids, providing evidence 

that heme oxygenase (HMOX) enzyme activity is involved in melanosphere 

formation in B-Raf-active melanoma.   SnPP treatment had no effect on HMOX1 

protein levels (Fig 7D).  

To promote the expression of HMOX1, SK-Mel-5 cells were treated with 

Cobalt Protoporphyrin IX (CoPP).  CoPP is a heme mimetic that binds and inhibits 

Bach1, promoting expression of genes normally under the repression of Bach1. 

Upon heme binding, Bach1 is exported from the nucleus and degraded [115, 116]. 

Following CoPP treatment, HMOX1 expression is increased in SK-Mel-5 cells (Fig. 

8C). Melanosphere formation in SK-Mel-5 cells was also enhanced (Fig. 8A) despite 

a modest but significant decrease in cell number as compared to untreated SK-Mel-5 

cells after the 10-day assay (Fig. 8B).   
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Oncogenic B-RafV600E induces Nrf2 expression, melanosphere formation, in 

HS936T cells 

In the melanoma cell lines we tested, B-Raf activation correlated with melanosphere 

formation (Fig. 5). To test whether activation of B-Raf was sufficient to confer 

melanosphere formation, HS936T cells were infected with oncogenic B-RafV600E. 

HS936T cells harbor the N-RasQ61K mutation and did not form melanospheres (Fig. 

5) HS936T cells infected with B-RafV600E formed melanospheres (Fig. 9A). 

Melanosphere formation was subsequently abrogated by treatment with the B-

RafV600E-specific inhibitor, PLX-4032 (Fig. 9A). This observation further supports a 

role for B-Raf activation in promoting tumorigenesis in melanoma. The HS936T cells 

were collected and counted following the melanosphere assay to assess the 

proliferation of each cell line during the ten-day period.  HS936T cells infected with 

an empty vector showed only a modest increase in cell number over the 10-day 

period (1.35-fold increase) while HS936T cells infected with B-RafV600E showed a 

robust increase in cell number (100-fold increase). This increase was diminished 

following treatment with PLX-4032 (4.19-fold increase) (Fig. 5B). 

We next measured the Nrf2 protein levels by immunoblot analysis. A marked 

increase (7.5-fold) in Nrf2 protein levels was detected in HS936T cells upon infection 

with oncogenic B-RafV600E (Fig. 5C). Because Nrf2 protein levels were significantly 

higher in HS936T cells expressing B-RafV600E, we expected to find an increase in 

Nrf2 target genes, such as HMOX1. However, we measured HMOX1 levels by 

immunoblot analysis and found a significant decrease in protein levels (Fig 10A and 

10B). When we measured Bach1, however, we saw an increase in Bach1 protein, 

which could explain the decrease in HMOX1. Interestingly, HMOX2, the constitutive 
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isozyme of heme oxygenase, showed an increased protein level. To determine if 

these protein changes were due to RNA expression-level changes, quantitative RT-

PCR was carried out for the same targets. The expression of Nrf2, Bach1, and 

HMOX2 were all significantly induced following infection with B-RafV600E, while 

HMOX1 expression was diminished (Fig. 10C). This confirmed what was seen on 

the immunoblot. Together, this data suggests that B-Raf activation in HS936T cells 

plays a role in expression level changes that lead to increased tumorigenicity.   

 

Heme-Oxygenase activity is sufficient for melanosphere formation 

In SK-Mel-5 cells, the induction of HMOX1 expression by treatment with CoPP 

increased melanosphere formation when grown in non-adherent conditions. To 

determine if induction of HMOX1 in HS936T cells was sufficient to confer 

melanosphere formation, HS936T cells were treated with CoPP to induce the 

expression of HMOX1. Indeed, CoPP treatment conferred melanosphere-formation 

capabilities to HS936T cells from 5 ± 2.12 spheroids in untreated cells up to 630 ± 

128.2 spheroids for treated cells (Fig. 11A).  Melanosphere formation was 

independent of cellular proliferation as there was no change in cell number between 

treated and untreated HS936T cells (Fig. 11B). HMOX1 expression, but not that of 

HMOX2, is induced upon treatment with CoPP (Fig. 11C and 11D). Thus, HMOX1 

induction was sufficient to promote melanosphere formation by a mechanism that is 

independent of proliferation.   

 To test the effects of HMOX activity on melanosphere formation in HS936T 

cells expressing B-RafV600E, cells were treated with SnPP, which blocks the activity of 

both HMOX1 and HMOX2. HS936T cells expressing oncogenic B-RafV600E formed 
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melanospheres (324.5 ± 33.70 spheroids), which is diminished upon treatment with 

SnPP (99.25 ± 33.70 spheroids) (Fig. 12A and 12B).  

Earlier, we showed that CoPP-treated HS936T cells formed melanospheres. 

In HS936T cells infected with B-RafV600E, HMOX2 is induced, rather than HMOX1. In 

these cells, the overall HMOX activity is required for melanosphere formation. To 

test whether the melanosphere formation in HS936T cells treated with CoPP was 

also a result of HMOX activity, HS936T cells were co-treated with both CoPP and 

SnPP. While CoPP-treatment again induced melanosphere formation (609.8 ± 44.21 

spheroids), melanosphere formation was inhibited upon treatment with SnPP (129 ± 

16.37) (Fig. 12C).  Neither SnPP treatment, nor the co-treatment with SnPP and 

CoPP altered proliferation in HS936T cells during the 10-day assay (Fig. 12D). 

Together, these data support a role for heme oxygenase activity in melanosphere 

formation that is independent of proliferation, regardless of whether that activity is a 

result of HMOX1 or HMOX2.   

To determine if heme oxygenase activity is indeed increased in both B-

RafV600E – expressing and CoPP-treated HS936T cells bilirubin was measured in cell 

lysates (Fig. 12E). Following heme degradation biliverdin is rapidly converted to 

bilirubin [103] and thus bilirubin levels provide a means for measuring the amount of 

heme degradation occurring in cells. Both CoPP-treated and B-RafV600E-expressing 

HS936T cells showed an increased level of total bilirubin production.  
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CoPP-treated and B-RafV600E-expressing HS936T cells show increase in 

expression of genes involved in focal adhesion and ECM-receptor 

interactions. 

Our data provide evidence for a role of HMOX in melanosphere formation.  To 

elucidate an underlying mechanism involved, RNA was isolated from HS936T cells 

infected with an empty vector (EV) either treated with CoPP or left untreated, or cells 

infected with a vector containing B-RafV600E, and used for high throughput RNA 

sequencing. These cells were grown for five days in non-adherent conditions, 

mimicking the conditions of melanosphere formation. The cells were collected just as 

melanospheres began to form in the CoPP-treated and B-RafV600E-expressing 

HS936T cells. Since both CoPP-treatment and B-RafV600E expression confer 

melanosphere-formation capabilities in HS936T cells, our interest was predominantly 

focused on where the transcriptome signatures for these two conditions overlapped, 

suggesting a common mechanism to promote melanosphere formation.  Both 

DESeq and EdgeR analysis programs were used to identify differentially expressed 

transcripts (Fig. 13). DESeq and EdgeR identified 14411 transcripts, which were up- 

or down-regulated by a minimum of two-fold following infection with B-RafV600E.  

CoPP treatment lead to the up- or down- regulation of 1246 transcripts, 901 of which 

were common with those differentially expressed in the HS936T-B-RafV600E cells (Fig 

13A).  Those transcripts which were up-regulated by a minimum of two-fold were 

used for DAVID functional annotation clustering.  After sorting by p-values, the top 

three enriched functional groups are shown in Figure 13. Focal adhesion and ECM-

receptor interaction functional groups were among the top three enriched functional 

groups for both CoPP-treatment and B-RafV600E-expression, suggesting a role for 
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HMOX in promoting melanosphere formation by modulating gene expression of 

genes involved in these adhesion and ECM pathways.  

 Expression changes of Nrf2 target genes were analyzed specifically (Table 

4). HS936T cells infected with B-RafV600E showed robust overexpression of a few 

Nrf2-target genes. Although some of the genes regulated by Nrf2 are up-regulated 

such as malic enzyme 1 (ME1), extracellular superoxide dismutase 3 (SOD3), and 

glutathione S-transferase mu 1 (GSTM1), others are not.  In figures 9, 10, and 11, 

we analyzed the expression of a selection of Nrf2-target genes in adherent HS936T 

cells infected with B-RafV600E or treated with CoPP using quantitative RT-PCR.  The 

expression changes measured for HS936T cells grown in either adherent or non-

adherent conditions are similar for HMOX1 expression, but different for other targets 

we measured (Bach1, Nrf2). While Bach1 showed an approximate 7-fold increase in 

adherent conditions following infection with B-RafV600E as determined by quantitative 

RT-PCR (Fig. 10), Bach1 showed only a modest increase in expression (1,45-fold) 

following B-RafV600E infection when grown in non-adherent conditions as determined 

by high throughput RNA-seq analysis (Table 4). The difference is even more 

pronounced for Nrf2 expression for quantitative RT-PCR using RNA from adherently-

grown cells compared to RNA-seq analysis using RNA from cells grown in non-

adherent conditions  (6-fold and 0.65-fold, respectively). This highlights the 

importance of using the appropriate growth conditions for RNA-seq analysis.   
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Discussion 

These data reveal a role for heme oxygenase (HMOX) activity in promoting 

melanosphere formation and therefore having a role in tumorigenesis and 

metastasis.  We have shown a correlation between B-RafV600E mutation and 

melanosphere formation in established melanoma cell lines (Fig. 5, Table 3), 

corroborating clinical observations about the prevalence of B-Raf mutations in 

metastatic melanoma cases.  Furthermore, melanosphere formation in SK-Mel-5 

cells, a cell line harboring the B-RafV600E mutation, is diminished upon inhibition of 

both HMOX1 expression and HMOX enzyme activity (Fig. 7) and enhanced upon 

HMOX1 induction via Bach1 derepression (Fig. 8).  Oncogenic B-RafV600E expression 

drove melanosphere formation in HS936T cells, a cell line that harbors the most 

common N-Ras mutation in melanoma (N-RasQ61K) and expresses a wild-type B-Raf 

(Fig. 9). Infection with oncogenic B-RafV600E led to a number of gene expression 

changes, including induction of Nrf2, HMOX2, and Bach1 expression. HMOX1 

expression, which is likely a result of the Bach1 induction, was diminished (Fig. 9 

and 10).  HMOX activity, whether through the function of HMOX1 or HMOX2, is 

involved in melanosphere formation in HS936T cells, independent of proliferation 

(Fig. 11 and 12).  RNA-seq data reveal enrichment for genes involved in focal 

adhesion and ECM-receptor interaction upon both CoPP-treatment and B-RafV600E 

expression (Fig. 13).  We propose HMOX activity promotes anchorage-independent 

melanosphere formation by influencing focal adhesion modifications and ECM-

receptor interactions (Fig. 14).  

 Here we used the melanosphere assay as a surrogate for tumorigenic 

potential to identify molecular players that influence melanoma tumorigenesis.  
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Although it has been shown that melanomas harboring activating B-Raf mutations 

are more likely to metastasize than those transformed with activating N-Ras 

mutations [34, 212, 213], the mechanism underlying this phenomenon is unknown. 

We show activation of B-Raf, but not N-Ras, drives melanosphere formation (Fig. 5).  

B-Raf activation in HS936T cells lead to an increase in Nrf2 expression and protein 

levels (Fig. 9 and 10), consistent with what others have reported [138]. Increased 

Nrf2 expression or stability leads to an increase in the expression of target genes. 

Overexpression of the Nrf2-target gene HMOX1 has been implicated in promoting 

metastasis in other cancers [22, 159, 180, 181]. There are a few studies that have 

investigated the role of HMOX1 in melanoma development. HMOX1 is highly 

overexpressed in human melanoma tumor-associated macrophages and modestly 

overexpressed in human melanoma tumor cells [177].  HMOX1 is also preferentially 

expressed in melanocytes as compared to other Nrf2-target genes when exposed to 

UV light or thiol-reactive compounds [183]. Our data add to this body of evidence, 

implicating HMOX1 in promoting melanoma development. However, following B-Raf 

activation in HS936T cells that led to melanosphere formation, we saw a decrease in 

HMOX1 expression and an increase in HMOX2 expression (Fig. 10) although the 

overall HMOX enzymatic activity was still increased (Fig. 12E) and necessary for 

melanosphere formation (Fig. 12A). Thus, our data implicates HMOX enzymatic 

activity in melanosphere formation.  

Melanosphere formation is influenced by a number of processes including 

survival, proliferation, and the ability to form cell-cell adhesions that facilitate 

aggregate formation. The melanosphere assay allowed us to differentiate between 

anchorage-independent growth and proliferation. This was achieved by dissociating 

the melanospheres following the assay and counting the total number of cells. While 
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B-Raf activation promotes cell-cycle progression and proliferation, which was 

reflected in a robust increase in cell number over the ten-day assay (Fig. 9), CoPP 

and SnPP treatments did not have an effect on cell number (Fig. 12).  Since CoPP 

and SnPP work by either increasing HMOX1 expression or inhibiting HMOX 

enzymatic activity, respectively, and neither influences cell number, we can 

determine that the role of heme oxygenase in melanosphere formation is 

independent of proliferation and likely involved in promoting the cell-cell adhesions 

that facilitate aggregation.  

 We have demonstrated that melanosphere formation relies on the enzymatic 

activity of heme oxygenase. However, heme degradation results in the synthesis of 

CO, free iron, and biliverdin/bilirubin and it is not clear which heme degradation 

product(s), if any, might be facilitating tumorigenesis. There is some evidence that 

CO influences gene expression [214-216] and thus could be involved in promoting 

expression of genes involved in ECM dynamics that were identified in our RNA-seq 

data. Further studies are needed to validate the underlying mechanism by which 

HMOX enzymatic activity promotes tumorigenesis.  

We propose that the underlying mechanism by which HMOX enzyme activity 

promotes tumorigenesis involves modifications in focal adhesion and ECM-receptor 

interactions.  Dysregulation of ECM dynamics is a hallmark of metastasis [184], 

allowing cancer cells to alter the way in which they interact with surrounding tissues. 

While our data extends only to global transcriptional changes, further experiments 

are needed to elucidate the underlying mechanism. In a meta-profiling analysis of 

expression data from 190 human tumors, a number of genes involved in extracellular 

matrix (ECM) remodeling were identified that correlated with HMOX1 expression 

[147]. One of the genes identified in this analysis, was peroxidasin homolog (PXDN), 
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which encodes an adhesion molecule involved in ECM formation. Expression of 

PXDN was dependent on HMOX1 expression in both BeWo choriocarcinoma cells 

and 607B melanoma cells [147].  Together with our data, this supports a role for 

HMOX1 promoting transcription of genes involved in ECM dynamics.   

 Our data also demonstrated a robust transcriptional effect of B-Raf activation 

(Fig. 13). RNA-seq and analysis using both DESeq and EdgeR software identified 

6997 differentially expressed genes, which were up-regulated by a minimum of two-

fold following infection with B-RafV600E in HS936T cells.  B-Raf activates mitogen-

activated kinases 1 and 2 (MEK1 and MEK2), which then activate extracellular 

signal-regulated kinases 1 and 2 (ERK1 and ERK2). ERK1/2 is involved in many 

roles, but one of them is to phosphorylate Ets family transcription factors in the 

nucleus [217].  

Our RNA-seq data identified some interesting expression changes for Nrf2-

target genes in cells grown in non-adherent culture conditions. ME1, SOD3, and 

GSTM1 are all highly expressed in B-RafV600E-expressing HS936T cells. Each of 

these genes plays a different role in the oxidative stress response.  Malic enzyme 1 

is involved in heme degradation, while SOD3 is an antioxidant, and GSTM1 is 

involved in glutathione metabolism. While these Nrf2-target genes were up-regulated 

following B-Raf activation, many others were not. Also important is that for the 

genes, which were analyzed by both quantitative RT-PCR in adherently grown cells 

and RNA-seq analysis in cells grown in non-adherent conditions, only HMOX1 

showed a similar change in expression following B-Raf activation or CoPP treatment.  

A 2014 study also showed unique transcriptome signatures between melanoma cells 

grown adherently or grown in melanospheres [218]. Despite these observations, 

global transcriptome analyses are generally done using RNA isolated from cells 
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grown in adherent conditions, even when making conclusions about developmental 

stages in which this is not an accurate representation. Our observations highlight the 

importance of choosing the appropriate growth conditions for transcriptome analysis. 

Our data suggests an HMOX-dependent mechanism for B-Raf-driven melanosphere 

formation. HMOX activity may provide a novel therapeutic target for the treatment of 

metastatic melanoma. 

 
 
 
 
 
 
 
!
Table 3. Sequencing of Melanoma Cell Lines 

  B-Raf  N-Ras  Keap1  Nrf2 

NHEM WT WT WT WT 
HS936T WT Q61K WT WT 

TXM13 WT Q61K WT WT 

SK-Mel-28 V600E WT WT WT 
M14 V600E WT WT WT 
SK-Mel-5 V600E WT WT WT 

Table 3. Sequencing mRNA from each of the melanoma and melanocyte cell lines 

revealed those that formed melanospheres harbored an activating mutation in the 

proto-oncogene, B-Raf. cDNA synthesized from RNA isolated from melanoma cell 

lines and NHEM cells was amplified by PCR and then sequenced for N-Ras 

(NM_002524), B-Raf (NM_004333), Keap1 (NM_006164), and Nrf2 (NM_203500).  

!
! !
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Figure 5. Melanoma cell lines which harbor the B-RafV600E mutation form 

melanospheres. Five melanoma cell lines as well as primary normal human embryonic 

melanocytes (NHEM) were plated on ultra-low attachment plates at a density of 5,000 

cells per milliliter of serum-free stem cell media for a total of 20,000 cells per well. After 

10 days, the spheroids, known as melanospheres, were imaged (A) and counted (B). 

Error bars represent the standard error of the mean (SEM) of four biological replicates of 

each melanosphere assay.  

!
!
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Figure 6. Nrf2 contributes to melanosphere formation in SK-Mel-5 cells. (A) SK-

Mel-5 cells stably expressing a pSicoR vector containing either a scramble RNA or a 

silencing hairpin RNA (shRNA) targeting Nrf2 were plated for melanosphere assays. 

