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Characterization of the epigenetic regulator LSD1 

as a druggable dependency in treatment resistant melanoma 

Abstract 

Melanoma, a deadly form of skin cancer, arises from the malignant 

transformation of melanocytes. Advances in targeted and immune therapies for 

melanoma provide clinical benefit but are ultimately met with resistance and inadequate 

clinical response. Previous analyses of patient biopsies and cell lines revealed that both 

acquired and intrinsic resistance to these therapies are associated with an 

undifferentiated cell state characterized by low levels of microphthalmia-associated 

transcription factor (MITF), the master regulator of melanocyte development, and high 

levels of AXL receptor tyrosine kinase (AXL). 

In this thesis, I characterize the epigenetic regulator lysine-specific demethylase-

1 (LSD1) as a targetable vulnerability in treatment resistant MITF-low/AXL-high 

melanoma. I extensively validate the dependence of MITF-low melanoma cells on LSD1 

using multiple independent genetic and pharmacologic approaches. Furthermore, the 

toxicity of LSD1 loss is shown to be specific to MITF-low, but not MITF-high, melanoma 

cells.  

To identify a mechanism by which LSD1 mediates survival of MITF-low 

melanoma cells, we performed genome-wide transcriptome and chromatin analyses 

and found that LSD1 represses N-myc Downstream-Regulated Gene-1 (NDRG1) via 
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demethylation of dimethyl histone 3 lysine 4 (H3K4me2). We confirmed LSD1 

occupancy of the NDRG1 promoter and show that NDRG1 is essential for LSD1 

inhibition-mediated suppression of MITF-low melanoma growth, as loss of NDRG1 

abrogates the effects of LSD1 inhibition.   

Using xenografts bearing MITF-low melanoma tumors, I demonstrate that LSD1 

inhibition reduces tumor burden and correlates with NDRG1 RNA induction, which I 

show serves as a biomarker for on-target LSD1 inhibition. I also assessed the anti-

tumor effects of LSD1 inhibitors in rational combinations with targeted and immune 

therapies both in vitro and in vivo.  

Finally, we demonstrate that the dependency on LSD1 in melanoma cells 

expressing low levels of MITF and high levels of AXL extends to pancreatic 

adenocarcinomas characterized by a transcriptional profile defined by high-AXL 

expression. These findings reveal mechanistic insights and identify a therapeutically 

vulnerable epigenetic state in poorly differentiated, therapy-resistant cancers, including 

subsets of melanoma, pancreatic cancer, and possibly other cancer types. LSD1 

inhibitors can potentially be valuable additions to the currently limited treatment options 

for these patients.  
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Chapter 1 : Background and Introduction  
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Cutaneous biology 

The skin is the largest organ of the human body and serves as a barrier against 

the environment. The skin has an array of functions including regulation of body 

temperature, prevention of dehydration, protection from toxins and infectious agents, 

and sensation of temperature and pressure. (Baroni et al. 2012) The skin is divided into 

the epidermis, dermis, and subcutaneous layer. The epidermis is the outermost layer of 

the skin, which contains cells with specialized functions: keratinocytes, melanocytes, 

Merkel cells, and Langerhans cells. Keratinocytes are the most abundant cell in the 

epidermis and function to maintain the structure of the skin through the synthesis of 

structural proteins and lipids. (Baroni et al. 2012) Keratinocytes are highly proliferative 

and upon differentiation maintain the stratum corneum, the outermost layer of the 

epidermis that sheds during desquamation. (Baroni et al. 2012) This thesis focuses on 

melanocytes, which derive from the neural crest and reside in the basal layer of the 

epidermis. Melanocytes provide photoprotection and contribute to thermoregulation. (Lin 

& Fisher 2007) Merkel cells are the mechanoreceptor cells of the skin that sense 

mechanical stimuli and communicate with nerves, allowing the skin to detect pressure. 

(Halata et al. 2003) Langerhans cells are resident dendritic (immune cells) of the skin 

that migrate to lymph nodes to present antigens and activate the adaptive immune 

response upon activation by foreign antigens. (Chomiczewska et al. 2009) 

 

Skin pigmentation and response to ultraviolet radiation  

Of the cells in the epidermis, keratinocytes and melanocytes are responsible for 

protection against the ubiquitous carcinogen ultraviolet radiation (UVR), the most 
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common environmental insult to the skin. Ultraviolet B radiation (UVB) (wavelength 290 

– 320 nm) is thought to be the most carcinogenic wavelength of UVR due to its DNA 

damaging effects. (Van Laethem et al. 2005) Upon UVB exposure the skin 

keratinocytes initiate cellular damage responses which ultimately stimulate production of 

the protective pigment melanin (Figure 1.1). The pigmentation cascade is initiated upon 

detection of DNA damage and leads to the activation of the apoptotic protein p53. 

(Hsiao & Fisher 2014) The stabilization of p53 leads to the up-regulation of its 

transcriptional target proopiomelanocortin (POMC), which is enzymatically cleaved to 

produce the melanocortin peptides: α-melanocyte stimulating hormone (α-MSH), 

adrenocorticotrophic hormone (ACTH), and the endogenous opioid β-endorphin. (Hsiao 

& Fisher 2014; Lo & Fisher 2014) The α-MSH produced in keratinocytes is secreted and 

initiates the pigmentation pathway in the melanocyte by binding to the melanocortin 1 

receptor (MC1R). (Lo & Fisher 2014) MC1R activates adenylyl cyclase, which converts 

adenosine triphosphate (ATP) into cyclic AMP (cAMP); this increase of cAMP activates 

protein kinase A (PKA) which in turn phosphorylates and stabilizes cAMP-responsive 

element binding protein (CREB). (Hsiao & Fisher 2014) CREB binds to and activates 

several genes containing cAMP responsive elements (CRE), including the promoter of 

the microphthalmia-associated transcription factor (MITF) gene. MITF is essential for 

melanin production and subsequent pigmentation or “tanning” by activating downstream 

target genes such as tyrosinase (TYR). Melanin synthesized in the melanocyte is 

packaged and delivered to keratinocytes by melanosomes, where it ultimately serves to 

protect from further DNA damage. (Lo & Fisher 2014) Once in the keratinocyte, the 
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melanosomes shield the nucleus from UVB exposure and form a protective cap 

resembling an umbrella. (Lin & Fisher 2007) 

MITF 

MITF is a member of the Myc family of basic-helix-loop-helix leucine zipper 

(bHLH-Zip) transcription factors that is well conserved. Together with additional MiT 

family members (TFE3, TFEB, TFEC), MITF forms hetero- and homo-dimers that bind 

canonical E-box sequences CA[T/C]GTG in DNA and regulate gene expression. 

Figure 1.1 Cutaneous exposure to UVR evokes the tanning pathway. 

Upon UVR exposure, activation of p53 leads to the transcriptional upregulation of 

POMC in the keratinocyte. POMC is enzymatically cleaved into several peptides, 

including α-MSH and ACTH, and the endogenous opioid β-endorphin. α-MSH binds to 

the melanocytic receptor MC1R, which leads to the conversion of ATP into cAMP. 

cAMP stimulates PKA, which ultimately leads to the stabilization of MITF by 

phosphorylated CREB. The transcriptional activity of MITF activates several genes 

involved in pigmentation production and melanin synthesis. Melanin is packaged into 

melanosomes and shuttled to keratinocytes, where it serves to protect from further UVR 

DNA damage. Figure from (Lo & Fisher 2014).  
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(Steingrimsson et al. 2004) In melanocytes, MITF is the critical MiT family member and 

of the several MITF isoforms melanocytes selectively express the  MITF-M isoform. (Lin 

& Fisher 2007; Kawakami & Fisher 2017; Hsiao & Fisher 2014) MITF acts as the master 

transcriptional regulator of the melanocyte; in addition to MITF’s role in the skin’s 

response to UVR and tanning pathways, it is essential for melanocyte survival, 

proliferation, and differentiation (Figure 1.2). MITF is expressed during the transition of 

the pluripotent neural crest precursors to melanoblasts and at high levels as the 

melanoblasts differentiate to melanocytes. (Steingrimsson et al. 2004) MITF promotes 

melanocyte survival and proliferation by acting on its transcriptional targets with anti-

apoptotic functions, such as B-cell leukemia/lymphoma 2 (BCL2), and on genes that 

mediate cell cycle progression, such as cyclin-dependent kinase 2 (CDK2). (Lin & 

Fisher 2007; Du et al. 2004) 

Figure 1.2 MITF downstream transcriptional activity. 

MITF transcriptional activity is essential for melanocyte survival, differentiation, and 

proliferation. Induction of MITF is also essential for pigmentation, which serves to 

protect the skin from the harmful UV rays of the sun. Figure from (Hsiao & Fisher 2014). 
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Melanoma  

Melanoma is a deadly form of skin cancer that can metastasize when the primary 

tumor is relatively small; 90% of deaths related to cutaneous tumors are due to 

metastatic melanoma. (Hammerlindl & Schaider 2018) In 2018, melanoma is predicted 

to cause over 9,000 deaths in the United States. (AM et al. 2018) And, in 2018, over 

91,000 new melanoma diagnoses are expected, making it the fifth most commonly 

diagnosed cancer in the United States. (AM et al. 2018) Acting as a protective barrier, 

the skin is exposed to various environmental carcinogens, including UVR, which result 

in both genetic and epigenetic alterations. The accumulation of these mutations and 

alterations eventually leads to the malignant transformation of the melanocyte, 

uncontrolled proliferation, and ultimately melanoma.  

The malignant transformation of melanocytes located in the basal layer of the 

skin, iris and choroid of the eye, and the rectum can lead to cutaneous, uveal, and 

mucosal melanoma, respectively. (Schadendorf et al. 2015) The cutaneous form of 

melanoma is prevalent in the Western World, while uveal and mucosal melanoma are 

more common in Asia and differ from cutaneous melanoma in their clinical presentation, 

histopathology, and underlying genetics. (Shain & Bastian 2016; Si et al. 2014) About 

90% of cutaneous melanomas are sporadic, however, 8% of all melanoma cases are 

due to germline mutations in high-risk, high-penetrance genes (e.g. cyclin dependent 

kinase inhibitor 2a (CDKN2A) or cyclin-dependent kinase 4 (CDK4), imposing a 

hereditary risk for melanoma. (Schadendorf et al. 2015) 
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The progression of normal melanocytes to cutaneous metastatic melanoma 

follows a distinct trajectory starting with acquisition of a mutation and proliferation of 

melanocytes to form a benign nevus (Figure 1.3). (Shain & Bastian 2016) Additional 

mutations and a higher mutational burden led to a dysplastic nevus with architectural 

disorder. (Shain & Bastian 2016) Though, acquisition of a mutation in the b-rapidly 

accelerated fibrosarcoma (BRAF) is sufficient to drive dysplasia. (Shain & Bastian 2016) 

Dysplastic nevus formation is followed by radial and vertical growth that leads to 

melanoma in situ, in which melanocytes with enlarged nuclei proliferate in the epidermis 

with an irregular pattern. Surgical resection of melanoma in situ is 100% curative. 

(Shain & Bastian 2016) Metastatic melanoma arises from the continued acquisition of 

mutations and occurs when the tumor cells leave the epithelium and enter 

mesenchymal tissue. (Shain & Bastian 2016) 

Figure 1.3 The progression of a melanocyte to melanoma.  

Clinical images depicting the progression of a melanocyte to melanoma (top row) and 

cartoons (bottom row) showing the distribution of melanocytes (brown circles) in the 

skin. Normal melanocytes proliferate to form a benign nevus and eventually a benign 

dysplastic nevus; as more mutations are accrued the nevus transforms into melanoma 

in situ (reddish-brown circles). Invasive melanoma occurs when the melanoma cells 
leave the epithelium of the epidermis. Figure from (Shain & Bastian 2016). 
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Mutational landscape of melanoma 

The development of melanoma is attributed to both hereditary factors and 

environmental carcinogens. The majority of sporadic melanomas are driven by highly 

prevalent low to moderate risk alleles with low penetrance, suggesting sun exposure of 

the skin may be a major cause for the malignant transformation of melanocytes. 

(Schadendorf et al. 2015) Melanoma has a high mutation rate relative to other solid 

tumors, likely due to repeat UVR exposure and its carcinogenic effects. (Hodis et al. 

2012) In fact, whole exome sequencing suggests that 82.2% of the mutational burden of 

melanoma can be attributed to UVB signature mutations, a C-to-T mutation, associated 

with the deamination of cytosines found in UV induced cyclobutane pyrimidine dimers. 

(Hodis et al. 2012; Pleasance et al. 2010) This C-to-T transition was found in 36% of the 

driver mutations assessed and the less frequent UVB induced G-to-T transversions 

occurred in 9% of driver mutations. (Hodis et al. 2012) Further, suggesting the 

carcinogenic role of UVR in melanoma is the association of loss of function mutations in 

tumor suppressors, such as transformation-related protein 53 (TP53), phosphatase and 

tensin homolog (PTEN) and cyclin dependent kinase inhibitor 2A (CDKN2A), with a 

UVR-signature. (Hodis et al. 2012) 

The ability to limit exposure to UVR makes melanoma one of the most 

preventable diseases, although, the development of melanoma is not solely attributed to 

UVR exposure. In fact, a UVR independent mechanism for melanoma was recently 

shown to be related to the synthesis of the red/yellow pigment pheomelanin, versus 

brown/black eumelanin, that generates high levels of reactive oxidative species (ROS). 
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(Mitra et al. 2012) Thus making individuals with a red-haired freckled phenotype, a 

result of polymorphisms in MC1R, at increased risk for melanoma due to both UVR 

independent and dependent mechanisms: 1) carcinogenic effects of pheomelanin 

production and associated ROS, and 2) MC1R variants have reduced eumelanin 

synthesis and the pigment produced, pheomelanin, is unable to protect the skin from 

UVR effects. (Mitra et al. 2012) 

 

MAPK pathway mutations 

Despite the elevated mutational load of melanoma, two mutations are observed 

frequently in melanoma – oncogenic BRAF and neuroblastoma rat sarcoma (NRAS), 

observed in 50% and 20% of melanomas, respectively. (Dhomen & Marais 2009; 

Schadendorf et al. 2015) Mutations in in NRAS are mutually exclusive with mutations in 

BRAF suggesting functional equivalence. (Davies et al. 2002) Interestingly, the most 

prevalent mutation in BRAF accounting for 90% of BRAF mutations – the glutamic acid 

substitution for valine at position 600 (V600E) – results from a T-to-A transversion and 

is not a signature UVB mutation. (Hsiao & Fisher 2014; Dhomen & Marais 2009) And 

the frequent mutations in NRAS, Q61R or Q61K, are not signature UVB mutations, 

despite their association with cutaneous melanomas that arise in sun exposed areas 

with chronic UV damage. (Shain & Bastian 2016) 

Oncogenic BRAF or NRAS results in the constitutive activation of the mitogen 

activated protein kinase (MAPK) pathway. (Shain & Bastian 2016) Canonical MAPK 

signaling proceeds through the phosphorylation of a series of kinases, small GTPase 

(RAS), RAF, MAP/ERK kinase (MEK1, MEK2), to amplify extracellular signaling and 
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mediate cellular response (Figure 1.4). The activation of the MAPK pathway results in 

proliferation, invasion, and survival of melanoma cells. The dysregulation of the MAPK 

pathway is a common feature of melanoma, MAPK activating pathway mutations in 

mast/stem cell growth factor receptor-tyrosine kinase (c-KIT), and neurofibromin-1 

(NF1) have been observed in addition to the common BRAF and NRAS mutations. 

(Dhomen & Marais 2009; Hodis et al. 2012) Amplification and activating mutations of c-

Kit are frequently observed in sun-damaged skin, as well as in acral and mucosal 

melanoma. (Curtin et al. 2006) 

Over 65 mutations have been identified in BRAF and the most common mutation 

BRAF(V600E) results in 500-fold activation and stimulation of extracellular-signal-

related kinases (ERK) signaling. (Dhomen & Marais 2009) BRAF mutations are 

considered founder mutations in melanoma and BRAF(V600E) is necessary for 

melanoma maintenance and progression. (Dhomen & Marais 2009) BRAF(V600E) 

cooperates with additional inactivating mutations such as PTEN or NF1, as well as 

overexpression of epigenetic regulators such as Jumonji domain-containing protein 

(JMJD2C) or lysine specific demethylase-1 (LSD1) to overcome oncogene-induced 

senescence, a phenomenon triggered by oncogenic signaling. (Maertens et al. 2013; 

Dhomen & Marais 2009; Yu et al. 2018)  
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Tumor suppressors 

Mutations are continuously acquired as the transformation of the melanocyte 

progresses. The loss of tumor suppressors function, which regulate cell cycle and 

proliferation to prevent cell cycle progression in the presence of mutations, allows for 

the cancerous cell to proliferate unchecked. Further, with tumor suppressors disabled, 

Figure 1.4 MAPK signaling cascade. 

The MAPK-signaling pathway is a phosphorylation cascade of kinases that amplifies 

extracellular signals to generate cellular responses. Binding of ligands (e.g. HGF, IGF-

1) to the receptor tyrosinase kinase (such as c-KIT, PDGFRβ, IGF-1R, c-MET, later 

described as resistance mechanisms to targeted therapies) activates tyrosine-kinase 

activity. In this figure, activated RAS phosphorylates RAF and triggers the 

phosphorylation cascade of RAF to MEK to ERK. Phosphorylated ERK is translocated 

into the nucleus and activates downstream transcriptional activation that leads to cell 

growth and survival. Figure from (Chin 2003). 
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the cell can proliferate freely and consequently acquire more mutations if DNA repair 

proteins are inactivated.  

The tumor suppressor PTEN undergoes loss of heterozygosity in 30-50% of 

melanoma and plays a critical role in melanomagenesis. (Wu et al. 2003) PTEN 

regulates cell proliferation and survival by repressing the phosphatidylinositol 3-kinase 

(PI3K) signaling pathway. (Chin 2003) The tumor suppressor CDKN2A is mutated in up 

to 38% of familial and 3% of sporadic melanoma cases. (Goldstein et al. 2007; Berwick 

et al. 2006; Schadendorf et al. 2015) Inactivation or bi-allelic loss of CDKN2A is a 

double edge sword, as the gene encodes two tumor suppressors, p16 (or INK4A) and 

p14 (or ARF). (Schadendorf et al. 2015) As a result of CDKN2A mutation, the 

retinoblastoma-associated protein (Rb) is inactivated and the apoptotic protein p53 is 

degraded, promoting unchecked cell cycle progression. (Schadendorf et al. 2015) 

Melanoma patients also harbor mutations that result in the specific loss of p16, 

demonstrating its importance in melanoma suppression. (Kamb et al. 1994) Further, 

suggesting the importance of inactivation of the p16-Rb axis in melanomagenesis is the 

loss of CDK4 (inhibited by p16) in both sporadic and familial melanoma patients. (Wölfel 

et al. 1995; Sotillo et al. 2001)  

 

Epigenetic regulators 

The chromatin remodeling SWI/SNF complex maintains genomic integrity. 

Mutations in the SWI/SNF components, AT-rich interaction domain 2 (ARID2) and 

ARID1A, are observed in invasive melanoma and correlate with widespread 

chromosomal aberrations. (Shain et al. 2015) Our lab recently identified a gain-of-
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function mutation in G9A, a histone methyltransferase, in 25.8% of melanomas in the 

TCGA data set. (Kato et al. 2018) G9a mutations in melanoma are thought to be 

oncogenic by promoting melanomagenesis and inducing MITF expression. (Kato et al. 

2018) 

 

Transcription factors 

In addition to serving as the master transcriptional regulator of the melanocyte, 

MITF has a critical role in melanoma as a lineage-specific oncogene. MITF is amplified 

in 5-20% of human melanomas and correlates with decreased 5-year survival. 

(Garraway et al. 2005) MITF is downstream of the MAPK pathway, therefore 

constitutive activation of MAPK signaling can lead to aberrant MITF activation of its anti-

apoptotic targets promoting melanoma survival (Figure 1.5). (Sarkar et al. 2015) Single-

cell RNA-sequencing analysis of patient biopsies revealed two distinct MITF expression 

profiles in melanoma – cells with either high or low levels of MITF. (Tirosh et al. 2016) 

Melanoma cells with low levels of MITF are invasive and motile and represent a more 

‘stem-like’ state; melanoma cells with high levels of MITF are proliferative. (Goodall et 

al. 2008; Carreira et al. 2006) A gain-of-function germline variant of MITF (E318K) is 

observed in familial melanoma and disrupts MITF sumoylation. (Yokoyama et al. 2011) 

The MITF family member and oncoprotein, MYC, is also overexpressed and amplified in 

melanoma functioning to inactivate the tumor suppress Rb and allowing the cell to 

progress through G1. (Bardeesy et al. 2001) 
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Melanoma Therapies  

Prior to 2011, standard-of-care for melanoma patients was limited to cytotoxic 

therapies including dacarbazine, interferon-α (INFα), and interleukin-2 (IL-2), developed 

in 1975, 1999, and 1998, respectively. (Luke & Schwartz 2013) Dacarbazine is an 

alkylating agent that induces DNA damage and ultimately cell death of any dividing cell. 

Figure 1.5 Important pathways in the melanocyte and melanoma.  

The MAPK signaling pathway is commonly dysregulated in melanoma with mutations in 

BRAF, NRAS, and c-KIT. The constitutive activation of MAPK signaling results in 

increased MITF signaling. Though MITF is essential for the cutaneous response to UVR 

mediated by keratinocyte release of α-MSH and activation of MC1R, phosphorylation of 

MITF by ERK, amplification of, or mutations in MITF are oncogenic and result in cell 

survival through transcription of anti-apoptotic target genes such as BCL2. Figure from 

(Sarkar et al. 2015).   
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Dacarbazine served as the benchmark for melanoma treatment, with an overall 

response rate of 10-20% and an overall progression free survival (PFS) of 3-6 months. 

(Creagan et al. 1986; Crosby et al. 2000) IL-2 achieved long-term remissions, however, 

could only be used in fit patients due to its extreme toxicity profile and low response 

rate. (Luke & Schwartz 2013; Atkins et al. 1999) As evident by the dismal response 

rates the standard of care of melanoma was strictly palliative.  

 

Targeted therapies 

The common BRAF(V600E) mutation effects the kinase domain, opening the 

doors for the development of targeted therapies. (Davies et al. 2002) Vemurafenib, the 

first-in-class BRAF inhibitor, is an adenosine triphosphate competitive BRAF inhibitor. 

(Flaherty et al. 2012) Vemurafenib, achieved unprecedented and dramatic clinical 

responses in melanoma patients – in a Phase III trial vemurafenib achieved a 48% 

response rate and a median PFS of 5.3 months, as compared to control dacarbazine 

with a response rate of 5% and PFS of 1.6 months. (Luke et al. 2017) Dabrafenib, a 

selective BRAF inhibitor, achieved similar clinical benefit as vemurafenib, with a 

response rate of 50% and PFS of 5.1 months as compared to dacarbazine with a 6% 

response rate and PFS of 2.7 months. (Luke et al. 2017) Several years after the 

discovery of the common BRAF(V600E) mutation, vemurafenib (2011) and dabrafenib 

(2013) obtained FDA-approval for clinical use in BRAF-mutant melanoma, shifting the 

treatment strategy from palliative to disease control and clinical benefit. (Luke et al. 

2017) 
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Since BRAF phosphorylates MEK in the MAPK signaling pathway (Figure 1.4, 

1.5), MEK inhibitors were also developed to block the MAPK cascade. The first MEK 

inhibitor to gain approval for clinical testing, trametinib, achieved a 22% response rate 

and PFS of 4.8 months. (Flaherty et al. 2012) 

 

Immune therapies  

The great clinical advances observed with MAPK-targeted therapies are 

unfortunately limited to melanoma patients harboring oncogenic mutations in BRAF. 

Regardless of BRAF mutation status melanoma patients stand to benefit from 

immunotherapy; rather than targeting the tumor cells, immunotherapy primes the 

patient’s immune system for an anti-tumor effect. Recent advances that harness the 

immune system have demonstrated clinical success in melanoma and avoid the 

extreme toxicities associated with the decades old immunotherapies IL-2 and INFα. 

Immune checkpoint blockade, the most successful immunotherapy in melanoma to 

date, is based on the need of T-cells to be activated by a major histocompatibility 

complex (MHC) on the surface of an antigen-presenting cell (APC) and a secondary 

interaction between T-cells and APCs that is costimulatory. (Lo & Fisher 2014) This co-

stimulatory interaction is mediated by ‘immune checkpoint’ receptor-ligand pairs that 

can have stimulatory or inhibitory effects. (Sharpe 2009) Inhibitory immune checkpoints, 

such as cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed cell death-1 (PD-

1) serve as targets for immune therapy that mediate immune tolerance.   

In 2011, ipilimumab, a humanized antibody that blocks CTLA-4 and incites an 

anti-tumor T-cell response, served as a proof of concept for immune checkpoint 
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blockade in melanoma. (Hodi et al. 2010) In a Phase III study of metastatic melanoma 

patients ipilimumab improved overall survival of metastatic melanoma patients, with a 

response rate of 11% and a median overall survival of 10 months. (Hodi et al. 2010) 

Impressively, ipilimumab achieved numerous durable responses, with 20% of patients 

surviving at least 3 years after treatment. (Hodi et al. 2010; Merlino et al. 2016) Though, 

nearly 25% of patients treated with ipilimumab experienced autoimmune toxicity. 