Error bars represent the standard error of the mean (SEM) of four biological replicates of 

each melanosphere assay.  (B) Nrf2 protein levels in SK-Mel-5 cells grown in adherent 

conditions were assessed by immunoblot analysis and band intensity was measured 

using MultiGuage software, normalized to tubulin expression. Error bars represent the 

standard error of the mean (SEM) of three biological replicates for immunoblot 

quantitation. Statistical significance was determined using the standard Student’s t-test. * 

P < 0.05, ** P < 0.01!
!
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Figure 7. Inhibition of HMOX1 diminishes melanosphere formation. (A) SK-Mel-5 

cells stably expressing a pSicoR vector containing either a scramble RNA or a silencing 

hairpin RNA (shRNA) targeting HMOX1 were plated for melanosphere assays. Error 

bars represent the SEM of four biological replicates of each melanosphere assay. (B) 

HMOX1 protein levels in SK-Mel-5 cells grown in adherent conditions were assessed by 

immunoblot analysis and band intensity was measured and normalized to tubulin. Error 

bars represent the SEM of three biological replicates. (C) SK-Mel-5 cells were treated 

with 10 µM Tin protoporphyrin IX dichloride (SnPP) every 48 hours and melanosphere 

formation assessed over a 10-day melanosphere assay. Error bars represent the SEM 

of four biological replicates. (D) HMOX1 protein levels in SK-Mel-5 cells grown in 

adherent conditions and treated with 10 µM SnPP overnight were assessed by 

immunoblot analysis and band intensity measured and normalized to tubulin. Error bars 

represent the SEM of three biological replicates for western blot quantitation. All 

statistical significance was determined by the standard Student’s t-test. * P < 0.05, ** P < 

0.01 

!
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!
Figure 8. CoPP treatment enhances melanosphere formation. (A) SK-Mel-5 cells 

were treated with 10 µM Cobalt Protoporphyrin IX (CoPP) and melanosphere formation 

was assessed by melanosphere assay as before. Error bars represent the SEM of four 

biological replicates of each melanosphere assay.  (B) Following the melanosphere 

assay, all cells from each well of the melanosphere assay were collected independently, 

melanospheres were dissociated by incubating with TrypLE, and then the cells were 

counted.  (C ) SK-Mel-5 cells were grown in adherent conditions and treated with 10 µM 

CoPP overnight. HMOX1 protein levels were assessed by immunoblot analysis and 

band intensity measured and normalized to tubulin. Error bars represent the SEM of 

three biological replicates for immunoblot analysis.  * P < 0.05, *** P < 0.001 

!
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Figure 9. Oncogenic B-Raf promotes melanosphere formation. (A) HS936T cells 

along with HS936T cells stably expressing either an empty pBABE vector (EV) or 

pBABE vector containing oncogenic B-RafV600E were plated for melanosphere assay 

as previously described. Additional HS936T cells stably expressing pBABE-B-Raf-

V600E were treated with PLX-4032. (B) Following the 10-day melanosphere assay, all 

cells were collected, melanospheres dissociated by incubation with TrypLE, and 

counted. Error bars represent the SEM of four biological replicates of each 

melanosphere assay. (C) Cells were grown in adherent conditions and protein levels for 

Nrf2 and B-Raf were assessed by immunoblot analysis.  Band intensities were 

measured and normalized to tubulin.  Error bars represent the SEM of the three 

biological replicates for immunoblot analysis. *** P < 0.001, ** P < 0.01 

!
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Figure 10. Oncogenic pBABE-B-RafV600E transformed HS936T cells demonstrate 

an increase in HMOX2 expression and protein levels. (A) HS936T cells stably 

expressing either an empty pBABE vector (EV) or a pBABE vector containing oncogenic 

B-RafV600E were grown in adherent conditions.  Immunoblot analysis was done to 

assess the protein levels of HMOX1, HMOX2, Bach1, Nrf2, and B-Raf. (B) Band 

intensities were measured and normalized to tubulin band intensities. Error bars 

represent the SEM of three biological replicates. Statistical significance was determined 

using the standard Students t-test. * P < 0.05, ** P < 0.01, Not statistically significant 

(NS) (C) Expression levels of Bach1, HMOX1, HMOX2, and Nrf2 RNA were determined 

by quantitative RT-PCR. Error bars represent the standard error of the SEM of three 

biological replicates. Statistical significance was determined using the standard 

Student’s t-test. P < 0.0001 for all genes in real-time PCR. 
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Figure 11. CoPP treatment facilitates melanosphere formation in HS936T cells. (A) 

HS936T cells either untreated or treated with 10 µM CoPP were plated for 

melanosphere assay. Error bars represent the SEM of four biological replicates. (B) 

Following the 10-day melanosphere assay, all cells were collected, melanospheres 

dissociated by incubation with TrypLE, and counted. (C) Protein levels for HMOX1 and 

HMOX2 were assessed by immunoblot analysis for HS936T cells grown in adherent 

conditions and either left untreated or treated with10 µM CoPP overnight. Band 

intensities were measured and normalized to tubulin. Error bars represent the SEM of 

three biological replicates. (D) Expression levels of HMOX1, HMOX2, Nrf2, and Bach1 

RNA were assessed in these cells using quantitative RT-PCR. Error bars represent the 

SEM of three biological replicates. All statistical significance was determined using the 

standard Student’s t-test. ** P < 0.01, *** P < 0.001, Not Significant (NS) 
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Figure 12. Pharmacological inhibition of HMOX1 and HMOX2 diminshes 

melanosphere formation in transformed HS936T cells. (A) Transformed HS936T 

cells stably expressing B-RafV600E were treated with 10 µM Tin protoporphyrin IX 

dichloride (SnPP) every 48 hours to inhibit both HMOX1 and HMOX2 activity. 

Melanosphere formation was assessed as compared to untreated cells. (B) Immunoblot 

analysis for HS936T cells stably expressing B-RafV600E either untreated or treated with 

SnPP overnight was done to assess protein levels of HMOX1 and HMOX2. Band 

intensities were measured and normalized to tubulin. Error bars represent the SEM of 

three biological replicates. (C) HS936T cells were either left untreated, treated with 10 

µM CoPP, or treated with the combination of 10 µM CoPP and 10 µM SnPP and 

melanosphere formation assessed. SnPP treatment was added every 48 hours while 

CoPP treatment was only done on day one of the melanosphere assay. (D) Following 

the 10-day melanosphere assay, all cells were collected, melanospheres dissociated by 

incubation with TrypLE, and counted. Error bars represent the standard error of the 

mean (SEM) of four biological replicates for each melanosphere assay.  (E) Heme 

degradation levels were assessed by measuring total bilirubin in HS936T cells stably 

expressing an empty pBABE vector either left untreated or treated with 10 µM CoPP 

overnight as well as HS936T stably expressing B-RafV600E. Error bars represent the 

SEM of three biological replicates. All statistical significance was determined using a 

standard Student’s t-test. * P < 0.05, ** P < 0.01, *** P < 0.001 , Not Signficant (NS) 

!
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Enriched Functional Groups 

HS936T-B-RafV600E CoPP Treatment 

KEGG Pathway Count % P-Value KEGG Pathway Count % P-Value 

Cell Cycle 60 1.6 2.30E-12 Focal adhesion 13 5.9 2.30E-05 

Focal adhesion 
73 2 4.30E-08 

Calcium 
signaling 
pathway 

10 4.6 8.40E-04 

ECM-receptor 
interaction 38 1 2.90E-07 ECM-receptor 

interaction 7 3.2 1.20E-03 
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Figure 13. HS936T cells treated with CoPP or stably expressing the active form of 

B-Raf, B-RafV600E, have up-regulated expression of genes involved in focal 

adhesion and ECM-receptor interaction.  Cells grown in suspension for 4 days were 

collected and RNA isolated for high throughput RNA sequencing. Triplicate samples for 

each treatment group were sequenced. Since CoPP treatment and HS936T cells stably 

expressing B-RafV600E form melanospheres, we were interested in where the global 

transcriptome signatures overlapped. (A) DESeq and EdgeR analyses were used to 

identify differentially expressed transcripts that were up- or down-regulated by at least 2-

fold. 901 differentially expressed transcripts were similar between the B-RafV600E -

expressing HS936T cells and those treated with CoPP as compared to the untreated 

empty vector-expressing HS936T cells. (B) DESeq and EdgeR identified 6997 

transcripts and 357 transcripts for B-RafV600E-expressing HS936T cells and CoPP treated 

HS936T cells, respectively, which had at least a 2-fold increase in expression as 

compared to untreated HS936T cells. These genes were used for DAVID functional 

annotation clustering. The top three enriched functional groups, sorted by p-value, are 

shown above. P-values are from a modified Fisher’s Exact Test (EASE Score). “Count” = 

The number of genes from the total list of up-regulated genes that are represented in 

this functional group. “%” = the percent of genes from the total list of up-regulated genes 

that are represented in that functional group.  
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Table 4. Nrf2 Target Gene Expression 
    HS936T-B-RafV600E CoPP Treatment 

Gene ID 
Fold 

change Pvalue Qvalue Significant 
Fold 

change Pvalue Qvalue Significant 

ARE Regulation 

NFE2L2 NM_006164 0.65 4.18E-11 1.40E-10 yes 1.14 2.21E-03 8.38E-03 yes 

BACH1 NM_206866 1.45 2.88E-02 4.36E-02 yes 1.02 7.23E-01 8.22E-01 no 

MAFK NM_002360 1.17 2.24E-01 2.83E-01 no 0.82 3.37E-03 1.21E-02 yes 

MAFF NM_001161572 0.37 2.80E-21 1.57E-20 yes 1.52 2.36E-15 7.46E-14 yes 

MAFG NM_032711 0.31 5.30E-60 1.00E-58 yes 1.05 3.12E-01 4.65E-01 no 

Heme Degradation 

HMOX1 NM_002133 0.07 6.01E-185 8.35E-183 yes 14.20 1.10E-183 1.35E-179 yes 

FTH1 NM_002032 0.35 4.79E-44 6.09E-43 yes 1.58 9.68E-20 5.24E-18 yes 

FTL NM_000146 0.15 1.73E-108 8.65E-107 yes 0.98 6.95E-01 8.01E-01 no 

ME1 NM_002395 162.97 4.02E-69 9.28E-68 yes 1.23 2.23E-01 NA no 

Detoxifying Enzymes 

NQO1 NM_000903 0.24 1.29E-74 3.33E-73 yes 2.32 9.50E-82 1.30E-78 yes 

NQO2 NM_000904 0.34 2.44E-34 2.29E-33 yes 1.37 2.34E-08 2.75E-07 yes 

GSTM1 NM_000561 59.24 4.30E-22 2.51E-21 yes 1.02 8.52E-01 NA no 

Glutathione Metabolism 

GCLC NM_001498 0.75 6.26E-03 1.05E-02 yes 0.99 8.64E-01 9.16E-01 no 
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Table 4. Nrf2-target gene expression changes in CoPP treated and B-RafV600E-transformed HS936T cells.   

Statistically significant genes were identified using DESeq analysis. 

GCLM NM_002061 0.56 6.50E-05 1.36E-04 yes 2.23 1.68E-32 2.51E-30 yes 

SLC7A11 NM_014331 0.14 2.25E-80 6.60E-79 yes 1.83 8.28E-26 7.62E-24 yes 

Cell Cycle and Apoptosis 

SQSTM1 NM_003900 0.10 1.44E-127 1.01E-125 yes 0.93 6.75E-02 1.45E-01 no 

TFE3 NM_006521 0.73 1.90E-03 3.40E-03 yes 0.94 2.18E-01 3.59E-01 no 

BCL2L11 NM_138621 0.45 3.06E-09 9.12E-09 yes 0.82 7.13E-03 2.28E-02 yes 

Additional Antioxidants 

TXNRD1 NM_001093771 0.33 5.02E-69 1.15E-67 yes 1.33 7.32E-11 1.25E-09 yes 

SOD3 NM_003102 402.13 4.35E-30 3.42E-29 yes 0.95 3.47E-01 NA no 

Growth Factors 

TGFB2 NM_001135599 4.61 2.11E-03 3.74E-03 yes 0.98 8.72E-01 NA no 

TGFB1 NM_000660 7.44 5.80E-110 3.04E-108 yes 1.59 2.31E-07 2.28E-06 yes 

FGF13 NM_004114 1.96 2.11E-11 7.23E-11 yes 1.82 5.57E-16 1.91E-14 yes 
Proteosome 

PSMB3 NM_002795 1.43 5.84E-05 1.23E-04 yes 0.89 6.29E-02 1.37E-01 no 

PSMA4 NM_002789 2.53 2.03E-30 1.62E-29 yes 1.14 3.62E-02 8.79E-02 yes 

PSMA1 NM_148976 1.66 5.80E-11 1.93E-10 yes 1.17 6.95E-03 2.23E-02 yes 

PSMB6 NM_002798 1.84 7.85E-10 2.43E-09 yes 0.86 3.61E-02 8.77E-02 yes 
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Figure 14. HMOX activity may promote metastatic tumorigenesis by modulating 

focal adhesions and ECM-receptor interactions.  B-Raf activation leads to an 

increase in MEK/ERK signaling, which influences cell growth, differentiation, and 

survival. B-Raf activation also leads to an increase in Nrf2 protein levels.  However, our 

data has shown that B-Raf activation decreases HMOX1 expression, presumably 

through the induction of Bach1 expression, and increases HMOX2 expression.  

Treatment with Cobalt Cobalt Protoporphyrin IX (CoPP) increases HMOX1 expression 

via Bach1 inhibition.  Both of these conditions increase the levels of heme degradation, 

regardless of which enzyme (HMOX1 or HMOX2) is induced.  Global transcriptome 

analysis reveals enrichment in genes involved in focal adhesion and ECM-receptor 

interaction. 
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Table 5. Primer Sequences 
Sequencing Primers  
Keap1 Portion 1 Forward 5'-CCCTACAGCCAAGGTCCCTGAGTGCCAGAG-3' 
Keap1 Portion 1 Reverse 5'- GGGGTCACCAGTTGGCAGTGGGACAGG-3' 
Keap1 Portion 2 Forward 5'-CCTGGTGCAGCAGCTGGACCCCAGCAATGC-3' 
Keap1 Portion 2 Reverse 5'- CGATGCGGTTACGGGGCACGCTCATGG-3' 
Keap1 Portion 3 Forward 5' - CTCGCCCGACGGCAACACCGACTCC-3' 
Keap1 Portion 3 Reverse 5' CTTCCCGGAAGATGGGTTATTTGCAGTGC-3' 
Nrf2 Portion 1 Forward 5’-GAACAGGGCCGCCGTCGGGGAGC-3’ 
Nrf2 Portion 1 Reverse 5’-CAGGGGCTACCTGAGCAACAGAAG-3’ 
Nrf2 Portion 2 Forward 5’-CCAGTCTTCATTGCTACTAATCAGGCTC-3’ 
Nrf2 Portion 2 Reverse 5’-CACTGAGGCCAAGTAGTGTGTCTCC-3’ 
Nrf2 Portion 3 Forward 5’-CCAGAACAGTCAGTGGAATCTTCCAGC-3’ 
Nrf2 Portion 3 Reverse 5’-CTAGCTCAGAAAAGGTCAAATCCTCC-3’ 
N-Ras Forward 5’-CCAAAGCAGAGGCAGTGGAGCTTGAGG-3’ 
N-Ras Reverse 5’-GGTGTCAGTGCAGCTTGAAAGTGGCTCTTTTC-3’ 
B-Raf Portion 1 Forward 5’-CCTTCCCCCTCCCCGCCCGACAG-3’ 
B-Raf Portion 1 Reverse 5’-GTTGTGTGTTGTAAGTGGAACATTCTCC-3’ 
B-Raf Portion 2 Forward 5’-CTGGAGAAGAATTGCATGTGGAAGTG-3’ 
B-Raf Portion 2 Reverse 5’-CGTCTACCAAGTGTTTTCATTCGATTCCTG-3’ 
B-Raf Portion 3 Forward 5’-CGAGAAAGGAACTCATCTTCATCCTCAG-3’ 
B-Raf Portion 3 Reverse 5’-GGACCCACTCCATCGAGATTTCACTGTAG-3’ 
B-Raf Portion 4 Forward 5’-CCTCACAGTAAAAATAGGTGATTTTGGTC-3’ 
B-Raf Portion 4 Reverse 5’-CCTTTTGTTGCTACTCTCCTGAACTC-3’ 
Silencing RNA Primers  
HMOX1 1014 Forward  5’-[Phos]-TGGAAGGCCTTCTTTCTAGATTCAAGAG 

ATCTAGAAAGAAGGCCTTCCTTTTTTC -3’ 
HMOX1 1014 Reverse  5’-[Phos]-TCGAGAAAAAAGGAAGGCCTTCTTTCTAGAT 

CTCTTGAATCTAGAAAGAAGGCCTTCCA-3’ 
Nrf2 562 Forward 5’-[Phos]-TG AATTACAGTGTCTTAATAT TCAAGAG 

ATATTAAGACACTGTAATTCTTTTTTC -3’ 
Nrf2 562 Reverse 5’-[Phos]-TCGAGAAAAAAGAATTACAGTGTCTTAATAT 

CTCTTGAATATTAAGACACTGTAATTCA-3’ 
Scramble Forward  5’-[Phos]-TGCGCTCGTAACGGTATTTATTCAAGAG 

ATAAATACCGTTACGAGCGCTTTTTTC-3’ 
Scramble Reverse  5’-[Phos]-TCGAGAAAAAAGCGCTCGTAACGGTATTTAT 

CTCTTGAATAAATACCGTTACGAGCGCA-3’ 
Real Time PCR  
HMOX1 Forward  5’-GCACCGGCCGGATGGAGCGTCC-3’ 
HMOX1 Reverse  5’-CGTCTCGGGTCACCTGGCCCTTCTG-3’ 
Nrf2 Forward  5’-CCAGTCAGAAACCAGTGGATCTGC-3’ 
Nrf2 Reverse  5’-GGAATGTCTGCGCCAAAAGCTGCATGC-3’ 
HMOX2 Forward 5’-GTCAGCGGAAGTGGAAACCTCAGAGGGGGTAG-3’ 
HMOX2 Reverse  5’-GTCGTGTGCTTCCTTGGTCCCTTCCTTCAG-3’ 
Bach1 Forward  5’-CTCCCTTTGTTGGAGTTTTGCCCACGCGTTG-3’ 
Bach1 Reverse  5’-GGTGCTATGCACAGAAGATTCATAGGCAAAAACC-3' 
Actin Forward  5’-CTTTGCCGATCCGCCGCCCGTCCACAC-3’ 
Actin Reverse  5’-GAGGGGAAGACGGCCCGGGGGGCATCGTC-3’ 

 
 
 



 67 

Chapter 3: A Novel Cell Line Model for Melanoma Development 
 

Kimberly Jasmer 
 
 
 
 
 
Abstract: The majority of melanoma research is carried out using established 

melanoma cell lines derived from primary and metastatic melanoma tumors. While 

this platform has provided valuable insights contributing to the molecular 

understanding of melanoma, it is constrained by the access to a cell line’s 

developmental history.  These lines have accumulated a number of mutations both 

prior to their establishment as well as over the years they have been cultured in labs.  

Understanding the effects of single mutations, epigenetic modifications, or other 

manipulations in such a context is difficult because of the unknown genetic, 

epigenetic, and molecular variations.  Additionally, comparisons amongst cell lines 

established in this manner are unreliable because of the differences in history and 

genetic makeup of these cells. For these reasons, establishing an isogenic cell line 

model for the development of melanoma offers a unique platform in which to study 

the molecular effects of single mutations, epigenetic modifications, environmental 

conditions, and pharmacological agents. We have established three cell lines, which 

can be powerful tools for future research in melanocyte and melanoma biology. 

Here, we describe a novel cell line model for the early stages of melanoma 

development.  
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Introduction 

Melanoma is the sixth most common form of cancer in the United States. In 2015, an 

estimated 73,870 new cases of melanoma are expected to be diagnosed and 9,940 

melanoma-related deaths are estimated to occur [1]. Since 1982, rates of melanoma 

have more than doubled from 11.2 per 100,000 to 22.7 per 100,000 in 2011 [219]. 

While melanoma accounts for only 2% of all skin cancers, it is responsible for the 

majority of skin cancer-related deaths [1].  

Activating mutations in B-Raf and N-Ras are the two most common mutations 

found in melanoma, and are also found frequently in early benign nevi, indicating 

that these mutational events occur early in progression [197].  B-Raf is mutated in 

approximately 70% of all malignant melanomas with B-RafV600E accounting for 80% 

of these mutations [34-37]. Activating mutations in N-Ras are also frequently found 

(15-25%) in metastatic melanoma cases [198]. Activating mutations in B-Raf are 

found at a higher frequency in metastatic melanoma than in localized tumors [34, 

212, 213].    

In order to study the effects of single mutations on melanoma development, 

an immortal line of melanocytes is useful to facilitate subsequent genetic 

manipulations, characterizations, and long-term study.  Here we report the synthesis 

of immortalized normal human embryonic melanocytes (NHEMTH14) derived from 

melanocytes isolated from newborn foreskin and two novel cell lines that additionally 

express oncogenic N-Ras or B-Raf (Fig. 15). These three lines provide an isogenic 

model to study the effects of single mutational events in the development of 

melanoma.    
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Materials and Methods  

Cell Culture 

Primary Normal Human Epidermal Melanocytes (NHEM) were obtained from PromoCell 

and cultured in Melanocyte Growth Medium (PromoCell). HEK 293T cells were grown in 

DMEM supplemented with 10% FBS (Atlanta Biologicals), 2 mM L-glutamine (Gibco) 

and 500 µg/ml geneticin (Gibco).  Cells were cultured on Biolite dishes (Thermo 

Scientific).  Biolite dishes were coated in 1% gelatin for culturing of 293T cells and 

NHEMTH14B-RafV600E cells.  TrypLE (Gibco) was used for cell dissociation for passaging.  

 

Cloning of B-RafV600E, N-RasQ61K, and Telomerase into Lentiviral Constructs 

An N-RasQ61K cDNA fragment was excised from pBABE-N-Ras61K (Addgene, Plasmid 

12543) by BAMHI digestion. A lentiviral vector, pLentiCMV GFP Blast (Addgene, 

Plasmid 17445), was also digested with BamHI and dephosphorylated for 1 hour at 37°C 

with alkaline phosphatase (CIP). The NRas61K fragment was ligated into the lentiviral 

vector using the Rapid DNA Ligation Kit (Life Technologies) according to manufacturers 

protocol, except the ligations were incubated for 1 hour prior to transformation.  

Transformations were done in DH5α competent cells (Life Technologies) and plated on 

LB-agar plates containing 200 mg/ml ampicillin. The resulting colonies were picked and 

grown up in LB media containing 200 mg/ml ampicillin.  The plasmid was isolated using 

a PureLink Plasmid Miniprep Kit (Life Technologies). Orientation was verified by 

restriction digest. Minipreps that showed the correct orientation were grown on large-

scale and plasmids isolated using the PureLink HiPure Plasmid MIdiprep Kit (Life 

Technologies). Constructs were validated by DNA sequencing using a CMV forward 

primer (5- CGCAAATGGGCGGTAGGCGTG-3’).   
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A B-RafV600E cDNA fragment was isolated from pBABE-B-RafV600E (Addgene, 

Plasmid 17544) by PCR amplification with primers that introduced a 5-prime BAMHI cut 

site (5’-CGTAGGTCGACGGGATCCGGTTATAAGATGGCGGCG-3’) and a 3-prime SalI 

cut site (5’-CGAGTGAGCCTGGTCGACTTTGTTTCAGTGGACAGG-3’). The PCR 

fragments and pLentiCMV GFP Blast vector backbone were digested with both SalI and 

BamHI. The pLentiCMV vector was dephosphorylated as described above. Since the B-

RafV600E cDNA fragment has an internal BamHI site, the two fragments were 

sequentially ligated. The 5’ end was ligated first. Ligations, transformation, and plasmid 

isolation were done as with the N-RasQ61K clone described above.  A portion of the 

minipreps were tested for incorporation of the small fragment by restriction digest.  

Those that showed incorporation were subsequently digested with BamHI and then the 

larger 3-prime fragment of B-RafV600E was ligated in, transformed, and grown as 

described above.  Orientation of the miniprep was verified by restriction digest. 

Sequence of the midiprep was validated using the same CMV forward primer as above. 

A human Telomerase cDNA fragment was isolated from pBABE-Hygro-hTERT 

(Addgene, Plasmid 1773).  pBABE-Hygro-hTERT was first cut with EcoRI and a 

pLentiCMV-GFP-Puro vector (Addgene, Plasmid 17448) was cut with BamHI.  Klenow 

was used to blunt the ends.  20 µg of both purified digested plasmids were individually 

dissolved in 7µl of NEB Buffer #2 and incubated with 33 µM concentration of each 

dNTP, 4 µl of DNA Polymerase 1, Klenow Fragment (NEB) and incubated at 25°C for 15 

minutes. The reaction was stopped by adding EDTA for a final concentration of 10 mM 

and heating at 75°C for 20 minutes.  The DNA was then extracted by phenol chloroform 

extraction and set up for a sequential digest with SalI. The vector was dephosphorylated 

for one hour with CIP and both the telomerase fragment and pLenti vector were gel 

purified.  Ligation, selection, growth, and verification were carried out as described 

above.  
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Viral Preparation  

Viral preparations were done using HEK 293T cells.  HEK 293T cells, grown on gelatin-

coated 10cm plates, were refed with 3 ml of fresh antibiotic-free media one hour prior to 

transfection.  Transfections were done using LipoD293TM  DNA in vitro transfection 

reagent (SignaGen) according to manufacturer’s protocol.  For retroviral preparations, 

transfection reactions included 24 µl of LipoD293 reagent, 2 µg of pMD2.G vector 

containing the VSV-G envelope gene (Addgene, Plasmid 12259), Psi2 Helper Virus DNA 

(A gift of Dr. Alan Diehl), and 4 µg of pBABE-zeo large T genomic (Addgene, Plasmid 

1778). For lentiviral preparations, each transfection reaction included 24 µl of LipoD293 

reagent, 2.6 µg of psPAX2 lentiviral packaging vector (Addgene, Plasmid 12260), 1.4 µg 

of pMD2.G vector containing VSV-G envelope (Addgene, Plasmid 12259), and 4 µg of 

either pLentiCMV-GFP-Blast-B-RafV600E, pLentiCMV-GFP-Blast-N-RasQ61K, or 

pLentiCMV-GFP-Puro-hTERT, which were described above. After 15-minute incubation 

at room temperature, the LipoD293/DNA mixture was added to the 293T 

cells.  Supernatant was collected at 24 hours and the cells supplemented with an 

additional 3 ml of medium.  Supernatant was collected again at 48 hours.  The two 

supernatant fractions were combined and filtered with a 0.45 µm filter unit (Millipore).   

 

Cell Line Establishment 

One ml of the total viral preparation was supplemented with a final concentration of 4 

µg/ml polybrene (Sigma Aldrich) and added to a 35 mm dish of melanocytes.  After 24 

hours, the medium was removed and replaced with media containing either 250 ng/ml of 

puromycin, 1 µg/ml Blasticidin, or 300 µg/ml Zeocin, as appropriate.   Selection occurred 

over 3-7 days.  After an untransfected mock plate of cells were killed by the antibiotic 

selection, the infected cells that survived selection were transferred to new dishes and 

expanded until there were sufficient cells to freeze for stock. 
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Immunoblot Analysis 

Cells were lysed in High Salt ELB lysis buffer [1 M Tris pH 8.0, 1% NP-40, 250 mM 

NaCl, 5 mM EDTA] supplemented with protease and phosphatase inhibitors (1x G-

Biosciences Protease Arrest, 200 µM Na3VO4, and 1 mM PMSF). Sample buffer (2x) 

[6% SDS, 150 mM Tris-HCl pH 6.8, .005% Bromophenol Blue dye, 7.5% glycerol, 15% 

β-mercaptoethanol) was added to the lysates and then boiled for 10 minutes. Samples 

were run on 4-20% gradient Genscript ExpressPlusTM PAGE Precast gels in an XCell 

SureLockTM Mini-Cell gel box (Life Technologies) and transferred onto 0.45 µm 

nitrocellulose membrane (BioRad) at 30 volts for one hour. The membrane was 

incubated for 1-2 hours with 5% non-fat dry milk in phosphate-buffered saline (PBS) 

containing 0.1% Tween-20 (Fisher Scientific). The membrane was washed with PBS 

(0.1% Tween-20) and incubated with primary antibody overnight.  With the exception of 

mouse monoclonal anti-Mel5 (Ta99, Covance), rabbit anti-ERK1/2 (Cell Signaling), and 

rabbit anti-phosphoERK 1/2 (Cell Signaling), all remaining primary antibodies used for 

immunoblot were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and 

include mouse monoclonal anti-TERT (C-12), mouse monoclonal anti–SV40 T Antigen 

(H-1), mouse monoclonal anti-Raf-B (F-7), mouse monoclonal anti-N-Ras (F155), mouse 

monoclonal anti-Melan-A (A103). Mouse monoclonal anti-β-Tubulin (E7) was obtained 

from the Developmental Studies Hybridoma Bank.  Anti-β-Tubulin, was used at a 1:2000 

dilution and all other primary antibodies were used at a 1:1000 dilution.  Secondary 

antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, 

PA) and used at a 1:2000 dilution and incubated for one hour. These secondaries 

include: anti-mouse IgG-HRP and anti-rabbit IgG-HRP. Immuno blots were developed 

with Thermo Scientific Supersignal West Femto or Pico Western HRP substrate and 

imaged with a FujiFilm Intelligent Dark Box and LAS-3000 software.   

 



 73 

PrestoBlue Cell Viability Assay 

Five hundred cells were plated per well of a 96-well Biolite plate (Thermo Scientific).  

Each cell line was plated onto 21 wells (three replicates for 7 days). PrestoBlue assays 

(Life Technologies) were carried out according to manufacturers protocol.  After adding 

the PrestoBlue reagent, the absorbance was measured at a 24-hour timepoint. This was 

done every day for 7 days. PrestoBlue assays were conducted twice, yielding 6 

biological replicates per time point. The data is shown as the change in absorbance over 

the day 1 reading. Error is shown as the standard error of the mean of the biological 

replicates. Statistical significance was determined by the standard Student’s t-test.  

 

Immunocytochemistry  

1 x 105 NHEM cells and NHEMTH14 cells were plated onto glass coverslips in 35 mm 

dishes.  The following morning, the media was aspirated off and replaced with warm 

fresh media containing 4% paraformaldehyde (PFA) for 15 minutes.  The PFA was 

removed and PBS containing 0.1% Triton X-100 was added for 15 minutes. The cells 

were washed with PBS and then incubated with primary antibodies (anti-TERT (C-12) or 

anti-SV40 T antigen (H-1)) with 10% FBS in PBS for one hour at room temperature at a 

1:50 dilution.  The cells were washed twice with PBS for 15 minutes each and then 

incubated with Alexa Fluor 488-conjugated AffiniPuri Goat Anti-Mouse IgG Fcγ Subclass 

2a at a 1:500 dilution in PBS (10% FBS) for one hour at room temperature. Cells were 

again washed with PBS twice for 15 minutes each.  The coverslips were mounted on 

slides with Flouromount-G (G-Biosciences).  The slides were imaged with a Leica TCP 

SP8 MP confocal microscope.  
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Melanosphere Assay  

For each melanosphere assay, 20,000 cells were plated per well of a 6-well plate in 4 ml 

of stem cell medium. The stem cell medium used for melanosphere assays was 

composed of DMEM/F12(1:1) (Gibco) supplemented with B27 Serum-Free Supplement 

(Gibco), 20 ng/ml Recombinant Human FGF (Life Technologies),  20 ng/ml Recombinant 

Human EGF (Life Technologies), and 2.5 µg/ml Amphotericin B (Gibco).  Assays were 

conducted in Corning Ultra-Low Attachment 6-well plates (Corning).  A Leica M205 

microscope was used for imaging, counting, and measuring the melanospheres after the 

10-day assay. A BioRad TC20 automated cell counter was used to count the cells before 

and after the assay. Cells counted after the assay were collected, centrifuged, and 

dissociated using TrypLE (Gibco) prior to counting. Melanospheres were conducted 

twice in duplicate each time.  Melanosphere formation is reported as the number of 

spheroids that form ± the standard error of the mean (SEM) of the four biological 

replicates. Error bars represent the standard error of the mean (SEM) of four biological 

replicates and statistical significance was determined by a standard Student’s t-test. 

 

Results 

NHEMTH14 cells express SV40 T antigen and hTERT, retain melanocyte-

specific markers, and remain proliferative 

Normal human embryonic melanocytes (NHEM) were infected with a retroviral construct 

containing SV40 T antigen (NHEMT14) and subsequently with a lentiviral construct 

containing hTERT (NHEMTH14) to obtain immortalization.  Initially, we introduced SV40 T 

antigen to NHEM cells alone (NHEMT13) (Data not shown).  While this prolonged the 

proliferative period of the cells, eventually they became senescent and ceased to 

proliferate. For this reason, fresh primary melanocytes were immortalized with both 
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SV40 T antigen and hTERT (NHEMTH14) (Fig. 16). NHEMTH14 cells express both SV40 T 

antigen and telomerase, as determined by immunoblot analysis (Fig. 16A) and by 

immunocytochemical staining (Fig. 16B). NHEMTH14 cells retain melanocyte specific 

markers, Mel5 and Melan-A, as determined by immunoblot analysis (Fig. 16C). Finally, 

proliferation was assessed for NHEM cells at an early passage number (passage. 4-6), 

NHEM cells at a late passage number (passage. 22-24), and NHEMTH14 cells at passage 

34-37 using a PrestoBlue viability assay over a 7-day period. PrestoBlue is a resazurin-

based assay, which produces a colorimetric change when exposed to the reducing 

environment produced by viable cells. This colorimetric shift can be measured by 

absorbance, which is directly proportional to cell viability. Thus, by measuring the 

absorbance over a weeklong period and comparing that to the absorbance measured on 

day one, we can assess the proliferative state of each of these cell lines. Cells were 

plated at 500 cells per well of a 96-well plate in triplicate. After 24 hours the PrestoBlue 

reagent was added directly to media and allowed to incubate for 24 hours. After 24 

hours the absorbance was measured. This was repeated for 7 days. Early passage 

NHEM cells and NHEMTH14 cells were significantly more proliferative than the late 

passage NHEM cells (Fig 16E).  The late passage NHEM cells showed no significant 

change in absorbance over the 7-day period.  NHEMTH14 cells have been maintained in 

culture and have surpassed 45 passages, well past the point where primary cells cease 

to proliferate.  

 

Establishment and characterization of transformed melanocytes 

Oncogenic Ras mutations are the most common activating mutation in human cancers 

[220]. Ras activation facilitates cell-cycle progression, survival, and other cellular 

behaviors [221].  Ras activates the Raf family of proteins (c-RAF, BRAF, and ARAF), 
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which then activate mitogen-activated kinases 1 and 2 (MEK1 and MEK2).  In turn, 

MEK1/2 activates extracellular signal-regulated kinases 1 and 2 (ERK1 and ERK2). 

ERK1/2 activation has a variety of effects; one of these is to phosphorylate transcription 

factors in the nucleus, such as ELK1 and c-JUN. ELK1 promotes the expression of FOS, 

which forms heterodimers with c-JUN, comprising the AP1 transcription factor [217]. AP1 

mediates the expression of key cell-cycle regulatory proteins [222].  This is one way in 

which RAS or RAF activation promotes cell-cycle progression.   

NHEMTH14 cells were infected with lentiviral constructs containing either N-

RasQ61K or B-RafV600E, common activating mutations in melanoma. N-Ras NHEMTH14-

N-RasQ61K cell lysates were collected for immunoblot analysis to determine the level of N-

Ras, B-Raf, total and phosphorylated ERK 1/2 (pERK) proteins. An increased level of 

pERK is consistent with the activation of upstream Ras or Raf proteins.  Cells expressing 

N-RasQ61K (NHEMTH14-N-RasQ61K) show higher levels of N-Ras and B-Raf protein 

compared to mock transfected cells, as well as elevated levels of phosphorylated 

ERK1/2 (Fig 17A). To assess the effect of N-Ras activation on the tumorigenic potential 

of transformed melanocytes, cells were plated in ultra-low attachment plates in stem cell 

medium. Cells that form spheroids, or melanospheres, in non-adherent conditions over 

the course of a ten-day assay, show higher levels of tumorigenicity when injected into 

SCID mice as compared to cells that do not form spheroids [207]. In this way, 

melanosphere formation is indicative of the tumorigenic potential of cells. After being 

grown in non-adherent conditions for ten days spheroids were counted and measured. 

Melanospheres with a diameter of at least 100 µM were counted. An increase in 

melanosphere formation is indicative of increased tumorigenicity of the cell line or 

enrichment for the tumorigenic population. Spheroid formation was equivalent between 

NHEMTH14 (12 ± 2.35 spheroids) and N-Ras NHEMTH14-N-RasQ61Kcells (4 ± 2.35 
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spheroids)  (Fig. 17B).  This suggests that N-Ras activation is insufficient to promote 

tumorigenicity in melanocytes.       

 

Discussion 

Here we report the establishment of novel cell lines that together provide an isogenic 

model for the study of the early stages of melanoma development. NHEM cells were 

immortalized by retroviral infection of SV40 T antigen and subsequent lentiviral infection 

of hTERT (Fig. 15). The resulting immortalized line, NHEMTH14, was validated by 

assessing the protein levels of SV40 T antigen and hTERT by immunoblot and 

immunoctyochemical staining (Fig. 16A and 16B).  NHEMTH14 cells were additionally 

validated by assessing the protein levels of melanocyte-specific markers, Melan-A and 

Mel5, (Fig. 16C) and by measuring the proliferation as compared to primary NHEM cells 

at early and late passage numbers (Fig 16D). NHEMTH14 cells were subsequently 

infected with oncogenic versions of N-Ras (Q61K) or B-Raf (V600E) (Fig. 15). At the 

time of writing this dissertation, the validation of the NHEMTH14-B-RafV600E cell line remains 

to be completed.  However, the NHEMTH14-N-RasQ61K line was validated by immunoblot 

analysis to assess the protein levels of N-Ras, B-Raf, and total and phosphorylated ERK 

1/2 (Fig 17A).   NHEMTH14-N-RasQ61K showed an increased level of phosphorylated ERK 1/2 

(Fig 17A) demonstrating the activation of the MAPK cascade, which is consistent with N-

Ras activation.  These cells also showed an increase in N-Ras protein levels. However, 

NHEMTH14-N-RasQ61K cells did not increase melanosphere formation, a measure that 

correlates with cells tumorigenicity (Fig. 17B).  While the characterization of NHEMTH14-B-

RafV600E is incomplete (because I went to get married), we hypothesize that the B-Raf-

transformed cells may show a higher frequency of melanosphere formation due to the 

prevalence of activating B-Raf mutations in metastatic melanoma as compared to 
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localized tumors [34, 212, 213], as well as the data presented in chapter 2, which 

demonstrates B-Raf is a driver of melanosphere formation in melanoma cell lines. 

At the onset of this project there were no available immortalized normal 

human melanocyte cell lines available.  However, there is now one immortalized 

melanocyte line commercially available from Applied Biological Materials, which was 

immortalized by infecting melanocytes with human telomerase (hTERT).  Three 

research groups have immortalized melanocytes by various methods.  Le Poole, et 

al, immortalized both normal human embryonic melanocytes [223] and melanoctyes 

from a 34-year old vitiligo patient [224] by retroviral infection of the HPV16 E6 and 

E7 genes.  Melber, et al, immortalized normal human embryonic melanocytes 

derived from newborn foreskins by introduction of the gene encoding SV40 T antigen 

by electroporation [225]. Finally, Gupta, et al, immortalized primary human 

melanocytes by retroviral infection of both SV40 T antigen and human telomerase 

(hTERT) genes [226]. Gupta’s research group went one step further and introduced 

oncogenic RasG12V.   

While there are now other immortal melanocyte lines available, and the 

immortalized melanocyte cell line described in this chapter (NHEMTH14) was 

established using a protocol similar to that reported by Gupta, the value of the three 

lines established in this body of work when used in combination can not be 

understated. To aid in the study of the effects of primary mutational events in melanoma 

development, it is necessary to use a model that accurately represents this stage of 

development.  Most melanoma research is done using cell lines derived from primary or 

metastatic tumors collected from patients.  Comparisons among these cell lines are 

unreliable as the genetic background of each line is different. A single mutational change 

in one cell line may have a profoundly different effect in another.  For this reason, an 
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isogenic model of early developmental stages allows for direct and reliable comparisons 

to be made.  The isogenic model reported here is comprised of three cell lines: an 

immortal melanocyte line (NHEMTH14), melanocytes transformed with oncogenic N-

RasQ61K (NHEMTH14-N-RasQ61K), and melanocytes transformed with oncogenic B-

RafV600E (NHEMTH14-B-RafV600E). Because these cell lines are isogenic, differences in the 

morphology or behavior can be attributed to single genetic changes.   

The two most common mutations identified in melanoma are activating mutations 

in B-Raf and N-Ras [34, 198]. Prior to this work, there were no transformed melanocyte 

lines expressing oncogenic B-Raf, the most commonly mutated gene identified in 

melanomas. Additionally, the only transformed line described in the literature is an 

oncogenic RasG12V-expressing line [226].  G12 and Q61 are the two most commonly 

mutated residues in N-Ras. G12 is found in the phosphate-binding loop of Ras while 

Q61 is located within the catalytic domain [227]. The transformed melanocyte line 

described here is transformed with oncogenic N-RasQ61K.  Thus, the two transformed 

melanocyte cell lines established here are novel.   When used in combination with 

the immortal melanocyte line, NHEMTH14, they together represent an isogenic model 

for the early stages of melanoma development. To add to this model, the transformed 

melanocytes described here (NHEMTH14-N-RasQ61K and NHEMTH14-B-RafV600E) could be 

additionally infected with constructs containing the Twist1 gene, a transcription factor 

that induces an epithelial-to-mesenchymal transition (EMT) in melanoma [228], to 

provide a model for more advanced, invasive melanoma.   
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!
Figure 15. Schematic of cell line generation protocol. NHEM cells were infected with 

a retroviral construct containing SV40 T antigen and subsequently with a lentiviral 

construct containing human telomerase (hTERT) to render the melanocytes immortal.  