(Merlino et al. 2016) Antibodies targeting PD-1, pembrolizumab and nivolumab, were 

developed to mitigate the inhibitory effects of PD-1 on the immune response and to 

bolster the anti-tumor effects of T-cells. Phase I clinical trials for pembrolizumab and 

nivolumab demonstrate durable responses in 20-40% of melanoma patients. (Topalian 

et al. 2012; Hamid et al. 2013) Anti-PD-1 therapies appear to be less toxic than anti-

CTLA-4 agents, with less than 10% of patients experiencing immune related toxicity. 

(Merlino et al. 2016)  

 

Targeted and immune therapy resistance  

Despite the initial benefit observed with BRAF-targeted therapy, nearly all 

responding patients develop resistance and relapse occurs. In fact, the clinical benefit 

achieved with BRAF-targeted therapies only lasts for several months (PFS=6-8 months) 

before the melanoma tumors acquire resistance. (Chapman et al. 2011) While the 

majority of BRAF-mutant melanoma patients respond to BRAF-targeted therapies, 10-

20% of melanoma patients present with intrinsic resistance. (Merlino et al. 2016; 

Konieczkowski et al. 2014; Müller et al. 2014) BRAF inhibitors offer no clinical benefit for 

this population, suggesting pre-existing resistance mechanisms. And although immune 
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therapy has revolutionized melanoma treatment with unprecedented clinical benefit, 

durable benefit is observed in only a minority (~30%) of patients. (Hugo et al. 2016; 

Merlino et al. 2016) 

Resistance mechanisms to targeted and immune therapies are complex, and 

much effort is focused on their elucidation to allow for the development of treatments 

with durable clinical response. Many mechanisms contribute to treatment resistance, 

including new mutations, epigenetic alterations, and tumor-microenvironment 

interactions. While a variety of mechanisms contribute to BRAF-targeted therapy 

resistance mechanisms, it is clear that the reactivation of MAPK pathway confers 

resistance. The reactivation of the MAPK pathway can occur through deregulation of 

receptor tyrosinase kinase activity, acquisition of new mutations in oncogenes (e.g., 

NRAS), amplification of BRAF, or activation of alternate oncogenic pathways (Figure 

1.6).  
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Although secondary mutations in BRAF have yet to be identified in BRAF 

inhibitor resistant melanoma, whole-exome sequencing revealed a correlation between 

resistance and BRAF amplification observed in 20% of melanoma patients. (Shi et al. 

2012) Also observed are splice variants of BRAF(V600E) that lack exons 4-8 and result 

Figure 1.6 Classification of targeted therapy resistance mechanisms.  

BRAF targeted therapies inhibit the constitutive kinase activity of oncogenic 

BRAF(V600E) in melanoma, leading to tumor regression. Unfortunately, clinical 

responses to BRAF-targeted therapies are not durable and the disease progresses. 

Disease progression is attributed to complex resistance mechanisms, including 

acquisition of a secondary mutation or amplification of the oncogenic target. Secondary 

mutations are not observed in BRAF in melanoma, however alternate BRAF splice 

variants contribute to therapy resistance. Acquired mutations in NRAS and MEK1 have 

been observed and reactivate the MAPK pathway. Alternate resistance mechanisms 

result in the activation of additional pathways, such as the overexpression of the 

receptor tyrosine kinase platelet derived growth factor receptor β (PDGFRβ). Figure 

from (Wagle et al. 2011). 
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in enhanced dimerization and ERK signaling in the presence of BRAF inhibitors. 

(Poulikakos et al. 2011) 

Newly acquired mutations in additional oncogenes, such as NRAS or MEK1, 

confer resistance to targeted therapies. Activating mutations in NRAS result in 

significant reactivation of the MAPK pathway in the presence of the BRAF inhibitor 

vemurafenib. (Nazarian et al. 2010) Massively paralleled sequencing of a patient with 

acquired resistance to vemurafenib revealed an activating mutation in mitogen-activated 

protein kinase kinase 1(MAP2K or MEK1). (Wagle et al. 2011) The MEK1 mutation 

(C121S) increases kinase activity and reactivates MAPK signaling, conferring 

resistance to targeted MEK or BRAF inhibitors. (Wagle et al. 2011) 

An alternate mechanism that can lead to BRAF inhibitor resistance is the 

amplification and subsequent overexpression of proteins that reactivate the MAPK 

pathway or alternate melanoma survival pathways. Overexpression of the receptor 

tyrosine kinase, platelet derived growth factor receptor β (PDGFRβ), results in acquired 

resistance and activation of survival pathways without secondary mutations in BRAF nor 

reactivation of the MAPK. (Nazarian et al. 2010) Some resistant melanoma cells also 

display persistent insulin like growth factor 1 receptor (IGF-1R) activity, due to the 

upregulation of the receptor tyrosine kinase (IGF-1R) and ligand IGF-1. (Villanueva et 

al. 2010) Up-regulation of IGF-1R signaling leads to AKT phosphorylation and 

melanoma cell survival mediated by PI3K-AKT signaling, even in the presence of 

BRAF-targeted therapies. (Villanueva et al. 2010) Alternately, the tumor 

microenvironment can contribute to resistance by secreting ligands that activate MAPK 
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pathway receptors. Hepatocyte growth factor (HGF) secreted by the stromal cells binds 

to the c-MET receptor – activating MAPK and PI3K-AKT signaling pathways and 

conferring innate resistance to targeted therapies. (Straussman et al. 2012)   

Reactivation of the MAPK pathway also occurs through copy number alterations 

and increased expression of transcription factors. Copy number gains in mitogen-

activated protein kinase kinase kinase 8 (MAP3K8, which encodes the kinase COT), are 

associated with both acquired and intrinsic resistance to targeted therapies. 

(Johannessen et al. 2010) Overexpression of COT leads to phosphorylation of ERK and 

reactivation of the MAPK pathway. (Johannessen et al. 2010) Additional studies have 

shown that G-protein coupled receptors (GPCRs) activation of the melanocytic lineage 

cAMP-PKA pathway, contributes to acquired BRAF therapy resistance and leads to the 

increased expression of transcription factors, fos proto-oncogene (c-FOS), nuclear 

receptor subfamily 4 group A member 1 (NR4A1), NR4A2, and MITF in resistant 

samples. (Johannessen et al. 2013) The expression of these downstream transcription 

factors circumvents BRAF inhibitors and allows for downstream transcriptional activity of 

the MAPK pathway in the absence of upstream BRAF or MEK activity.  

Although MITF acts as a lineage specific oncogene, it has a complex role in 

targeted therapy resistance. While inhibition of BRAF initially results in the loss of MITF 

expression, MITF re-expression confers BRAF- and MEK-inhibitor acquired resistance. 

(Müller et al. 2014) Conversely, loss of MITF expression contributes to acquired 

targeted therapy resistance and melanomas with low endogenous levels of MITF are 



 

 

 

 

 

22 

intrinsically resistant to BRAF- and MEK-inhibitors. (Müller et al. 2014; Konieczkowski et 

al. 2014) 

Acquired and intrinsic resistance to targeted and immune therapies in melanoma 

patients have been associated with a unique undifferentiated tumor cell state 

characterized by low levels of MITF and high levels of AXL receptor tyrosine kinase 

(AXL). (Tirosh et al. 2016; Hugo et al. 2016; Konieczkowski et al. 2014; Müller et al. 

2014) Therefore, therapy-resistant and metastatic melanomas with an MITF-low/AXL-

high state appear to escape the melanocyte lineage-encoded MITF-dependent survival 

pathway, instead switching to dependency on alternative survival mechanisms. It is 

important to note that melanoma cells with this treatment resistant MITF-low/AXL-high 

transcriptional profile are observed in all melanomas, even in bulk tumors characterized 

by an MITF-high/AXL-low expression profile. (Tirosh et al. 2016) The identification of 

such intra-tumor heterogeneity suggests that perhaps treatment resistant cells are 

present in the tumor before treatment and contribute to tumor progression.  

Resistance to immune therapy is not completely characterized, lagging behind 

our understanding of targeted therapy resistance mechanisms. A favorable response to 

immune checkpoint blockade is associated with immune rich melanoma, characterized 

by infiltrating CD8+ T-cells trigged by interferon gamma signaling (IFNγ). (Luke et al. 

2017; Ji et al. 2012) Similarly, a study of patient biopsies revealed that the presence of 

CD8+ T-cells at the invasive tumor edge correlates directly with tumor reduction in 

response to anti-PD1 (pembrolizumab) therapy. (Tumeh et al. 2014) Neoantigens, a 

tumor-specific protein, serve as targets for the immune system and correlate with 
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response to immune therapy. Higher neoantigen loads are associated with clinical 

benefit in melanoma, likewise, melanoma patients with a low mutation burden are less 

likely to respond to ipilimumab. (Merlino et al. 2016)  

Molecular analyses for the immune poor (‘non-T-cell inflamed tumors’) revealed 

up-stream mutations that result in tumor immune evasion. The activation of the WNT/β-

catenin pathway leads to loss of T-cell infiltration and confers resistance to immune 

checkpoint blockade. (Spranger et al. 2015; Luke et al. 2017) Mutations that affect the 

antigen presentation function of the major histocompatibility complex also contribute to 

immune evasion. (Hölzel et al. 2013) Loss of function mutations in the interferon-

receptor–associated Janus kinase 1 (JAK1) or Janus kinase 2 (JAK2) contribute to 

acquired resistance to anti-PD-1 therapies, affecting IFN signaling and antigen 

presentation. (Zaretsky et al. 2016) Cells with mutant JAK1/2 are ineffective at 

responding to IFN signaling and result in the loss of PD-L1 expression. Without the 

expression of PD-L1 the cells can escape the anti-tumor effects of anti-PD-1. (Shin et 

al. 2017) Though, it is important to note that while PD-L1 can serve as a biomarker for 

clinical response to anti-PD-1 therapy, a lack of expression of PD-L1 does not preclude 

clinical benefit. (Robert et al. 2015)  

 

Combating treatment resistance 

Combinations of BRAF inhibitors (e.g., BRAF/MEK), immune checkpoint 

blockade agents (e.g., anti-CTLA-4/anti-PD-1), and combined BRAF and immune 

therapies have been studied to prevent and overcome treatment resistance. Efforts to 

combine BRAF and MEK inhibitors achieve tumor reduction in 70% of melanoma 
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patients, however, tumor progression is observed. (Merlino et al. 2016) Despite this 

suboptimal response, the combination of BRAF and MEK inhibitors is still used in clinic 

to treat patients with BRAF-mutant melanoma after immune therapy failure. Attempts to 

combine anti-CTLA-4 (ipilimumab) and anti-PD-1 (nivolumab) resulted in 50-60% of 

patients demonstrating clinical benefit, however, was associated with high rates of 

autoimmune toxicity. (Merlino et al. 2016)  

Melanoma cells with BRAF inhibitor resistance evade the immune system 

through upregulation of PD-L1, mediated by c-Jun and signal transducer and activator 

of transcription 3 (STAT3). (Jiang et al. 2013) Further, studies suggest that oncogenic 

BRAF promotes immune evasion by repressing melanocyte differentiation antigens 

(MDA), thus suppression of MAPK increases MDA expression and associated antigen-

specific T-lymphocytes. (Boni et al. 2010) These studies suggest that the addition of 

immune checkpoint blockade may be beneficial in melanoma patients treated with 

BRAF inhibitors. Clinical trials testing the combination of immune checkpoint blockade 

and BRAF inhibitors, including triple therapies with BRAF and MEK inhibitors are 

ongoing in melanoma patients. (Karachaliou et al. 2017)  

A transcriptional profile defined by low levels of MITF and high levels of AXL is 

associated with resistance to both targeted and immunotherapy, thus providing an 

opportunity to treat treatment refractory melanoma. AXL is associated with a de-

differentiated, stem-cell like state in cancers of other lineages and in melanoma an 

increase of AXL expression in patients correlates with treatment resistance. (Boshuizen 

et al. 2018)  While AXL is a strong biomarker of this treatment resistant population, 
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successful targeting of AXL remains elusive – one study suggested that (high dose) 

AXL kinase inhibitor R428 may produce measurable melanoma cell death, whereas 

other studies tested three different AXL inhibitors, as well as multiple AXL shRNAs, all 

of which were ineffective at restoring treatment sensitivity. (Müller et al. 2014; 

Konieczkowski et al. 2014) In a recent effort, conjugating AXL antibody to microtubule 

disrupting agents yielded anti-tumor effects in treatment-resistant melanoma, 

suggesting AXL may be a promising therapeutic target. (Boshuizen et al. 2018) Several 

groups have sought to target these treatment refractory populations and other residual 

mesenchymal state cancer ‘persister’ cells, showing a sensitivity to GPX4 inhibitors that 

induce ferroptosis, an iron dependent form of cell death. (Hangauer et al. 2017; Tsoi et 

al. 2018) Identifying a targetable vulnerability in this treatment refractory population 

stands to benefit the majority of melanoma patients who currently have limited treatment 

options.  

 

Epigenetics  

Aberrant epigenetic regulation of gene expression has been implicated in the 

development and progression of numerous cancers. (Baylin & Jones 2016) Epigenetics 

translates from Greek to mean ‘on top of’-genetics, meaning these alterations do not 

alter the underlying genetic DNA sequence. Epigenetic alterations are extremely 

dynamic and influence gene expression by affecting DNA accessibility and chromatin 

structure but are stable and heritable to daughter cells. Epigenetic modifications 

mediate gene transcription and therefore play a major role in normal physiological 

events (Figure 1.7). Epigenetic alterations that influence gene expression include DNA 
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methylation, histone modifications, ATP-dependent chromatin remodeling, and non-

coding RNAs. Aberrant epigenetic regulation of gene expression has been implicated in 

the development and progression of numerous cancers (Figure 1.8). (Rodenhiser & 

Mann 2006; Baylin & Jones 2016) 
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A.

tive DNA region is either accessible for transcription or that
DNA is targeted for silencing10–12 (Fig. 1B). Active regions of
chromatin have unmethylated DNA and have high levels of
acetylated histones, whereas inactive regions of chromatin
contain methylated DNA and deacetylated histones.2 Thus, an
epigenetic “tag” is placed on targeted DNA, marking it with a
special status that specifically activates or silences genes.
These reversible modifications ensure that specific genes can

be expressed or silenced depending on specific developmen-
tal or biochemical cues, such as changes in hormone levels,
dietary components or drug exposures.11,13

Nature or nurture … or both?

DNA methylation patterns fluctuate in response to changes in
diet, inherited genetic polymorphisms and exposures to envi-
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Fig 1: (A) Schematic of epigenetic modifications. Strands of DNA are wrapped around histone octamers, forming nucleosomes. These
nucleosomes are organized into chromatin, the building block of a chromosome. Reversible and site-specific histone modifications oc-
cur at multiple sites through acetylation, methylation and phosphorylation. DNA methylation occurs at 5-position of cytosine residues
in a reaction catalyzed by DNA methyltransferases (DNMTs). Together, these modifications provide a unique epigenetic signature that
regulates chromatin organization and gene expression. (B) Schematic of the reversible changes in chromatin organization that influ-
ence gene expression: genes are expressed (switched on) when the chromatin is open (active), and they are inactivated (switched off)
when the chromatin is condensed (silent).3 White circles = unmethylated cytosines; red circles = methylated cytosines.

B.. 

Figure 1.7 Epigenetic regulation of gene expression. 

(A) Epigenetic modifications participate in DNA compaction in the nucleus. The 
macromolecular complex, chromatin, consists of consecutive nucleosomes which 

contain DNA wrapped around the histone octamer. The histone proteins contain lysine 

rich tails that can be modified by methylation, ubiquitylation, acetylation, or 

phosphorylation. These histone modifications alter chromatin accessibility and therefore 

gene expression. Histone lysine methylation can activate or repress gene transcription, 

depending on the histone lysine modified. (B) Acetylated histones and unmethylated 
DNA result in open chromatin allowing for gene transcription. DNA methylation and 

deacetylation results in closed chromatin and transcriptional repression. (Rodenhiser & 

Mann 2006) Figure from (Rodenhiser & Mann 2006). 
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Figure 1.8 Epigenetic machinery and key players in cancer.  

Epigenetic regulators affect gene expression through modifications of DNA and histone 

tails. Aberrant DNA methylation contributes to cancer progression; DNA 

hypermethylation can lead to tumor suppressor silencing, while DNA hypomethylation 

can lead to genetic instability and expression of oncogenes. Subsequently, mutations in 

the key regulators of DNA methylation (DNTM1, etc) can be tumorigenic. Histone 

modifications such as acetylation or methylation also contribute to cancer; LSD1, for 

instance can regulate the expression of genes by activating or repressing genes 

through lysine demethylation. miRNAs also regulate gene expression and their 

deregulation can lead to aberrant gene regulation of key genes, such as MITF in 

melanoma. Figure from (Baylin & Jones 2016). 
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DNA methylation 

DNA methylation is a reversible covalent chemical modification that occurs on 

cytosine residues and typically occurs on cytosines followed by a guanosine (CpG) 

(Figure 1.7, top right). (Siegfried & Cedar 1997) DNA methylation is established by a 

family of DNA-methyltransferases (DNMTs); while demethylation is a series of 

oxidization steps that ultimately leads to base excision repair. (Hammerlindl & Schaider 

2018) Aberrant DNA methylation can promote tumorigenesis in many ways including: 1) 

DNA hypermethylation and silencing of tumor suppressor, 2) hypomethylation that 

contributes to genomic instability and oncogene expression, and 3) methylcytosines are 

susceptible to UVR induced mutation yielding a C-to-T transition upon deamination 

(Figure 1.9). (Baylin & Jones 2016) DNA hypermethylation, hypomethylation, and 

methylcytosine deamination are all observed in melanoma and contribute to 

melanomagenesis.   
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On a global scale, as a melanocyte transforms into an early stage melanoma, its 

genome is progressively hypomethylated at CpG islands – a series of CpG 

dinucleotides in DNA frequently associated with gene promoters. This hypomethylation 

is followed by extensive hypermethylation in late stage melanoma. (Li et al. 2013) One 

study suggests that BRAF(V600E) melanoma correlates with global hypomethylation 

relative to WT BRAF samples in the TCGA data set. (Hammerlindl & Schaider 2018) 

Figure 1.9 The tumor promoting effects of DNA methylation. 

The methylation of DNA acts to regulate gene expression, however, deregulation of 

methylation can be tumorigenic. First, DNA hypomethylation at gene promoters 

(pink/white hexagons) can lead to the aberrant expression of oncogenes (left grey 

column). While hypermethylation (pink hexagons) of CpG islands and gene promoters 

can lead to mutations and inactivate tumor suppressor expression, respectively (right 

grey column). Lastly, methylated CpGs are at risk for spontaneous deamination or 

absorption of UVR that can lead to a a C-to-T transition. Figure from (Baylin & Jones 

2016). 
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Further, BRAF(V600E) induces expression of DNMT1, which suggests that BRAF 

signaling contributes to the altered methylation status observed in BRAF mutant 

melanoma. (Hou et al. 2012) Other studies show no correlation between genome-wide 

methylation status and melanoma mutation status or overall mutation rate. Instead, 

hypermethylation was observed at genes marked for transcriptional activity 

(H3K27me3) and associated with proliferation. (Lauss et al. 2015) The conflicting 

reports may be attributed to observed intra- and inter- tumor heterogeneity, but suggest 

aberrant methylation is undoubtedly present in melanoma. (Tirosh et al. 2016) 

Hypermethylation represses gene transcription, as DNA methylation directly 

interferes with transcription factor binding or indirectly by recruiting methyl-CpG binding 

domain (MBD) proteins to the methylated sequence. (Baylin & Herman 2000) Tumor 

suppressors are often silenced due to promoter hypermethylation of CpG islands. 

(Sarkar et al. 2015; Schinke et al. 2010) And in melanoma, several tumor suppressor 

genes are hypermethylated including CDKN2A and PTEN. (Schinke et al. 2010; 

Mirmohammadsadegh et al. 2006; van der Velden et al. 2001; Gonzalgo et al. 1997) 

Hypermethylation of MITF CpG islands and MITF target genes related to differentiation 

is observed in metastatic melanoma and correlates with low levels of endogenous 

MITF. (Lauss et al. 2015) 

Hypomethylation results in the activation of normally silenced genes including 

oncogenes and can trigger chromosome instability. (Eden et al. 2003) The promoter of 

the cancer/testis (CT) melanoma antigen (MAGE) is hypomethylated and its expression 

in cutaneous melanoma contributes to the malignant phenotype and therapeutic 



 

 

 

 

 

32 

response. (Sigalotti et al. 2002; Simpson et al. 2005) And the hypomethylation of MITF 

CpG islands is associated with high expression levels of MITF. (Lauss et al. 2015)    

Hydrolytic deamination of 5 methyl-cytosine results in a C-to-T transition. 

Deamination occurs spontaneously and is not detected by DNA repair mechanisms, as 

thymine is a DNA base. (Baylin & Jones 2016) Further, the addition of a methyl group 

alters cytosine sunlight absorption, which increases the formation of cyclobutane 

pyrimidine dimers and when left unrepaired lead to mutations. (Baylin & Jones 2016) 

 

Histone modifications 

Histones are negatively charged proteins that complex with DNA to form 

nucleosomes allowing for compact chromatin structure. Histone modifications, such as 

methylation, acetylation, phosphorylation, ubiquitination or sumoylation, effect chromatin 

structure. The extent of chromatin compaction affects gene transcription by altering the 

physical accessibility of the genetic loci by transcriptional machinery.  

 

Histone acetylation 

Histone lysines can be post-translationally acetylated, allowing for a more open 

chromatin structure and active transcription. Conversely, hypoacetylated histones are 

condensed and are associated with repressed gene transcription. Therefore, 

hypoacetylation of histones can result in the loss of tumor suppressor expression. 

Protein expression of epigenetic regulator enhancer zeste homolog 2 (EZH2), that 

establishes repressive histone modifications in complex with the polycomb repressor 

complex 2 (PRC2), steadily increases as the melanocyte transforms, implicating EZH2 
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in melanoma progression. (Sarkar et al. 2015) Melanoma with high levels of EZH2 are 

associated with uncontrolled proliferation, attributed to EZH2 recruitment of histone 

deacetylase-1 (HDAC1) and subsequent deacetylation and silencing of the CDKN1A 

locus which ultimately inhibits apoptosis. (Fan et al. 2011) EZH2 also targets and 

represses CDKN2A. (Wu et al. 2010) Thus, EZH2 mediated de-acetylation of histone 

lysine results in the loss of tumor suppressor expression. Interestingly, EZH2 

expression is mediated by BRAF, suggesting that aberrant BRAF signaling in 

BRAF(V600E) melanoma contributes to tumor suppressor silencing through epigenetic 

regulation. (Hou et al. 2012) Hypoacetylation of histones is also linked to the down 

regulation of pro-apoptotic BCL-2 family members including: Bim, Bax, and Bac. (Zhang 

et al. 2004) Together, these findings suggest that aberrant histone deacetylation leads 

to loss of tumor suppressor mechanisms in melanoma. 

 

Histone methylation 

Histone methylation of lysine or arginine can lead to increased or decreased 

gene expression; methylation of H3K4 is activating while H3K9 methylation is 

repressive. Alterations of the methylation status of a histone or the epigenetic regulators 

that maintain the methylation can be tumorigenic. Expression of the H3K4 demethylase 

tumor suppressor lysine specific demethylase 5B (KDM5B or JARID1B) is highly 

expressed in nevi and is progressively lost during melanomagenesis. (Roesch et al. 

2008; Roesch et al. 2005) JARID1B interacts with retinoblastoma (Rb) to regulate cell 

cycle, therefore the loss of JARID1B contributes to uncontrolled proliferation of 

melanoma. Conversely, epigenetic factors are important for preventing tumor 
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progression. The upregulation of the histone 3 lysine 27 (H3K27) demethylase Jumonji 

domain-containing 3 (JMJD3 or KDM6B) in nevi promotes oncogene-induced 

senescence in response to oncogenic RAS signaling. (Barradas et al. 2009) 

Specifically, KDM6B activates INK4A promoting p53 dependent cell-cycle arrest. 

(Barradas et al. 2009)  

The histone methyltransferase, SET Domain Bifurcated 1 (SETDB1) catalyzes 

the trimethylation of H3K9 resulting in target gene repression. An upregulation of 

SETDB1 is observed in melanoma and has been shown in zebrafish to accelerate 

tumor development in BRAF(V600E) melanoma. (Ceol et al. 2011)  

 

LSD1  

The discovery of the first lysine-specific histone demethylase (LSD1, AOF2, 

KDM1A) in 2004, revolutionized the field of epigenetics, suggesting that methylation 

marks are reversible. (Shi et al. 2004) LSD1 is an amine oxidase that catalyzes a flavin 

adenine dinucleotide (FAD)-dependent oxidative reaction to demethylate mono- and di-

methylated histone 3 lysine 4 (H3K4) and H3K9. (Ambrosio et al. 2016) LSD1 is highly 

conserved from yeast to humans and contains three critical domains: 1) the N-terminal 

Swi3p/Rsc8p/Moira (SWIRM) domain proposed to interact with histone lysine tails, 2) an 

N- and C- terminal amine oxidase-like domain (AO) critical for FAD binding, and 3) a 

central Tower domain important for co-factor binding (Figure 1.10). (Tochio et al. 2006; 

Anand & Marmorstein 2007) The SWIRM and AO domains interact to form the 
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enzymatic domain, while the N-terminus has been shown to be dispensable for LSD1 

activity. (Amente et al. 2013; Forneris et al. 2005) 

  

LSD1 interacts with co-factors including REST Co-Repressor-1 (CoREST) and 

histone deacetylases (HDACs) 1 and 2 to form functional complexes. (Hayami et al. 