Immortal melanocytes were then infected with lentiviral constructs containing oncogenic 

forms of B-Raf (V600E) or N-Ras (Q61K).  
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Figure 16. NHEMTH14 cells express SV40 T antigen and hTERT, retain melanocyte 

specific markers, and remain proliferative. (A) NHEM, NHEMT14, and NHEMTH14 cells 

were lysed in preparation for immunoblot analysis as described in the Materials and 

Methods. Protein levels for telomerase, SV40 T antigen and tubulin were assessed by 

immunoblot analysis. (B) Protein levels of telomerase and SV40 T antigen were 

assessed by immunocytochemical staining using Alexa Flour 488 dye and confocal 

microscopy.  (C) NHEM, NHEMT14, and NHEMTH14 cells were lysed in preparation for 

immunoblot analysis as described in the Materials and Methods. Protein levels for Mel5, 

Melan A, and tubulin were assessed by immunoblot analysis. (D) NHEM cells at early 

passage (passage 4-6) or late passage (passage 20-22), as well as NHEMTH14 cells 

(passage 34-37) were plated at 500 cells per well of a 96-well plate with three replicates 

per day per cell line.  PrestoBlue reagent was added directly to the wells and 

absorbance was measured after 24 hours.  The absorbance for day 1 was set to 1 and 

the remaining measurements show the change in absorbance as compared to day 1.  

Error bars represent the standard error of the mean (SEM) of six biological replciates. * 

P < 0.05, ** P < 0.01, *** P < 0.001!
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!
Figure 17. Characterization of the NHEMTH14-N-RasQ61K cell line. (A) NHEMTH14 and 

NHEMTH14-N-RasQ61K cells were collected for immunoblot as described in the Materials and 

Methods. Levels of B-Raf, N-Ras, total ERK 1/2, and phosphorylated ERK1/2 were 

assessed by immunoblot analysis. (B) NHEMTH14 and NHEMTH14-N-RasQ61K cells were 

plated on ultra-low attachment plates at a density of 5,000 cells per milliliter of serum-

free stem cell media (20,000 total cells). After 10 days, spheroids were imaged and 

counted. Error bars represent the standard error of the mean (SEM) of four biological 

replicates of the assay. NS = not significant  
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Chapter 4: Use of CHIP-qPCR to Characterize the Occupancy of 

Antioxidant Response Elements (AREs); Characterization of a 

Novel Bach1 Inhibitor 

Kimberly Jasmer 

 

Parts of this chapter are already published and can be found in their original 

format as an addendum to this dissertation. This chapter aims to present some of 

my work, which was not used in the original publication. Where any work of 

others is included, it will be clearly attributed and references to the relevant 

figure(s) in the original publication will be provided.   

 

 

 

 

 

Original Publication: 

Attucks,! O.C.,! et! al.,! Induction) of) heme) oxygenase) I) (HMOX1)) by) HPP<4382:) a) novel)

modulator)of)Bach1)activity.!PLoS!One,!2014.!9(7):!p.!e101044.!

 

My contributions to the original text include: all chromatin immuno-precipitation 

and real-time PCR results, western blot analyses, and the gene silencing and cell 

culture involved with these experiments.   
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Abstract 

Reactive oxygen species (ROS) are produced as a byproduct to normal cellular 

metabolic activity. ROS oxidize cellular lipids, DNA, and proteins, in turn, promoting 

inflammatory diseases such as diabetes, cardiovascular disease, and cancer. ROS 

accumulation, or oxidative stress, elicits a cellular response, mediated primarily by 

Keap1 and the transcription factor Nrf2.  Under basal conditions, Keap1 acts as an 

adaptor substrate for a Cul3-dependent E3-ubiquitin ligase, targeting Nrf2 for 

ubiqutination and proteasomal degradation.  Nrf2 is a transcription factor that binds 

antioxidant response elements (AREs) found in the promoter of over 200 antioxidant and 

cytoprotective genes which minimize ROS-induced damage and promote cell survival. In 

response to oxidative stress, Keap1 is inactivated, inhibiting Nrf2 turnover. In addition to 

Nrf2 regulation of the AREs, Bach1 binds the AREs and acts as a transcriptional 

repressor.  The best-characterized target of Bach1 repression is Heme Oxygenase-1 

(HMOX1) which codes for an enzyme that catalyzes the degradation of Heme. Bach1 

derepression of the HMOX1 ARE is necessary prior to Nrf2-mediated gene expression.  

We have identified and characterized a novel compound that facilitates Bach1 

derepression, which specifically promotes the expression of HMOX1 among other Nrf2-

target genes.  

Introduction 

Reactive oxygen species (ROS) are generated as a byproduct of cellular metabolism. 

ROS are highly reactive molecules that oxidize cellular lipids, DNA, and proteins, which 

can lead to a number of inflammatory diseases, such as diabetes, cancer, and 

cardiovascular disease [6, 14, 53, 55]. However, ROS are also necessary for proper 
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immune function, skeletal muscle physiology, oxygen sensing, and other cellular 

processes [6, 14]. In response to oxidative stress, a well-defined stress response 

induces the expression of a set of genes that encode proteins that neutralize ROS, 

promote cell survival, and facilitate the removal of damaged macromolecules [20].  This 

response is regulated primarily by Kelch like-ECH-associated protein 1 (Keap1) and the 

transcription factor Nrf2.  

Keap1 acts as an adaptor substrate for a Cul3-dependent E3-ubiquitin ligase. 

Keap1 binds the N-terminal Neh domain of Nrf2 [75]. In the absence of oxidative stress, 

this complex targets Nrf2 for ubiquitination and proteasomal degradation [83, 87]. ROS 

and other thiol-reactive compounds can modify cysteine residues within Keap1, inhibiting 

its association with Cul3 and the formation of a functional E3-ubiquitin ligase [85, 88]. 

Nrf2 can then accumulate and migrate to the nucleus where it binds antioxidant 

response elements (AREs) and promotes expression of over 200 anti-oxidant and 

cytoprotective genes including NAD(P)H dehydrogenase, quinone 1 (NQO1), glutamate-

cysteine ligase (GCLC), thioredoxin reductase (TXNRD1), and heme oxygenase-1 

(HMOX1) [83-85, 200].    

In addition to the redox-dependent regulation of the ARE, BTB and CNC 

Homology 1 (Bach1) is a transcriptional repressor that competes with Nrf2 for binding of 

ARE elements [102, 107]. When Bach1 is bound by it’s ligand, heme, it is exported from 

the nucleus where Bach1 is subsequently ubiquitinated and degraded in the cytoplasm 

[115, 116]. Heme is a reactive iron chelate that promotes iron-dependent reactions that 

lead to the generation of ROS and lipid membrane peroxidation [103-106]. Heme 

Oxygenase-1 (HMOX1), which has clusters of antioxidant response elements in its 

promoter, is the best-characterized target for Bach1 transcriptional repression [102, 

108]. HMOX1 is an enzyme that catalyzes the degradation of heme into carbon 

monoxide, iron, and biliverdin [106, 147-149]. In addition to repression of HMOX1, 
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Bach1 suppresses the expression of additional genes such as NAD(P)H quinone 

oxidoreductase 1 (NQO1) [109], thioredoxin reductase 1 (TXNRD1), ferritin heavy 

(FTH1) and light chains (FTL) [110], and glutamate-cysteine ligase catalytic (GCLC) and 

glutamate-cysteine ligase modifier (GCLM) subunits [111].   

Unlike other genes regulated by Bach1 and Nrf2, Bach1 repression at the 

HMOX1 promoter must be removed prior to Nrf2-dependent gene expression [167, 168]. 

Here we describe a novel compound (HPP-4382), which acts to displace Bach1 from the 

HMOX1 promoter and thus specifically promote HMOX1 expression. We demonstrate 

that HPP-4382 is not an electrophile, is Keap1-independent, and does not deplete 

glutathione levels. Collaborators at TransTech Pharma, LLC used a cell-based model in 

normal human lung fibroblast (NHLF) cells to identify compounds that stimulated 

expression of HMOX1. In this chapter, I will contrast the effects of two of these 

compounds (HPP-4382 and HPP-1014) and how they differ in their induction of HMOX1 

and other Nrf2-target genes.  Specifically, I will describe how each mediates the 

occupancy of the HMOX1, NQO1, and TXNRD1 AREs.  

Materials and Methods 

Cell culture 

Normal human lung fibroblasts (NHLF) were purchased from Lonza and maintained in 

FBM medium supplemented with 2% FBS and the supplied FGM-2 SingleQuot 

components (insulin, hFGF-B, and antibiotic/antifungal agents). MDA-MB-231 cells were 

maintained in MEM medium (Gibco) supplemented with 10% FBS.  
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Gene silencing 

NHLF cells were plated on 150 mm BD Falcon IntegridTM dishes so that they were 

approximately 70% confluent at the time of transfection. Cells were refed prior to 

transfection with 20 ml complete media. 25 µl of Bio-Rad siLentFectTM Lipid transfection 

reagent was diluted in 2.5 ml of additive-free Gibco® Dulbecco’s Modified Eagle Medium 

(DMEM).  Silencing RNA for Nrf2, Keap1, and Bach1 genes were purchased from 

Qiagen. Sequences for siRNA were as follows: Nrf2: Sense 5′ 

GGAUUAUUAUGACUGUUAA 3′, antisense 5′ UUAACAGUCAUAAUAAUCC 3′; Keap1: 

sense 5′ AGGAUGCCUCAGUGUUAAA 3′, antisense 5′ UUUAACACUGAGGCAUCCU 

3′; Bach1: sense 5′ GGAGUAGUGUGGAGCGAGATT 3′, antisense 5′ 

UCUCGCUCCACACUACUCCTA 3′. 25 µl of 20 µM siRNA duplexes was diluted in 2.5 

ml of additive-free DMEM.  The diluted reagent was added to the diluted DNA and 

allowed to incubate at room temperature for 20 minutes.  After 20 minutes, the DNA plus 

transfection reagent were added to the NHLF cells yielding a final siRNA concentration 

of 20 nM.  Cells were incubated for 48 hours prior to treatment with either 1 µM HPP-

4382, 1 µM HPP-1014, or 10 nM CDDO for 6 hours.   

Chromatin immunoprecipitation 

NHLF cells were grown on 150 mm BD Falcon Integrid dishes. Cells were either treated 

with siRNA (see above) for 48 hours and/or treated with compound for six hours. Cells 

were cross-linked by adding formaldehyde to a final concentration of 1% and stopped by 

adding glycine to a final concentration of 125 mM. Cells were washed three times with 

ice-cold 1X PBS, scraped into 1 ml of phosphate buffered saline (PBS) containing 

protease inhibitors (1x G-Biosciences Protease Arrest, 200 µM Na3VO4, and 1 mM 

PMSF), and collected by centrifugation (700xg for 4 min). Cell pellets were resuspended 
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in 1 ml cell lysis buffer [5 mM Pipes pH 8.0, 85 mM KCl, 0.5% NP-40] containing 

protease inhibitors and incubated for 10 min on ice. Nuclei were pelleted by 

centrifugation (5000 rpm for 5 min) and resuspended in 350 µl nuclear lysis buffer [50 

mM Tris pH 8.1, 10 mM EDTA, 1% SDS] containing protease inhibitors. After 10 minutes 

on ice, the samples were sonicated and then centrifuged in a microcentrifuge at 

maximum speed for 10 minutes at 4°C. The supernatants were transferred to new tubes 

and diluted 5-fold in ChIP dilution buffer [0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 

16.7 mM Tris pH 8.1, 167 mM NaCl] plus protease inhibitors. Samples were pre-cleared 

with protein A agarose slurry containing 10 mg/ml of E. coli tRNA for 30 min at 4°C. For 

the total input control, 20% of the total supernatant was saved and frozen at −80°C. The 

remainder was equally divided among four tubes and incubated with rotation overnight at 

4°C with: no antibody, 2 µg Nrf2 antibodies (H-300, Santa Cruz sc-13032), 4 µg Bach1 

antibodies (2 µg of R&D Systems AF5776 and 2 µg of C-20, Santa Cruz sc-14700), or 2 

µg Pol II antibodies (CTD4H8, Santa Cruz sc-47701). Immune complexes were 

incubated with protein A agarose slurry containing tRNA for 1 hr at 4°C with rotation. 

Beads were collected by centrifugation and then washed consecutively for 5 minutes on 

a rotating platform with 1 ml of each of the following solutions: low salt wash buffer [0.1% 

SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris pH 8.1, 150 mM NaCl]; high salt wash 

buffer [0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris pH 8.1, 500 mM NaCl]; 

LiCl wash buffer [0.25 M LiCl, 1% NP40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris pH 

8.0]; followed by a wash in TE Buffer. After each wash, beads were collected by 

centrifugation at 4000 RPMs for 5 minutes and supernatant was discarded. Complexes 

were eluted by adding 250 µl of elution buffer [1% SDS, 0.1 M NaHCO3] to pelleted 

beads and vortexed for 30 minutes. Samples were centrifuged at 14,000 rpm for 3 

minutes and supernatant transferred to clean tubes. Elution was repeated and 

combined. Formaldehyde crosslinks were reversed by adding 1 µl of 10 mg/ml RNase 
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and NaCl to a final concentration of 0.3 M and incubation at 65°C for 4–5 hours. To 

precipitate DNA, 2.5 volumes of 100% ethanol was added and the samples incubated 

overnight at −20°C. DNA was pelleted by centrifugation at max speed for 30 minutes at 

4°C. The DNA was resuspended in 100 µl of water and 2 µl of 0.5 M EDTA, 4 µl 1 M Tris 

pH 6.5 and 1 µl of 20 mg/ml Proteinase K were added to each sample and incubated 

overnight at 45°C. DNA was purified using Thermo Scientific GeneJet PCR purification 

kit and eluted from the column in 50 µl of sterile dH2O. All chromatin 

immunoprecipitations were quantified using quantitative PCR. 

Quantitative PCR and data analysis 

All quantitative PCR was carried out on an Applied Biosystems 7500 Real Time PCR 

System. Quantitative PCR was conducted in triplicate in an Applied Biosystems 

MicroAmp Optical 96-well Reaction Plate with a 25 µl reaction volume containing 12.5 µl 

of Thermo Scientific Maxima SYBR Green/ROX qPCR Master Mix, 2 µl of purified DNA 

and a final primer concentration of 0.15 µM for both forward and reverse primers. 

Primers were ordered from Sigma and the sequences can be found in Table 6. 

Quantitative PCR is represented as % Input. The DNA used in each sample represents 

.8% of the total chromatin collected (20% total chromatin x 4% used for each qPCR 

replicate). This is a dilution factor of 125. Thus, the Input was adjusted for dilution by 

subtracting Log2(125) from the raw Ct value. Percent Input was calculated for each 

sample by the following calculation: 125*2(Adjusted Input – Ct(IP sample)). Procedure for calculating 

%Input from raw Ct values was obtained from Invitrogen. Error was reported as the 

standard deviation of the calculated %input values for three triplicate qPCR reactions.  

 

 



 91 

Transient Transfections 

 

MDA-MB-231 cells plated on 60 mm dishes were transfected with constructs expressing 

Nrf2 (HA-tagged in pCI), Keap1 (Myc-tagged in pCDNA), and Cul3 (HA-tagged in pCI). 

MDA-MB-231 cells were refed with 4 ml of complete media prior to transfection. 2 µg of 

each construct was used for transfection. Transfections were done using GenJetTM 

(SignaGen) transfection reagent according to manufacturers protocol. Transfections 

incubated for 48 hours prior to treatment with either 1 µM HPP-4382, 1 µM HPP-1014, or 

10 µM MG132 for 6 hours.  Cells were then lysed for western blot analysis.  

Western blotting 

Cells were lysed in High Salt ELB lysis buffer [1 M Tris pH 8.0, 1% NP-40, 250 mM 

NaCl, 5 mM EDTA] supplemented with protease and phosphatase inhibitors (1x G-

Biosciences Protease Arrest, 200 µM Na3VO4, and 1 mM PMSF). 3x Sample buffer [10% 

SDS, 500 mM Tris-Cl pH 6.8, .125% Bromophenol Blue dye, 8.2% glycerol, 15% β-

mercaptoethanol] was added to the lysates prior to sonication using a Fisher Scientific 

Sonic Dismembrator (Model 500) at 35% power for 30 seconds on ice and then boiled 

for 10 minutes. Lysates were separated via SDS-PAGE on a 12.5% Bis-Tris 

polyacrylamide gel and transferred onto nitrocellulose. Blocking was done overnight at 

4°C in 5% non-fat dry milk in PBS/0.1%Tween-20. Blots were then probed with the 

appropriate primary antibody for Keap1 (Cell Signaling), Nrf2 (Santa Cruz 

Biotechnology), or β-Tubulin (Sigma Aldrich). Blots were then probed with an appropriate 

horseradish peroxidase-conjugated secondary antibody (αMouse: Jackson-Immuno 

Research, αRabbit: Santa Cruz Biotechnology). Immunodetection was performed using 
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Millipore Western HRP substrate. The nitrocellulose membrane was developed in a 

Fujifilm Intelligent Dark Box using LAS-3000 software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6. Primer Sequences 
Primer Sequence 

HMOX1 EN2 ARE Sense  5′-CACGGTCCCGAGGTCTATT-3′ 
HMOX1 EN2 ARE Antisense  5′-TAGACCGTGACTCAGCGAAA- 3′ 
HMOX1 Promoter Sense 5′-CAGAGCCTGCAGCTTCTCAGA-3′ 
HMOX1 Promoter Antisense 5′-GGAAACAAAGTCTGGCCATAGGAC-3′ 
NQO1 ARE Sense 5’-CCTCTCTTGTTGCATCAAAATGAATGC-3’ 
NQO1 ARE Antisense 5’-GGAGATATACTCTCAGTAGGTGAAGG-3’ 
NQO1 Promoter Sense 5’-CCTTGTAGGCTGTCCACCTCAAACG-3’ 
NQO1 Promoter Antisense 5’-CACTCACCGACCATGGCTCTGGTGCAG-3’ 
TXNRD1 ARE Sense 5’-TAGGAGCTCTCAGCTTACGAGG-3’ 
TXNRD1 ARE Antisense 5’-AATGCCGGAGTGAAGAAAACTGAGG-3’ 
TXNRD1 Promoter Sense 5’-GCTATGAGCAGGCAGAGGATGTGGTG-3’ 
TXNRD1 Promoter Antisense 5’-GACATCAGGCCCTCCTTCAGGACTCG-3’ 
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Results 

 

HPP-4382 induces HMOX1 expression in an Nrf2-dependent fashion.  

 

Using chromatin immunoprecipitation followed by quantitative real-time PCR (CHIP-

qPCR), we can assess the occupancy of the antioxidant response elements found in the 

promoters of target genes.  Here the occupancy of both the ARE and Pol II binding site 

was determined for HMOX1, NQO1, and TXNRD1. The AREs characterized for the 

TXNRD1 and NQO1 promoters were sufficiently close to one another so that primers 

could span the entire region for real-time quantitative PCR.  However, the two 

documented AREs in the HMOX1 promoter are located nearly 6000 nucleotides apart.  

While Nrf2 shows nearly equivalent occupancy of the two AREs, Bach1 predominantly 

binds the EN2 ARE [167].  For this reason, the EN2 promoter was chosen for this study 

to assess potential compounds for their Bach1 modulatory effects.  

To determine the occupancy of the antioxidant response elements found in the 

promoters of HMOX1, NQO1, and TXNRD1, cells were first transfected with either an 

Nrf2 (siNrf2) or control (siCTRL) silencing hairpin RNA. These cells were then treated 

with 1 µM HPP-4382.  For all three genes, HPP-4382 treatment increased Nrf2 

occupancy of the ARE compared to cells treated with a control siRNA (Fig. 18). This 

increase was most significant for the HMOX1 promoter. HMOX1 showed much higher 

levels of Bach1 occupancy of the ARE under basal conditions than in NQO1 or 

TXNRD1.  HPP-4382 treatment diminished Bach1 occupancy in all genes, most 

significantly at the HMOX1 ARE. Nrf2 occupancy of the ARE suggests that expression is 

occurring; however, assessing the occupancy of the Pol II binding site by the active 

phosphorylated RNA Polymerase II more precisely measures gene expression.  Active 
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RNA Polymerase II binding was measured at a region just upstream of the transcription 

start side (TSS) and is designated in the promoter schematics shown in Figure 18. HPP-

4382 treatment significantly increased gene expression of HMOX1 but did not have an 

effect on the other two target genes.  siNrf2 treatment diminished expression of all three 

genes. In all cases, the loss of Nrf2 diminished Pol II binding. Silencing of Nrf2 

abrogated the effects of HPP-4382 on HMOX1 promoter occupancy and Pol II binding 

(Fig. 18). 

 

HPP-4382 is not thiol-reactive and does not behave as an electrophile 

(The first paragraph of this section represents work carried out by colleagues at 

TransTech Pharma. The second paragraph is my own work.) 

 

Bardoxolone-methyl (CDDO) is a potent electrophilic compound that induces Nrf2 

stabilization by modifying Keap1. Unlike electrophilic compounds CDDO and HPP-1014, 

HPP-4382 does not form thiol-containing adducts when exposed to thiol reductants 

(Attucks, et al, Fig. S2, Tables S1, S2, S3) Thus, HPP-4382 is not thiol-reactive. This 

was further demonstrated by measuring HMOX1 expression after treatment with CoPP, 

CDDO, HPP-1014, or HPP-4382 with or without the thiol-containing reductant N-

acetylcysteine (NAC). NAC abolished HMOX1 expression in HPP-1014 and CDDO 

treated cells, but had no effect in HPP-4382 or CoPP-treated cells (Attucks, et al, Fig 

2A).  Cobalt protoporphyrin IX (CoPP) is a heme mimetic that inhibits Bach1, in turn 

promoting de-repression of Bach1-target genes. CoPP influences Bach1, not Keap1, 

and is not a thiol-reactive compound. Further supporting a non-electrophilic role of HPP-

4382, ROS production was measured in cells treated with HPP-4382, CoPP, and the 

electrophile, curcumin. ROS production was not increased following HPP-4382 or CoPP 
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treatment but was significantly increased following curcumin treatment (Attucks, et al, 

Fig 2B). Following electrophilic treatment, glutathione levels are diminished. However, 

glutathione levels were not diminished following HPP-4382 treatment as they were 

following treatment with electrophilic compounds (Attucks, et al, Fig. 3).  In fact, 

glutathione levels were increased following treatment with HPP-4382. Together, these 

four experiments convincingly demonstrate that HPP-4382 is not thiol-reactive and does 

not behave as an electrophile.  

 To add to these data, Pol II occupancy of the HMOX1 promoter was assessed in 

cells transfected with either control or Keap1 silencing RNAs and then treated with either 

HPP-1014 or HPP-4382 (Fig 19A).  The level of HMOX1 expression can be assessed by 

measuring the occupancy of phosphorylated RNA polymerase II at the Pol II binding site 

in the HMOX1 promoter. In the absence of Keap1, Nrf2 is stabilized and can bind 

available AREs.  Indeed, cells treated with Keap1 siRNA showed an increase in Pol II 

binding, which was not further increased with treatment of HPP-1014. Since 

electrophiles stabilize Nrf2 and induce expression of Nrf2-target genes by inhibiting 

Keap1, an electrophile would no longer have an effect on gene expression in the 

absence of Keap1. This was what we observed for HPP-1014 treatment.  However, 

treatment with HPP-4382 further increased Pol II binding of the HMOX1 promoter (Fig. 

19A) indirectly by removal of the inhibitor Bach1.  Further evidence was provided by co-

transfecting MDA-MB-231 cells with constructs containing Nrf2, Cul3, and Keap1. Cells 

were transfected for 48 hours and then treated for 6 hours with MG132 (a compound 

which inhibits all proteasomal degradation), HPP-4382, or HPP-1014. Cells were then 

lysed and Nrf2 protein levels were assessed by western blot analysis. Cells infected with 

Nrf2 alone showed high levels of Nrf2, which were diminished (77%) in cells co-

transfected with the E3-ubiquitin ligase components, Keap1 and Cul3 (Fig 19C).  MG132 

treatment in cells co-transfected with all three constructs showed restoration of Nrf2 
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protein levels (93%). HPP-1014 treatment also restored Nrf2 protein levels (87%).  

However, HPP-4382 treatment did not restore Nrf2 protein levels (Fig. 19C). In fact, Nrf2 

protein levels were further diminished following HPP-4382 treatment (70%) compared to 

the untreated (77%). Together, this supports the conclusion that HPP-4382 is not an 

electrophile.  

 

HPP-4382 decreases Bach1 binding and increases Nrf2 binding at the 

HMOX1 EN2 ARE  

CHIP-qPCR was used to assess the effect of HPP-4382 and CDDO on the ARE 

occupancy of Nrf2 target genes.  Treatment with HPP-4382 robustly decreases Bach1 

occupancy of the HMOX1 EN2 ARE (Fig 20A). The electrophilic compound, CDDO, did 

not diminish Bach1 occupancy.  Both HPP-4382 and CDDO increased Nrf2 occupancy 

of the HMOX1 EN2 ARE, although this increase is more robust with HPP-4382 

treatment. As mentioned earlier, HMOX1 is the best-characterized target of Bach1 

repression. Comparison of the Bach1 occupancy of the HMOX1 ARE to that of the 

TXNRD1 and NQO1 ARE’s shows a much higher level for HMOX1 (Fig 20). HPP-4382 

diminished Bach1 occupancy and increased Nrf2 occupancy in both the TXNRD1 and 

NQO1 promoters, but with a muted effect as compared to HMOX1. While CDDO 

treatment showed only a minimal effect on Nrf2 occupancy of the HMOX1 ARE, it had a 

far greater effect on Nrf2 occupancy of the TXNRD1 and NQO1 AREs.  Bach1 

repression must be removed to allow for Nrf2-mediated gene expression of Nrf2, but 

because the basal Bach1 occupancy is so much lower on TXNRD1 and NQO1 AREs, 

stabilization of Nrf2 by electrophilic induction is sufficient to promote Nrf2 binding and 

expression of Nrf2-target genes.  Together, these data show that HPP-4382 influences 

Bach1 occupancy of AREs.  It also demonstrates that Bach1 and Nrf2 occupancy 
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amongst Nrf2-target genes varies and the effects of HPP-4382 and electrophilic 

treatment alters this occupancy variably depending on the gene. 

 

 

HPP-1014 is a poor inducer of Nrf2 occupancy of the HMOX1 EN2 ARE; 

HPP-4382 modulation of occupancy is Keap1-independent  

Nrf2 is not able to bind without the removal of Bach1 from the HMOX1 EN2 ARE. HPP-

1014, an electrophile, has no effect on Bach1 occupancy and very little effect on Nrf2 

occupancy (Fig. 21A).  HPP-4382 significantly decreases Bach1 occupancy and 

increases Nrf2 occupancy at the HMOX1 EN2 ARE (Fig. 21B).  This same pattern of 

occupancy is observed following CoPP treatment (Fig. 21C).  As expected, treatment 

with Keap1 siRNA has no effect on the changes in occupancy observed following HPP-

4382 and CoPP treatments (Fig. 21B and 21C).  

 

Discussion 

ROS oxidize lipids, DNA, and proteins, promoting a multitude of inflammatory diseases. 

Expression of Nrf2-target genes provides protection from oxidative stress. Thus, eliciting 

Nrf2-mediated gene expression is an attractive target.  However, electrophilic 

compounds have demonstrated significant toxicities because of their reactivity [229, 

230]. Alternatively, Nrf2-dependent gene expression can be induced by the derepression 

of Bach1.  CoPP has demonstrated benefits in disease models [231-238], but because 

of limited bioavailability of metalloporphyrins, such as CoPP, they are unsuitable for 

clinical applications.  

 Here, colleagues at TransTech identified and we characterized the effects of a 

novel compound, HPP-4382, which induces HMOX1 in a manner similar to CoPP and 
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distinct from electrophilic compounds. Our data demonstrate that HPP-4382 is not an 

electrophile, is Keap1-independent, and modulates ARE occupancy similar to a heme 

mimetic (CoPP) rather than an electrophilic compound (CDDO or HPP-1014).  Also, the 

effect of HPP-4382 treatment is more robust for HMOX1, the best-characterized target of 

Bach1 repression, as compared to TXNRD1 and NQO1. This supports the hypothesis 

that HPP-4382 directly modifies Bach1 occupancy to influence gene expression.  

Further, scientists at TransTech Pharma found that by mutating the CP-motifs in Bach1 

necessary for hemin binding, the effects of both CoPP and HPP-4382 were abrogated 

(Attucks, et al, Fig. 6).  HPP-4382 provides a novel compound for the derepression of 

Bach1 and a means for non-electrophilic induction of Nrf2-target genes.   

My contributions to this research allowed us to determine the relative 

transcriptional control of antioxidant response elements for different classes of Nrf2-

target genes.  I was also able to precisely measure the effects of HPP compounds on 

mediating ARE and promoter occupancy of transcriptional regulators and 

phosphorylated RNA polymerase II.  A subset of my work, solely on the HMOX1 

promoter, was presented in the original publication. However, differences between the 

effects of siRNA and pharmacological treatments on the promoter occupancy for the 

various genes add to the elucidation of about the variable regulatory mechanisms for 

different classes of Nrf2-target genes.  This chapter provides some additional data that 

highlight these differences.  HPP-4382 may prove to be a useful and novel compound 

for therapeutic treatment of a number of inflammatory diseases, but it also provides a 

powerful tool for modulating HMOX1 and Nrf2-target gene expression in research 

applications.       
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Figure 18. HPP-4382 induces HMOX1 expression in an Nrf2-dependent fashion.  (A-C) 

NHLF Cells were treated with either Nrf2 (siNrf2) or control (siCTRL) silencing hairpin RNA for 48 

hours. NHLF cells were then left untreated or treated with 1 µM HPP-4382 for 6 hours and then 

crosslinked with 1% formaldehyde in media, washed, and collected for chromatin 

immunoprecipitation as described in Materials and Methods. Precleared nuclear lysates were 

incubated with antibodies against Nrf2, Bach1, or the phosphorylated form of RNA polymerase II. 

Immune complexes were than isolated, purified, and used for real-time qPCR using primers for 

the (A) HMOX1 E2 ARE and Poll II binding site, (B) NQO1 ARE and Pol II binding site, or (C) 

TXNRD1 ARE and Pol II binding site. Data is normalized to a total input sample and shown as the 

% bound over the total input sample. The error represents the standard deviation of the triplicate 

real-time PCR reactions. The schematic above each figure shows the location of the ARE(s) and 

Pol II binding site in each promoter region.  The blue arrows represent the location of the primers 

used for real-time qPCR. For each gene, the occupancy of the ARE is found on the left, while Pol 

II occupancy is on the right.  (D) NHLF cells were treated with either Nrf2 or control silencing 

hairpin RNA for 48 hours and then lysed as described in the Materials and Methods.   Western 

blot analysis for Nrf2 shows the efficiency of Nrf2 knockdown by the siRNA.  
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Figure 19. HPP-4382 does not behave as an electrophile (A) NHLF cells were treated with 

either Keap1 or control silencing hairpin RNAs for 48 hours and then treated for 6 hours with 

either 1 µM HPP-4382 or 1 µM HPP-1014. The cells were crosslinked with 1% formaldehyde in 

media, washed, and collected for chromatin immunoprecipitation as described in Materials and 

Methods. Precleared nuclear lysates were incubated with an antibody against the phosphorylated 

RNA polymerase II. Immune complexes were then isolated and the DNA was purified and used 

for real-time qPCR using primers for the HMOX1 Pol II binding site. The data are normalized to a 

total input sample and shown as the % bound over the total input sample. The error represents 

the standard deviation of the triplicate real-time qPCR reactions. (B) NHLF cells were treated with 

either Keap1 (siKeap1) or control (siCTRL) silencing hairpin RNAs for 48 hours and then lysed as 

described in the Materials and Methods. Western blot analysis was done to determine the protein 

levels of both Keap1 and Nrf2 protein. (C) MDA-MB-231 cells were either transfected with Nrf2 or 

co-transfected with Nrf2, Keap1, and Cul3 constructs.  After 48 hours, the cells were treated for 6 

hours with either 10 µM MG132, 1 µM HPP-4382, or 1 µM HPP-1014.  The cells were then lysed 

and Nrf2 protein levels analyzed by western blot analysis. Band intensities were measured with 

MultiGuage software and normalized to tubulin band intensities, then presented as a percent of 

Nrf2 found in the Nrf2-only sample (lane 1).   

!
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Figure 20. HPP-4382 decreases Bach1 binding and increases Nrf2 binding at the HMOX1 

EN2 ARE. NHLF cells were left untreated or treated with either 1 µM HPP-4382 or 10 nM CDDO 

for 6 hours and then crosslinked with 1% formaldehyde in media, washed, and collected for 

chromatin immunoprecipitation as described in Materials and Methods. Precleared nuclear 

lysates were incubated with antibodies against either Nrf2 or Bach1. Immune complexes were 

then isolated and the obtained DNA was purified and used for real-time qPCR using primers for 

the (A) HMOX1 E2 ARE, (B) NQO1 ARE, or (C) TXNRD1 ARE. The data are normalized to a 

total input sample and shown as the % bound over the total input sample. The error represents 

the standard deviation of the triplicate real-time PCR reactions.  

 

!
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Figure 21. HPP-4382 alters the binding of Nrf2 and Bach1 at the HMOX1 EN2 ARE in a 

similar fashion as CoPP but in a dissimilar manner as the electrophile, HPP-1014. NHLF 

cells were treated with either Keap1 or control silencing hairpin RNAs for 48 hours and then 

treated for 6 hours with either (A) 1 µM HPP-1014, (B) 1 µM HPP-4382, or (C) 10 µM CoPP. The 

cells were crosslinked with 1% formaldehyde in media, washed, and collected for chromatin 

immunoprecipitation as described in Materials and Methods. Precleared nuclear lysates were 

incubated with antibodies against either Nrf2 or Bach1. Immune complexes were than isolated 

and the DNA was purified and used for real-time qPCR using primers for the HMOX1 E2 ARE. 

The data are normalized to a total input sample and shown as the % bound over the total input 

sample. The error represents the standard deviation of the triplicate real-time PCR reactions.  

!
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 Chapter 5: Concluding Remarks: Heme Oxygenase, a novel 
therapeutic target for metastatic melanoma 

 
Kimberly Jasmer 

 
 

 At the beginning of this dissertation I outlined three areas of research that this 

body of work aims to contribute to: identification of novel therapeutic targets for the 

treatment of metastatic melanoma, a better understanding of the impacts of B-Raf 

activation in melanoma, and a more thorough characterization of Bach1 regulation.   I’d 

like to summarize the work presented here in the context of these three goals and then 

discuss remaining questions and future directions.   

 

Identification of Novel Therapeutic Targets 

Current therapeutic strategies for the treatment of metastatic melanoma demonstrate 

poor response rates and limited improvement in overall survival [25, 27, 28, 30, 31, 40, 

191, 192, 197]. Further, many immunotherapies demonstrate significant toxicities [29, 

43, 45, 51, 52] and targeted B-Raf inhibitors result in a high frequency of acquired 

resistance followed by disease progression [40, 43, 44, 199].  Thus, the identification of 

novel targets is necessary.   

 This notion that Nrf2-target genes are involved in cancer development when 

aberrantly expressed, led me to investigate the potential contributions of these genes in 

the context of melanoma.  However, Nrf2 targets over 200 genes [84, 85, 200].  I 

focused my attention on heme oxygenase-1 (HMOX1). HMOX1 inhibits ROS-induced 

damage, in turn, inhibiting cancer initiation. However, mounting evidence suggests that 

HMOX1 overexpression at later stages in cancer development may promote cancer 

progression [159, 180, 181].   
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Early on in my study of anchorage-independent growth of melanoma cells, I used 

a silencing hairpin RNA (shRNA) to target HMOX1.  I observed a decrease in 

anchorage-independent melanosphere formation following HMOX1 knockdown (Fig.7). 

Melanosphere formation is indicative of a cells tumorigenic potential [207-211].   Thus, 

the melanosphere assay is used in this body of work as a surrogate for measuring the 

effects of genetic and pharmacological interventions on the tumorigenicity of melanoma 

cells. Following the early observation that HMOX1 knockdown diminished melanosphere 

formation, I continued to characterize the impact of HMOX1 and worked to identify a 

potential mechanism. What I found was that activity of heme oxygenase was necessary 

to promote melanosphere formation. However, B-Raf activation in HS936T cells 

promoted heme oxygenase activity by inducing HMOX2, rather than HMOX1 as was 

expected (Fig. 10).  

The work outlined in chapter two adds to the body of evidence implicating heme 

oxygenase in promoting cancer development at late stages. In this work, we found that 

regardless of which isozyme was induced (HMOX1 or HMOX2), the HMOX activity was 

necessary for anchorage-independent melanosphere formation. RNA-seq followed by 

DAVID analysis identified functional groups that were enriched for both CoPP-treated 

and B-Raf-active HS936T cells (Fig. 13). Of the top three functional groups enriched in 

both conditions, they shared two: focal adhesion and ECM-receptor interactions.  This 

suggests that HMOX enzymatic activity influences melanosphere formation by promoting 

expression of genes involved in focal adhesion and ECM-receptor interactions. 

Dysregulation of ECM dynamics is a hallmarks of metastasis. HMOX activity should be 

further evaluated as a potential therapeutic target for the treatment of metastatic 

melanoma.  
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Impacts of B-Raf Activation in Melanoma 

One major observation from the RNA-seq data presented in chapter two is that 

activation of B-Raf has a robust global transcriptional effect (Fig.13).  Activation of B-Raf, 

but not N-Ras, drives anchorage-independent melanosphere formation in the melanoma 

cell lines that were tested (Fig. 5, Fig.9). This is consistent with the observation that B-

RafV600E is found more frequently in metastatic tumors than in localized disease [34, 212, 

213].  Our RNA-seq data identified a few Nrf2-target genes whose expression was 

significantly up-regulated in B-RafV600E-expressing HS936T cells grown in non-adherent 

culture conditions. The Nrf2-target genes ME1, SOD3, and GSTM1 are all highly 

expressed (Table 4).  Each of these genes plays a different role in the oxidative stress 

response.  Malic enzyme 1 is involved in heme degradation, SOD3 is an antioxidant, and 

GSTM1 is involved in glutathione metabolism. It’s important to note, that while these 

Nrf2-target genes were up-regulated following B-Raf activation, many others were not. 

This demonstrates that ARE regulation is variable amongst genes. Here we looked at a 

subset of Nrf2-target genes.  A more complete analysis of the more than 200 antioxidant 

and cytoprotective genes regulated by Nrf2 would provide a more accurate and 

informative depiction of the effect of B-Raf activation on Nrf2 targets in melanoma.  

Further, the RNA-seq analysis highlighted the importance of the 

microenvironment in gene expression.  We found that there was a significant 

discrepancy between the changes in transcript levels determined by quantitative RT-

PCR of HS936T cells grown in adherent conditions and RNA-seq analysis of HS936T 

cells grown in anchorage-independent melanospheres. Hartman observed this same 

phenomenon and reported unique transcriptome signatures between melanoma cells 

grown adherently or grown in melanospheres [218].   
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Characterization of Bach1 Regulation 

Another concept that has received little coverage in the literature is the regulation of 

Bach1 and the contributions of Bach1 repression/derepression on the oxidative stress 

response and cancer development. We found that derepression of Bach1 target genes 

by treatment with the heme mimetic, CoPP, was sufficient to confer melanosphere 

formation in HS936T cells (Fig. 11) and enhanced melanosphere formation in SK-Mel-5 

cells (Fig. 9). Because HMOX1 is the best-characterized target of Bach1 inhibition and 

HMOX appears to be involved in melanoma metastatic tumorigenesis as well as 

metastatic growth of other cancers, there may be a role for Bach1 dysregulation in 

melanoma tumorigenesis.  