2011) Specificity of LSD1 is determined by its binding partner; for example, LSD1 

activates transcription by removing repressive mono and di-methylation marks on H3K9 

in complex with the androgen receptor (AR). LSD1 represses transcription in complex 

with N-Myc, by removing methylation marks on H3K4 that are associated with actively 

transcribed genes. (Metzger et al. 2005; Amente et al. 2010; Amente et al. 2015) LSD1 

also demethylates non-histone proteins including the epigenetic protein DNMT1. (Wang 

et al. 2009) LSD1 stabilizes DNMT1 and loss of LSD1 leads to global DNA 

hypomethylation. (Wang et al. 2009) LSD1 plays key roles in normal physiological and 

oncogenic processes and is overexpressed in many cancers including acute myeloid 

A

. 

B

. 

Figure 1.10 LSD1 structure overview. 

(A) LSD1 has three functional domains: 1) the SWIRM domain (green) is involved in 
histone tail binding 2) the AO domains (both N and C) are essential for FAD binding 

(blue) 3) the TOWER domain is important for co-factor binding (purple). (B) 3D ribbon 
representation of LSD1 color-coded as in A. Figure adapted from (Burg et al. 2015). 

 

A. 
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leukemia, neuroblastoma, prostate, breast and bladder, and correlates with 

aggressiveness and poor prognosis. (Hayami et al. 2011; Ambrosio et al. 2016; Fiskus 

et al. 2014b; Qin et al. 2014; Sehrawat et al. 2018; Lim et al. 2010; Schulte et al. 2009) 

Additional epigenetic regulators that function to demethylate histone lysine 

include the LSD1 family member, KDM1B, which demonstrates specificity for 

H3K4me2/3, and the structurally unrelated 2-oxoglutarate (2OG)-dependent Jumonji C 

(JmjC) family, which includes over 30 family members all featuring the jumonji catalytic 

domain essential for demethylation. (Yu et al. 2018; Anand & Marmorstein 2007) One 

functional difference between JmjC family proteins and LSD1 is the catalytic activity of 

JmjC proteins does not require protonated nitrogen allowing JmjC proteins to also 

demethylate trimethylated lysine, while LSD1 enzymatic activity requires a protonated 

nitrogen limiting its demethylation to mono- and di-methyl lysine. (Anand & Marmorstein 

2007) Despite this difference, the overexpression of either LSD1 or JmJD2C promotes 

BRAF(V600E) melanomagenesis by overriding oncogene induced senescence. (Yu et 

al. 2018) 

 

LSD1 and EMT 

The epithelial to mesenchymal transition (EMT) is essential for development and 

represents the reversible switch of epithelial to mesenchymal marker expression. 

(Amente et al. 2013) A global reduction of H3K9me2 is observed during EMT and is 

associated with LSD1 activity; specifically, the LSD1-Snail complex interacts with 

epithelial gene promoters to silence their expression. (Lin et al. 2010; McDonald et al. 

2011) Of note, EMT is also observed in aggressive cancer and is associated with 
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motility and invasiveness. In neuroblastoma, LSD1 and N-Myc repress expression of N-

Myc down regulated gene-1 (NDRG1) to promote EMT of neuroblastoma. (Ambrosio et 

al. 2016) 

 

LSD1 and immune regulation 

LSD1 effects the immune system by regulating expression of critical immune 

related genes. LSD1 exerts its repressive effects on pro-inflammatory cytokines 

including: IL1α, IL1β, IL6, IL8 and members of the complement pathway (C1r, C1s, 

C3aR). (Janzer et al. 2012) Further, the interaction of EZH2 and LSD1 stabilizes their 

repressive binding to the promoter of interferon response factor-9 (IRF9), a key 

transcription factor for IFN signaling important for anti-viral defense and growth 

inhibition. (Jin et al. 2017) It was recently shown that inhibition of LSD1 in mouse 

melanoma lines led to an increase of double stranded DNA breaks, prompting the 

activation of type 1 interferon and stimulation of anti-tumor T-cell function that ultimately 

slowed in vivo tumor growth. (Sheng et al. 2018) Further, LSD1 inhibition in mice 

enhanced T-cell infiltration in poorly immunogenic tumors enhancing the anti-tumor 

effects of anti-PD-1 immune checkpoint blockade. (Sheng et al. 2018) Together, this 

suggests that LSD1 inhibition may enhance the immunogenicity of tumors by releasing 

LSD1 immune targets from its repressive effects.  

 

Non-Coding RNA 

Non-coding RNA interferes with gene regulation at the RNA level and is another 

form of epigenetic regulation exerted in cells. The deregulation of miRNA has been 
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implicated in cutaneous metastatic melanoma and contributes to melanomagenesis by 

affecting critical proteins involved in the cell cycle, anti-apoptosis, and invasiveness. 

(van den Hurk et al. 2012; Dar et al. 2013) Deregulation of miRNA known to regulate 

expression of MITF is also observed in melanoma, resulting in increased expression of 

MITF. (Haflidadóttir et al. 2010) Therefore, miRNA alters gene expression and 

contribute to melanomagenesis  

 

Chromatin Remodeling 

Gene transcription is also affected by nucleosome position and chromatin 

structure, which can be ‘remodeled’ by enzymatic activity of epigenetic proteins. The 

SWItch/Sucrose Non-Fermentable (SWI/SNF) complex is an ATP-dependent 

chromatin-remodeling enzyme comprised of several proteins. SWI/SNF is essential for 

normal downstream activity of MITF and is also implicated in melanoma as a tumor 

suppressor. The activation of tyrosinase-related protein-1 (TYRP1) by MITF is promoted 

by chromatin accessibility altered by SWI/SNF. (la Serna et al. 2006) MITF expression 

itself is regulated by members of the SWI/SNF complex, BRM (SMARCA2) or BRG1 

(SMARCA4), that are responsible for SWI/SNF enzymatic ATPase activity. 

(Vachtenheim et al. 2010) BRG1 is a binding partner of the tumor suppressor p16INK4A 

and interacts with Rb to mediate cell cycle; in line with its role as a tumor suppressor, 

BRG1 expression is lost in melanoma. (Becker et al. 2009; Dunaief et al. 1994) Loss of 

BRM is also observed in melanoma, however loss of BRM1 is mutually exclusive of 

BRG1 loss, suggesting activity of SWI/SNF is also essential for melanomagenesis. 

(Keenen et al. 2010) 
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Summary 

Melanoma is a devastating disease of the skin. The heterogeneity and 

complexity of the genetic and epigenetic events that contribute to melanoma make it a 

challenging disease to treat, however, this complexity leveraged with a stronger 

understanding of the underlying biology provides therapeutic opportunity. The 

development of targeted and immune based therapies revolutionized clinical treatment 

of melanoma, however, they are met with high rates of resistance. We are only just 

beginning to understand the variety of resistance mechanisms that melanoma cells 

exert to thwart the effects of targeted and immune therapies. Single-cell analyses in 

vitro and in vivo revealed fluid transitions among melanoma cells suggesting non-

genetic (i.e., epigenetic) regulation of the cellular states—which nonetheless are highly 

correlated with treatment response. (Tirosh et al. 2016) This prompted us to ask if there 

are epigenetic vulnerabilities in this population, as identification of a novel druggable 

target for melanomas resistant to both targeted and immune therapies, characterized by 

a transcriptional profile defined by low expression of MITF and high expression of AXL, 

may prove valuable for eradication of such key aggressive melanoma subpopulations. 

Moreover, it remains possible that the corresponding epigenetic state (and similar 

vulnerabilities) might exist within other cancer lineages. 
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Chapter 2 : MITF-low/AXL-high melanoma cells 
are dependent on LSD1 
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2.1 Contributions 

The computational analyses of the Achilles, Avana, and Cancer Dependency 

Map data sets were performed by Dr. Shinichiro Kato of the Fisher laboratory; I am 

forever indebted to his exploratory efforts which lead to this thesis project. Dr. Kato 

characterized a panel of melanoma cells for MITF, LSD1 and AXL expression and 

performed preliminary studies to confirm the dependency of MITF-low/AXL-high 

melanoma cells on LSD1. At this point, I joined this project and designed and executed 

all additional experiments presented in this thesis with Dr. Kato. We shared the 

workload as follows: I helped confirm the LSD1 vulnerability in additional cell lines as 

well as reproduced his initial findings. I worked to generate the LSD1 domain mutants 

and Dr. Kato tested their effect on cell viability. I studied the oncogenic potential of 

LSD1 in melanoma. Dr. Kato identified potential LSD1 inhibitors and we both performed 

in vitro dose response experiments. Dr. Kato and I worked together to determine if the 

LSD1/CoREST interaction is disrupted by SP2509. Dr. Kato performed preliminary in 

vivo experiments and I performed the remaining in vivo experiments. I tested the effects 

of SP2509 on cell proliferation and Dr. Kato assessed apoptosis upon hairpin mediated 

loss of LSD1. I performed in vitro experiments in pancreatic cells and Dr. Kato 

correlated the EC50s with AXL expression in the CCLE. Dr. Lajos Kemeny and Dr. Kato 

performed the bioinformatics analyses to assess LSD1 dependency in undifferentiated 

cancers of other lineages.  
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2.2 Introduction 

Massively parallel loss-of-function genome scale screens provide an opportunity 

for the research community to identify candidate targets that exploit vulnerabilities in 

many cancer lineages. These publicly available data sets allow for anyone to identify a 

vulnerability in a variety of cancer lineages or cancer cells with their choice of defined 

features. Several data sets exist, including the Project Achilles database (v. 2.0) which 

evaluated the essentiality of 11,194 genes in a panel of 102 human cell lines, the Avana 

CRISPR loss-of-function screening data set that assessed the essentiality of 17,670 

coding genes in 341 cell lines, and the Cancer Dependency Map which used a 

computational algorithm to eliminate “seed”-based off-target effects in 501 cell lines for 

genome-scale shRNA. (Cheung et al. 2011; Meyers et al. 2017; Tsherniak et al. 2017) 

 Likewise, new technology has advanced the understanding of melanoma and 

treatment resistance. For example, single-cell RNA-sequencing revealed that most 

melanomas are heterogeneous, containing populations of cells expressing low or high 

levels of MITF. (Tirosh et al. 2016) It has also been established that cells defined by an 

MITF-low/AXL-high transcriptional profile are resistant to targeted and immune based 

therapies. (Tirosh et al. 2016; Hugo et al. 2016; Konieczkowski et al. 2014; Müller et al. 

2014) Combined, these findings suggest that there is a population of cells within all 

melanoma tumors that are resistant to treatment. Dr. Kato of the Fisher laboratory  

interrogated the publicly available data sets and identified a targetable dependency in 

the MITF-low/AXL-high cell population on LSD1, an epigenetic regulator with 

implications in many cancers including prostate, neuroblastoma, acute-myeloid 
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leukemia, small cell lung cancer, and ovarian cancer. (Sehrawat et al. 2018; Fiskus et 

al. 2014b; Mohammad et al. 2015; S. Feng et al. 2016)  

 

2.2.1 Preliminary work 

Computational analysis of multiple data sets reveals a dependency on the 

epigenetic regulator LSD1 in treatment resistant melanoma  

 

Context: The work described in this section was performed by Dr. Shinichiro Kato and 

provided the groundwork for this dissertation.   

 

To identify potential genetic vulnerabilities in treatment resistant melanoma cells 

Dr. Kato correlated genetic dependencies in Project Achilles (v. 2.0) with MITF 

expression levels in the Cancer Cell Line Encyclopedia (CCLE). (Cheung et al. 2011; 

Barretina et al. 2012) The initial Achilles data set contained four-melanoma cell lines, 

A2058, COLO741 expressing high levels of MITF and Hs944T, IGR-39 expressing low 

levels of MITF; AXL expression was not available in the CCLE data set. Project Achilles 

presents the gene dependency scores as an ATARiS score, a computational method 

that utilizes multiple samples to reduce off-target siRNA effects and produce a value 

that is more representative of a phenotypic on-target response. (Shao et al. 2013) 

Pearson coefficients were calculated using the inverse ATARiS score for gene 

dependencies (negative ATARiS score suggests a decrease in proliferation/survival 

after shRNA) and the mRNA expression of MITF from the CCLE data set. This analysis 

revealed that MITF-low melanoma cell lines depend significantly on LSD1 (Figure 2.1). 

LSD1 acts in complex with several co-factors which determine the activity and 
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specificity of LSD1. This analysis also identified a significant dependency on BCOR, 

HSP90AA1, and HDAC3, all of which have been shown by mass spectrometry to be 

present in complex with LSD1. (Sánchez et al. 2007; Bennesch et al. 2016; Cui et al. 

2011) Strong trends of dependency on the critical core components of the 

LSD1/CoREST complex, RE1-silencing transcription factor (REST) and TAL1 were also 

observed, suggesting a role for the LSD1 complex in mediating cell survival in MITF-low 

melanoma. (Wysocka et al. 2005; Hu et al. 2009; Y. Li et al. 2012) Conversely, the 

“opposite” MITF-high melanoma cell lines were dependent upon the direct MITF target 

BCL2A1, which has anti-apoptotic function responsible for survival of MITF-high or -

amplified melanoma, as well as on CDK2, another direct MITF oncogenic target, 

suggesting MITF-dependency for MITF-high tumors and providing validation of this 

unbiased screen. (Haq et al. 2013; Du et al. 2004) 
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Since the initial analysis of Project Achilles v. 2.0, several comprehensive data 

sets assessing gene dependencies have become available to the public, including the 

Avana CRISPR-cas-9 genome loss-of-function data set and the Cancer Dependency 

Map shRNA loss-of-function data set. Dr. Kato confirmed his finding, that MITF-low 

melanoma cells depend on LSD1, using the Avana CRISPR data set and the CERES 

score, which estimates genetic dependency with decreased false-positive results. 

Figure 2.1 Bioinformatics analysis of the Achilles data set reveals MITF-low 
melanoma cells exhibit a functional dependence on LSD1. 

Pearson correlations (x-axis) of gene dependencies versus MITF levels plotted against 

the significance levels (y-axis) of those correlations. LSD1 dependence (additive inverse 

of ATARiS score) is strongly inversely correlated with MITF level correlation 

coefficient=−0.904; P=4.00e-4.  
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(Meyers et al. 2017) First, melanoma cell lines in the Avana data set were stratified 

according to MITF and AXL expression and resulted in 8 MITF-low/AXL-high melanoma 

lines (HS695T, WM793, IGR39, RPMI7951, CJM, MDAMB435S, WM115) and 5 MITF-

high/AXL-low melanoma cell lines (RBH421, COLO679, UACC257, K029, MELHO) for 

analysis (Figure 2.2 A). Two outlier melanoma cells, MALME3M and SK-MEL-30, were 

statistically determined to be outliers by Grubb’s outlier test (GraphPad Prism) and 

excluded from analysis in this study. This analysis again revealed a significant 

dependency on LSD1 and multiple components of the LSD1 complex (CHD3, PROX1, 

ZNF827) in MITF-low/AXL-high undifferentiated melanoma cells. (Humphrey et al. 2001; 

Qin et al. 2014; Sehrawat et al. 2018) Validating this approach, MITF-low/AXL-high 

melanoma lines were significantly dependent on the known vulnerable target, GPX4, a 

target that regulates the lipid peroxidase pathway that when inhibited induces cell death 

through ferroptosis in therapy-resistant cells. (Viswanathan et al. 2017; Tsoi et al. 2018) 

In contrast, MITF-high melanoma cells were dependent upon MITF and several of its 

known co-factors or direct targets (Figure 2.2 B, C). Importantly, melanoma cells do not 

exhibit a significant dependency on the lysine demethylase family member, LSD2.  
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Figure 2.2 Bioinformatics analysis of the Avana CRISPR data set confirms MITF-
low melanoma cells exhibit a functional dependence on LSD1. 

(A) Log2-transformed RPKM-normalized values of RNA-seq data (from CCLE) for AXL 
versus MITF mRNA expression in melanoma cells in the CRISPR Avana data set. Eight 

MITF-low/AXL-high (blue box) and 5 MITF-high/AXL-low (red box) melanoma cell lines 

were used for the analysis in Figure 2.2 B, C. (B) Volcano plot that represents Pearson 
correlation (coefficient: x-axis and p-value: y-axis) of gene dependencies (from Avana 

CRISPR data set) versus MITF mRNA levels (from CCLE). Red and green dots indicate 

components of NuRD-LSD1 complex and MITF and its related transcriptional factors, 

respectively. Black and gray dots represent GPX4 and LSD2 (KDM1B), respectively. (C) 
Pearson correlations of MITF, LSD1, and AXL mRNA levels with CERES-calculated 

LSD1 dependency z-scores for melanoma cell lines in the CRISPR Avana data set.  
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Figure 2.2 (Continued) 
A. 

B. 

C. 
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Lastly, Dr. Kato validated the computational findings with the Cancer 

Dependency Map loss of function data set. Melanoma cell lines in the Cancer 

Dependency Map were stratified for MITF and AXL expression and yielded 6 MITF-

low/AXL-high (LOX-IMVI, WM793, CJM, IGR39, WM115, MDAMB435S) and 10 MITF-

high/AXL-low melanoma cell lines (COLO679, K029AX, COLO783, SH4, RVH421, 

COLO741, UACC257, SK-MEL-3, SK-MEL-5 MELHO) for analysis (Figure 2.3 A). 

Correlation of the inversed DEMETER scores (a computational method that removes 

off-target miRNA seed effects of shRNA) with MITF or AXL scores confirmed a 

significant dependency on LSD1 in the MITF-low/AXL-high melanoma cell lines 

analyzed (Figure 2.3 B). (Tsherniak et al. 2017) 

Analyses of multiple data sets (Achilles, Avana, Cancer Dependency Map) 

employing different knockdown modalities (shRNA or CRISPR-cas9) containing a 

variety of melanoma cell lines and data analysis algorithms (ATARiS, CERES, and 

DEMETER scores), revealed a dependency on LSD1 in MITF-low/AXL-high melanoma 

cell lines. The consistent dependency on LSD1 in a multi-data set analysis suggests this 

vulnerability is a true feature of MITF-low/AXL-high melanoma cell lines. From the 

analyses of multiple loss-of-function screening data sets, we hypothesized that LSD1 is 

an epigenetic factor that MITF-low melanoma cells are uniquely dependent upon. 
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Figure 2.3 Bioinformatics analysis of the Cancer Dependency Map corroborates 
initial findings, that MITF-low melanoma cells are dependent on LSD1. 

(A) Log2-transformed RPKM-normalized values of RNA-seq data for AXL versus MITF 
mRNA expression in melanoma cell lines in the Cancer Dependency Map data set. Six 

MITF-low/AXL-high melanoma cell lines (blue square) and ten MITF-high/AXL-low 

melanoma cell lines (red square) were used for the analysis in Figure 2.3 B. (B) 
Pearson correlations of MITF and AXL mRNA levels with DEMETER-calculated LSD1 

dependency Z-scores for melanoma cell lines in the Cancer Dependency Map data set.  
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2.3 Results 

 

2.3.1 Treatment resistant melanoma cells defined by an MITF-low/AXL-high 

transcriptional profile are dependent on LSD1  

To confirm the bioinformatics finding, that treatment resistant cells are dependent 

on LSD1, we genetically manipulated LSD1 in a panel of melanoma cell lines. First, a 

panel of 16 melanoma cell lines were characterized for protein expression of MITF, 

AXL, and LSD1. Melanoma cell lines were defined as “MITF-low” or “MITF-high” based 

on quantified protein expression of the MITF-M isoform (normalized to b-actin); MITF-

low melanoma lines express MITF-M 8.8-fold to 39-fold lower than the average MITF-M 

expression in MITF-high lines (Figure 2.4 A, B). In this panel, AXL expression inversely 

correlated with MITF expression; melanoma cells expressing low levels of MITF 

expressed high levels of AXL, while MITF-high cells expressed low levels of AXL. The 

definition of “MITF-low” and “MITF-high” based on the fold range of MITF-M protein 

expression is corroborated by the range of MITF RNA expression in TCGA melanoma 

samples (3.08-fold to 170-fold lower than the average high values) and the CCLE 

melanoma cell lines (4.24-fold to 702-fold lower than the average high values). Our 

classification of MITF-low and MITF-high is within the ranges of both the comprehensive 

TCGA and CCLE melanoma data set, suggesting the panel of melanoma lines used for 

our studies constitutes a significant and representative subset of melanomas.  
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Figure 2.4 Characterization of MITF, AXL, and LSD1 protein expression in 
melanoma cell lines. 

(A)  Immunoblot for AXL, MITF, and LSD1 protein expression in a panel of melanoma 
cell lines and primary human melanocytes. Arrowheads indicate M isoforms of MITF. 

(B) Quantified MITF protein expression levels across melanoma cell lines. Relative 
MITF protein expression was calculated by normalization of MITF-M to β-actin in each 

melanoma cell line. ‘MITF-low’ melanoma lines express MITF-M at levels 8.8-39-fold 

less than the average expression of MITF-M in MITF-high melanoma lines. (C) 
Definition of MITF-low state in TCGA melanoma specimens (top panel) and CCLE 

melanoma cell lines (bottom panel). MITF mRNA levels were normalized by z-scaling in 

each data set, and z-scores >0.5 and <-0.5 were considered as ‘MITF-high’ (shown in 

red) and ‘MITF-low’ (shown in blue) melanoma, respectively. MITF-intermediate 

samples are indicated by gray. MITF-low melanomas express MITF at 3.08-170- and 

4.24-702-fold less than the average expression of MITF in MITF-high melanomas in the 

TCGA and CCLE melanoma data sets, respectively.  
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Figure 2.4 (Continued) 
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  Figure 2.4 (Continued) 
C. 
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Using this panel of melanoma cell lines, expression of LSD1 was manipulated 

using short hairpins targeting LSD1, and the colony formation capacity of MITF-low and 

MITF-high melanoma cells was assessed. A panel of MITF-low and MITF-high 

melanoma cells were transduced with four independent short-hairpins targeting LSD1 

and subsequently re-seeded at a low density for long-term culture. Colony formation of 

MITF-low, but not MITF-high, melanoma cells was potently antagonized by shRNA 

mediated knockdown of LSD1 and correlated with LSD1 reduction (Figure 2.5). The 

consistent loss of proliferative capacity with multiple independent short hairpins 

targeting different regions of LSD1 in multiple MITF-low, but not in MITF-high melanoma 

cell lines, validates the computational finding that LSD1 is a vulnerability in MITF-low 

melanoma cells.  
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Figure 2.5 shRNA mediated knockdown of LSD1 effects MITF-low, but not MITF-
high, cell viability. 

(A) Knockdown efficiency of LSD1 mediated by shRNA 120 hours post-transduction. (B) 
Quantified colony area following LSD1 knockdown.  *P<0.05, **P≤0.01, ***P≤0.001 vs. 

shLuc. (C) Knockdown of LSD1 using 5 independent short-hairpins targeting LSD1 
reduced proliferative capacity of a panel of MITF-low (representative cells shown here: 

LOX-IMVI, WM115, RPMI-7951), but not MITF-high (MeWo, UACC257), melanoma 

cells. 
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To determine the LSD1 domain(s) necessary for growth suppression of MITF-low 

melanoma, we performed rescue experiments combining shRNA targeting the 

endogenous LSD1 3’-UTR with ectopic overexpression of wild-type (WT) LSD1 and 

various domain mutants. LSD1 is highly conserved with 3 functional domains, the Tower 

domain critical for REST Co-Repressor-1 (CoREST binding), the amine oxidase (AO) 

domain (both N and C-terminus) necessary for FAD and substrate binding, and the 

Swi3p/Rsc8p/Moira (SWIRM) domain responsible for interaction with histone tails 

(Figure 2.6 A). (Anand & Marmorstein 2007; Forneris et al. 2005) It has been previously 

established that the N-terminus is dispensable for LSD1 activity, for this reason we did 

not mutate or delete the N-terminus. (Forneris et al. 2005) Our data suggest that WT 

LSD1 and the LSD1 mutant lacking the SWIRM domain rescue shLSD1-mediated 

growth suppression, whereas deletion mutants of the Tower or either AO domain (N and 

C) do not rescue cell viability (Figure 2.6 B). The ability of the ectopic WT LSD1 to 

rescue cells from shLSD1-mediated growth suppression excludes the possibility that off-

target effects associated with shRNA reduce melanoma cell viability. The inability of the 

Tower and AO domain mutants to restore cell viability suggest that LSD1 binding with 

co-factors, such as CoREST or FAD, is necessary for LSD1 mediated MITF-low 

melanoma cell survival. The K661A mutant, a known loss-of-function (demethylation 

defective) mutant, partially restores cell viability. (Ellen et al. 2008) This finding suggests 

that the demethylase activity of LSD1 is not the only mechanism by which LSD1 

mediates MITF-low melanoma cell survival and is in line with studies in prostate cancer 

demonstrating that LSD1 promotes cell survival independent of its demethylation 
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activity. (Sehrawat et al. 2018) Together, these findings suggest that LSD1 binding with 

cofactors, as well as LSD1 enzymatic activity, are necessary for LSD1 to mediate MITF-

low melanoma cell survival and that the growth inhibitory effects of shLSD1 in MITF-low 

melanoma cells can be attributed to on-target LSD1 loss.  
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Figure 2.6 Identification of LSD1 domains necessary for rescue of shLSD1- 
mediated growth suppression in MITF-low melanoma. 

(A) The highly conserved LSD1 domains SWIRM, Tower, and N- and C-terminus amine 
oxidase domains with their corresponding ability to rescue cell viability determined in 

Figure 2.6 B. (B) Identification of LSD1 domains necessary for rescue of shLSD1-
mediated growth suppression in MITF-low LOX-IMVI cells. ***P≤0.001 vs. shLSD1#9.  

(C) Knockdown of endogenous LSD1 and ectopic LSD1-domain mutant rescues were 
confirmed by western blot. 

N-terminus Swirm N-amine oxidase Tower C-amine oxidase 
1 172 272 415 515 852 

Necessary for LSD1-
mediated survival? 

Yes YesNo Yes
LSD1

§
The N-terminal domain is dispensable for LSD1 acitivity (Mattevi, 2005). 

No§

shLuc, Empty (positive)

shLSD1#9, Empty (negative)

shLSD1#9, LSD1 WT
shLSD1#9, LSD1 delSWIRM

shLSD1#9, LSD1 delAODN
shLSD1#9, LSD1 delTOWER
shLSD1#9, LSD1 delAODC

Rescue:

No Rescue:
shLSD1#9, LSD1 K661A

Partial Rescue:

Controls:

rescue

no rescue

partial
rescue

0 2 4 6 8
0

50000

100000

150000

Day

C
el
l N
um
be
r

****

****

****

100 
75 

100 
75 

        shLuc 
shLSD1 #9

 E
m
pt
y

 E
m
pt
y

+    -    -    -   -    -    -    -   
-    +  +   +  +  +   +  +

W
T

∆ 
S
W
IR
M

 ∆
 A
O
D
N

 ∆
 T

O
W

ER
∆ 
A
O
D
C

K
66
1A

LSD1

HA/LSD1

β-actin

HA/LSD1

LOX-IMVI

A. 

C. 

B. 



 

 

 

 

 

61 

2.3.2 LSD1 displays oncogenic potential in melanoma  

LSD1 is overexpressed in many cancers including neuroblastoma, small cell lung 

cancer, and acute-myeloid leukemia. (Amente et al. 2013; Fiskus et al. 2014b; 

Mohammad et al. 2015; S. Feng et al. 2016) This overexpression correlates with a more 

undifferentiated and aggressive phenotype as well as a poor prognosis. (Ambrosio et al. 

2016) And in melanoma expression of LSD1 correlates with a worsened prognosis in 

the TCGA data set (Figure 2.7).  

 

The oncogenic potential of LSD1 was evaluated in the in vitro system using 

primary melanocytes (pMels) transformed by inactivation of key tumor suppressors and 

activation of the MAPK pathway. (Garraway et al. 2005) Specifically, pMelNRAS(Q61R) 

cells are transformed pMels overexpressing a dominant inactive CDK4(R24C) and 

dominant negative p53, as well as telomerase (hTERT) and NRAS(Q61R). (Garraway 

et al. 2005) Stable overexpression of MITF or LSD1 in pMelNRAS(Q61R) cells 
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Figure 2.7 LSD1 expression effects overall survival of melanoma patients. 

Kaplan-Meier curve of patients in the TCGA data with Stage III and IV melanoma; 

patients expressing lower LSD1 levels (as compared to the median) have an overall 

better survival compared to patients with higher expression of LSD1 (as compared to 

the median). 
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significantly induced anchorage independent growth relative to GFP (Figure 2.8 C). The 

oncogenic potential of LSD1 is thought to be independent of MITF as the 

overexpression of LSD1 did not affect MITF levels (Figure 2.8 A, B). LSD1 S112 can be 

phosphorylated and has been shown to be important for nuclear translocation of LSD1, 

as well as LSD1 co-factor interactions (e.g. C-Myc). (Ellen et al. 2008) To determine if 

S112 phosphorylation is necessary for the oncogenic potential of LSD1, S112 mutants 

S112D and S112A were generated and anchorage independence growth was assessed 

in pMelNRAS(Q61R) cells overexpressing these LSD1 mutants. Similar colony growth 

was observed in pMelNRAS(Q61R) cells overexpressing WT LSD1 or LSD1 mutants, 

suggesting that S112 phosphorylation is not required for the oncogenic potential of 

LSD1 (Figure 2.8 C). Together, this suggests that LSD1 has oncogenic potential in 

melanoma independent of the known-lineage specific oncogene MITF.  
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Figure 2.8 LSD1 transforms pMelNRAS(Q61R) cells and demonstrates anchorage 
independent growth. 

(A) LSD1 and MITF protein levels are stably overexpressed in pMelNRAS(Q61R) cells 
assessed by western blot (left) and quantified (right). (B) LSD1 and MITF RNA 
expression levels increase in the presence of overexpression vectors. (C) LSD1 WT, 
LSD1(S112D), and LSD1(S112A) transform pMelNRAS(Q61R) cells and induce colony 

formation comparable to MITF, a known oncogene. Colonies were counted using 

CellProfiler with a colony diameter cut off size of 20 pixels. Representative images are 

shown.  
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Figure 2.8 (Continued) 
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Figure 2.8 (Continued)  
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To further understand the oncogenic potential of LSD1 one could perform the 

colony formation assay in the presence of LSD1 inhibitors or overexpress LSD1 domain 

mutants for Tower, AO (N and C), and the enzymatic defective LSD1 mutant (LSD1 

K661A), as our previous data suggest these domains are essential for LSD1 mediated 

melanoma cell survival (see Chapter 2.3.1, Figure 2.6). Though, it is important to note 

the LSD1 domain necessary to mediate melanoma cell survival may not be essential for 

oncogenicity. Further, the activation or repression of LSD1 target genes may be 

necessary for LSD1 oncogenic potential.   

 

 2.3.3 Treatment resistant melanoma cells are sensitive to pharmacological 

inhibition of LSD1 

There are several commercially available LSD1 inhibitors that enable our ability to test 

pharmacological inhibition of LSD1 in melanoma. Of note, several are in clinical trials for 

other indications, which may expedite the translation of our efforts to the clinic. We 

selected the LSD1 inhibitors S2101 and SP2509 to determine their effects on cell 

viability in a panel of melanoma cell lines (Figure 2.9). S2101 is an LSD1 inhibitor 

demonstrated to potently inhibit ovarian cancer cell viability. (Feng et al. 2016) SP2509 

is a reversible inhibitor that attenuates binding of LSD1 with CoREST and has been 

shown to impact prostate cancer cell viability independent of LSD1 demethylation 

activity. (Sehrawat et al. 2018; Fiskus et al. 2014b) SP2509 is the clinical derivative of 

SP2577, which is in clinical trials for Ewing Sarcoma. (Pishas & Lessnick 2016) 
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Figure 2.9 Structures of commercially available inhibitors of LSD1. 

(A) SP2509 is a laboratory derivative of SP2577 used in clinical trials and reduces 
viability in AML cells. (Fiskus et al. 2014b) (B) S2101 is a selective LSD1 inhibitor and 
inhibits ovarian cancer cell proliferation. (Feng et al. 2016) 

 

We tested the ability of SP2509 to affect cell viability in a panel of melanoma 

cells; treatment of two MITF-low and MITF-high melanoma cells with SP2509 revealed 

a sensitivity to SP2509 in MITF-low, but not in MITF-high, melanoma cells (Figure 2.10 

A). With the observed selective sensitivity of MITF-low melanoma cells to SP2509 we 

tested a range of SP2509 doses in a panel of melanoma lines and assessed cell 

viability. MITF-low melanoma lines treated with SP2509 resulted in IC50s in the 

nanomolar range (338 to 550 nM), compared with weaker activity against MITF-high 

melanoma lines (IC50s of 2.11 to 5.70 µM) and even weaker activity in human primary 

melanocytes (IC50s of 8.42 to 19.9 µM) (Figure 2.10 B; Table 2.1). S2101, produced a 

very similar pattern of efficacy, albeit with an overall lower potency (Table 2.1). The 

IC50 values for both LSD1 inhibitors were significantly correlated with MITF expression 

levels (Figure 2.10 C). Together, these data suggest that MITF-low, but not MITF-high, 

A. B. 
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melanoma cells are sensitive to LSD1 inhibitors and that SP2509 potently inhibits 

melanoma cell survival.  
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Figure 2.10 LSD1 inhibitors and their effect on melanoma cell viability.  

(A) Dose response curves of the LSD1 inhibitor SP2509 in MITF-melanoma lines 
(WM115, RPMI-7951, LOX-IMVI), MITF-high melanoma lines (MALME-3M, 

UACC257). (B) SP2509 IC50s in a panel of melanoma cell lines, values are in 
Table 2.1. IC50s were determined from dose response curves with at least three 

replicates for each dose, using GraphPad Prism 7. (C) MITF levels in human 
melanoma cell lines correlate with sensitivity to LSD1 inhibitors.  
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Table 2.1 LSD1 inhibitors activity in MITF-low and MITF-high melanoma cell lines. 

IC50s for SP2509 and S2101 were determined from dose response curves 72 hours 

after treatment with at least three replicates for each dose, using GraphPad Prism 7. 
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SP2509 reduces the interaction of LSD1 with its co-factor CoREST in AML. 

(Fiskus et al. 2014a) To test if SP2509 reduces LSD1 and CoREST interactions in 

MITF-low melanoma cells we performed co-immunoprecipitation (anti-LSD1) followed 

by immunoblots for CoREST. The interaction of LSD1 and CoREST is reduced within 

24 hours of low dose (500 nM) SP2509 treatment of LOX-IMVI cells at comparable 

levels to that observed in AML cells treated with SP2509 (Figure 2.11). (Fiskus et al. 

2014a) This suggests that LSD1 in complex with CoREST partially mediates MITF-low 

melanoma cell survival and is in line with our finding that the TOWER domain is 

necessary for LSD1 to mediate survival (Figure 2.6 B). Further, the reduction of the 

LSD1/CoREST interaction suggests the potency of SP2509 in MITF-low melanoma 

cells is due to on-target LSD1 inhibition.  

 

Figure 2.11 SP2509 reduces LSD1 interaction with CoREST in MITF-low 
melanoma cell lines. 

LOX-IMVI cells were treated with DMSO or SP2509 (0.5 μM or 1 μM) for 24 hours 

followed by co-immunoprecipitation for anti-LSD1. CoREST binding to LSD1 was 

assessed by immunoblot.  
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2.3.4 LSD1 inhibition in MITF-low melanoma is cytostatic and induces apoptosis 

To provide insight regarding the reduced cell viability and potency of SP2509 in 

MITF-low melanoma cells, we performed cell counting assays to assess for cytostatic or 

cytotoxic effects of LSD1 inhibition. Within 72 hours, we observed significant cytostatic 

effects of low-dose SP2509 (500 nM) in all MITF-low melanoma cell lines tested (LOX-

IMVI, A375, COLO800, COLO792, WM115) and cytotoxic effects in COLO792, WM115, 

and COLO800 within 120 hours (Figure 2.12). SP2509 treatment of MITF-high 

melanoma cell lines (UACC257, UACC62, SK-MEL-30) had minimal effect on cell 

proliferation and cell viability. Combined, these findings suggest that SP2509 selectively 

affects proliferation and viability of MITF-low, but not MITF-high, melanoma cells. 
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Figure 2.12 Low dose SP2509 has cytostatic and cytotoxic effects in MITF-low, 
but not in MITF-high, melanoma cells. 

Low dose SP2509 (500 nM) exhibits cytostatic and cytotoxic effects selectively in MITF-

low melanoma cell lines (A) but not MITF-high melanoma cells (B). *P<0.05, **P≤0.01, 
***P≤0.001, ****P≤0.0001 vs. the SP2509 group at the same time point.  
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 To further assess the observed cytotoxicity associated with SP2509 inhibition of 

LSD1, we quantified the population of apoptotic cells using flow cytometry. A significant 

increase of apoptotic cells (represented by sub-G0/G1 population in FACS) was 

observed in MITF-low melanoma lines COLO792 and LOX-IMVI 120 hours after 

SP2509 treatment (Figure 2.13 A) while SP2509 treatment of the MITF-high melanoma 

line SK-MEL-30 did not alter the sub-G0/G1 population. To confirm the observed 

increase of apoptotic cells was due to on-target inhibition of LSD1 mediated by SP2509, 

we assessed the subG0/G1 population in MITF-low melanoma lines with LSD1 

knockdown mediated by 3 independent shRNAs targeting LSD1. Knockdown of LSD1 

significantly increased the apoptotic cell population in the MITF-low cell lines LOX-IMVI 

and A375 (Figure 2.13 B). These data suggest that inhibition of the epigenetic regulator 

LSD1 in MITF-low melanoma cells reduces cell proliferation and induces apoptosis, 

providing a potential therapeutic opportunity in treatment resistant melanoma.  

 

 

 

2.3.5 LSD1 inhibition slows tumor growth and reduces tumor burden in vivo 
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Figure 2.13 LSD1 inhibition induces apoptosis in MITF-low melanoma cells. 

Both SP2509 pharmacological (A) and shLSD1 genetic manipulation (B) of LSD1 
increases the subG0/G1 population selectively in melanoma cell lines with low levels of 

MITF. *P<0.05, **P≤0.01,****P≤0.0001 vs. DMSO or shScr control. 
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The observed nanomolar sensitivity of SP2509 in MITF-low melanoma cells 

prompted us to test the effect of LSD1 inhibition on tumor burden in NSG mice bearing 

MITF-low melanoma tumors. Preliminary studies performed by Dr. Kato established that 

tumors form within 3 days of subcutaneous inoculation of 1x106 LOX-IMVI cells per 

flank and that treatment of 25 mg/kg of SP2509 reduces tumor burden relative to control 

treated mice (Figure 2.14 A, B). Since SP2509 at 25 mg/kg administered three times 

per week was well tolerated (Figure 2.14 C), we increased both the frequency and dose 

of SP2509 to 40 mg/kg 5 times per week. Treatment with this higher dose of SP2509 

significantly reduced tumor burden and was well tolerated in NSG mice bearing LOX-

IMVI tumors (Figure 2.15). To extend our in vivo findings, that LSD1 inhibition reduces 

tumor burden, we studied the effects of SP2509 in mice bearing tumors from additional 

MITF-low melanoma cell lines. Treatment of A375 xenografts with SP2509 significantly 

reduced tumor burden relative to control treated mice (Figure 2.16). Though, further 

studies are required to confirm that the reduced tumor burden is due to on-target 

inhibition of LSD1. One potential biomarker for on-target LSD1 inhibition is H3K4me2, if 

LSD1 is inhibited an increase of H3K4me2 is expected. These findings suggest that the 

observed sensitivity of MITF-low melanoma cells to LSD1 inhibitors in vitro extends to 

an in vivo setting, reducing tumor burden in NSG mice bearing MITF-low tumors. These 

in vivo findings suggest that inhibition of LSD1 may translate to clinic and provide 

benefit for melanoma patients. 



 

 

 

 

 

75 

  

 

 

 

0 2 4 6 8 10
0

200

400

600

800

Day

Tu
m

or
 V

ol
um

e 
(m

m
3 )

DMSO
SP2509

**

****

*

0 2 4 7 9
24

26

28

30

32

M
ou

se
 w

ei
gh

t (
g)

DMSO

SP2509

Days

DMSO SP2509
0.0

0.2

0.4

0.6

0.8

1.0

Tu
m

or
 w

ei
gh

t (
g)

DMSO

SP2509

***

Figure 2.14 SP2509 slows in vivo tumor growth in LOX-IMVI xenografts.  

(A) SP2509 treatment (25 mg/kg, 3 times/week) of NSG mice bearing LOX-IMVI tumors 
slows tumor burden relative to DMSO control. (B) Tumors harvested 9 days after 
initiation of SP2509 are significantly smaller than DMSO treated control mice. (C) 25 
mg/kg SP2509 administered 3 times/week does not affect body weight and is not toxic. 

n=5 mice/treatment group.  
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Figure 2.15 Higher dose SP2509 is tolerated and reduces in vivo tumor burden. 

(A) SP2509 treatment (40 mg/kg, 5 times/week) of NSG mice bearing LOX-IMVI tumors 
significantly reduces tumor burden. (B) Tumors treated with SP2509 weigh significantly 
less than DMSO treated tumors harvested 10 days post-treatment initiation. (C) Higher 
doses of SP2509 are tolerated in vivo as no reduction in body weight nor poor body 
conditions were observed. n=6 mice/treatment group. 
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Figure 2.16 SP2509 reduces A375 xenograft tumor burden in vivo. 

Treatment of NSG mice bearing A375 (MITF-low) melanoma tumors with SP2509 (40 

mg/kg, 5 times/week) significantly reduces tumor burden relative to DMSO control. n=6 

mice/treatment group. 
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2.3.6 LSD1 dependency extends to undifferentiated cancers of other lineages  

LSD1 dependency is significantly associated with an undifferentiated or stem 

cell-like state represented in melanoma by an MITF-low/AXL-high signature. We asked 

whether this undifferentiated/stem cell-like state might also exist in other poorly 

differentiated cancers characterized by high-AXL expression (but not MITF, which is 

lineage restricted). Upon examination of the Avana CRISPR data set, we indeed 

observed LSD1 dependency in pancreatic cancer cells with high expression of AXL 

(Figure 2.17 A). We tested a panel of undifferentiated pancreatic cancer cell lines for 

sensitivity to SP2509 in vitro. Pancreatic cell lines expressing high levels of AXL (AXL 

mRNA z-score>0) were sensitive to SP2509, demonstrating nanomolar EC50s, while 

pancreatic lines with low AXL expression (AXL mRNA z-score<0) had 10-fold higher 

EC50s (HPAC and L33 cell lines) (Figure 2.17 B). 

The sensitivity of undifferentiated pancreatic cancer cells to SP2509 suggests 

that the druggable dependency on LSD1 may extend beyond melanoma to multiple 

undifferentiated tumor cell states. To extend the LSD1 dependency to additional 

undifferentiated cancer lineages, Dr. Kato and Dr. Lajos Kemeny interrogated publicly 

available data sets and correlated dependence with markers for dedifferentiation (AXL 

expression, AXL-signature, EMT-signature). Analyses of the DEMETER RNAi data set 

suggests significant positive correlation of LSD1 dependency in head and neck 

squamous cell carcinomas with AXL expression (Pearson’s coefficient, 0.606, P=0.014), 

in bone sarcoma with AXL expression (Pearson’s coefficient, 0.605, P=0.042), in 

multiple leukemia subtypes (predominantly acute myeloid leukemia) with an AXL 
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signature (Pearson’s coefficient, 0.587, P=0.0060, in endometrial cancer with an AXL 

signature (Pearson’s coefficient, 0.617, P=0.048), and in multiple soft tissue sarcomas 

with an EMT signature (Pearson’s coefficient, 0.765, P=0.030) (Figure 2.18). Together, 

these data suggest that the druggable dependency on LSD1 may extend beyond 

melanoma to multiple undifferentiated tumor cell states, thus suggesting a shared 

epigenetic state as well as broader therapeutic opportunities for this approach.   
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Figure 2.17 Sensitivity of pancreatic cancer cells to LSD1 loss. 

(A) Pearson correlation of LSD1 dependency with AXL mRNA levels for 22 pancreatic 
cancer cell lines in the Avana CRISPR data set. (B) Pancreatic cancer cell lines 
expressing high levels of AXL are sensitive to LSD1 inhibition mediated by SP2509; 

AXL mRNA of pancreatic cancer cell liens (obtained from the CCLE) plotted against 

sensitivity to SP2509 (EC50).  
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Figure 2.18 LSD1 dependency is associated with undifferentiated states in non-
melanoma cancers. 

Heatmaps of LSD1 dependencies (additive inverse of z-score-normalized DEMETER 

scores) and mRNA z-scores of AXL, AXL signature genes, and EMT signature genes in 

different cancer types. Bone sarcoma, leukemia, and soft tissue sarcoma data sets are 

composed of multiple different subtypes of cancer cell lines as indicated by different 

colors above the heatmaps. Blue squares indicate weak dependency, expression, or 

score; red squares indicate strong dependency, expression, or score; gray squares 

indicate cell lines whose transcriptome profiles are not included in CCLE’s RNA-seq 

data set (i.e., missing data).  
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Figure 2.18 (Continued)  
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2.4 Summary 

The transcriptional profile defined by low levels of MITF and high levels of AXL is 

associated with treatment resistance in melanoma. (Tirosh et al. 2016) The identification 

of a druggable vulnerability in this treatment resistant population is essential to providing 

therapeutic benefit to patients with great unmet clinical need. Our bioinformatic analyses 

of publicly available data sets identified a dependency on LSD1 in this treatment 

resistant subset of melanoma. We validated this finding in vitro using shRNA targeting 

LSD1 and found that multiple MITF-low, but not MITF-high, melanoma cells were 

sensitive to LSD1 loss.  

Using domain mutants of LSD1 we demonstrate that the conserved TOWER and 

AO (both N and C) are essential for melanoma cell proliferation and viability mediated 

by LSD1 in MITF-low melanoma cells. In line with these findings, we show that SP2509 

disrupts the interaction of LSD1 and CoREST in MITF-low melanoma cells and displays 

nanomolar potency in a panel of MITF-low melanoma cells. Further, we demonstrate 

that low-dose SP2509 is cytostatic and induces apoptosis specifically in MITF-low 

melanoma cell lines.    

The in vitro sensitivity of MITF-low melanoma cell lines to both genetic and 

pharmacological inhibition of MITF translates to an in vivo xenograft model. We 

demonstrate that SP2509 treatment of NSG mice bearing LOX-IMVI or A375 tumors 

slows tumor growth and reduces tumor burden relative to control-treated mice. Data 

shown in the next chapter suggest that the anti-tumor effects of SP2509 are due to on-
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target LSD1 inhibition, supported by the induced expression of a gene that LSD1 

normally represses.  

We identified a targetable vulnerability on the oncogenic epigenetic regulator 

LSD1 in MITF-low melanoma cells providing the opportunity to treat this aggressive, 

treatment refractory subpopulation of melanoma cells. LSD1 dependence was further 

identified in subsets of pancreatic, endometrial, head and neck squamous cell 

carcinomas, leukemia, bone sarcoma, and soft tissue sarcomas with undifferentiated 

gene signatures. These findings identify a therapeutically vulnerable epigenetic state 

that exists in poorly differentiated cancers of multiple lineages.   
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Chapter 3 : LSD1 represses NDRG1 to mediate 
 MITF-low melanoma cell survival 
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3.1 Contributions  

Together, Dr. Kato and I prepared samples for RNA- and ChIP-seq; I optimized 

sample conditions for short-hairpin mediated knockdown of LSD1 and determined the 

optimal time points to harvest MITF-low melanoma cells treated with SP2509. Our 

collaborators at the JWCI (Dr. Hoon, Dr. Salomon and Chikako Matsuba) processed 

and analyzed samples for RNA- and ChIP-seq. Dr. Kato performed GO analysis of the 

results and identified overlapping genes between treatment conditions. I assessed 

NDRG1 expression in MITF-low melanoma cells with knockdown of LSD1 and Dr. Kato 

assessed protein and RNA expression in the presence of SP2509. Dr. Kato prepared 

samples for ChIP and I performed the ChIP and qPCRs. Dr. Kato studied the effects of 

simultaneous knockdown of LSD1 and NDRG1 on cell viability and apoptosis.  
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3.2 Introduction  

LSD1 epigenetically regulates gene expression by demethylating mono- and di-

methylated H3K4 and H3K9 in complex with co-factors including REST Co-Repressor-1 

(CoREST), N-MYC and histone deacetylases (HDACs) 1 and 2. (Ambrosio et al. 2016;  

Hayami et al. 2011) Therefore, LSD1 can activate or repress gene expression 

depending on the co-factor bound and methylation mark removed – demethylation of 

H3K9 is activating while demethylation of H3K4 is repressive. For example, LSD1 

interacts with the androgen receptor (AR) to co-activate AR target gene expression by 

removing the repressive mono or di-methylation of H3K9. (Metzger et al. 2005) 

Conversely, LSD1 represses CDKN1A expression with the co-factor N-MYC in 

neuroblastoma. (Amente et al. 2015) Additionally, LSD1 can mediate cell survival 

independent of its demethylating activity as shown in incurable castration resistant 

prostate cancer, where LSD1 and its binding partner ZNF217 activate genes that 

contribute to tumor progression (i.e. cell cycle and mitosis) and are enriched in lethal 

prostate cancer. (Sehrawat et al. 2018) LSD1 also demethylates non-histone proteins 

such as p53, by removing mono and di-methyl marks at K370 to repress apoptosis 

induced by p53. (Huang et al. 2007)  

To gain mechanistic insight for the role of LSD1 in MITF-low melanoma cell 

survival we sought genes that are transcriptionally repressed by LSD1 demethylation of 

H3K4me2 using both RNA- and ChIP-sequencing (seq) methods. Of the genes that we 

identified, we focused our studies on N-Myc down-regulated gene 1 (NDRG1) as it has  

been shown to be repressed by LSD1 in cooperation with N-Myc in neuroblastoma. 
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(Ambrosio et al. 2016)  Further, NDRG1 is a known tumor suppressor and its reduced 

expression correlates with poor prognosis in a variety of cancers. NDRG1 has been 

shown to inhibit EMT in neuroblastoma, prostate, and colon cancer cells, and 

suppresses pancreatic tumor xenograft growth and tumor-induced angiogenesis. (Ellen 

et al. 2008; Chen et al. 2012; Ambrosio et al. 2016; Maruyama et al. 2006) However, 

effects of NDRG1 on cancer cells may be cell type- or context-specific, as NDRG1 

correlates with poor prognosis and has been shown to induce EMT and promote tumor 

progression in esophageal squamous cell carcinoma and gastric cancer. (Ellen et al. 