 In chapter four and the accompanying published work, we describe a compound, 

HPP-4382, which induces HMOX1 expression by derepression of Bach1 target genes.  

This compound provides a novel tool for the study of Bach1 regulation.   In chapter four, 

I characterize the occupancy of Bach1 and Nrf2 in Nrf2 target genes of different classes.  

What I found was that even under identical conditions, electrophiles, CoPP, and the HPP 

compounds differentially regulated occupancy amongst these promoters.  Thus, despite 

being lumped together as part of the oxidative stress response, ARE regulation is 

variable and nuanced.  Bach1 plays a much larger role in the regulation of the HMOX1 

promoter as compared to TXNRD1 and NQO1 promoters. 

 

Future Directions 

The work done in chapter two was completed using established melanoma cell lines, as 

the majority of melanoma research is done.  However, there are significant limitations to 

this context for the study of melanoma development, namely an incomplete 

understanding of the genetic background of each line.  Thus, in chapter three I 
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synthesized an isogenic cell line model for the early stages of melanoma development.  

These lines include an immortalized line of normal human embryonic melanocytes 

(NHEM), which were immortalized by retroviral infection of a construct containing SV40 

T antigen and subsequently with lentiviral construct containing human telomerase 

(hTERT).  These cells (NHEMTH14) were then infected with a lentiviral construct 

containing either the most common activating B-Raf or N-Ras mutations found in 

melanoma, B-RafV600E or N-RasQ61K.  The utility of this set of cell lines is due to the fact 

that they are isogenic and have defined genetic changes.  In this way, one can assess 

the effects of single mutational events.  There is a significant amount of work that can be 

done with these lines.  For instance, comparing the global transcriptome signature 

amongst these lines will be very informative.  Currently, there are global transcriptome 

signatures that compare melanoma cell lines and categorize them based on the status of 

one or two genes, such as B-Raf-active or N-Ras-active.  But by comparing cell lines 

derived from two individuals, that have a variety of uncharacterized genetic differences, 

one cannot possibly attribute all gene expression changes to B-Raf or N-Ras activity.  

However, with these lines, any observed changes in the transcriptome can be attributed 

to the activation of either B-Raf or N-Ras. Additionally, the characterizations described in 

chapter three are minimal.  There are a number of experiments that could assess the 

invasiveness, tumorigenicity, and other characteristics of these cells.  Understanding the 

extent to which this single primary events influence cellular behavior in melanocytes    

can be incredibly insightful.  

 To expand upon this cell line model, it would be informative to introduce Twist1, a 

transcription factor that induces an epithelial-to-mesenchymal transition (EMT) in 

melanoma [228], to the transformed cell lines (NHEMTH14N-RasQ61K and NHEMTH14B-

RafV600E). In addition to an immortal line of melanocytes and early transformed 
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melanocytes, this line may provide a model for invasive melanoma, again with minimal 

and well-defined mutational events.  

 The conclusions drawn from chapter two come primarily from experiments 

conducted in two cell lines (Sk-Mel-5 and HS936T).  Similar experiments conducted in 

additional melanoma cell lines and/or the cell lines established in chapter three, can 

provide further insight into the potential of HMOX as a therapeutic target and the effects 

of B-Raf-activation in melanocytes and melanoma.  

Overall, this body of work contributes to the understanding of tumorigenesis in 

melanoma and the identification of HMOX as a potential therapeutic target for the 

treatment of metastatic melanoma.  My work also provides additional tools for the 

advancement of melanoma research by way of the isogenic cell lines described in 

chapter three and the compound characterized in chapter four.     
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1. Attucks, O.C., et al., Induction of heme oxygenase I (HMOX1) by HPP-4382: a 
novel modulator of Bach1 activity. PLoS One, 2014. 9(7): p. e101044 (including 
all supplementary content).  

 

 

 

 

 

 

 

 

 

 

 



Induction of Heme Oxygenase I (HMOX1) by HPP-4382: A
Novel Modulator of Bach1 Activity
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1 TransTech Pharma LLC, High Point, North Carolina, United States of America, 2 Biochemistry Department and Life Sciences Center, University of Missouri, Columbia,
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Abstract

Oxidative stress is generated by reactive oxygen species (ROS) produced in response to metabolic activity and
environmental factors. Increased oxidative stress is associated with the pathophysiology of a broad spectrum of
inflammatory diseases. Cellular response to excess ROS involves the induction of antioxidant response element (ARE) genes
under control of the transcriptional activator Nrf2 and the transcriptional repressor Bach1. The development of synthetic
small molecules that activate the protective anti-oxidant response network is of major therapeutic interest. Traditional small
molecules targeting ARE-regulated gene activation (e.g., bardoxolone, dimethyl fumarate) function by alkylating numerous
proteins including Keap1, the controlling protein of Nrf2. An alternative is to target the repressor Bach1. Bach1 has an
endogenous ligand, heme, that inhibits Bach1 binding to ARE, thus allowing Nrf2-mediated gene expression including that
of heme-oxygenase-1 (HMOX1), a well described target of Bach1 repression. In this report, normal human lung fibroblasts
were used to screen a collection of synthetic small molecules for their ability to induce HMOX1. A class of HMOX1-inducing
compounds, represented by HPP-4382, was discovered. These compounds are not reactive electrophiles, are not suppressed
by N-acetyl cysteine, and do not perturb either ROS or cellular glutathione. Using RNAi, we further demonstrate that HPP-
4382 induces HMOX1 in an Nrf2-dependent manner. Chromatin immunoprecipitation verified that HPP-4382 treatment of
NHLF cells reciprocally coordinated a decrease in binding of Bach1 and an increase of Nrf2 binding to the HMOX1 E2
enhancer. Finally we show that HPP-4382 can inhibit Bach1 activity in a reporter assay that measures transcription driven by
the human HMOX1 E2 enhancer. Our results suggest that HPP-4382 is a novel activator of the antioxidant response through
the modulation of Bach1 binding to the ARE binding site of target genes.
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Introduction

The basic metabolism of a cell generates reactive oxygen species
(ROS) which oxidize cellular lipids, proteins, and DNA leading to
production of reactive electrophiles which can lead to deleterious
consequences if not eliminated [1]. The production of ROS and
reactive electrophiles is counterbalanced by a conserved, well-
defined set of cellular pathways leading to increased expression of
oxidative stress-responsive proteins that degrade ROS, clear
reactive electrophiles and increase cellular glutathione. This
adaptive program is largely controlled by two proteins: Kelch
like-ECH-associated protein 1 (Keap1) and the transcription factor
NFEL2L2 (Nrf2). The Keap1-Nrf2 system has evolved to respond
to intracellular oxidative stress; in particular the generation of
reactive electrophiles produced from oxidation of endogenous

cellular constituents as well as xenobiotics [2–4]. In the absence of
cellular oxidative stress, Nrf2 levels in the cytoplasm are
maintained at low basal levels by binding to Keap1 and Cullin
3, which leads to the degradation of Nrf2 by ubiquitination [2,5–
9]. During periods of oxidative stress, as levels of reactive
electrophilic metabolites increase, the ability of Keap1 to target
Nrf2 for ubiquitin-dependent degradation is disrupted, thereby
increasing Nrf2 protein levels and its transport into the nucleus,
resulting in transcription of antioxidant response genes
[5,6,8,10,11]. Nrf2 binds to antioxidant response elements (AREs)
found in the promoters of over 200 anti-oxidant and cytoprotec-
tive genes including NAD(P)H dehydrogenase, quinone 1
(NQO1), catalase (CAT), glutamate-cysteine ligase (GCLC),
aldoketoreductase family members, thioredoxin reductase
(TXNRD1), and heme oxygenase-1 (HMOX1) [12]. Activation
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of the anti-oxidant response via the Keap1-Nrf2 pathway is
considered to be protective in nearly every organ system [4,13–
15].

There is, however, another mechanism by which ARE-
regulated genes are controlled and that is through Bach1, a
transcriptional repressor that binds to ARE promoter elements
resulting in suppression of Nrf2 activity. Bach1 regulates ARE
gene expression by binding to the small Maf proteins and ARE
sequences that are also separately bound by Nrf2 [16–18].
Natively, Bach1 is bound by its ligand, heme, which causes it to
be displaced from the ARE, exported from the nucleus and
degraded [19–22]. Bach1 and its ligand coordinate the overall
intracellular levels of heme and iron with anti-oxidant gene
expression [23,24]. Genetic evidence indicates that Bach1 deletion
leads to a significant level of protection in a wide variety of murine
disease models [25–32]. These observations suggest that ARE-
regulated genes may be controlled by an intracellular ligand
independent of ROS generation, electrophilic reactivity or
elevation of Nrf2 levels in the cell. The potential; therefore, exists
to discover novel, small molecules that target Bach1 and thereby
elevate expression of ARE-regulated genes.

It has been previously demonstrated that Bach1 derepression is
required prior to Nrf2-dependent HMOX1 gene expression [33–
34]. Based on these observations, we report the development of a
cell-based screening strategy to identify compounds that specifi-
cally modulate the expression of HMOX1 in normal human lung
fibroblasts. The use of endogenous HMOX1 protein expression as
a readout allowed the identification of compounds that specifically
derepress Bach1 and induce transcription of an Nrf2-responsive
gene. The identified compounds are not electrophiles, do not
deplete cellular glutathione or otherwise incite a cellular stress
response. We confirmed that these compounds modulate Bach1
directly using chromatin immunoprecipitation and reporter assays.

Materials and Methods

Cell culture
Normal human lung fibroblasts (NHLF) were purchased from

Lonza and maintained in FBM medium supplemented with 2%
FCS plus the supplied FGM-2 SingleQuot components (insulin,
hFGF-B, and antibiotic/antifungal agents). Cells were carried for a
maximum of four passages and grown in large T-175 flasks
(CoStar). HepG2 hepatocellular carcinoma cells were purchased
from ATCC and maintained in DMEM media containing 10%
FCS and antibiotics. Compounds were kept in DMSO stock and
diluted to a final concentration of 1% DMSO in complete medium
for treatment.

Immunofluorescence
NHLF cells were grown in either 96-well Optilux plates (Falcon;

4,000 cells per well) or 384-well Optilix plates (2,500 cells per well)
and allowed to attach overnight in complete FBM medium. Cells
were then treated with compound for a specified period of time
depending on experiment. Following compound treatment,
HMOX1 protein was detected using indirect immunofluores-
cence. Cells were washed in phosphate-buffered saline (PBS)
containing calcium and magnesium, fixed in 4% paraformalde-
hyde in PBS for 10 minutes, washed twice with PBS, and then
permeabilized with 0.2% Triton-X100 in PBS for 5 minutes.
Afterwards, cells were blocked in a PBS solution containing 5%
bovine serum albumin (BSA) and 0.05% Triton-X100. Cells were
first probed with a primary mouse monoclonal antibody against
human HMOX1 (Abcam) diluted in PBS containing 1% BSA,
0.01% Triton X-100 for 1 hour, washed twice, and then probed

with a secondary goat anti-mouse Alexa 488 antibody (Invitrogen)
for 1 hour. Hoescht stain (Invitrogen) was included to identify cell
nuclei. Stained cells were washed in PBS, and HMOX-1 was
visualized using the InCell 2000 instrument (General Electric).

ROS and glutathione detection
HepG2 cells plated in 96-well Optilux plates were treated with

compound for 1 hour after which 5 mM of the FITC-labeled ROS
detection agent CellROX (Invitrogen) was added to the medium
per manufacturer’s instructions. After 15 minutes, cells were
washed 3 times with PBS and then visualized live using a GE
InCell 2000 imager. Glutathione was determined using the GSH/
GSSG-Glo Assay (Promega). Briefly, cells grown in 96-well tissue
culture plates were exposed to compound for 4 hours after which
cells were lysed with the provided Total Glutathione Reagent and
luminescence was determined using a SpectraMax 384 plate
reader (Molecular Devices). Percent ROS or glutathione was
calculated using fluorescence intensity; a 3-sigma increase in signal
over control (solvent only) was deemed positive.

Gene silencing
Silencing RNA for Nrf2 (SI03246614), Keap1 (SI03246439),

and Bach1 (SI04364269) genes were purchased from Qiagen.
NHLF cells were plated in complete medium at 4000 cells/well in
96-well culture plates (BD Falcon) one day prior to silencing. A 4X
solution of siRNA (80 nM) and SiLentFect transfection lipid
(6.75 ml/ml) (BioRad, cat# 170-3360) in serum-free FBM media
was prepared and incubated at room temperature for 20 minutes.
The siRNA solution was then diluted 1:4 directly into NHLF cells
plated in complete FBM. Cells were incubated for 48 hours prior
to compound treatment. Sequences for siRNA were as follows:
Nrf2: Sense 59 GGAUUAUUAUGACUGUUAA 39, antisense 59
UUAACAGUCAUAAUAAUCC 39; Keap1: sense 59 AGGA-
UGCCUCAGUGUUAAA 39, antisense 59 UUUAACACUGA-
GGCAUCCU 39; Bach1: sense 59 GGAGUAGUGUGGAGC-
GAGATT 39, antisense 59 UCUCGCUCCACACUACUCCTA
39.

QuantiGene II mRNA detection
Gene expression was determined using the QuantiGene II

system from Affymetrix following the manufacturer’s protocol.
Briefly, NHLF cells were grown in 96-well CoStar tissue culture
plates (4,000 cells per well) and either subjected to siRNA gene
silencing or directly treated with compounds for 51hours in
100 mL complete medium per well. Cells were then lysed by
adding 50 mL Lysis Buffer (provided). Following the provided
protocol, a portion of the RNA-containing lysate (5–10 ml) was
hybridized at 54 degrees C overnight to RNA specific magnetic
capture beads in the presence of blocking buffers, proteinase K
and preordered mRNA probe sets specific for the genes of interest:
HMOX1, Nrf2, Keap1, Bach1, and GAPDH. With the aid of a
magnetic plate holder, capture beads containing the hybridized
mRNA were washed and incubated with provided labeling probes.
The amount and intensity of the labeled beads were determined
using a Luminex xMAP cytometric scanner (BioRad). Results were
tabulated and plotted using JMP software.

Chromatin immunoprecipitation
NHLF cells were grown on 150 mm BD Falcon Integrid dishes.

Cells were either treated with siRNA (see above) for 48 hours and/
or treated with compound for six hours. Cells were cross-linked by
adding formaldehyde to a final concentration of 1% and rocked
for 10 minutes at room temperature. Cross-linking was stopped by

Compound Induction of HMOX1 via Bach1 Modulation

PLOS ONE | www.plosone.org 2 July 2014 | Volume 9 | Issue 7 | e101044110

113



adding glycine to a final concentration of 125 mM and rocked at
room temperature for 5 minutes. Cells were washed three times
with ice-cold 1X PBS, scraped into 1 ml of phosphate buffered
saline (PBS) containing protease inhibitors (1x G-Biosciences
Protease Arrest, 200 mM Na3VO4, and 1 mM PMSF) and collected
by centrifugation (700xg for 4 min). Cell pellets were resuspended
in 1 ml cell lysis buffer [5 mM Pipes pH 8.0, 85 mM KCl, 0.5%
NP-40] containing protease inhibitors and incubated for 10 min
on ice. Nuclei were pelleted by centrifugation (5000 rpm for
5 min) and resuspended in 350 ml nuclear lysis buffer [50 mM Tris
pH 8.1, 10 mM EDTA, 1% SDS] containing protease inhibitors.
After 10 minutes on ice, the samples were sonicated using the
following protocol: 2630 seconds at 30% power, 2630 seconds at
35% power, 2630 seconds at 40% power, 2630 seconds at 45%
power. Samples were centrifuged at maximum speed for 10
minutes at 4uC and the supernatants transferred to new tubes and
diluted 5-fold in ChIP dilution buffer [0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris pH 8.1, 167 mM NaCl]
plus protease inhibitors. Samples were pre-cleared with protein A
agarose slurry containing 10 mg/ml of E. Coli tRNA for 30 min
at 4uC. For the total input control, 20% of the total supernatant
was saved and frozen at 280uC. The remainder was equally
divided among four tubes and incubated with rotation overnight at
4uC with: no antibody, 2 mg Nrf2 antibodies (H-300, Santa Cruz
sc-13032), 4 mg Bach1 antibodies (2 mg of R&D Systems AF5776
and 2 mg of C-20, Santa Cruz sc-14700), or 2 mg Pol II antibodies
(CTD4H8, Santa Cruz sc-47701). Immune complexes incubated
with protein A agarose slurry containing tRNA for 1 hr at 4uC
with rotation. Beads were collected by centrifugation at
4000 RPMs for 5 minutes. Beads were washed consecutively for
5 minutes on a rotating platform with 1 ml of each of the following
solutions: low salt wash buffer [0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris pH 8.1, 150 mM NaCl]; high salt
wash buffer [0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris pH 8.1, 500 mM NaCl]; LiCl wash buffer [0.25 M LiCl, 1%
NP40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris pH 8.0];
followed by a wash in TE Buffer. After each wash, beads were
collected by centrifugation at 4000 RPMs for 5 minutes and
supernatant was discarded. Complexes were eluted by adding
250 ml of elution buffer [1% SDS, 0.1 M NaHCO3] to pelleted
beads and vortexed for 30 minutes. Samples were centrifuged at
14,000 rpm for 3 minutes and supernatant transferred to clean
tubes. Elution was repeated and combined. Formaldehyde cross-
links were reversed by adding 1 ml of 10 mg/ml RNase and NaCl
to a final concentration of 0.3 M and incubation at 65uC for 4–
5 hours. To precipitate DNA, 2.5 volumes of 100% ethanol was
added and the samples incubated overnight at 220uC. DNA was
pelleted by centrifugation at max speed for 30 minutes at 4uC. The
DNA was resuspended in 100 ml of water and 2 ml of 0.5 M
EDTA, 4 ml 1 M Tris pH 6.5 and 1 ml of 20 mg/ml Proteinase K
were added to each sample and incubated overnight at 45uC.
DNA was purified using Thermo Scientific GeneJet PCR
purification kit and eluted from the column in 50 ml of sterile
dH2O. All chromatin immunoprecipitations were quantified using
quantitative PCR.

Quantitative PCR and data analysis
All quantitative PCR was carried out on an Applied Biosystems

7500 Real Time PCR System. Quantitative PCR was conducted
in triplicate in an Applied Biosystems MicroAmp Optical 96-well
Reaction Plate with a 25 ml reaction volume containing 12.5 ml of
Thermo Scientific Maxima SYBR Green/ROX qPCR Master
Mix, 2 ml of purified DNA and a final primer concentration of
0.15 mM for both forward and reverse primers. Primer were

ordered from Sigma and sequences were as follows: HMOX1 EN2
ARE Sense: 59-CACGGTCCCGAGGTCTATT-39, REV: 59-
TAGACCGTGACTCAGCGAAA- 39 and HMOX1 Promoter
FOR: 59-CAGAGCCTGCAGCTTCTCAGA-39 REV 59-
GGAAACAAAGTCTGGCCATAGGAC-39. Quantitative PCR
was represented as % Input. The DNA used in each sample was
representative of .8% of the total chromatin collected (20% total
chromatin x 4% used for each qPCR replicate). This is a dilution
factor of 125. For this reason, the Input was adjusted for dilution
by subtracting Log2(125) from the raw Ct value. Percent Input was
calculated for each sample by the following calculation:
125*2‘(Adjusted Input – Ct(IP sample)). Procedure for calculating
%Input from raw Ct values was obtained from Invitrogen. Error
was reported as the standard deviation of %Input value triplicates.