2008; Ai et al. 2016) We hypothesized that one mechanism by which LSD1 mediates 

MITF-low melanoma cell survival is repression of the tumor suppressor NDRG1.  

 

3.3 Results  

3.3.1 Identification of candidate targets of LSD1 in melanoma 

We used a genome-wide unbiased approach to identify mechanisms by which 

LSD1 regulates survival of MITF-low melanoma cells. We sought candidate target 

genes with altered gene expression upon both genetic and pharmacological inhibition of 

LSD1. We first optimized the sample conditions for RNA- and ChIP-seq including 

selection of: MITF-low melanoma cell lines, LSD1 short hairpins, and time points to 

harvest the samples. We included a control MITF-high melanoma cell line to eliminate 

any LSD1 targets that are unlikely to mediate MITF-low melanoma survival. Efficient 

knockdown of LSD1 was achieved using four independent short hairpins targeting LSD1 

(Figure 3.1 A) and hairpins #1, #4 and #9 consistently reduced cell proliferation of LOX-

IMVI, WM115 and A375 (representative results shown in Figure 3.1 B). Effects on LOX-
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IMVI cell proliferation were observed within 72 hours (data not shown); therefore, we 

harvested samples at 72 and 96 hours post-infection to capture the effects of LSD1 

knockdown on gene expression before compensatory alterations associated with 

reduced cell viability occur. We selected LOX-IMVI and WM115 for RNA-seq and 

confirmed efficient knockdown of LSD1 72 and 96 hours after treatment with shLSD1 in 

samples submitted for transcriptome analysis (Figure 3.1 C).  

We also prepared samples for RNA-seq treated with SP2509 to identify genes 

with altered expression in the presence of pharmacological inhibition of LSD1. We 

optimized the kinetics and dosing of SP2509 and selected 24 and 48 hours post-

SP2509 or -DMSO treatment, to capture the direct effects of LSD1 inhibition on gene 

expression (Figure 3.1 D). We selected the low dose of 500 nM SP2509 as it affects cell 

viability and is similar to the IC50 observed in LOX-IMVI (IC50=0.338 µM). As a control, 

we used the MITF-high melanoma cell line UACC257, as we previously demonstrated it 

is not sensitive to SP2509 (Table 2.1, IC50=4.47 µM) and SP5209 has no effect on 

UACC257 cell proliferation (Figure 2.12). To attribute altered gene expression to on-

target LSD1 inhibition, we assessed the di-methyl status of H3K4 and H3K9, targets of 

LSD1 enzymatic activity, in LOX-IMVI cells treated with DMSO or SP2509 (500 nM), 
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Figure 3.1 Human melanoma cell line RNA-seq sample preparation. 

(A) Time course of LSD1 knockdown in LOX-IMVI cells infected with 4 independent 
short hairpins targeting LSD1 assessed by qRT-PCR. LSD1 mRNA was decreased 

within 48 hours of LSD1 knockdown. (B) MITF-low melanoma cell lines, WM115 and 
A375, were tested for growth inhibition in presence of stable LSD1 knockdown. Five 

days after stable knockdown of LSD1, cells were re-plated at 50,000 cells per well; upon 

confluence cells were stained with crystal violet. WM115 and A375 cell growth was 

inhibited by all LSD1 hairpins. (C) Confirmation of efficient LSD1 knockdown in samples 
prepared for RNA-seq. (D) SP2509 dose response curves of LOX-IMVI cells 24, 48 and 
72 hours post treatment. Cell viability was assessed by Cell-Titer Glo.  
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Our collaborators at the JWCI processed our RNA and ChIP-seq samples and 

performed analysis for differentially expressed genes comparing control (DMSO, shLuc) 

to LSD1 inhibited (SP2509, shLSD1) samples. The submission of the same samples 

treated with SP2509 for both RNA- and ChIP-seq presents the opportunity to determine 

if the altered gene expression identified by RNA-seq is due to on-target LDS1 inhibition 

mediated by SP2509, indicated by increased di-methyl H3K4 or reduced di-methyl 

H3K9 assessed by ChIP-seq. We focused our efforts on genes with increased 

expression and H3K4me2, as these may be tumor suppressors repressed by LSD1 in 

MITF-low melanoma cells. A significant increase of H3K4me2 peaks in SP2509-treated 

cells relative to DMSO control cells was observed in 8404 genes. RNA-seq identified 87 

genes to have greater than 1.5-fold increased expression after 24 and 48 hours of 

SP2509 in LOX-IMVI cells. 23 genes displayed both significant increases of H3K4me2 

and induced gene expression at both 24 and 48 hours after SP2509 treatment (Figure 

3.2 A).  Of those 23 genes only three inversely correlated with LSD1 expression across 

49 melanoma cell lines in the CCLE RNA-seq data set (Figure 3.2 B). Of note, 

CDKN1A, a previously identified target of LSD1, appeared among these 3 candidates, 

suggesting these are bona-fide targets of LSD1 repression in MITF-low melanoma cells. 

One of these genes, N-Myc down-regulated gene 1 (NDRG1), is repressed by LSD1 in 

cooperation with N-Myc in neuroblastoma. (Ambrosio et al. 2016) Of the three LSD1 

target genes we identified that inversely correlate with LSD1 expression in CCLE 

melanoma cell lines, only NDRG1 correlates with improved patient survival among 

TCGA melanomas expressing low-LSD1/high-target gene levels versus high-LSD1/low -
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-target gene levels (Figure 3.2 A, C), consistent with tumor suppressor roles for NDRG1 

in melanoma.  
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Figure 3.2 Strategy to identify LSD1 target genes. 

(A) Overlap of RNA- and ChIP-seq results for genes with increased expression (87 
genes) at both 24 and 48 hours after SP2509 and genes with increased H3K4me2 48 

hours after SP2509 (8404 genes), yielding 23 unique genes. Of these 23 genes, the 

expression of only 3 genes (NDRG1, CKDN1A, ST3GAL1) inversely correlated with 

LSD1 in the CCLE data set. Melanoma patients in the TCGA data set expressing low 

levels of NDRG1 have an overall worsened prognosis, suggesting that NDRG1 

functions as tumor suppressor in melanoma and is repressed by LSD1. (B) Inverse 
correlations between LSD1 and candidate target gene expression in melanoma cell 

lines from the CCLE RNA-seq data set. Spearman coefficients and p-values were 

calculated using Spearman correlation. (C) Kaplan-Meier curves for candidate LSD1 
targets CDKN1A and ST3GAL1 in TCGA melanoma specimens, analyzed by the log-

rank (Mantel-Cox) test.  
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Figure 3.2 (Continued)  
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Figure 3.2 (Continued)  
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Gene Ontology (GO) analysis of the transcriptomic data revealed decreased 

expression of genes involved in cell division, mitotic nuclear division, and sister 

chromatid cohesion in response to LSD1 inhibition mediated by SP2509 (Figure 3.3 A).  

Consistent with this analysis, 72-hour treatment of SP2509 significantly increased the 

G2/M populations selectively in two MITF-low melanoma lines LOX-IMVI and A375 cells 

(Figure 3.3 B) but not the MITF-high melanoma cell line UACC257, suggesting that the 

cytotoxic effect of LSD1 inhibition is accompanied by G2/M cell cycle arrest in MITF-low 

melanoma cells. Expression of NDRG1 reduces proliferation of pancreatic cancer cells 

(Cen et al. 2017); if NDRG1 is directly involved in the observed G2/M cell cycle arrest 

mediated by LSD1 inhibition, stable knockdown of NDRG1 is expected to abrogate the 

cell cycle affects mediated by SP2509.  

 

  



 

 

 

 

 

99 

Thus far, analysis of the RNA- and ChIP-seq data obtained in the presence of 

SP2509 suggests that NDRG1 is repressed by LSD1 and that LSD1 inhibition affects 

genes involved with the cell cycle. Analysis of the differentially expressed genes 

identified in LOX-IMVI and WM115 cells with stable knockdown of LSD1 did not identify 

B

. 

Figure 3.3 LSD1 inhibition alters genes involved in the cell cycle. 

(A) GO analysis of RNA-seq data set from SP2509-treated LOX-IMVI cells showing 
gene sets suppressed by LSD1 inhibition. (B) SP2509 leads to G2/M arrest in MITF-low 
LOX-IMVI and A375 cells, but not in MITF-high UACC257 cells. 72 hours after 500 nM 

SP2509 treatment, cell cycle profiles were determined by flow cytometry. *P < 0.05, **P 

≤ 0.01 by multiple T tests of 3 replicates with the Holm-Šidák correction for multiple 

comparisons, separately for each cell line.  
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NDRG1 as a candidate gene. While several genes overlapped between both MITF-low 

melanoma cell lines and all 3 hairpins, the genes identified have not been established 

as LSD1 target genes in other cancer lineages. While these genes may present an 

opportunity to identify a novel LSD1 candidate gene, our work later in this chapter 

validates the repressive effects of LSD1 on NDRG1, including evidence that LSD1 

occupies the NDRG1 promoter. Our hairpins were designed to target different regions of 

LSD1 and therefore may have different effects on the cell and gene expression - 

perhaps our study design, using multiple hairpins in multiple cell lines, was too stringent. 

Further, RNA-seq is a readout of expression changes on a global change which may 

result in the masking of small, but important, gene expression changes regulated by 

LSD1.  

Ultimately, our identification of NDRG1 as a candidate LSD1 target in melanoma 

and the previously established repression of NDRG1 by LSD1 in neuroblastoma, 

prompted us to validate NDRG1 repression as one mechanism by which LSD1 

mediates MITF-low melanoma survival. (Ambrosio et al. 2016) 

 

3.3.2 LSD1 represses NDRG1 in human melanoma cells 

Using both genetic and pharmacological methods, we validated the repressive 

effects of LSD1 on NDRG1 expression. Efficient knockdown using multiple independent 

short hairpins targeting LSD1 significantly induced NDRG1 RNA expression in LOX-

IMVI MITF-low melanoma cells (Figure 3.4 A) and NDRG1 protein expression in MITF-

low melanoma cells (LOVIMVI, A375, and COL800) (Figure 3.4 B). NDRG1 mRNA level 

was elevated 8 hours after treatment with SP2509 in LOX-IMVI cells, but not in the 
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MITF-high melanoma cell line UACC257 (Figure 3.5 A). The rapid induction of NDRG1 

mRNA, within 8 hours of SP2509 treatment is unexpected given the multi-step 

remodeling of chromatin that must occur before downstream gene expression. One 

plausible explanation of this rapid NDRG1 induction is the previously demonstrated 

demethylation independent activity of LSD1 in prostate cancer. (Sehrawat et al. 2018) 

However, we later show that indeed LSD1 demethylates H3K4me2 at the NDRG1 

promoter, suggesting the enzymatic activity of LSD1 is necessary for NDRG1 

repression. Consistently, SP2509 selectively induced NDRG1 protein expression in 

MITF-low, but not in MITF-high, melanoma cell lines (Figure 3.5 B). The consistent 

induction of NDRG1 at both the RNA and protein level by SP2509 selectively in MITF-

low melanoma cell lines indicates that NDRG1 serves as a biomarker for SP2509 on-

target LSD1 activity. Further, the lack of NDRG1 induction upon SP2509 treatment in 

MITF-high melanoma cells suggests that LSD1 is not repressing NDRG1 in these cells 

and MITF-high melanoma cells are in a different epigenetic state than MITF-low 

melanoma cells.  
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Figure 3.4 NDRG1 expression is repressed by LSD1. 

Knockdown of LSD1 mediated by independent short hairpins significantly induces 

NDRG1 mRNA 120-hours post infection (A) and protein expression (B) in MITF-low 
melanoma cell lines 96 hours post-infection. ****P≤0.0001 vs. shScr (Scramble) control. 

B. A. 
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Further, as mentioned in Chapter  2 section 2.3.6 undifferentiated pancreatic 

cancer cells expressing high levels of AXL are sensitive to LSD1 inhibition. The cell line 

GR-M is a pancreatic cancer cell line that was previously mischaracterized to be of 

melanoma origin. Treatment of GR-M with SP2509 induced protein expression of 

NDRG1 (Figure 3.5 B). The repression of NDRG1 in both melanoma and pancreatic 

Figure 3.5 NDRG1 serves as an in vitro biomarker for the LSD1 inhibitor SP2509. 

(A) SP2509 (500 nM) treatment of LOX-IMVI (MITF-low melanoma) results in the 
induction NDRG1 mRNA; NDRG1 is not induced by SP2509 in the MITF-high line 

UACC257. *P<0.05, ****P≤0.0001 vs. UACC257 at the same time point. (B) NDRG1 
protein is induced in MITF-low, but not in MITF-high, melanoma cell lines 72 hours after 

500 nM SP2509 treatment. Two exposures for NDRG1 are shown as basal expression 

of NDRG1 is high in UACC62 and COLO829.   

B. 

A. 
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cancer cells suggests that NDRG1 is likely a common target and mechanism for LSD1-

mediated growth regulation in undifferentiated cancers. 

 

3.3.3 NDRG1 serves as in vivo biomarker for on-target SP2509 activity   

In light of the observed in vitro NDRG1 induction upon SP2509 treatment and the 

previously observed anti-tumor effects of SP2509 in NSG-mice bearing MITF-low 

melanoma tumors (see Chapter 2.3.5), we hypothesized that NDRG1 may serve as an 

in vivo biomarker for LSD1 inhibition mediated by SP2509. In a pilot experiment to 

determine the kinetics of in vivo NDRG1 induction, we treated NSG-mice bearing LOX-

IMVI tumors and harvested tumors 24, 48, and 72 hours post-SP2509 treatment 

initiation; we observed induction of NDRG1 48 hours after SP2509 treatment initiation 

(data not shown). To confirm these findings, we assessed NDRG1 mRNA expression 

48 hours after SP2509 treatment in NSG mice bearing LOX-IMVI tumors and observed 

a significant induction of NDRG1 RNA expression (Figure 3.6 A); as anticipated LSD1 

expression was not altered (Figure 3.6 B). The induction of NDRG1 upon SP2509 

treatment of NSG mice bearing LOX-IMVI tumors suggests that the observed reduction 

of tumor burden in NSG mice bearing MITF-low melanoma tumors (see Chapter 2.3.5) 

is due to on-target effects of SP2509 mediated LSD1 inhibition. Together, these data 

suggest that NDRG1 can serve as a biomarker of on-target activity and may translate to 

the clinic to assess patient response to LSD1 inhibitors.  
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3.3.4 LSD1 regulates the promoter of NDRG1  

To further understand the observed induction of NDRG1 upon LSD1 inhibition we 

assessed LSD1 occupancy of the NDRG1 promoter. Chromatin immunoprecipitation 

followed by quantitative PCR confirmed LSD1 occupancy of the NDRG1 transcription 

start site in MITF-low LOX-IMVI, but not in MITF-high UACC257, melanoma cell lines 

(Figure 3.7). The lack of LSD1 occupation of the NDRG1 promoter in the MITF-high 

melanoma cell line UACC257 is in line with our previous finding – that SP2509 

treatment does not induce NDRG1 expression in MITF-high melanoma cell lines (see 

Chapter 3.3.2, Figure 3.5). Since demethylation of H3K4 is associated with active 

transcription, we assessed the methylation status of the NDRG1 promoter upon LSD1 

inhibition. Short hairpin mediated LSD1 knockdown significantly induced H3K4me2 

Figure 3.6 NDRG1 serves as a biomarker for in vivo SP2509 activity. 

(A) NDRG1 RNA expression in LOX-IMVI NSG xenografts was assessed by RT- qPCR 
48 hours after initiation of SP2509. (B) RNA expression of LSD1 and RPL11 in LOX-
IMVI tumors harvested at treatment 48 hours after treatment initiation. n=5 mice/group. 
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levels at the NDRG1 promotor, but not at the NANOG promoter (negative control) in 

MITF-low LOX-IMVI and COLO800 melanoma cells (Figure 3.8). Combined, these data 

suggest that LSD1 represses NDRG1 expression in MITF-low melanoma cells by 

demethylating H3K4me2.  
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Figure 3.7 LDS1 occupies NDRG1 promoter in MITF-low melanoma cells. 

(A) LSD1 occupation of the NDRG1 promoter identified by LSD1 ChIP-qPCR in LOX-
IMVI cells. ****P=0.0001 compared with IgG/NDRG1. (B) LSD1 does not occupy the 
NDRG1 promoter in the MITF-high melanoma line UACC257. Statistics were not 

performed as this result reflects one data point for each sample; however multiple 

primers spanning different regions provide the same result. 

B. A. 
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3.3.5 NDRG1 is an essential LSD1 target involved in the anti-proliferative effects 

of LSD1 inhibition in MITF-low melanoma cells  

Thus far, we have demonstrated that NDRG1 is repressed by LSD1 in MITF-low 

melanoma. Since NDRG1 is a known tumor suppressor we hypothesized that LSD1 

repression of NDRG1 was necessary for LSD1 mediated MITF-low melanoma cell 

survival. To determine if LSD1 repression of NDRG1 was necessary for LSD1 to exert 

its survival effects in melanoma, we used siRNA targeting either LSD1 or NDRG1 to 

simultaneously knockdown their expression. Confirming our results in Chapter 2, 

knockdown of LSD1 reduces cell viability of MITF-low melanoma cells LOX-IMVI, RPMI-

7951, and WM115 (Figure 3.9). Knockdown of NDRG1 in the presence of LSD1 

Figure 3.8 LDS1 demethylates H3K4me2 of the NDRG1 promoter. 

LSD1 knockdown increases H3K4me2 at the NDRG1 promoter assessed by H3K4me2 

ChIP-qPCR in the MITF-low melanoma cell lines: COLO800 (A) and LOX-IMVI (B). 
*P<0.05, **P≤0.01, and ****P<0.0001 vs. shScr in the same antibody/PCR product 

group.  

 

B. A. 



 

 

 

 

 

108 

knockdown partially, but significantly prevented the growth inhibition induced by LSD1 

knockdown (Figure 3.9).  

We also assessed the role of NDRG1 in SP2509 mediated cell death in MITF-low 

melanoma cells. First, we established stable knockdown of NDRG1 mediated by short-

hairpins in the MITF-low melanoma cell line, LOX-IMVI (Figure 3.10 A). We treated 

these cells with SP2509 upon confirming NDRG1 knockdown efficiency. Knockdown of 

NDRG1 partially rescued the cells from the anti-proliferative effects of SP2509 (shScr + 

SP2509 versus shNDRG1 + SP2509) (Figure 3.10 B). Interestingly, knockdown of 

NDRG1 induced proliferation (shNDRG1 + DMSO) relative to control cells (shScr + 

DMSO). The observed induction of cell proliferation in melanoma cells with NDRG1 

knockdown is likely explained by the role of NDRG1 as a tumor suppressor; 

corroborating this theory is the previously observed increase of pancreatic cell 

proliferation in the presence of NDRG1 knockdown. (Cen et al. 2017) The partial rescue 

of cell viability observed in melanoma cells with the simultaneous knockdown of NDRG1 

and LSD1 inhibition (genetic and pharmacological) suggests that NDRG1 is not the only 

mechanism by which LSD1 mediates melanoma cell survival. Several mechanisms 

likely contribute to LSD1 mediated melanoma cell survival as it is an epigenetic 

regulator that alters gene expression through a variety of mechanisms including global 

histone methylation, methylation of non-histone proteins, as well as mechanisms 

independent of demethylation activity.  

 



 

 

 

 

 

109 

   

 

 

 

 

Figure 3.9 NDRG1 is essential for cell viability effects mediated by LSD1 loss. 

NDRG1 knockdown rescues MITF-low melanoma cells (LOX-IMVI, RPMI-7951, 

WM115) from siLSD1-mediated cell death. Cell viability assessed by Cell-Titer Glo 72 

hours after siRNA transfection. *P<0.05, ****P≤0.0001. 
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In Chapter 2 (section 2.3.4) we established that SP2509 treatment of MITF-low 

melanoma cells induces apoptosis. To determine if NDRG1 is essential for SP2509 

mediated apoptosis, we assessed the apoptotic cell population in the presence of 

NDRG1 knockdown and SP2509 in MITF-low melanoma cells, LOX-IMVI. NDRG1 

knockdown prevented the increase of the sub-G0/G1 population by SP2509 in LOX-

IMVI cells (Figure 3.11). Combined, these results suggest that LSD1 mediates NDRG1 

Figure 3.10 NDRG1 is essential for SP2509 mediated anti-proliferative effects in 
MITF-low melanoma cells. 

(A) Knockdown efficiency of NDRG1 was determined using qRT-PCR and data was 
normalized to RPL11 and shScr. (B) NDRG1 knockdown rescues LOX-IMVI cells from 
SP2509-mediated growth inhibition. Cell growth was determined and quantified by 

crystal violet staining. *P<0.05, **P≤0.01, ***P<0.001, and ****P≤0.0001 comparing 

shNDRG1 groups (G4, G5, G6, G8, A13, and B3) with the corresponding shScr control 

(+ DMSO or + SP2509).  
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expression to allow for continued melanoma cell proliferation and that repression of 

NDRG1 is essential for the anti-proliferative and apoptotic effects of LSD1 inhibition.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. (A) Induction of NDRG1 expression is responsible for SP2509-

induced cell death in MITF-low melanoma cells. Sub-G0/G1 analysis was performed 96 

hours after treatment with 500 nM SP2509 in shScr- and shNDRG1-infected LOX-IMVI. 

Knockdown efficiency of shNDRG1 is shown in the western blot.  ****P<0.0001 vs. 

shLuc/DMSO.  

 

  

Figure 3.11 NDRG1 is essential for SP2509 mediated apoptotic effects in MITF-low 
melanoma cells. 

Induction of NDRG1 expression is responsible for SP2509-induced cell death in MITF-

low melanoma cells. Sub-G0/G1 analysis was performed 96 hours after treatment with 

500 nM SP2509 in shScr- and shNDRG1-infected LOX-IMVI. Knockdown efficiency of 

shNDRG1 is shown in the western blot.  ****P<0.0001 vs. shLuc/DMSO.  
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3.4 Summary  

We identified a novel mechanism by which LSD1 represses NDRG1 to mediate 

MITF-low melanoma cell survival. Using RNA and ChIP-seq we identified candidate 

target genes that are demethylated and repressed by LSD1 in MITF-low melanoma 

cells. We pursued NDRG1 as our lead target of interest, given the correlation of NDRG1 

expression and prognosis in melanoma patients in the TCGA data set. We used both 

genetic and pharmacological inhibition of LSD1 to confirm that inhibition of LSD1 

upregulates NDRG1 in MITF-low melanoma cells. Further, we demonstrate the LSD1 

occupies the promoter of NDRG1 in MITF-low melanoma cells. In contrast, NDRG1 is 

not induced by LSD1 inhibition, and the promoter is not occupied by LSD1 in MITF-high 

melanoma cell lines, suggesting fundamentally different epigenetic states associated 

with high levels of MITF, the master transcriptional regulator for melanocytes. In fact, 

analysis of ChIP data set performed in a MITF-high melanoma cell line (Malme3m) 

revealed that MITF occupies the NDRG1 promoter, suggesting that MITF itself 

regulates the expression of NDRG1.  

We demonstrate that NDRG1 serves as a biomarker for SP2509 on-target LSD1 

inhibition in vivo. The induction of NDRG1 RNA in LOX-IMVI tumors harvested from 

NSG xenografts treated with SP2509 suggests that the observed tumor reduction is due 

to on-target inhibition of LSD1. If NDRG1 induction is also observed in human 

melanoma tumors, it may serve as a clinical biomarker allowing clinicians to correlate 

clinical benefit with inhibitor activity.  
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We also demonstrate that NDRG1 is essential for the anti-proliferative effects 

and the induction of apoptosis upon LSD1 inhibition in MITF-low melanoma cells. To 

explore this finding further, one should determine if NDRG1 is essential for SP2509 

mediated in vivo tumor reduction. This can be studied using xenografts inoculated with 

MITF-low melanoma cells with stable knockdown of NDRG1 and assessing for tumor 

burden and growth kinetics with and without SP2509. If loss of NDRG1 abrogates the 

effects of LSD1 inhibitor in vivo, this suggests that NDRG1 induction is essential for in 

vivo reduction of tumor burden mediated by LSD1 inhibition.  