Western blotting
NHLF cells transfected with siRNA molecules were lysed in

High Salt ELB lysis buffer [1 M Tris pH 8.0, 1% NP-40, 250 mM
NaCl, 5 mM EDTA] supplemented with protease and phospha-
tase inhibitors (1x G-Biosciences Protease Arrest, 200 mM
Na3VO4, and 1 mM PMSF). One-half volume of 3x Sample
buffer [6.7% SDS, 160 mM Tris-HCl pH 6.8, .005% Bromophe-
nol Blue dye, 8.3% glycerol, 15% 2-BME) was added to the
lysates. Lysates were sonicated using a Fisher Scientific Sonic
Dismembrator (Model 500) at 35% power for 30 seconds on ice
and then boiled for 10 minutes. Lysates were separated via SDS-
PAGE on a 12.5% Bis-Tris polyacrylamide gel and transferred
onto nitrocellulose membrane. After blocking overnight at 4u in
5% non-fat dry milk in PBS/0.1%Tween-20, blots were probed
with the appropriate primary antibody for Keap1 (Cell Signaling),
Nrf2 (Santa Cruz Biotechnology), or b-Tubulin (Sigma Aldrich).
Blots were then probed with an appropriate horseradish perox-
idase-conjugated secondary antibody (aMouse: Jackson-Immuno
Research, aRabbit: Santa Cruz Biotechnology). Immunodetection
was performed using Millipore Western HRP substrate and
developed in a Fujifilm Intelligent Dark Box using LAS-3000
software.

Bach1 luciferase assay
Single DNA strand bearing three copies of the human Maf-

recognition element (MARE) core motifs, 59-CTAGCTGCT-
GAGTCATGCTGAGTCATGCTGAGTCATC 39, and its com-
plementary strand, 59-TCGAGATGACTCAGCATGACTCAG-
CATGACTCAGCAG 39, were synthesized and annealed through
standard procedures. The generated DNA fragment was then
subjected to NheI and XhoI digestion and cloned into the pGL3-
Luc basic vector that had also been digested with the same
restriction enzymes. The clone, pGL-MARE-Luc, was confirmed
via DNA sequencing before being used in the luciferase reporter
assay. A FLAG tag was introduced to the N-terminus of the
human Bach1 gene by cloning the gene into a pFLAG-CMV-6c
vector (Sigma). Cysteine-to-Alanine substitutions (C435A, C461A,
C492A and C646A) in the CP motifs were achieved through site-
directed mutagenesis using the QuikChange II Site Directed
Mutagenesis Kit from Agilent Technologies. HepG2 cells in
100 mm cell culture dishes were transfected with pGL-MARE-
Luc plasmid DNA along with plasmid carrying the human Bach1
gene or the empty vector pFLAG-CMV-6c using Fugene6
(Promega). Transfected cells were trypsinized and re-plated into
96-well plates 20–24 hours after transfection. Compounds were
added to cells 5–6 hours later, and then incubated overnight. The
transfected and compound-treated cells were then gently washed
with PBS followed by the addition of Luciferase substrate
(Steadyliteplus, PerkinElmer). The cells were incubated for 15–
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30 minutes at room temperature to allow complete cell lysis before
determining luminescent levels using in an Envision plate reader.

Results

Screening HMOX1 protein expression in NHLF cells
Normal human lung fibroblasts (NHLF) cells grown in 384-well

Optilux plates were treated with candidate compounds and
incubated for 18 hours prior to fixation and staining with Hoescht
dye and anti-HMOX1 antibody as described in Materials and
Methods. Figure 1A provides representative data on performance of
the assay; Cobalt Protoporphyrin IX (CoPP) was used as an
internal positive control. The mean expression level and confi-
dence limits of HMOX1 protein were estimated from the raw
pixel intensities using JMP software (SAS Institute). Control
charting was used to determine the relative ability of a compound
to induce HMOX1. The global mean and variance of HMOX1
expression was estimated for all wells of the plate tested. From
that, lower and upper confidence limits representing 3SD units
above and below the mean are plotted. Values above the upper
confidence limit indicate a well with a potentially active
compound. As shown in Figure 1B, NHLF cells have a very low
level of basal HMOX1 expression. Treatment with the positive
control CoPP results in induction of HMOX1 protein as measured
by specific immunofluorescence. Based on this method of
compound activity classification, we identified a class of thiol-
reactive (electrophilic) HMOX1 inducing compounds, exemplified
by HPP-1014. In addition, a separate class of non-electrophilic yet
potent HMOX inducing compounds, represented by HPP-4382,
was discovered. The relative potency of the compounds was
established using NHLF cells giving the rank order of potency as
HPP-4382.HPP-1014.CoPP (Figures 1B, 1C). This rank order
was maintained in HepG2 cells (Figure S1 in Data S1).

HPP-4382 is not an electrophile, is not affected by
N-acetylcysteine, and does not increase ROS

Chemical induction of Nrf2-dependent gene activation is often
described as being driven by compounds with electrophilic groups.
The chemical reactivity of these groups leads to alkylation of
reactive thiols and generation of ROS. A key test of chemical
reactivity is to incubate the compounds with a thiol-containing
reductant. If the compound is reactive, a thiol-containing adduct
will be formed that is detectable using mass spectrometry. Using
this methodology, the chemical reactivity of HPP-4382 was
compared to the electrophile bardoxolone-methyl (CDDO-Me)
(Figure S2 in Data S2). Solutions of HPP-4382 and CDDO-Me
were exposed to the thiol-containing reductants N-acetylcysteine
(NAC), cysteine and dithiothreitol. CDDO-Me reacted with thiol
groups as determined by detection of specific adducts by LC-MS
(Tables S1 and S2 and Figure S3 in Data S2). Similar results are
observed with HPP-1014 (data not shown). In contrast, no thiol-
containing HPP-4382 adducts were detected, demonstrating that
HPP-4382 is not thiol-reactive.

To assess thiol reactivity in cells, the ability of NAC to block
HMOX1 induction was determined. NAC has been shown to
suppress induction of Nrf2-dependent gene activation by electro-
philic compounds, an attribute of both its chemical reactivity and
its ability to maintain cellular glutathione levels. To test this
premise, NHLF cells were treated with either CDDO-Me, the
electrophilic compound HPP-1014, CoPP, or HPP-4382 in the
presence or absence of 5 mM NAC. Both CoPP and HPP-4382
induced HMOX1 expression in the presence of NAC whereas
induction of HMOX1 by both CDDO-Me and HPP-1014 was
inhibited (Figure 2A).

Thiol-reactive electrophilic compounds often increase ROS
levels in cells, as a consequence of their ability to deplete

Figure 1. Identification of molecules that induce HMOX1 expression. (A) Human lung fibroblast cells were plated in 384-well Optilux plates
and screened with compound libraries at 15 mM for 18 hours. Cells were then fixed, permeabilized, and probed with anti-HMOX1 antibody.
Fluorescence intensity of HMOX1 staining was quantified with a GE InCell imager. Control charts were prepared using the statistical software JMP.
HMOX1-staining intensities greater than the upper confidence limit were deemed hits. (B) Representative images of cells expressing HMOX1
following compound treatment. NHLF cells were cultured in 96-well Optilux plates as described in Materials and Methods. Cells were treated with
indicated compound at selected concentrations for 18 hours after which HMOX1 expression was determined by immunofluoresence and quantified
on a GE InCell imager. (C) Potency of CoPP, HPP-1014, and HPP-4382 were determined in NHLF cells. Cells were treated for 18 hours, after which they
were fixed, permeabilized, and HMOX1 expression determined via immunofluoresence captured on a GE InCell imager.
doi:10.1371/journal.pone.0101044.g001
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glutathione. Levels of ROS were measured in HepG2 cells
following exposure to either HPP-4382 or curcumin, a highly
reactive electrophilic compound. ROS levels, as measured by the
proportion of cells that stained positive for CellROX, increased
from an average of 8.1% in cultures treated with DMSO to 78%
in cultures treated with curcumin. In contrast, at the highest tested
dose of HPP-4382 (3 mM), ROS levels did not increase above
background (6.4%; Figure 2B).

HPP-4382 does not deplete cellular levels of glutathione
Increased cellular ROS is often accompanied by a decrease in

cellular glutathione levels. Glutathione was measured in NHLF
cells following a 4-hour treatment with buthionine sulphoximine
(BSO, an inhibitor of gamma-glutamylcysteine synthetase), elec-
trophilic compounds including bardoxolone, sulforaphane and
HPP-1014, and non-electrophilic compounds, including CoPP
and HPP-4382. Glutathione levels were markedly reduced in cells
treated with BSO (48%, p,.0001) or with the electrophilic
compounds. However, neither CoPP nor HPP-4382 reduced
cellular glutathione. In fact, cellular glutathione levels were
significantly increased by HPP-4382 (129%, p = .0007) within
four hours (Figure 3). Extended treatment of NHLF cells with all
compounds revealed a recovery of cellular glutathione with all
compounds except BSO (data not shown). The combination of a
lack of ROS generation and increased levels of cellular glutathione
suggest that HPP-4382 induces HMOX1 in a manner distinct
from electrophilic activators of Nrf2.

HPP-4382 induction of HMOX1 is Nrf-2 dependent
To determine if induction of HMOX protein expression by

HPP-4382 remained dependent on Nrf2 despite being indepen-
dent of ROS production, RNAi was used to reduce the expression
of Nrf2, Keap1 and Bach1. NHLF cells were treated with siRNA
to each gene, resulting in reduced mRNA levels for each gene by
73%, 72%, and 73%, respectively, as determined by the
QuantiGene II mRNA plex (Figure 4A). Silencing of Nrf2
significantly decreased baseline levels of HMOX1, whereas
silencing of Bach1 resulted in a 50-fold increase in expression of
HMOX1 mRNA (Figure 4B). Keap1 silencing, which stabilizes
Nrf2 protein levels (see below), only minimally elevated HMOX1
gene expression (approximately 3-fold). In NHLF cells transfected
with siRNA against Nrf2 and subsequently treated with either the
thiol-reactive compounds CDDO-Me or HPP-1014; or the non-
reactive compounds CoPP or HPP-4382, there was a marked
reduction in HMOX1 expression. (Figure 4C). Thus, maximal
induction of HMOX1 by HPP-4382 is independent of ROS but is
still dependent on the presence of Nrf2.

HPP-4382 alters the balance of Nrf2 and Bach1 bound to
the HMOX1 E2 ARE independent of Nrf2 and Keap1

Transcription of the HMOX1 gene is controlled, in part,
through the binding of either Nrf2 or Bach1 to an ARE, termed
HMOX1 E2, located approximately 9 kbp from the transcription
start site. Chromatin immunoprecipitation was used to monitor
Nrf2 and Bach1 occupancy at the HMOX1 E2 ARE. Under basal

conditions, no significant differences in Nrf2 occupancy were
observed at the HMOX1 E2 ARE. Following treatment of NHLF
cells with either HPP-4382 or CDDO-Me, a 2- to 3-fold increase
in Nrf2 occupancy was observed at the ARE. Under basal
conditions, Bach1 occupancy was markedly higher than Nrf2
occupancy at the HMOX1 E2 ARE. HPP-4382, but not CDDO-
Me, significantly reduced Bach1 occupancy at the HMOX1 E2
ARE (Figure 5A).

To provide insight into the mechanism whereby HPP-4382 is
able to both increase occupancy of Nrf2 and decrease occupancy
of Bach1, siRNA was used to reduce steady-state levels of either
Nrf2 or Keap1 (Figure 5B). While siRNA knockdown of Nrf2
markedly decreased steady-state levels of Nrf2 protein, siRNA
knockdown of Keap1 increased steady-state levels of Nrf2 protein
as lack of Keap1-mediated degradation results in accumulation of
Nrf2. Knockdown of Nrf2 decreased occupancy by Nrf2 at the
HMOX1 E2 ARE (Figure 5C). HPP-4382 increased occupancy by
Nrf2 in cells treated with control siRNA. In cells treated with both
anti-Nrf2 siRNA and HPP-4382, HMOX1 E2 ARE occupancy by
Nrf2 was also increased relative to the levels observed in cells
treated with anti-Nrf2 siRNA only, but not to the level observed in
cells treated with HPP-4382 without Nrf2 silencing (Figure 5C).
Occupancy of the phosphorylated form of RNA polymerase II at
the promoters of these genes paralleled Nrf2 occupancy at the
corresponding ARE (data not shown).

Bach1 occupancy of the HMOX1 E2 ARE was reduced to
approximately 50% of untreated control cells by the anti-Nrf2
siRNA. Bach1 occupancy of the HMOX1 E2 ARE was reduced to
a greater extent, about 25% of untreated controls, in cells treated
with both anti-Nrf2 siRNA and HPP-4382 (Figure 5C). Thus,
reduction in Bach1 occupancy by HPP-4382 is not dependent on
the presence of Nrf2. Instead, HPP-4382 reduces Bach1
occupancy of the ARE even when steady-state levels of Nrf2 are
reduced by siRNA.

While anti-Nrf2 siRNA molecules decrease steady-state levels of
Nrf2, anti-Keap1 siRNA molecules have the opposite effect of
increasing steady-state levels of Nrf2 (Figure 5B). Thus the ability
of siRNA-mediated knockdown of Keap1 to perturb occupancy by
Nrf2 and Bach1 at the HMOX1 E2 ARE was determined. In
general, Keap1 siRNA alone resulted in a modest increase in Nrf2
occupancy at the HMOX1 E2 ARE while Keap1 siRNA in
combination with HPP-4382 resulted in a further increase of Nrf2
occupancy. Importantly, in the presence of anti-Keap1 siRNA,
HPP-4382 was still able to decrease Bach1 occupancy to the same
extent as treatment with HPP-4382 only (Figure 5D). Taken
together, these results suggest that HPP-4382 induces changes in
Bach1 occupancy regardless of steady-state levels of Nrf2.

The ability of HPP-4382 to alter occupancy of Nrf2 and Bach1
at the HMOX1 E2 ARE was compared to HPP-1014 and to
CoPP (Figure 5D). HPP-1014 is expected to act through Keap1 to
stabilize Nrf2, while CoPP is a mimetic of heme, a known ligand
for Bach1 that reduces its steady-state levels [20]. Nrf2 occupancy
at the HMOX1 E2 ARE was increased by HPP-1014 while Bach1
occupancy was only slightly reduced by HPP-1014 in the absence
of anti-Keap1 siRNA. No reduction of Bach1 occupancy by HPP-
1014 was observed in the presence of anti-Keap1 siRNA. In

Figure 2. HPP-4382 is not a thiol-reactive electrophile. (A) Effect of N-acetylcysteine (NAC) on HMOX1 induction by HPP compounds. NHLF
cells were pretreated with 5 mM NAC for one hour prior to treating with compounds for a further 5 hours (CoPP, 3 mM; CDDO-Me, 0.1 mM; HPP-1014,
3 mM; HPP-4382, 3 mM). Cells were then lysed and HMOX1 mRNA was detected using the Quantigene II method as described in Materials and
Methods. *p,0.05, (B) Induction of reactive oxygen species (ROS) by HPP compounds in HepG2 cells. Cells attached to Optilux plates were treated
with compound for 1 hour after which the FITC-labeled ROS-detecting agent CellROX was added for 15 minutes. The number and intensity of ROS-
stained cells were captured with a GE InCell imager and the percentage of cells expressing ROS above a set threshold were determined; positive
values show pairs of means that are significantly different. All samples in duplicate.
doi:10.1371/journal.pone.0101044.g002
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contrast, both HPP-4382 and CoPP markedly reduced Bach1
occupancy at the HMOX E2 ARE either in the absence or
presence of anti-Keap1 siRNA. Thus, the pattern of altered Nrf2/
Bach1 occupancy induced by HPP-4382 does not resemble the
pattern induced by an electrophile but closely resembles the
pattern induced by CoPP.

Heme binding motifs are required for promoter activity
by HPP-4382

The ChIP experiments demonstrated the ability of HPP-4382 to
elicit the removal of Bach1 from the HMOX1 promoter
independent of Nrf2 steady-state levels. This suggests that HPP-
4382 acts directly to modulate binding of Bach1 to AREs. To
more fully explore the effects of compound on Bach1 activity, a
luciferase reporter assay using the HMOX1 E2 ARE as a target
was developed. Expression of HMOX1 E2-dependent luciferase
expression was determined in HepG2 cells co-transfected with an
HMOX1 E2-dependent reporter plasmid and a plasmid express-
ing FLAG-tagged wildtype Bach1 (Figure 6A). Luciferase expres-
sion was markedly lower in cells expressing Bach1, indicating

effective repression of HMOX1 E2-dependent transcription by
Bach1 (Figure 6B). To determine the ability of test compounds to
activate HMOX E2-dependent expression in the presence of
Bach1, cells were treated with CoPP, CDDO-Me, or HPP-4382.
All three compounds were able to induce luciferase expression,
demonstrating their ability to overcome Bach1 repression of
HMOX E2-dependent transcription (Figure 6C).

The ability of hemin and CoPP to derepress Bach1 has been
related to the presence of 4 CP motifs spanning the bZIP domain
of the protein [21]. Mutation of these CP motifs markedly reduced
heme binding to Bach1 and abrogated the ability of hemin to
derepress Bach1. To probe the role of these CP motifs in
modulation of Bach1 by HPP-4382, a mutant Bach1 protein
containing Cysteine to Alanine substitutions at CP motifs 4
through 7 was constructed (Figure 6A). FLAG-hBach1-AP4-7 was
more effective at repression of HMOX1 E2 ARE-dependent
transcription than wild-type Bach1 (Figure 6B). Nonetheless,
CDDO-Me and HPP-1014 still were able to activate HMOX1
E2-dependent luciferase expression in the presence of mutant
Bach1 proteins, indicating that the CP motifs in Bach1 are not
critical for efficient derepression of Bach1 by an electrophile

Figure 3. HPP-4382 increases cellular glutathione levels: NHLF cells grown in 96-well Optilux plates were treated with compounds
for 4 hours (BSO, 200 mM; Sulphorafane, 10 mM; CDDO-Me, 0.1 mM; HPP-1014, 10 mM; CoPP, 10 mM; HPP-4382 3 mM) and
glutathione levels were determined using the GSH/GSSG-Glo Assay Kit (Promega). Positive values show pairs of means that are
significantly different. All samples in duplicate, error bars represent standard deviation compared to DMSO. *, p,0.05; **, p,0.01, ***; p,0.001.
doi:10.1371/journal.pone.0101044.g003
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(Figure 6D). In contrast, the ability of both CoPP and HPP-4382
to induce HMOX1 E2 ARE-dependent luciferase expression in
the presence of the mutant Bach1 protein was sharply inhibited.
The failure of CoPP to derepress FLAG-hBach1-AP4-7 is in line
with observations demonstrating that these CP motifs are required
for derepression of Bach1 by heme, and are essential components
of a metalloporphyrin binding site in Bach1. That these CP motifs
are also required for the ability of HPP-4382 to derepress Bach1
indicates a requirement for this metalloporphyrin binding site in
Bach1 for induction of HMOX gene expression by HPP-4382.

Discussion

In light of the widespread role of oxidative stress in the
pathology of diverse human diseases and the ability of the Nrf2-
dependent antioxidant response gene network to protect against
oxidative stress, considerable effort has been directed towards
discovering compounds that can increase the activity of Nrf2.
Currently, all described small molecule inducers of Nrf2 activity
are reactive electrophiles [13,35,36]. Typically, such compounds
are not considered pharmaceutically acceptable as they can
present safety and toxicity liabilities. Two such molecules,
bardoxolone (CDDO) and dimethyl fumarate (DMF), have
recently completed clinical trials. Both compounds are chemically
reactive alkylating electrophiles. The intrinsic chemical promiscu-

ity of Bardoxolone results in alkylation of a large number of
proteins [37]. As a consequence, bardoxolone has a complicated
pharmacological and toxicological profile with significant clinical
safety problems. Similarly, dimethyl fumarate (DMF) is an
electrophile that rapidly reacts with glutathione [38–40]. DMF,
however, has not shown the same toxicities in humans as seen with
bardoxolone. Given the rather divergent toxicology and adverse
event profiles seen with bardoxolone and DMF, we conclude that
induction of Nrf2 can be advantageous, but that the electrophilic
character of the molecule is crucial and thus sets significant
limitations on the safety and efficacy of such compounds.

An alternative approach to regulating Nrf2-dependent gene
expression is through targeting the transcriptional repressor
Bach1. Bach1 is a member of the BTB and CNC transcriptional
regulator family that, like Nrf2, binds to ARE sequences as
heterodimeric complexes with small Maf proteins [18] A major
physiological role for Bach1 is in iron homeostasis through
regulation of the expression of heme oxygenase-1 (HMOX1),
ferroportin (FPN1) and Ferritin (FTH) genes [23,24,33,41].
Elevation of intracellular hemin leads to induction of HMOX1
enzyme activity. Consequently, hemin is converted to carbon
monoxide, bilirubin and free iron. As hemin levels are reduced,
Bach1 is resynthesized and repression of HMOX1 and other genes
is restored. Thus Bach1 coordinates the overall intracellular levels

Figure 4. HMOX1 expression by HPP-4382 requires Nrf2. (A) NHLF cells were exposed to 20 nM per well each of Nrf2, Keap1 or Bach1
silencing RNA (or mock) for 48 hours as described in Material and Methods. Cells were then lysed and probed for transcription of Nrf2, Keap1, or
Bach1 using the QuantiGene II RNA plex (Affymetrix). RNA expression was normalized to total GAPDH and expressed as fold induction over DMSO
vehicle for the same gene. *, p,0.0001; **, p,0.05; all others not significant (p.0.1). (B) NHLF cells exposed to Nrf2, Keap1, or Bach1 siRNA or lipid-
only vehicle for 48 hours were lysed and probed for transcription of HMOX1 using the QuantiGene II RNA plex. Detected HMOX1 RNA per well was
normalized to total GAPDH in same well and shown as fold induction over DMSO;. *, p,0.0001; **, p,0.05. (C) HMOX1 gene expression in NHLF cells
treated with Nrf2 siRNA. After silencing for 48 hours, cells were exposed to vehicle (DMSO) or compounds for 5 hours. HMOX1 and GAPDH RNA
expression was determined using QuantiGene II mRNA quantitation. All samples were performed in duplicate, error bars represent standard
deviation. *, p,0.05.
doi:10.1371/journal.pone.0101044.g004
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of hemin and iron metabolizing genes with anti-oxidant gene
expression [19,21,22,24].

The pharmacology of Bach1 modulation by heme and its
metalloporphyrin mimetics has been examined in a variety of
settings. Cobalt Protoporphyrin (CoPP) has been shown to have
considerable pharmacological benefit in models of diabetes-linked
vascular and renal damage [42–45], Ang II mediated hypertension
[46,47], renovascular hypertension [48], arterial thrombosis [49]
and other oxidative stress-mediated pathologies. Inhibition of
Bach1 itself has been suggested to be of benefit in diseases such as
non-alcoholic steatohepatitis [50] and insulin resistance [51].
However, CoPP and most metalloporphyrins have limited
bioavailability and therefore are unsuitable in most clinical
settings. Thus, identifying molecules that can mimic the ability
of metalloporphyrins to modulate Bach1 activity directly may have
a high degree of therapeutic utility in a number of clinical settings
without the potential liabilities of an electrophilic molecule.

Herein, we report the characterization of a novel molecule,
HPP-4382, which induces HMOX1 in a manner distinct from
other Nrf2 activators. We also demonstrated the ability of HPP-
4382 to induce other Phase 2 genes, including NQO1 and

TXNRD1 (Table S3 in Data S3). HPP-4382 does not have
electrophilic properties, as determined by its structure and lack of
chemical reactivity with common thiol-containing compounds
such as N-acetylcysteine. To further characterize HPP-4382, we
screened a selection of alternative genes for expression: two
markers of endoplasmic- or general cellular stress, HSPA6 and
GADD45A, and ICAM1, a target of NF- B. Using these
orthogonal measures of cellular pathway analysis, we confirmed
that HPP-4382, in contrast to bardoxolone, did not induce
significant cellular stress at high doses as measured by HSPA6
expression and that the mechanism of HPP-4382 activity does not
appear dependent on NF- B as ICAM1 expression is not induced
by HPP-4382 (data not shown).

It has been demonstrated that CoPP and hemin induce
HMOX1 in an Nrf2-dependent manner through inhibition of
Bach1 binding to HMOX1 promoter elements [21,22,33,34]. Our
data suggest that HPP-4382 functions to induce HMOX1 in a
similar manner. We confirmed the role of Nrf2 in the regulation of
HMOX1 gene expression by HPP-4382 using genetic silencing of
Nrf2. Knockdown of Nrf2 expression resulted in reduced
induction of HMOX1 by HPP-4382, CoPP and bardoxolone,

Figure 5. HPP-4382 alters occupancies of Nrf2 and Bach1 on the HMOX1 E2 promoter. (A) NHLF Cells were treated with 0.1 mM CDDO-Me
or 1 mM HPP-4382 for 6 hours after which they were crosslinked with 1% formaldehyde in media, washed, and collected to be processed for
chromatin immunoprecipitation as described in Materials and Methods. Precleared nuclear lysates were incubated with antibodies against Nrf2 or
Bach1. Immune complexes were than isolated with E.coli tRNA/Protein A agarose beads, and the obtained purified DNA with subjected to qPCR using
primers for HMOX1 E2 promoter. *, p,0.05 compared to the untreated sample of same antibody; n.s. = not significant. (B) NHLF cells were exposed
to 20 nM Nrf2, Keap1, or control siRNA for 48 hours. Cells were lysed and separated via SDS-PAGE then Western blotted with antibodies against Nrf2,
Keap1, or tubulin. (C) Cells transfected with either Nrf2 or control siRNA were subjected to chromatin immunoprecipitation after treatment with 1 mM
HPP-4382 for 6 hours. Precleared nuclear lysates were probed with antibodies against Nrf2 or Bach1; a third set was not probed (mock). *, p,0.01; **,
p,0.05. (D) Cells transfected with either Keap1 or control siRNA were subjected to chromatin immunoprecipitation after treatment with either 10 mM
HPP-1014, 10 mM CoPP, or 1 mM HPP-4382 for 6 hours. Precleared nuclear lysates were probed with antibodies against Nrf2 or Bach1; a third set was
not probed (mock). All samples were performed in triplicate, error bars represent standard deviation. *, p,0.01; **, p,0.05 compared to untreated
siCtrl for same antibody probe. , p,0.01; , p,0.05 compared to untreated siKeap1 for same antibody probe.
doi:10.1371/journal.pone.0101044.g005
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consistent with the well-characterized role of Nrf2 as a critical
activating transcription factor for HMOX1.

Pharmacological elevation of Nrf2 protein levels without
concomitant derepression of Bach1 fails to induce HMOX1
[33]. Similarly, genetic silencing of Keap1 is insufficient to
maximally activate HMOX1 gene expression in Keap1 null mice
[52]. These data indicates the clear need for Bach1 derepression
for HMOX1 gene expression. We probed this hypothesis in
NHLF cells by silencing the three key components of the
regulatory pathway. First, Bach1 silencing is sufficient to
maximally induce HMOX1 mRNA expression, consistent with
published results. On the other hand, Keap1 silencing resulted in
significantly less HMOX1 induction in the absence of compound.
Our results are consistent with the suggestion that Bach1
represents a dominant layer of control on HMOX1 expression
in NHLF cells.

We further probed the ability of HPP-4382 to modulate
transcription factor binding to the HMOX1 promoter via
chromatin immunoprecipitation. In these experiments, HPP-
4382 was compared to the electrophile CDDO-Me (Bardoxolone).
Both compounds increased binding of Nrf2 at the HMOX E2
enhancer and binding of RNA polymerase II to the HMOX
promoter, consistent with the ability of these compounds to
activate HMOX1 transcription in an Nrf2-dependent manner.
However, only HPP-4382, but not CDDO-Me, resulted in robust
decreases in binding of Bach1 to the HMOX1 E2 enhancer

element, suggesting that HPP-4382 has a mode of action distinct
from that of CDDO-Me. To test this idea further, we altered
steady-state levels of Nrf2 by gene silencing and measured
occupancy of Bach1 at the HMOX1 E2 enhancer. In the
presence of anti-Nrf2 siRNA, which significantly reduced steady
state levels of Nrf2, Bach1 occupancy of the HMOX1 E2
enhancer was decreased by HPP-4382. In the converse experi-
ment, when steady-state levels of Nrf2 were increased by gene
silencing of Keap1, HPP-4382 was also able to decrease
occupancy of Bach1 at the HMOX1 E2 enhancer. Thus, the
ability of HPP-4382 to decrease binding of Bach1 to the HMOX1
E2 enhancer is independent of steady-state levels of Nrf2.

To further examine the mechanism by which HPP-4382
modulates Bach1, we created reporter assays controlled by the
ARE element found in HMOX1-E2 and which is known to be
regulated by Bach1. In addition, we created a modified Bach1 that
is unable to respond to hemin and hemin mimetics, including
CoPP. In these assays, both wild-type Bach1 and FLAG-hBach1-
AP4-7 efficiently repressed basal levels of luciferase expression.
CDDO-Me was able to derepress both the mutant and wild-type
Bach1 proteins, resulting in increased levels of ARE-dependent
gene expression. However, while CoPP efficiently derepressed the
wild-type Bach1 protein, CoPP did not affect the repressive action
of the mutant Bach1 protein. Similarly, HPP-4382 was able to
overcome repression of ARE-dependent gene expression by wild-
type Bach1 protein but not mutant Bach1 protein. Taken together,

Figure 6. Heme binding motifs are required for activity of both CoPP and HPP-4382 on the HMOX E2 promoter. (A) Schematic
representation of pFLAG-Bach1 (WT) and pFLAG-Bach1 (AP4-7) used in these experiments. (B) HepG2 cells were transfected with pGL-MARE-Luc
plasmid DNA (containing the HMOX1 E2 promoter) plus a plasmid carrying either pFLAG-Bach1 (WT), pFLAG-Bach1 (AP4-7), or pFLAG-only for
24 hours. Cells were then transferred to 96-well plates and allowed to recover for 6 hours. After washing, Luciferase substrate was added for 30
minutes and fluorescence was measured on an Envision reader. (C, D) HepG2 cells were transfected and replated in 96-well plates as described in B,
but treated with compounds at indicated concentrations (mM) overnight prior to determining luciferase activity. In (D), data is reported as
fluorescence intensity fold over DMSO-treated cells in each set of transfection *, p,0.0001 compared to Bach1-WT expressing cells at same
compound doses. Each sample was performed in quadruplicate, error bars represent standard deviation.
doi:10.1371/journal.pone.0101044.g006
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the results from the ChIP and derepression assays provide
supporting evidence that HPP-4382 interferes with the ability of
Bach1 to bind DNA. However, while heme has been reported to
induce nuclear export and subsequent cytoplasmic degradation of
Bach1, HPP-4382 does not appear to alter the steady-state levels
or nuclear-cytoplasmic distribution of Bach1 (data not shown),
suggesting that HPP-4382 may not fully mimic the action of heme
as a ligand of Bach1. Nevertheless, the non-electrophilic character
of HPP-4382 and the fact that an intact heme binding site in
Bach1 is required for modulation of Bach1 activity indicates that
HPP-4382 represents a first-in-class compound that is able to
activate the anti-oxidant response gene network by specific
modulation of Bach1 activity. We believe that this type of
compound will provide therapeutic benefit in a variety of disease
settings without the toxicities associated with electrophilic inducers
of Nrf2 activity.
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Data S1: HMOX1 activation in HepG2 cells 
HepG2 cells were grown in 96-well Optilux™ plates (Falcon; 5,000 cells per well) and allowed to attach 

overnight in complete DMEM medium. Cells were then treated with compound for 18 hours. Following 

treatment, cells were washed in phosphate-buffered saline (PBS) containing calcium and magnesium, then 

fixed in 4% paraformaldehyde in PBS for 10 minutes, washed twice with PBS, and then permeabilized with 

0.2% Triton-X100 in PBS for 5 minutes. Afterwards, cells were blocked in a PBS solution containing 5% 

bovine serum albumin (BSA) and 0.05% Triton-X100. Cells were probed with a primary mouse 

monoclonal antibody against human HMOX1 (Abcam) in PBS containing 1% BSA, 0.01% Triton X-100 

for 1 hour, washed twice, and then probed with a secondary goat anti-mouse Alexa™ 488 antibody 

(Invitrogen) plus the nuclear stain Hoescht (Invitrogen) for 1 hour. Stained cells we washed in PBS and 

HMOX-1 visualized using the InCell© 2000 instrument (General Electric).    
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Figure S1: HMOX1 induction by CoPP, HPP-1014, and HPP-4382 in HepG2 cells.  Cells were treated for 18 hours, 

after which they were fixed, permeabilized, and HMOX1 expression determined via immunofluoresence captured on a 

GE InCell imager. 
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Data S2:  Comparison of electrophilic reactivity towards reduced glutathione 
The adduct formation through conjugate addition of a nucleophile (GSH) on CDDO-Me and any potential 

electrophilic reaction of HPP-4382 was followed at 26°C and at 40°C through HPLC/MS analysis (Tables 

S1, S2). A detailed evaluation of the reaction illustrates CDDO-Me reacts reversibly with GSH to form a 

more polar adduct both at 26°C and at 40°C (Figures S2, S3). No such adduct formation was observed with 

HPP-4382 under these reaction conditions.  

Protocol for reaction between compounds (CDDO-Me and HPP-4382) and GSH 

The compositions of stock solutions are as follows: Solution A: 20 mM CDDO-Me in PEG400; Solution B: 

20 mM HPP-4382 in PEG400; Solution C: 75 mM GSH in water; Solution D: Phosphate buffer (100 mM, 

pH = 8.0):Acetonitrile (70:30, v/v) 

Stock solutions A & B were diluted to 660 µM final concentration in stock solution D. GSH (10 eq.) was 

added and the reaction vials were stirred at 26°C and at 40°C. All reactions were analyzed using HPLC/MS 

at three time points (t = 0, 10 min, 0.5, 24 h).  HPLC analysis was done using a Waters 1525 binary HPLC 

pump with UV detection at 254 nm on a Waters MUX-UV 2488 UV-VIS detector.  Typically, a 3 min 

gradient was run from 25% B (97.5%acetonitrile, 2.5% water, 0.05% TFA) and 75% A (97.5% water, 2.5% 

acetonitrile, 0.05% TFA) to 100% B on Sepax GP-C18 (4.6 x 50 mm) column at 50°C.  All mass spectra 

(MS) were obtained using electrospray ionization (ESI) on a Waters zqMUX with MassLynx 4.0 software. 

CDDO-Me and HPP-4382 adduct formation with GSH   

As demonstrated by HPLC analysis, CDDO-Me forms an adduct with GSH at 26°C and at 40°C within 10 

min of reaction time (Table S1, Figure S2).  This adduct clearly elutes as a separate peak at an earlier 

retention time (RT=1.24 min) compared to CDDO-Me (RT = 1.74 min).  Further monitoring of the reaction 

reveals that the reaction does not go to completion suggesting the possibility of a reversible reaction.  After 

24 h CDDO-Me, adduct can still be detected using HPLC/MS at 26°C reaction; however, both CDDO-Me 

and CDDO-Me adduct decompose in reaction at 40°C1. HPP-4382 under these conditions does not show 

any adduct formation and the HPLC analysis shows a single peak at retention time (RT=1.30 min). 

CDDO-Me adduct formation is further characterized through MS (ESI) analysis (Table S2, Figure S2). The 

calculated molecular weight for CDDO-Me and CDDO-Me adduct is 505.70 and 813.0 respectively.  MS 
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analysis demonstrates the observed mass (m/z) of (M+) 813.0 and 505.9 respectively for the peaks eluting at 

retention time (RT=1.24 and 1.74 min).  Furthermore the calculated molecular weight for HPP-4382 is 

456.96, and the observed mass in MS analysis (m/z) is (M+) 457.0 for the peak eluting at retention time 

(RT=1.25 min).  Therefore the MS analysis reaffirms that CDDO-Me forms a polar adduct with GSH 

(Figure S3) whereas HPP-4382 does not form any adduct with GSH under these reaction conditions.   

Table S1:  HPLC analysis of reaction between CDDO-Me and HPP-4382 with GSH 
HPP-ID T = 0 min 

Observed 
Retention Time 

(min) 

T = 10 min 
Observed 

Retention Time 
(min) 

T = 0.5 h 
Observed 

Retention Time 
(min) 

T = 24h 
Observed 

Retention Time 
(min) 

Temperature 26°C 40°C 26°C 40°C 26°C 40°C 26°C 40°C 
HPP-4382            

HPP-4382 Adduct 
1.25    
n.d.a 

1.25     
n.d.a 

1.24    
n.d.a 

1.24    
n.d.a 

1.25    
n.d.a 

1.25    
n.d.a 

1.25   
n.d.a 

1.25   
n.d.a 

CDDO-Me            
CDDO-Me Adduct 

1.72    
n.d.a 

1.72  
n.d.a 

1.74  
1.24 

1.74  
1.24 

1.74  
1.24 

1.74  
1.24 

1.72     
1.24 

n.d.a   

n.d.a 
  a Not detected 
 
Table S2:  MS analysis of reaction between CDDO-Me and HPP-4382 with GSH    

HPP-ID Calculated 
Mol Wt. 

T = 0 min 
Observed Mol 

Wt. (M+) 

T = 10 min 
Observed Mol 

Wt. (M+) 

T = 0.5 h 
Observed Mol 

Wt. (M+) 

T = 24h Observed 
Mol Wt (M+)  

Temperature  26°C 40°C 26°C 40°C 26°C 40°C 26°C 40°C 
HPP-4382        

HPP-4382 adduct 
456.96 457    

n.d.a 
457  
n.d.a 

457  
n.d.a 

457   
n.d.a 

457   
n.d.a 

457    
n.d.a 

457    
n.d.a 

457  
n.d.a 

CDDO-Me        
CDDO-Me  Adduct 

505.70  813 506    
n.d.a 

---       - 
-- 

506  
813 

506  
813 

506  
813 

506  
813 

506  
813 

n.d.a    

n.d.a 
                 a Not detected 
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Figure S2:  HPLC/MS analysis. A) CDDO-Me at T = 0 min, 26°C B) HPP-4382 at T = 0 min, 26°C, C) CDDO-Me at 
T = 10 min, 26°C D) HPP-4382 at T = 10 min, 26°C 
 
 

C 

D 
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Figure S3:  Schematic reaction between CDDO-Me and GSH 
 
Reference 
Couch RD, Browning R, Honda T, Gribble GW, Wright DL, et al. (2005) Studies on the reactivity of 
CDDO, a promising new chemopreventive and chemotherapeutic agent: implications for a molecular 
mechanism of action. Bioorg Med Chem Lett 15: 2215-2219 
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Data S3:  Expression of Phase II genes in NHLF cells 
Gene expression was determined using the QuantiGene II system from Affymetrix using the 

manufacturer’s protocol. Briefly, NHLF cells were grown in 96-well CoStar™ tissue culture plates (4,000 

cells per well) and treated with compounds for 5 hours in 100 µL complete medium per well. Cells were 

then lysed by adding 50 µL Lysis Buffer. Following the provided protocol, a portion of the RNA-

containing lysate (5-10 µl)  was hybridized at 54 degrees C overnight to RNA specific magnetic capture 

beads  in the presence of  blocking buffers,  proteinase K and  preordered mRNA probe sets specific for the 

genes of interest: HMOX1, NAD(P)H dehydrogenase, quinone-1 (NQO1), thioredoxin reductase-1 

(TXNRD1), and GAPDH.  With the aid of a magnetic plate holder, capture beads containing the hybridized 

mRNA were washed and incubated with a series of provided labeling probes were bound to streptavidin.   

The amount and intensity of the labeled beads were determined  using  a Luminex™ xMAP cytometric 

scanner (BioRad).  Results were tabulated and plotted using JMP software. 

Table S3: Fold Expression of Phase II Genes in NHLF cells. HLF cells exposed compounds for 5 hours were lysed 

and probed for transcription of HMOX-1, NQO1, and TXNRD1 using the QuantiGene II RNA plex. Detected RNA per 

well was normalized to total GAPDH in same well and shown as fold induction over DMSO. 

Gene  CoPP 
10 µM 

CDDO-Me 
0.3 µM 

HPP-1014 
10 µM 

HPP-4382 
3 µM 

HMOX1  49 ± 0.09 37.3 ± 0.1 41.5 ± 0.9 39.0 ± 2.0 

NQO1  3.1 ± 0.04 1.1 ± 0.08 1.2 ± 0.001 2.2 ± 0.06 

TXNRD1  5.7 ± 0.5 2.0 ± 0.07 2.3 ± 0.06 2.9 ± 0.07 
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