While we validated and pursued NDRG1 in MITF-low melanoma cells, it is clear 

that LSD1 acts through additional mechanisms to mediate MITF-low melanoma survival 

- suggested by the partial rescue of: 1) cell viability upon combination siLSD1 and 

siNDRG1, and 2) cell proliferation in cells lacking NDRG1 treated with SP2509. It is 

important to consider additional targets we identified using our genome wide 

transcriptome and chromatin analysis including CDKN1A, a previously identified target 

of LSD1, or ST3GAL. (Amente et al. 2015) ST3GAL is involved in ganglioside 

development of brain tissue ganglioside GD1a and thus neural tissue differentiation, 

therefore it may have relevance in these dedifferentiated melanomas, as melanocytes 

derive from the neural crest. Further, while we pursued genes that are repressed by 

LSD1, and are therefore likely tumor suppressor genes, one could also pursue genes 

that are activated by LSD1 – perhaps LSD1 oncogenic potential is mediated by 

activation of gene expression. LSD1 is an epigenetic regulator that can have extensive 
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effects on chromatin and gene expression and therefore, likely mediates MITF-low 

melanoma cell survival through many mechanisms.   
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Chapter 4 : LSD1 inhibitors in rational       
combinations 

  



 

 

 

 

 

116 

4.1 Contributions 

Dr. Kato and I performed the initial in vivo study with combined PLX4720 and 

SP2509. I performed all remaining experiments detailed in this chapter.   
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4.2 Introduction 

Prior to 2011, there were only two FDA-approved therapies for melanoma 

patients in the United States – dacarbazine chemotherapy (1976) and high-dose IL-2 

(1998) (Figure 4.1). The available therapy options provided limited clinical benefit to 

melanoma patients, achieving clinical responses in less than 15% of patients and a 

median survival of 9 months. (Luke et al. 2017) The treatment strategy for metastatic 

melanoma has undergone a paradigm shift in the past 7 years, owing to the advent of 

both BRAF-targeted therapies and immune therapies. Unprecedented and dramatic 

clinical responses were achieved using the first-in-class small-molecule inhibitor of 

BRAF, vemurafenib, in patients with BRAF-mutant melanoma. However, despite the 

initial benefit, nearly all responding patients develop resistance and relapse occurs, with 

a median progression free survival (PFS) of 6.8 months. (Chapman et al. 2011) Further, 

monotherapy BRAF inhibitors offer no clinical benefit for 10-20% of melanoma patients 

harboring mutant BRAF(V600E) owing to intrinsic resistance.  

Figure 4.1 Timeline of FDA-approved melanoma therapies in the United States.  

In 2011 treatment options tripled with the development of targeted and immune 

therapies. Figure from (Lo & Fisher 2014). 
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 The molecular underpinnings that contribute to resistance and disease 

progression on BRAF-targeted therapies are complex but provide therapeutic 

opportunity. For instance, one common mechanism of resistance is the reactivation of 

MAPK signaling, achieved through new mutations and amplifications, as well as through 

MEK activity. Interestingly, a toxicity associated with BRAF inhibitors is the activation of 

CRAF (and subsequently MEK) in WT BRAF cells, which leads to hyperproliferation of 

keratinocytes. (Heidorn et al. 2010) The reactivation of MEK prompted the combination 

of MEK inhibitors with BRAF-targeted therapy and resulted in rapid disease regression 

and stabilization. (Luke et al. 2017; Lo & Fisher 2014) Unfortunately, this initial clinical 

benefit was followed by emergence of resistance and tumor progression, with the 

median PFS for the combination of BRAF inhibitor vemurafenib and the MEK inhibitor 

trametinib limited to 9.4 months, or for vemurafenib and the MEK1/2 inhibitor 

cobimetinib to 9.9 months. (Flaherty et al. 2012; Larkin et al. 2014) 

Advances in immune therapies paralleled the unprecedented clinical responses 

achieved with targeted therapies. While the importance of leveraging the immune 

response for cancer prevention and reversal of progression was long understood, it 

proved intractable until 2011, with the advent of ipilimumab and its blockade of the 

inhibitory receptor cytotoxic T-lymphocyte antigen-4 (CTLA-4). Ipilimumab improved 

overall survival of metastatic melanoma patients and served as a proof of concept for 

immune checkpoint inhibitors, prompting a transition from the use of interferon- and 

interleukin-based immune therapies to approaches that improved cell-mediated 

immunity using monoclonal antibodies. (Hodi et al. 2010; Luke et al. 2017) 
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Subsequently, monoclonal antibodies blocking programmed cell death-1 (PD-1), an 

inhibitory T-cell receptor that mediates immune tolerance, or the ligand for PD-1 (PD-

L1), were developed and demonstrated high response rates with lower grade toxicity. 

(Topalian et al. 2012; Hamid et al. 2013) Though immune therapies offer great promise 

for metastatic melanoma patients only about 30% of patients respond, leaving the 

majority of melanoma patients in need for therapies with proven clinical benefit. (Hugo 

et al. 2016; Merlino et al. 2016) 

It is plausible that the combination of targeted and immune therapies may be 

synergistic and lead to a strong anti-tumor response. Analysis of melanoma patient 

samples revealed that BRAF inhibitors increase melanocyte differentiation antigens 

(critical to the immune response against melanoma), intertumoral CD8+ T-cells, and 

PD-1 and PD-L1 expression. (Cooper et al. 2013; Boni et al. 2010; Frederick et al. 

2013) Combined, these studies suggest that BRAF inhibition enhances T-cell 

cytotoxicity and that immune checkpoint blockade targeting PD-(L)1 may be beneficial 

in combination with targeted BRAF inhibitors. These findings also suggest the 

importance of dosing and timing of drug administration. The initial administration of 

BRAF inhibitors will increase intertumoral T-cells and PD-(L)1 expression, providing a 

more immunogenic tumor environment that will likely improve response to subsequent 

immune checkpoint blockade. Limiting the combination of targeted therapy and immune 

therapy is the presence of BRAF(V600E) mutations in only 50% of melanoma patients. 

Further, severe hepatoxicity has limited attempts to combine ipilimumab and 

vemurafenib. (Ribas et al. 2013) Therefore, the identification of new targetable 
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vulnerabilities in treatment resistant melanoma may improve the efficacy of currently 

available therapies and improve clinical benefit.    

 

4.3 Results 

4.3.1 LSD1 inhibitors in combination with immunotherapy  

Given our findings in Chapter 2 and the role of LSD1 in melanoma cell survival, it 

is plausible that the combination of LSD1 inhibitors with immune checkpoint blockade 

may extend clinical benefit. Supporting this hypothesis is the previously described 

repressive effect of LSD1 on the pro-inflammatory cytokines Il1a, IL1β, IL6 and IL8, as 

well as components of the complement response. (Janzer et al. 2012) Additionally, 

LSD1 in complex with EZH2 (an H3K27 methyltransferase and essential component of 

PRC2) suppresses the expression of the antiviral interferon (IFN) genes, by regulating 

the transcription factor interferon response factor 9 (IRF9). (Jin et al. 2017) Release of 

IRF9 from LSD1 mediated repression may activate IFNg signaling and subsequently 

lead to the upregulation of PD-L1, as IFN signaling induces expression of PD-L1. 

(Garcia-Diaz et al. 2017) This upregulation of PD-L1 may increase the anti-tumor effect 

of anti-PD-1 therapies by providing more binding targets. In fact, others recently 

demonstrated that inhibition of LSD1 sensitizes melanoma tumors to checkpoint 

blockade by creating a more immunogenic tumor environment and reduces in vivo 

tumor burden. (Sheng et al. 2018)   

The transcriptional profile defined by low expression of MITF and high expression 

of AXL in melanoma is associated with resistance to immune therapy (anti-PD-1). (Hugo 

et al. 2016) Recent work in our lab suggests that successful immunotherapy is 
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dependent upon immune recognition of wildtype melanocytic antigens. (Lo et al. 2018) 

This suggests that MITF-low/AXL-high tumors confer resistance to immunotherapy by 

suppressing expression of wildtype melanocytic antigens that are predominantly direct 

targets of MITF and “appear invisible” to immune recognition. We hypothesized that the 

LSD1 dependency in MITF-low/AXL-high melanoma provides a targetable opportunity in 

combination with immune checkpoint blockade to sensitize MITF-low/AXL-high tumors 

to immune therapy.  

To test the combination of checkpoint blockade and LSD1 inhibition, we used the 

model system generated by Dr. Jennifer Lo (a former graduate student in the Fisher lab) 

that allows for assessment of immune therapies in the presence of an intact immune 

system of a C57BL/6 mouse. To provide context, a parental mouse melanoma cell line 

(D4M.3A.3) was generated from a BRAF(V600E)/Pten-/- tumor that developed in a 

genetically engineered Tyr::CreER;BrafCA/Ptenlox/lox mouse. (Dankort et al. 2009) To 

mimic the mutagenic effects of sun exposure the parental line was subjected to UVB 

irradiation. Single cell UVB-irradiated clones were derived, D4M.UV2 and D4M.UV3, 

and displayed similar in vitro growth rates as parental D4M.3A.3 cells (Figure 4.2 A). 

Exome-sequencing showed that parental D4M.3A.3 line and the clones 

D4M.UV2 and D4M.UV3 contain 1.8, 62.9, and 60.6 mutations/MB, respectively, and 

most mutations resulted from C-to-T transitions associated with UVB mutagenesis.  

(Lo et al. 2018) No significant response was observed in parental syngeneic C57BL/6 

mice bearing D4M.3A.3 tumors upon systemic anti-PD-1 treatment, while complete 
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clearance was observed in 60% and 20% of C57BL/6 mice bearing D4M.UV2 and 

D4M.UV3 tumors, respectively (Figure 4.2 B).   

 

 

 

Figure 4.2 Mouse melanoma model for in vivo immune therapy studies. 

(A) The in vitro growth rates of parental (D4M.3.A3) and derived UV-irradiated clones 
(D4M.UV2 and D4M.UV3) are similar. (Lo et al. 2018) (B) Anti-PD-1 treatment of 
syngeneic C57BL/6 mice engrafted with D4M.3.A3, D4M.UV2, or D4M.UV3 cells 

display no significant regression, 60% and 20% complete regression, respectively. 

Figure from (Lo et al. 2018). 
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The mouse melanoma cell lines, D4M.3A.3, D4M.UV2, and D4M.UV3 display low 

levels of MITF, suggesting they may be vulnerable to LSD1 inhibition. The mouse 

melanoma cell lines are indeed sensitive to SP2509 treatment, with EC50s comparable 

to the control human melanoma cell line LOX-IMVI (Figure 4.3). With the demonstrated 

in vitro sensitivity of the mouse melanoma lines to the LSD1 inhibitor SP2509, we 

hypothesized that the combination of immune checkpoint blockade with LSD1 inhibition 

would be efficacious in vivo and that tumor burden would be reduced relative to single 

agent therapy.  

 

The parental D4M.3A.3 mouse cell line presents an opportunity to assess the 

ability of SP2509 to increase the anti-tumor response of anti-PD-1 therapy and 

represents a ‘treatment resistant’ setting, as single-agent anti-PD-1 treatment has no 

-4 -3 -2 -1 0 1

50

100

150

200

log10 (uM) of SP2509

D4M
LOXIMVI
UV2

UV3

R
el

at
iv

e 
ce

ll 
vi

ab
ili

ty
 

(%
 D

M
SO

 c
on

tr
ol

)

72 hours

Figure 4.3 Mouse melanoma parental and UV clones are sensitive to LSD1 inhibitor, 
SP2509. 

Dose response curves for D4M.3A.3, D4M.UV2, D4M.UV3 and control LOX-IMVI treated 

with SP2509 (0.001-5.0 µM). The mouse melanoma cell lines show similar sensitivities to 
SP2509 as the MITF-low human melanoma cell line LOX-IMVI. Cell viability was 

assessed using Cell-Titer Glo 72 hours after SP2509 treatment, EC50s were calculated 

using GraphPad Prism. 
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significant effect on parental D4M.3A.3 tumors. (Lo et al. 2018) Combination anti-PD-1 

and SP2509 resulted in complete regression of D4M.3A.3 tumors in 25% (2 of 8) mice 

(Figure 4.4 A) and achieved statistical significance relative to anti-PD-1 treatment alone 

(p=0.0187, two way-ANOVA with Holm-Sidák correction). Combination treatment also 

increased survival relative to single treatment (SP2509 or anti-PD-1) and vehicle control 

(Figure 4.4 B). Of note, the SP2509 dose that achieved complete clearance in 

combination with anti-PD-1 was only half the optimized single-agent SP2509 dose that 

reduced tumor burden in xenografts bearing MITF-low/AXL-high human melanoma 

tumors (Chapter 2, Section 2.3.5). These findings suggest that LSD1 inhibition 

promotes the anti-tumor effects of anti-PD-1, extending survival and dramatically 

reducing tumor burden.   

 

B. A. 

Figure 4.4 LSD1 inhibitor SP2509 sensitizes D4M.3.A3 tumors to immune 
checkpoint blockade. 
(A) Tumor burden in C57BL/6 mice bearing D4M.3A.3 tumors. Both anti-PD-1 and to a 
lesser extent SP2509, reduce tumor burden when administered alone. Combination of 

anti-PD-1 and SP2509 led to complete tumor regression in 25% of mice treated. (B) 
Combination of anti-PD-1 and SP2509 extends overall survival, resulting in complete 

‘cure’ in 25% of mice treated. Vehicle control, n=6; all other groups, n=8. Survival curve 

pairwise log-rank test with adjusted p-value compared to vehicle control.  
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Before moving the combination of anti-PD-1 and LSD1 inhibitors into clinic, it is 

important to further study the anti-tumor effects in vivo. First, the on-target activity of the 

LSD1 inhibitor should be established by assessing biomarkers such as NDRG1 or 

methylation status of H3K4 or H3K9, the histone targets of LSD1 activity. Confirmation 

of on-target LSD1 activity, such as an increase of NDRG1 that correlates with reduction 

of tumor burden, suggests that the inhibition of LSD1 is contributing to the observed 

effect. Likewise, if combination SP2509 and anti-PD-1 results in complete tumor 

regression, it is important to understand if this effect is due to on-target downstream 

effects of LSD1 inhibition; this may entail an increase of pro-inflammatory cytokines or 

increased interferon gamma signaling and can be assessed by immunohistochemistry.  

Further, the UVB irradiated mouse melanoma cells have a mutational load similar to 

that observed in human melanoma, providing the opportunity to test combination LSD1 

inhibitor with immune checkpoint blockade in a system that models sun exposed human 

melanoma. (Lo et al. 2018; Lawrence et al. 2013) Anti-PD-1 treatment of D4M.UV2 

tumors historically results in 60% complete clearance, providing the opportunity to 

determine if LSD1 inhibition increases or decreases the rate of complete clearance. (Lo 

et al. 2018)  

 
4.3.2 LSD1 inhibitors in combination with targeted BRAF inhibitors  

Although BRAF-targeted therapies initially provide a dramatic clinical response,   

nearly all patients treated with BRAF inhibitors progress, demonstrating a strong clinical 

need for therapies to combat treatment resistance. Though the molecular underpinnings 

of resistance are complex, LSD1 may serve as a therapeutic option for these patients 
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given the results detailed in Chapters 2, which suggest that treatment resistant 

melanoma characterized by an MITF-low/AXL-high transcriptional profile are sensitive 

to LSD1 inhibition. Further, the heterogeneity observed in melanoma tumors suggests 

that this MITF-low/AXL-high population exists in all tumors, therefore its plausible that 

the upfront addition of LSD1 inhibitors to BRAF targeted therapies may eradicate these 

treatment resistant cells and prevent the emergence of a resistant tumor. (Tirosh et al. 

2016) This tumor heterogeneity also makes it important to consider the timing of LSD1 

inhibitors with BRAF targeted therapies to establish the best clinical outcome; LSD1 

inhibitors can be added (1) in combination with BRAF targeted therapies as a first-line 

therapy, (2) after resistance to targeted therapies has emerged, or (3) in a pulse 

scheme with intermittent BRAF- or LSD1- inhibitor.   

We first determined the in vitro sensitivity of BRAF inhibitor resistant melanoma 

cell lines to the LSD1 inhibitor SP2509. The MITF-low/AXL-high melanoma cell lines 

(LOX-IMVI, WM115, A375) are insensitive to the vemurafenib progenitor PLX4720 

(Figure 4.5 A) and sensitive to the LSD1 inhibitor SP2509 (Figure 4.5 B). We next 

tested the combination treatment of SP2509 and PLX4720 in vitro with a dose-response 

matrix. Combination of LSD1 and BRAF inhibitors is synergistic in LOX-IMVI cells, while 

WM115 and A375 display partial synergy (Figure 4.6). Together these results suggest 

that combined BRAF and LSD1 inhibition may provide clinical benefit in BRAF inhibitor 

resistant tumors.  
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B. A. 

Figure 4.5 MITF-low/AXL-high melanoma cells are resistant to PLX4720 and 
sensitive to SP2509.  

(A) MITF-low/AXL-high human melanoma cells (LOX-IMVI, WM115, A375) are 
insensitive to PLX4720 doses (0.3-5.0 µM) 72 hours after treatment. (B) MITF-low/AXL-
high melanoma cells are sensitive to SP2509 (0.001-1.0 µM) 72 hours after treatment.  
Cell viability was assessed using Cell-Titer Glo. 
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Figure 4.6 Combination LSD1 and BRAF inhibition in human melanoma cell lines 
displaying resistance to BRAF-targeted therapies. 

Cells were treated in a dose matrix for BRAF inhibitor, PLX4720 (0-5.0 µM) and LSD1 
inhibitor SP2509 (0-1.0 µM). Combination treatment is synergistic in LOX-IMVI (top 
panel); WM115 (middle panel) and A375 (bottom panel) display partial synergy. The 

first row was treated with single-agent SP2509 and the dose increases from left to right; 

the first column was treated with single-agent PLX4720 and the dose increases from top 

to bottom. The combination was considered synergistic if the % viability observed with 

combination PLX4720 X µM and SP2509 Y µM, was less than the multiplicative value of 
cell viability for single treatment PLX4720 X µM or SP2509 Y µM (% viability PLX4720 
(X µM) * % viability SP2509 (Y µM)).  
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With the observed in vitro synergy between LSD1 and BRAF inhibition in LOX-

IMVI we tested the combination in vivo. We assessed tumor burden in NSG mice 

bearing LOX-IMVI tumors treated with SP2509 or PLX4720 (200 or 417 mg/kg) as 

single-agents or in combination. In line with our previous findings discussed in Chapter 

2.3.5, SP2509 treatment of NSG mice bearing LOX-IMVI tumors significantly reduced 

tumor burden relative to vehicle control (p=0.0154; one-way ANOVA with Dunnett’s 

multiple comparisons test) (Figure 4.7 A). Both doses of single-agent PLX4720 

significantly reduced tumor burden relative to control (p<0.0001; one-way ANOVA with 

Dunnett’s multiple comparisons test) and combination SP2509 and low or high dose 

PLX4720 significantly reduced tumor burden relative to control (p<0.0001; one-way 

ANOVA with Dunnett’s multiple comparisons test). Combination SP2509 and PLX4720 

significantly improved survival relative to single-agent (SP2509 or PLX4720 high dose) 

and control treated mice (Figure 4.7 B). Interestingly, complete tumor clearance was 

observed with single-agent PLX4720 and combination SP2509 and PLX4720 (both high 

and low dose), which was subsequently followed by tumor progression. Many questions 

remain unanswered that may provide mechanistic insight to our preliminary studies with 

combined BRAF and LSD1 inhibition. First, it is important to assess the activity of the 

LSD1 inhibitor in vivo – biomarkers of on-target LSD1 inhibitors, such as NDRG1 

expression or H3K4/K9 methylation status, may provide clarity to in vivo SP2509 

activity. 
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MITF levels acutely increase in response to BRAF inhibition in cells; combined 

with the plasticity of melanoma cells, it is possible that while LOX-IMVI cells initially 

display an MITF-low/AXL-high transcriptional profile, they may undergo a transcriptional 

transformation rendering them sensitive to BRAF inhibition due to increased MITF 
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Figure 4.7 PLX4720 alone and in combination with SP2509 reduces tumor burden 
and extends survival of NSG LOX-IMVI xenografts. 

Combination treatment of PLX4720 (200 or 417 mg/kg) and SP2509 is more effective at 

slowing tumor growth than single-agent treatment of either SP2509 and PLX4720, as 

shown by reduced tumor burden (A) and extended survival (B). n=5 DMSO, PLX4720 
417 mg/kg, PLX4720 200 mg/kg/SP2509, PLX4720 417 mg/kg/SP209; n=4 PLX4720 

200 mg/kg/DMSO.  
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expression. Analysis of MITF and AXL expression before and after tumor regression 

and progression will provide insight and may explain the in vivo tumor response to 

BRAF inhibitors. Finally, it is plausible that even low-dose of PLX4720 is too efficacious 

in LOX-IMVI tumors, preventing the ability to assess synergistic combinations using this 

human melanoma cell line. Conversations with Dr. Bin Zheng of MGH provided insight 

regarding the ability of PLX4720 to reduce tumor burden – LOX-IMVI is a unique cell 

line that displays resistance to BRAF inhibitors in vitro but is sensitive to BRAF inhibitors 

in vivo. This prompted us to explore alternate methods to assess combination therapy in 

additional MITF-low BRAF inhibitor resistant human melanoma cell lines. 

Melanoma patients harboring the BRAF(V600E) mutation initially respond to 

BRAF inhibitors, displaying a dramatic reduction of tumor burden. Unfortunately, this 

response is not durable and patients ultimately relapse with tumor progression. In an 

effort to assess the efficacy of SP2509 in tumors with acquired resistance to BRAF 

inhibitors we used established paired melanoma lines in which the parental line is 

sensitive to BRAF inhibition and the derived clone is resistant to BRAF inhibition 

(established by long-term exposure to low-dose BRAF inhibitor). (Shen et al. 2016) 

Resistance to BRAF inhibitors can be caused by a variety of molecular mechanisms, 

including a reduction of MITF expression. (Müller et al. 2014; Konieczkowski et al. 2014) 

Combined with the inverse correlation between MITF expression and LSD1 sensitivity 

(detailed in Chapter 2), we sought paired melanoma lines that shift from high to low 

MITF expression. The paired lines SKMEL28, WM983B, and M14 display decreased 

MITF protein expression in the resistant clone relative to the sensitive parental (Figure 
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4.8 A); the sensitive parental cell line A375 displayed greater MITF RNA than resistant 

clones G1R and G4R (Figure 4.8 B). The sensitivity of A375 and its paired resistant 

clones were first tested for sensitivity to single-agent PLX4720 or SP2509. As expected, 

the parental line A375 was sensitive to PLX4720 while the resistant clones A375 G1R 

and G4R were not sensitive to PLX4720 (Figure 4.9 A). BRAF inhibitor sensitive and 

resistant clones displayed similar sensitivity to SP2509 (Figure 4.9 B), though this may 

be explained by the low expression of MITF in the parental A375 and previously 

demonstrated sensitivity to LSD1 inhibition in Chapter 2. Nonetheless, combination 

dose matrix of SP2509 (0.001-1.0 µM) and PLX4720 (0.3-5.0 µM) was tested for 

synergy in vitro. Combination treatment of PLX4720 and SP2509 was synergistic in 

A375 parental cells (Figure 4.10), suggesting that LSD1 may be an effective treatment 

strategy in combination with BRAF inhibitors before resistance occurs. Synergy was 

also observed in both resistant clones (Figure 4.10), suggesting that LSD1 inhibition 

may provide clinical benefit to patients that have developed resistance to targeted 

therapies. Prior to moving into clinic, it is essential to determine the toxicity profile of the 

combination in vivo and to ensure tumor burden is reduced with the combination of 

PLX4720 and SP2509. Further testing of combination BRAF- and LSD1- inhibitors in 

additional paired melanoma lines displaying decreased MITF expression upon 

resistance is essential to broaden the impact of LSD1 inhibitors. Further, since the first-

line BRAF-targeted therapy in clinic is now a combination of MEK and BRAF inhibitors, 

it is imperative to determine if the addition of LSD1 to this combination is effective and 

well tolerated.   
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Figure 4.8 MITF expression in paired BRAF inhibitor sensitive and resistant 
melanoma cells. 

(A) MITF protein expression was assessed in paired melanoma cell lines; parental lines 
are sensitive to BRAF inhibitor PLX4720 while resistant clones are not. Paired lines SK-

MEL-28, WM983B, and M14 all display reduced MITF expression in resistant clones 

relative to parental. (B) Expression of MITF and LSD1 was determined by RT-PCR and 
normalized to UACC257, a melanoma expressing high levels of MITF. A375 parental 

and resistant clones express less MITF than UACC257, and the resistant clones (G1R, 

G4R) express less MITF than parental A375. 
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Figure 4.9 Dose response curves of the paired A375 sensitive and resistant 
clones with single-agent PLX4720 or SP2509. 

(A) Dose response curve for single-agent PLX4720 (0.3-5.0 µM). The parental line 
A375 is sensitive to PLX4720, while the resistant clones G1R and G4R are not sensitive 

to the highest dose of PLX4720 (5.0 µM). (B) Dose response curves for single-agent 
SP2509 (0.001-1.0 µM). Parental and resistant clones of A375 are sensitive to SP2509, 
with nanomolar EC50s (right table). Cell viability was determined 72 hours after 

treatment with Cell-Titer Glo.  
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Figure 4.10 Combination PLX4720 and SP2509 treatment of paired BRAF inhibitor 
resistant melanoma cell lines. 

Paired A375 parental sensitive (top panel) and BRAF inhibitor resistant derivative lines 

(G1R, middle panel; G4R, bottom panel) were treated with SP2509 (0.001-1.0 µM), 
PLX4720 (0.3-5.0 µM), and in combination. Cell viability was determined by Cell-Titer 
Glo 72 hours after treatment. The first row was treated with single-agent SP2509 and 

the dose increases from left to right; the first column was treated with single-agent 

PLX4720 and the dose increases from top to bottom. The combination was considered 

synergistic if the % viability observed with combination PLX4720 X µM and SP2509 Y 
µM, was less than the multiplicative value of cell viability for single treatment PLX4720 X 
µM or SP2509 Y µM (% viability PLX4720 (X µM) * % viability SP2509 (Y µM)).  
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Figure 4.10 (Continued)  
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4.4 Summary  

Tumors resistant to targeted and immune therapies often express a 

transcriptional program characterized by low levels of MITF and high levels of AXL. 

And, the heterogeneity of melanoma observed by single-cell RNA-sequencing suggests 

that this population of cells is likely present in all tumors. (Tirosh et al. 2016) Combined, 

this suggests that up-front combination therapy targeting the MITF-low/AXL-high 

population may eradicate the treatment resistant population and prevent clonal 

outgrowth that leads to tumor progression. In this chapter we inhibited LSD1, a 

vulnerability of these treatment resistant cells, in rational combination with BRAF 

targeted therapies or immune checkpoint blockade. 

We hypothesized that LSD1 inhibitors would boost the effects of immune 

checkpoint blockade, as LSD1 represses pro-inflammatory cytokines and interferon 

gamma signaling and therefore downstream expression of PD-L1. (Janzer et al. 2012; 

Jin et al. 2017) First, we tested the combination of anti-PD-1 immune checkpoint 

blockade with the LSD1 inhibitor SP2509 in a syngeneic mouse tumor model with an 

intact immune system. The D4M.3A.3, D4M.UV2, and D4M.UV3 lines demonstrated 

sensitivity to SP2509 in vitro that was comparable to the MITF-low human melanoma 

line LOX-IMVI. Preliminary studies with parental D4M.3A.3 cells treated with SP2509 

and anti-PD-1 in vivo yielded promising results – we observed 25% complete clearance 

of tumor with the combination of SP2509 and anti-PD-1; of note, complete clearance 

has previously not been observed with single-agent anti-PD-1. Given the sensitivity to 

SP2509 in vitro and the promising preliminary results, combination LSD1 inhibition and 
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PD-1 blockade should be pursued. With our identification of NDRG1 as a biomarker for 

LSD1 inhibition it is possible to now determine if SP2509 is acting on-target in vivo. In 

support of our findings, others have shown that inhibition of LSD1 creates a more 

immunogenic environment, increases anti-tumor T-cell function, and sensitizes tumors 

resistant to anti-PD-1 therapy. (Sheng et al. 2018) Together, our studies and these 

findings suggest that LSD1 is a targetable dependency that improves efficacy of 

immune checkpoint blockade.  

We also hypothesized that combination LSD1 and BRAF targeted therapies 

would be synergistic, with LSD1 targeting the treatment resistant subpopulation of 

melanoma cells. We identified human melanoma cell lines that are sensitive to SP2509 

and resistant to BRAF-inhibition and observed synergy at all combined doses in LOX-

IMVI and  synergy for select dose combinations in WM115 and A375. Combination 

BRAF- and LSD1- inhibitor treatment of NSG LOX-IMVI xenografts reduced tumor 

burden in vivo and extended survival relative to either single-agent. 

Further studies testing the combination treatment and timing of both BRAF- and 

LSD1- inhibitors are essential to determine the effects of LSD1 inhibition in targeted 

therapy resistant tumors. The heterogeneity of melanoma tumors suggests that 

combination LSD1 and BRAF/MEK inhibition at the start of treatment may eradicate the 

treatment resistant subpopulation of melanoma cells and prevent the outgrowth of this 

resistant population. However, it remains to be determined if this triple-combination 

therapy is tolerated and if it is beneficial to the patient. It is possible that exposure to 

LSD1 inhibition at the start of treatment may render the cells insensitive to LSD1 
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inhibition prior to tumor progression, when the therapy may have stronger anti-tumor 

effects on a tumor comprised of MITF-low/AXL-high cells. The power of combinatorial 

treatment of both immune based or targeted therapies with LSD1 inhibition is supported 

by the demonstrated LSD1 effects on the immune response and our studies using 

MITF-low/AXL high treatment resistant cells, however, further studies are needed to 

further establish the anti-tumor effects.  
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Chapter 5 : Discussion  
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Melanoma is a deadly form of skin cancer with an incidence that is predicted to 

continuously increase over the next decade, highlighting the importance of a deep 

mechanistic understanding of the disease and the development of novel therapies. 

(Hammerlindl & Schaider 2018) The identification of the oncogenic mutation 

BRAF(V600E) in 2002 laid the foundation for the development of targeted therapies, 

which gained FDA approval in 2011. (Davies et al. 2002) Also in 2011, ipilimumab (anti-

CTLA-4) gained FDA approval and provided necessary proof of concept for immune 

checkpoint blockade as a clinical treatment option for melanoma. (Hodi et al. 2010) 

These advances revolutionized melanoma treatment strategies, providing dramatic 

clinical responses. Unfortunately, the clinical benefits of both targeted and immune 

therapies are limited to a subset of patients, and the majority of melanoma patients 

relapse or do not experience any clinical benefit. (Merlino et al. 2016; Konieczkowski et 

al. 2014; Müller et al. 2014)  

Mechanisms that increase our understanding of both acquired and intrinsic 

resistance have been elucidated and suggest that both genetic and epigenetic events 

contribute to resistance to targeted and immune therapies. Epigenetic regulators have 

been implicated in specific melanoma subsets, such as the H3K4 histone demethylase 

JARID1B in slow cycling MITF-low melanoma. (Roesch et al. 2010; Hoek et al. 2006) 

More recently, in emerging roles, the histone demethylases LSD1 and JMJD2C were 

shown to override oncogene-induced senescence, thereby contributing to 

melanomagenesis in BRAF mutant melanoma. (Yu et al. 2018) A more complete 
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understanding of resistance mechanisms offers the hope of achieving durable clinical 

benefit for melanoma patients.  

An undifferentiated state has been associated with aggressive tumor behavior 

and resistance to multiple cancer therapeutics. In melanoma, this state is characterized 

by an MITF-low/AXL-high transcriptional profile. (Tirosh et al. 2016) Therefore, the 

identification of targetable vulnerabilities in this subset of treatment refractory melanoma 

will provide the opportunity to develop new therapeutic strategies for patients with 

limited treatment options. 

 

Melanomas expressing low levels of MITF are dependent on LSD1  

We identified bioinformatically and extensively validated a vulnerability of 

treatment resistant MITF-low/AXL-high melanoma cells to the targetable epigenetic 

regulator LSD1. Consistently, suppression of LSD1 via genetic and pharmacological 

means led to a reduction of cell viability, loss of proliferative capacity, and induction of 

apoptosis in MITF-low/AXL-high, but not in MITF-high/AXL-low melanoma cells.  

A similar approach using small-molecule screens in undifferentiated cancer cells 

resistant to therapy revealed a dependency on GPX4, a central player of the lipid-

peroxidase pathway and antagonist of ferroptotic cell death. (Viswanathan et al. 2017; 

Yang et al. 2014) In fact, the combination of a ferroptotic inhibitor plus an epigenetic 

antagonist, such as drugs targeting GPX4 and LSD1, could be a potent therapeutic 

strategy and may also reveal a functional connection between the epigenetic state 

defined by LSD1 and a redox state conferred by GPX4. 
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LSD1 dependency extends to other undifferentiated cancers 

We extended our bioinformatic findings to poorly differentiated cancers 

characterized by high-AXL expression and/or stem cell-like signatures, including 

pancreatic cancer, endometrial cancer, head and neck squamous cell carcinoma, 

leukemia, bone sarcoma, and soft tissue sarcoma, showing correlations with LSD1 

dependency. We confirmed this analysis in pancreatic adenocarcinoma, demonstrating 

that multiple pancreatic cancer cell lines expressing high levels of AXL are indeed 

dependent on LSD1. To extend the use of LSD1 inhibitors to undifferentiated cancers of 

other lineages and before translating this finding into clinic, the LSD1 dependence must 

be validated and extensively studied in vitro and in vivo. Together, these data suggest 

that the druggable dependency on LSD1 may extend beyond melanoma to multiple 

undifferentiated tumor cell states, thus suggesting a shared epigenetic state as well as 

broader therapeutic opportunities.   

 

A mechanism by which LSD1 mediates MITF-low melanoma survival 

We also provide insight into the mechanism by which LSD1 mediates melanoma 

cell survival. LSD1 inhibition up-regulates NDRG1 in MITF-low, but not in MITF-high, 

melanoma cell lines and NDRG1 is required for the lethality of LSD1 inhibition in MITF-

low melanoma cells. Furthermore, we show that, in the reduction of tumor burden by in 

vivo inhibition of LSD1, NDRG1 serves as a biomarker of on-target LSD1 inhibitor 

activity. Given that NDRG1 is also up-regulated by SP2509 in an AXL-high pancreatic 
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cancer cell line, it is likely a common target and mechanism for LSD1-mediated growth 

regulation in undifferentiated cancers. 

Epigenetic regulators have broad effects on chromatin structure and gene 

expression, suggesting that LSD1 mediates MITF-low/AXL-high melanoma survival 

through many avenues including, but not limited to, NDRG1 repression. Although 

additional candidate genes identified by our ChIP- and RNA-seq, such as CDKN1A or 

ST3GAL1, were not significantly associated with survival, they must be validated for 

their effects on MITF-low/AXL-high melanoma cell survival and for therapeutic 

relevance, especially since CDKN1A has previously been implicated in melanoma. (Fan 

et al. 2011) Further, genes with differential expression in our RNA-seq data set should 

be explored, as LSD1 may regulate gene expression indirectly.  

In addition to demethylating histones (H3K4 and H3K9) LSD1 targets non-

histone proteins and regulates gene expression independent of demethylation. 

(Sehrawat et al. 2018; Huang et al. 2007) LSD1 has been shown to demethylate K370 

of p53, repressing p53 mediated transcription and inhibiting apoptosis. (Huang et al. 

2007) And the ectopic overexpression of the catalytically inactive mutant LSD1 (K661A) 

in cells with endogenous LSD1 inhibition still reduced survival of prostate cancer cells 

revealing a non-canonical, demethylation independent function of LSD1. (Sehrawat et 

al. 2018) Instead, LSD1 interacts with ZNF217 to promote prostate cancer cell survival. 

(Sehrawat et al. 2018) Mass spectrometry of MITF-low/AXL-high melanoma cells with 

and without LSD1 inhibition may reveal potential non-histone targets of LSD1. And rapid 
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immunoprecipitation mass spectrometry for LSD1 may reveal novel LSD1 complex 

members in MITF-low melanoma cells.  

LSD1 has also been shown to regulate gene expression through double stranded 

RNA stress (dsRNA). LSD1 represses repetitive endogenous retroviral elements 

(ERVs) and induces expression of RNA-inducing silencing complex components 

(RISC); therefore, inhibition of LSD1 induces dsRNA, thereby activating type 1 

interferon and creating a more immunogenic tumor environment. (Sheng et al. 2018) 

LSD1 regulates RISC expression by directly demethylating Argonaute 2 (AGO2), but 

also indirectly regulates DICER expression through dsRNA stress. Therefore, LSD1 

regulates gene expression in a non-histone manner and independent of DNA 

methylation. (Sheng et al. 2018) A deeper understanding of the mechanism by which 

LSD1 regulates RISC activity and dsRNA may provide additional targets whose 

inhibition will promote the immunogenicity of the tumor and response to immune 

checkpoint blockade. 

 

MITF-high melanoma cells and the role of LSD1  

Additional studies performed by the Fisher laboratory (not discussed in this 

thesis) suggest that even short-term suppression of MITF (induced by the HDAC 

inhibitor SAHA or the HIV protease inhibitor nelfinavir) in MITF-high/AXL-low melanoma 

cells induces a state of LSD1 dependency that might be exploited for therapeutic 

benefit. This finding suggests that in addition to combinations of MITF-targeting and 

LSD1-targeting agents, the hybrid LSD1/HDAC inhibitor Corin may be therapeutically 

beneficial for patients with either MITF-low or MITF-high melanomas, including likely the 
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vast majority of melanomas that contain both MITF-low and MITF-high subpopulations. 

(Kalin et al. 2018; Tirosh et al. 2016) In fact, as the LSD1/HDAC(1/2)/CoREST complex  

preferentially binds to hypoacetylated chromatin and HDAC inhibition alone has been 

shown to inhibit demethylation activity by LSD1/CoREST, it is likely that HDAC inhibitors 

may enhance the potency of LSD1 inhibitors. (Shi et al. 2005) Still, given the wide range 

of targets of both LSD1 and HDACs, combining the inhibitors of these two epigenetic 

regulators will require careful dose titrations to avoid possible toxicities.  

Melanoma is a heterogenous population of extremely plastic tumor cells. 

Expression of MITF has previously been described using a rheostat model, in which low 

levels of MITF represent a more ‘stem-like’ population of invasive cells and cells marked 

by high levels of MITF are thought to be more differentiated. (Goding 2011) More recent 

gene expression analysis suggests a melanoma trajectory defined by four progressive 

differentiation subtypes correlating with MITF expression. (Tsoi et al. 2018) Specifically 

the more differentiated transitory and melanocytic states are marked by higher 

expression levels of MITF and the less differentiated neural crest-like and 

“undifferentiated” subtypes are marked by low levels of MITF. (Tsoi et al. 2018) This 

dedifferentiation trajectory of melanoma cells combined with our findings – that 

reduction of MITF renders MITF-high melanoma cells dependent on LSD1 and 

overexpression of MITF rescues cells from an LSD1 vulnerability – suggests that LSD1 

dependency is linked to MITF expression. Together, these reports and our findings 

suggest that LSD1 dependency in melanoma is reversible and may be linked to MITF.    
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Thus far, our efforts have shown that undifferentiated melanoma cells expressing 

low levels of MITF are sensitive to LSD1 inhibition, however, it remains unknown why 

MITF-high melanoma cell survival is independent of LSD1. One likely explanation is 

inferred from the role of MITF and its transcriptional activation of key survival and 

differentiation genes; in the absence of MITF, LSD1 may regulate the expression of 

these genes to mediate melanoma cell survival. To test that hypothesis, one should 

identify downstream candidate genes that are regulated by MITF in MITF-high 

melanoma cells and LSD1 in MITF-low melanoma cells. To accomplish this, one could 

perform differential expression RNA-seq analysis of MITF- high and -low melanoma 

cells with and without MITF and LSD1 knockdown, respectively. The knockdown of 

MITF in MITF-high cells and knockdown of LSD1 in MITF-low cells will provide insight 

regarding the genes regulated by MITF and LSD1, respectively, and the overlap of the 

differentially expressed genes may identify key survival genes. One could also perform 

ChIP-seq with MITF and LSD1 in MITF-high and -low melanoma cells to determine if 

the same genes are occupied by MITF in differentiated cells and LSD1 in 

undifferentiated cells. Alternatively, MITF and LSD1 may co-occupy genes, as 

unreported data suggest that LSD1 and MITF may interact. 

Both LSD1 and MITF may repress NDRG1 expression in MITF-low and MITF-

high melanoma cell lines, respectively. Analysis of previously performed ChIP in MITF-

high melanoma cells revealed MITF occupancy of NDRG1. This may explain our 

observation that LSD1 inhibition in MITF-high melanoma cells does not induce NDRG1. 

Further, the overexpression of NDRG1 in pMel cells overexpressing MITF or LSD1 is 
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expected to mitigate colony formation, if NDRG1 repression is essential for the 

oncogenic potential exerted by MITF and LSD1. NDRG1 is one mechanism by which 

LSD1 mediates MITF-low melanoma survival, and the observed occupancy of NDRG1 

by MITF is in support of the MITF-LSD1 dependence axis.  

Additional mechanisms may explain the LSD1 dependence in relation to MITF 

expression. One potential mechanism is based on the previously observed recruitment 

of LSD1 to target genes by MYC and the observed overlap of MYC target genes with 

LSD1 occupancy in mouse embryonic stem cells. (Amente et al. 2010; Amente et al. 

2013). Intriguingly, MYC and MITF both bind to the same canonical E-box. This 

suggests that perhaps in the absence of MITF, MYC drives melanoma cell survival by 

recruiting LSD1 to regulate gene expression. If this is the mechanism, overlap of MYC 

and LSD1 target genes in MITF-low melanoma cells, with target genes of MITF may 

reveal common genes essential for melanoma cell survival. If this is true, knockdown of 

MYC is expected to phenocopy loss of LSD1 in MITF-low melanoma cells. However, it 

is necessary to determine which one or more of the MYC family members (N-Myc, C-

Myc, L-Myc) is/are involved in LSD1 recruitment. Furthermore, the interaction between 

Myc and LSD1 is stimulated by cAMP-PKA, a pathway key to the melanocyte lineage 

and the pigmentation pathway. (Amente et al. 2010) This suggests that signaling 

upstream of MITF can activate survival mechanisms in melanoma cells that have lost 

MITF expression and MITF dependent survival pathways.  
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LSD1 in rational combination therapies  

Recent single cell RNA-seq studies have shown that most melanomas are 

heterogeneous, containing populations of MITF-low and MITF-high cells. (Tirosh et al. 

2016) This suggests that even if the bulk tumor is marked by an MITF-high/low-AXL 

transcriptional profile, there is a population of MITF-low/AXL-high cells present, 

supporting the use of LSD1 inhibitors in combination with BRAF targeted therapies. 

Rational combination of BRAF and LSD1 inhibitors may provide durable clinical benefit, 

by eliminating the MITF-low/AXL-high population of cells that contribute to treatment 

resistance and likely tumor recurrence.  

The combination of the LSD1 inhibitor SP2509 and the BRAF inhibitor PLX4720 

demonstrated synergistic effects, reducing tumor burden and extending survival of 

xenografts bearing MITF-low/AXL-high melanoma tumors. The optimal timing of 

combination therapy administration remains to be determined. It is especially important, 

for melanomas with mixed populations of MITF-high and MITF-low cells, to determine if 

the combination is more effective when both inhibitors are administered at the same 

time or if the LSD1 inhibitor should follow a lead phase of BRAF inhibitors. The second 

approach may be less toxic and thus a more tolerable approach by first eradicating the 

population of melanoma cells sensitive to BRAF-targeted therapy, leaving the resistant 

population of tumor cells to be ablated upon LSD1 inhibitor administration. Further 

studies are required to establish the treatment regimen as well as the tolerability of 

combinations of BRAF and LSD1 inhibitors.  
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LSD1 represses proinflammatory cytokines and interferon signaling, and its 

inhibition creates a more immunogenic tumor environment. (Janzer et al. 2012; Jin et al. 

2017; Sheng et al. 2018) Our preliminary studies suggest that the combination of LSD1 

inhibitor and anti-PD-1 is synergistic, with complete tumor clearance observed in 25% of 

mice bearing melanoma tumors. Recent studies corroborate our finding and 

demonstrate that loss of LSD1 in mouse melanoma cells increases anti-tumor T-cell 

function and immunogenicity in tumors that inherently are not immunogenic. (Sheng et 

al. 2018) Furthermore, the inhibition of LSD1 sensitized tumors resistant to anti-PD-1 

therapy, suggesting that indeed LSD1 is a targetable dependency in treatment 

refractory melanoma. (Sheng et al. 2018) 

 
Translating to clinic  

 The identification of a targetable dependency on LSD1 in the treatment resistant 

MITF-low/AXL-high population of melanoma cells provides great therapeutic opportunity 

for melanoma patients. In fact, LSD1 overexpression in tumors correlates with a poor 

prognosis for adenoid cystic carcinoma, sarcoma, and skin cutaneous melanoma in the 

TCGA data set. (Sheng et al. 2018) Combined with our findings, this suggests 

translational significance for targeting LSD1 in treatment refractory tumors such as 

melanoma.   

Many questions remain to be answered before this finding can be translated into 

clinic. First, it is important to identify the patient subset that is likely to benefit from LSD1 

inhibition. While we show that MITF-low/AXL-high cells are sensitive to LSD1 inhibition, 

melanoma is a heterogenous disease displaying both intra- and inter-tumor 
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heterogeneity. (Tirosh et al. 2016) While low levels of MITF expression are associated 

with resistance to BRAF-targeted therapy, high expression of MITF can also lead to 

targeted therapy resistance. (Müller et al. 2014) Therefore, it is imperative that the MITF 

status of a melanoma patient be confirmed, as an LSD1 inhibitor alone will have no 

effect in melanoma cells expressing high levels of MITF, though our studies also 

suggest that the reduction of MITF (via SAHA or nelfinavir) in combination with LSD1 

inhibitors may have clinical benefit in MITF-high tumors.  

 Adding additional value to the use of LSD1 inhibitors in clinic is a biomarker for in 

vivo LSD1 inhibition. We show that inhibition of LSD1 in vivo induces NDRG1 

expression, which correlates with tumor reduction. However, it is important to confirm 

that NDRG1 expression is observed in tumors of melanoma patients that respond to 

LSD1 inhibitors. Additionally, methylation of H3K4 or H3K9 (histone lysine targets of 

LSD1) may serve as a clinical biomarker for on-target LSD1 inhibition.  

  

Significance  

Despite the preventable nature of melanoma, it is still the fifth most commonly 

diagnosed cancer in the United States, with approximately 91,000 new diagnosis and 

9,000 deaths predicted in 2018 alone. (AM et al. 2018) Although BRAF-targeted and 

immune therapies achieve unprecedented clinical benefit, the effects are limited to a 

subset of patients and are not durable, leaving the majority of patients with limited 

treatment options. (Hugo et al. 2016; Merlino et al. 2016) A stronger understanding of 

the epigenetic and genetic features that contribute to therapy resistance and the 

plasticity of melanoma will establish the necessary framework to develop novel 
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melanoma therapeutic opportunities. To treat this devastating disease, it is imperative 

we gain a strong mechanistic understanding of melanoma and use this knowledge to 

develop targeted compounds and treatment strategies. The work presented in this 

thesis supports an LSD1-targeted therapeutic strategy for undifferentiated cancers, 

including subsets of melanoma and pancreatic cancer, and possibly other cancers such 

as head and neck squamous cell carcinoma, endometrial, leukemia, bone sarcoma, and 

soft tissue sarcoma. It remains to be determined whether poorly differentiated tumors of 

other organs may — in discrete subsets of cases —similarly enter an epigenetic state 

that confers LSD1 dependency, as described here. Still our findings in melanoma and 

pancreatic cancer suggest a shared epigenetic state that offers broad therapeutic 

opportunities for patients with great unmet clinical needs. Considering that such 

undifferentiated genetic/epigenetic states predominate in metastatic and therapy-

resistant cancers, both single therapies and combinatorial strategies with molecular 

targeted and immune checkpoint blockade might be expected to provide therapeutic 

benefit for such cancer patients. 
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Chapter 6 : Methods  
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Bioinformatics data set analysis  

The Project Achilles database consists of shRNA depletion scores from a pooled 

genomic library screening tested across a panel of cancer cell lines, including 

melanomas. (Cheung et al. 2011) ATARiS and DEMETER dependency scores in each 

melanoma cell line were calculated based on these shRNA depletion scores by 

weighing each hairpin according to the degree of consistency with other hairpins 

designed against the same gene and computationally minimized seed-based off-target 

effects of shRNAs. (Shao et al. 2013; Tsherniak et al. 2017) The ATARiS scores of 

LSD1 (KDM1A) in Achilles v. 2.0 (4 melanoma cell lines for 8045 genes) were 

downloaded from Broad Institute Project Achilles Data Portal 

(https://portals.broadinstitute.org/achilles), the DEMETER scores of LSD1 were 

obtained from the Cancer Dependency Map (34 melanoma cell lines) 

(https://depmap.org/rnai/), and the gene expression data set of corresponding cell lines 

used in Project Achilles shRNA screening was downloaded from Broad Institute Cancer 

Cell Line Encyclopedia (CCLE) (https://portals.broadinstitute.org/ccle). The ATARiS 

dependency score denotes the log2 based decreases or increases in cancer cell lines 

after several rounds of proliferation post-shRNA infection. A negative ATARiS score 

suggests decreased cancer cell proliferation/survival after shRNA infection. In order to 

simplify, we inversed LSD1 dependency scores and yielded the probability of LSD1 

dependency as a positive value in this study.  

In order to identify genes on which MITF-low/AXL-high melanoma cells are highly 

dependent upon, we first identified candidate genes whose inversed ATARiS scores (= 
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probability of dependency) correlate with MITF mRNA expression in Achilles v. 2.0 data 

set (Figure 2.1). The 8045 inversed ATARiS scores were calculated by pairwise 

Pearson’s correlations with MITF mRNA (log2-transformed RPKM) across the four-

melanoma cell lines (A2058, Hs944T, IGR-39, COLO741). 

We used the DEMETER data set to validate the LSD1 dependency in MITF-

low/AXL-high melanoma, and stratified melanoma cell lines according to MITF and AXL 

expression. In 6 MITF-low/AXL-high and 10 MITF-high/AXL-low melanoma cell lines 

correlations of inversed DEMETER scores with MITF or AXL levels were calculated 

using Pearson’s formula. For further validation by CRISPR-Cas9-based loss-of-function 

screening, we obtained CERES scores, which estimate genetic dependency levels with 

decreased false-positive results. from the Avana CRISPR screening data set 

(https://depmap.org/ceres/). (Meyers et al. 2017) In 8 MITF-low/AXL-high and 5 MITF-

high/AXL-low melanoma cell lines, correlations of inversed LSD1 CERES scores with 

MITF or AXL levels were calculated using Pearson’s formula. For the Avana CRISPR 

data set analysis of melanoma cell lines, two outliers (MALME3M and SK-MEL-30 

melanoma cells) were statistically determined by Grubb’s outlier test (GraphPad Prism) 

and excluded from our analysis in this study.  

For non-melanoma cancers, published EMT gene signatures and AXL 

expression levels  were analyzed using this method as well, yielding a single 

undifferentiation score per signature for each cell line. (Taube et al. 2010; Tirosh et al. 

2016) The LSD1 DEMETER scores of non-melanoma cancers were obtained from 

Cancer Dependency Map (https://depmap.org/rnai/). Z-score-normalized AXL mRNA 
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levels were calculated from the CCLE RNA-seq data set; the correlations of LSD1 

dependence with the undifferentiated signatures were calculated by Pearson’s 

correlation coefficient in GENE-E (https://software.broadinstitute.org/GENE-E/). For 

pancreatic adenocarcinoma, correlation between sensitivity to SP2509 (EC50) and AXL 

mRNA (CCLE microarray) was analyzed using Pearson’s formula. 

 

Cell culture 

All melanoma and pancreatic cell lines were cultured in DMEM or RPMI medium 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin/L-glutamine 

in a humidified atmosphere of 95% air and 5% CO2 at 37°C. Primary human 

melanocytes from neonatal foreskins were established in TIVA medium as described 

previously. (Khaled et al. 2010) 

Paired sensitive - resistant cell lines were generously donated by the lab of Dr. 

Bin Zheng. A375-G1R cells were maintained in complete medium supplemented with 

LOW DOSE vemurafenib or dabrafenib. A375-BMR cells were maintained in complete 

medium supplemented with DOSE dabrafenib and DOSE trametinib. 

 

Inhibitors  

LSD1 inhibitor, SP2509 (Selleck, S7680 and MedKoo Biosciences 406610), was 

reconstituted with DMSO for in vitro and in vivo use, respectively, and stored at -20 or -

80°C. GSK2879552 was purchased from Cayman chemicals (product number 19403) 

and was reconstituted with DMSO for in vitro use and stored at -20°CPLX 4720 was 

acquired from Plexxikon and reconstituted in DMSO for in vitro use and stored at -20 or 



 

 

 

 

 

157 

-80°C. Control chow and PLX 4720-containing chow were manufactured by Research 

Diets.  anti-PD-1 antibody:  anti-PD-1 (29F.1A12) was a gift from Dr. Gordon Freeman 

and was reconstituted in PBS and stored at 4°C. 

 

Cell Viability Assays  

Cells were plated in 6-well or 96-well plates at optimized densities and incubated 

overnight prior to treatment. Cells were treated with siRNA or SP2509 (0.001-5.0 µM) or 

DMSO (5.0 µM) or combination PLX4720 (0.3 – 5.0 µM) or combination PLX4720 (0.3 – 

5.0 µM) and SP2509 (0.001-1.0 µM) and cultured under standard conditions for 72 

hours. Cell viability was measured using Cell-Titer Glo luminescence (Promega) and 

readout using an LJL Biosystems Analyst microplate reader. Raw numbers were then 

normalized to the median of the control treated wells for each plate. IC50s and EC50s 

were calculated by nonlinear regression using GraphPad Prism v. 7.  

For validation of LSD1 dependency in MITF-low melanoma (Figure 2.5) and 

rescue of LOX-IMVI cells from SP2509-mediated growth inhibition (Figure 3.10, 3.11), 

transduction with lentiviral shLSD1 and shNDRG1 constructs, respectively, was 

followed by puromycin selection for 4 days. Subsequently, equal numbers of shLSD1-

infected cells were re-seeded on 6-well plates and cultured for an additional 12 days. 

Cell numbers were estimated by crystal violet staining followed by quantification of the 

crystal violet-covered area using the Colony Area ImageJ plugin. (Guzmán et al. 2014) 

The day after reseeding equal numbers of shNDRG1-infected cells on 6-well plates, the 

cells were further cultured up to 5 days in the presence of DMSO or 500 nM SP2509. 
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Cell numbers were estimated by crystal violet staining followed by extraction with 10% 

acetic acid and measurement at 595 nm using a spectrophotometer at the indicated 

time points.  

For synergy experiments, synergy was calculated by determining if the cell 

viability at a combined PLX4720 and SP2509 dose was less than the multiplied value of 

the corresponding single dose cell viability.  

 

Anchorage Independence Assay 

Primary human melanocytes were immortalized by simultaneous lentivirus-

mediated infections of pLenti-hTERT, pLenti-CDK4 (R24C) and pLenti-p53DD 

(established by Ryo Murakami) followed by hygromycin selection for 3 days and 

cultured extended periods of time in TIVA media with hygromycin (greater than 30 

days). The resulting polyclonal populations of pMel/hTERT/CDK4 (R24C) were termed 

pMels in this study. These pMel cells were infected with NRAS(Q61R) to generate 

pMelNRAS(Q61R) cells and were then infected with pcw45: GFP, MITF, LSD1 WT, 

LSD1 S112D, LSD1 S112A and selected for 1 week with blasticidin. The 

pMelNRAS(Q61R) cells with stable overexpression of LSD1 (WT and mutants) and 

MITF were subjected to soft agar assay; 1,000, 5,000 or 10,000 cells/well were plated in 

a 24-well plate and resuspended in 0.1% agarose containing DMEM (10% FBS and 1% 

penicillin/ streptomycin/L-glutamine; +/- DMSO +/- SP2509 1.0 µM) and plated on 

bottom agar contain 0.75% agarose in DMEM. These cultures were supplemented with 

DMEM (+/- DMSO or SP2509) once a week and cultured for 21-28 days, after which 
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whole well images were collected using a dissecting microscope and analyzed for total 

colony number using a Cell Profiler plugin obtained from the Meyerson lab of the Broad 

Institute (diameter cut-off 15). Plating densities of 1,000 and 10,000 cells were not 

analyzed, due to too few and too many cells respectively.  

 

Cell Counting assay  

40,000 cells/well were seeded in 12 well plates and incubated overnight. Cells 

were treated with 0.5 µM SP2509 or DMSO and cultured under standard conditions. 

Cell counts were determined every 24 hours by trypan blue exclusion with a 

hemocytometer. For the LSD1 rescue experiment (Figure 2.6), LOX-IMVI cells were 

transduced simultaneously with lentivirus shLSD1#9, which targets endogenous LSD1-

3’UTR, and either pCW45-empty, LSD1 WT, or mutants, followed by blasticidin and 

puromycin selection for 4 days. The resulting polyclonal LSD1 rescued and non-rescued 

LOX-IMVI cells were subjected to cell counting assay and western blotting. 

 

Animal Studies  

Single-agent SP2509: Female NSG mice aged 5-6 weeks were purchased from 

Jackson Laboratories (Bar Harbor, ME). For treatment with SP2509, 1x106 LOX-IMVI, 

A375, or COLO800, or 5x106 COLO800 cells were injected subcutaneously to bilateral 

flanks. For single-agent SP2509 treatment of C57BL/6 mice bearing D4M.UV2 or 

D4M.UV3 tumors, 1x106 D4M.UV2 or D4M.UV3 cells were injected subcutaneously into 

bilateral flanks of female 8-week-old mice obtained from Jackson Laboratories (Bar 
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Harbor, ME). Mice bearing tumors were injected intraperitoneally with 25 mg/kg SP2509 

3 times/week or 40mg/kg SP2509 5 times/week or vehicle (10% DMSO/10% Kolliphor 

EL/80% PBS(-)).  

 

Immune checkpoint blockade: Female C56BL/6 mice aged 8 weeks were purchased 

from Jackson Laboratories (Bar Harbor, ME). Mouse melanoma cells D4M.3A.3, 

D4M.UV2, or D4M.UV3 (1x106 cells per flank in PBS) were injected subcutaneously to 

bilateral flanks. Once tumors reached 50 mm3, mice were sorted into 2 or 4 groups with 

similar average initial tumor sizes; this timepoint is defined as day 0 marked by initial 

treatment. The investigator was then blinded to the assignment of treatment status to 

each group. Mice bearing tumors were injected intraperitoneally with 25 mg/kg SP2509 

or vehicle (10% DMSO/10% Kolliphor EL/80% PBS(-)) 3 times/week. Blocking 

antibodies were administered intraperitoneally at a dose of 200 ug per mouse on days 

Day 6 and 8 (D4M3.3A.3) and Day 0, 2, 4, 6, and 8 (D4M.UV2) (previous experiments 

demonstrate this is the best treatment strategy).  

 

Targeted therapy: Female NSG mice aged 5-6 weeks were purchased from Jackson 

Laboratories (Bar Harbor, ME). Mice were subcutaneously inoculated with 1x106 LOX-

IMVI or WM115 cells/flank. Once tumors reached 50 mm3, mice were sorted into 2 or 4 

groups with similar average initial tumor sizes.  The investigator was then blinded to the 

assignment of treatment status to each group. Mice bearing LOX-IMVI tumors were 

injected intraperitoneally with 25 mg/kg SP2509 or vehicle (10% DMSO/10% Kolliphor 

EL/80% PBS(-)) 3 times/week, and/or were given chow  mixed with  PLX4720 (200 or 
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417 mg/kg) ad libitum. To test acquired resistance, female NSG mice aged 6-weeks 

were inoculated with 1x106 LOX-IMVI cells per flank. Once tumors reached 50 mm3, 

mice were sorted into 2 or 4 groups with similar average initial tumor sizes; this 

timepoint is defined as day 0 and the start of PLX4720 200 mg/kg chow. Tumors were 

measured every other day for regression. Once tumors completely regressed, SP2509 

40 mg/kg was initiated every other day for 3x/week (treatment strategy 1) or treatment 

began once the tumors were 50 mm3 (treatment strategy 2).  

 

Tumor volume was measured using digital caliper and calculated by the following 

formula: volume (mm3) = length x (width2/2).  For all in vivo experiments mice were 

sacrificed when tumors reached a maximum volume of 500 mm3 or 1 cm in diameter. All 

studies and procedures involving animal subjects were approved by the Institutional 

Animal Care and Use Committees of Massachusetts General Hospital and were 

conducted strictly in accordance with the approved animal handling protocol. 

Survival and tumor response analysis. Kaplan-Meier analysis was conducted 

using the log- rank (Mantel-Cox) test. p values less than 0.05 were considered 

statistically significant.  

RNA purification and quantitative RT-PCR. RNA was isolated from melanoma 

cells or at indicated time points using the RNeasy Plus Mini Kit (Qiagen). RNA was 

harvested from LOX-IMVI at 120h post-infection with shRNAs (Figure 3.4). RNA was 

harvested from xenograft tumors indicated time points post-SP2509 treatment but 24 

hours after the last SP2509 dose; mice were euthanized with isoflurane inhalation and 
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tumors were surgically dissected. Tumor specimens were stored in RNA-later 

(Invitrogen) 4°C overnight, then promptly dried and stored at -80°C. Tumor specimens 

were homogenized with mortar and pestle and immediately purified with the RNeasy 

Plus Mini Kit (Qiagen). mRNA expression was determined using intron-spanning 

primers with SYBR FAST qPCR master mix (Kapa Biosystems). Expression was 

normalized to RPL11 and UACC527 MITF expression when appropriate. qRT-PCR was 

performed with the following primers: 

Human LSD1 forward 5’ - CCCACCTGAGGAAGAAAATG-3’ 

Human LSD1 reverse 5’ – CGTCTCCATACCCTCCAGAA-3’ 

Human MITF forward 5’ – CATTGTTATGCTGGAAATGCTAGAA-3’ 

Human MITF-M reverse 5’ - GGCTTGCTGTATGTGGTACTTGG-3’ 

Human NDRG1 forward 5’ - ACAGCGTGACGTGAACAGAG-3’  

Human NDRG1 reverse 5’ – CTGAGGTGAAGCCTTTGGTG-3’ 

Human RPL11 forward 5’- GTTGGGGAGAGTGGAGACAG -3’ 

Human RPL11 reverse: 5’- TGCCAAAGGATCTGACAGTG -3’ 

 

Immunoblotting 

 Whole cell lysates were resolved by SDS-PAGE using 8% or 15% 

polyacrylamide gels (National Diagnostics) and transferred to nitrocellulose membranes 

(Whatman, GE Healthcare). The membranes were blocked in 3% BSA buffer (10 mM 

Tris-HCl pH7.4, 150 mM NaCl, 1 mM EDTA, 0.1% Tween 20 and 3% BSA). We used 

the following primary antibodies: anti-MITF (clone C5, in-house), anti-AXL (Cell 
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Signaling, #4939), anti-LSD1 (Abcam, Ab17721), anti-NDRG1 (Cell Signaling, #9485), 

anti-CoREST (Santa Cruz Biotechnology, sc-30189), anti-HA (Roche, 11583816001), 

anti-β-tubulin (Sigma, T9026) and anti-β-actin (Santa Cruz Biotechnology, sc-47778). 

Appropriate secondary antibodies were used in 5% skim milk/TBST buffer.  

 The protein expression levels of M isoforms of MITF (MITF-M) in melanoma cell 

lines were quantified using ImageJ software. Briefly, band intensity of MITF-M was 

normalized to that of b-actin for each cell line.   

siRNA delivery  

A single pulse of 20 nmol/L of siRNA was delivered to a 60% confluent culture by 

transfection with the lipidoid delivery agent C12-133B, which was synthesized as 

previously described. (J. Li et al. 2012),(Love et al. 2010) FlexiTube Gene Solution for 

LSD1 (Qiagen, GS23028), siGENOME Human NDRG1 siRNA SMARTpool (M-010563) 

and ON-TARGETplus non-targeting control pool (D-001810) were purchased from 

Dharmacon. 

 

Lentiviral production and infections 

 Lentivirus was generated in Lenti-XTM 293T cells (Clontech, 632180).  All 

pLKO.1-shRNA constructs were obtained from Molecular Profiling Laboratory (MPL) 

(MGH, CCR). GFP and human MITF-M isoform were cloned into the pCW45 lentiviral 

expression vector (Dana-Farber/Harvard Cancer Center DNA Resource Core) as 

previously described. (Haq, Shoag, et al. 2013) HA-tagged human LSD1 cDNA was 

amplified and cloned into the pCW45 vector using the following primers:  forward; 5’- 
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tcaagcttcgaattcCCGCCACCATGTACCCATAC-3’ and reverse; 5’- 

tgcggccgcggatccTCACATGCTTGGGGACTGCT-3’. Mutagenesis was performed using 

the Quickchange II Site-Directed Mutagenesis Kit (Agilent) and the following 

mutagenesis primer pairs resulted in the deletion of the domains (SWIRM, N-terminal 

AOD, TOWER or C-terminal AOD) or mutation of K661A.   

 

LSD1 dSWIRM forward 5’ - AAATGAAGGCATCTATAAGAGGATA-3’ 

LSD1 dSWIRM reverse 5’ – TAGATGCCTTCATTTTCTTCCTCAG-3’ 

LSD1 dAODN forward 5’ - CTCTGGGCAGTTACAAGAGAAGCAT-3’ 

LSD1 dAODN reverse 5’ – TGTAACTGCCCAGAGCCTATAATAA-3’ 

LSD1 dTOWER forward 5’- TGTCATTTCAAGAGACAGACAAATA-3’ 

LSD1 dTOWER reverse: 5’- TCTCTTGAAATGACAACTTCCAATG-3’ 

LSD1 dAODC forward 5’ - TCTCTCAGCAGACCAGTTTTTGGGG-3’ 

LSD1 dAODC reverse 5’ – TGGTCTGCTGAGAGATATACATCAC-3’ 

LSD1 K661A forward 5’- CCTTAACGCGGTGGTGTTGTGTTTTGAT-3’ 

LSD1 K661A reverse: 5’- ACACCACCGCGTTAAGGTTGCCAAATCC-3’ 

 

Lenti-X cells were transfected using 250 ng VSVG (Addgene, 14888), 1250 ng 

psPAX2 (Addgene, 12260), and 1250 ng pLKO.1- shScramble (shScr), shLuciferase 

(shLuc), shLSD1, shNDRG1, pCW45-GFP, pCW45-MITF, or pCW45-LSD1.  For 

infections, cells were plated the day before infection. After infection with lentivirus, 

plates were centrifuged at 3000 rpm for 30 min at 37°C. Selection was performed the 
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day after infection with puromyocin (1 µg/ml) or blasticidin (5 µg/ml).  

 

Cell cycle analysis  

Single-cell suspensions were prepared from melanoma cell lines 120 hours after 

treatment with shRNA, SP2509, or DMSO vehicle control (unless stated otherwise). 

Cells were fixed with 70% ethanol and stored at -20°C before flow cytometry analysis. 

The fixed cells were then stained with propidium iodide (PI) staining buffer (0.1% Triton 

X-100, 0.2 mg/ml RNase, 20 µg/ml PI) at room temperature for 30 minutes. Data were 

acquired on the FACSCanto and analyzed BD FACSDIVA software (BD Biosciences). 

Each experiment with a different combination of cell line and shRNA or drug treatment 

was performed once, with 3 different LSD1 shRNAs (Figure 2.13), 5 different NDRG1 

shRNAs 120 hours after infection (Figure 3.11), or 2 different doses of SP2509 (Figure 

2.13) tested. 

 

RNA Sequencing (RNA-seq)  

Total RNA was extracted from LOX-IMVI following 24 hours and 48 hours 

treatment with DMSO or 500 nM SP2509. mRNA libraries were constructed from total 

RNA with high quality (RIN≥8.0) and high purity (OD 260/280 1.8-2.0) scores using the 

NEXTflex Rapid Directional mRNA-Seq kit (Bioo Scientific Corp.). Multiplexed libraries 

were sequenced on an Illumina HiSeq 2500 System (Illumina Inc.), using 100 bp paired-

end reads to an average read depth of over 30 million reads per sample, at the JWCI 

Sequencing Center. Base calling and demultiplexing were performed using CASAVA 
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v1.8.2 (Illumina Inc.). Reads were mapped to the GENCODE (version 19) reference 

using STAR version 2.4.2a and read counts were generated using the -quantMode 

GeneCounts option in STAR. The GFOLD (version 1.1.4) algorithm was used to detect 

fold change differences in expression between conditions. ( (Dobin et al. 2013; Feng et 

al. 2012) 

 

Preparation of cell extracts and immunoprecipitation  

Whole cell lysates were prepared using lysis buffer (25 mM HEPES pH7.7, 0.3 M 

NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1% Triton X-100) supplemented with protease 

inhibitors (Roche). Protein concentrations were quantified by Bradford protein assay 

(Thermo Scientific).  

Cell lysates for immunoprecipitation were prepared using IP lysis buffer (50 mM 

Tris-HCl pH8.0, 150 mM NaCl, 0.5% NP-40, 1mM EDTA (pH 8.0), 10% glycerol) 

supplemented with protease inhibitor (Thermo Fisher).  After centrifugation, IP cell 

lysates were pre-cleared with control IgG and Pierce Protein A/G UltraLink Resin (50% 

slurry, Life Technologies, 53133) with 0.25% BSA. Pre-cleared IP lysates were 

incubated with 2 μg of anti-LSD1 antibody (Abcam, ab17721) or non-specific control 

rabbit IgG (Santa Cruz Biotechnology, sc-2027) at 4°C for overnight and then rotated 

with Pierce Protein A/G UltraLink Resin at 4°C for 4 h. The beads were washed three 

times with wash buffer (10 mM Tris-HCl pH 7.4, 1 mM EDTA pH 8.0, EGTA pH 8.0, 150 

mM NaCl, 1% Triton X-100 with protease inhibitor) and subsequently eluted with 2x 

Laemmli sample buffer. Protein samples used for immunoblotting of NDRG1 (Figure 3.4 
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B) were harvested 96 hours after shLSD1 infection and 72h after 500 nM SP2509 

treatment (Figure 3.5 B). 

 

Chromatin immunoprecipitation (ChIP) - qPCR 

 ChIP was performed in LOX-IMVI, COLO800, or UACC257 as described above. 

The immunoprecipitation was performed with rabbit anti-LSD1 antibody (Abcam 17721), 

rabbit anti-H3K4me2 antibody (EMD Millipore, 07-030), and normal rabbit IgG (Santa 

Cruz Biotechnology, sc-2027, control). For H3K4me2 ChIP, chromatin samples were 

harvested from LOX-IMVI and COLO800 cells 96 hours after shLSD1 infections. qPCR 

was carried out using primers specific for the human NDRG1 TSS region (forward 5’-

CTGGGACTGCGAGGGTCTG-3’ and reverse 5’-AGGCGAGGTTTGTTTACGTC-3’) 

proximal promoter region (forward 5’-AAGTGAAGGGAGTCGCTCAG-3’ and reverse 5’ 

-TGCATGTGGACTTCCTTGTG-3’), Nanog promoter (forward 5’- 

GTTCTGTTGCTCGGTTTTCT-3’ and reverse 5’-TCCCGTCTACCAGTCTCACC-3’), 

and ACTB gene body (forward 5’- CATCCTCACCCTGAAGTACCC-3’ and reverse 5’-

TAGAAGGTGTGGTGCCAGATT-3’). Ct values of ChIPed DNA samples were 

normalized to 1% or 5% input.  

 

H3K4me2 ChIP Sequencing (ChIP-seq)  

ChIPed DNA samples were prepared from 50 million LOX-IMVI cells treated with 

DMSO or 500 nM SP2509 for 48 fours. Two μg of anti-H3K4me2 antibody (EMD 

Millipore, 07-030) or control rabbit IgG (Santa Cruz Biotechnology, sc-2027) was used 
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for ChIP reactions. Before sequencing, the ChIPed DNA concentration was determined 

using the Qubit HS dsDNA assay (Thermo Fisher Scientific). Sequencing libraries were 

prepared using the TruSeq ChIP Library Preparation kit (Illumina Inc.), according to the 

manufacturer's protocol, with the following adjustments: 1) we used the full volume of 

IgG derived ChIP DNA up to 50ul and 2) we used 3ng - 5ng input for all other ChIPed 

DNA, as available. Multiplexed libraries were sequenced using 100 bp paired-end reads 

on an Illumina HiSeq 2500 System at the JWCI Sequencing Center. Base calling and 

demultiplexing were performed using CASAVA v1.8.2 (Illumina Inc.). Sequencing data 

was processed as previously described(Bustos et al. 2017). Briefly, raw sequence reads 

were mapped to the 1000 Genomes (b37) build of the human genome reference using 

BWA (version 0.7.5a) with default settings  and duplicate reads were marker using 

PicardTools (version 1.103) (http://broadinstitute.github.io/picard/).(Li & Durbin 2009; 

Dobin et al. 2013) Peaks were identified using the -callpeaks function in MACS2(Y. 

Zhang et al. 2008) with a threshold of q=0.01. The MACS2 peak calls were converted to 

BigWig files using bedGraphToBigWig and uploaded into the UCSC Genome Browser  

for visualization. (Kent et al. 2010) 

 

Statistical analysis 

Data are plotted as the mean ±the s.e.m. and statistical analyses were performed 

using GraphPad Prism v. 7; P-values less than 0.05 were considered statistically 

significant. Single time point assays with two groups were analyzed by unpaired, two-

tailed T tests with Welch’s correction for dissimilar group variances (Figure 2.14 B, 3.6). 
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Single time point assays with more than two groups were analyzed by one-way ANOVA 

with Dunnett’s multiple comparisons test comparing shLSD1 hairpins to shLuc control 

(Figure 2.5) or to shScr control (Figure 2.13 and Figure 3.4 left panel),or comparing 

different SP2509 concentrations to DMSO control (Figure 2.13) (separate one-way 

ANOVAs performed for each cell line). Growth curves of rescue from LSD1 knockdown 

(Figure 2.6 B) were analyzed by nonlinear regression (exponential growth) followed by 

one-way ANOVA of the rate constants with Dunnett’s multiple comparisons test to 

compare rescue replicates to the ‘shLSD1#9, Empty’ control. Growth curves of effects 

of NDRG1 knockdown on SP2509-mediated growth inhibition (Figure 3.10) were 

analyzed by nonlinear regression (exponential growth) followed by two-way ANOVA of 

the rate constants with the Dunnett correction for multiple pairwise comparisons of 

shNDRG1 groups with the corresponding shScr control (+ DMSO or + SP2509). Time 

course experiments of SP2509 effects on cell growth (Figure 2.12), mRNA expression 

(Figure 3.4, 3.5), and LOX-IMVI or A375 tumor volumes (Figure 2.14, 2.15) comparing 

two groups were analyzed by repeated measures two-way ANOVA with the Holm-Šidák 

correction for multiple pairwise comparisons of the two groups at each time point. 

Kaplan-Meier survival curves of patients in TCGA with LSD1-low/NDRG1-high vs. 

LSD1-high/NDRG1-low melanomas (Figure 3.2) were analyzed by the log-rank (Mantel-

Cox) test. Analyses of LSD1 ChIP-qPCR (Figure 3.7), effects of NDRG1 knockdown on 

inhibition of growth by siLSD1 hairpins (Figure 3.9) or induction of apoptosis by SP2509 

(Figure 3.11) were performed by regular two-way ANOVA with the Holm-Šidák 

correction for multiple pairwise comparisons of experimental to corresponding control 
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groups. Effects of LSD1 knockdown on H3K4me2 ChIP-qPCR (Figure 3.8) were 

analyzed by regular two-way ANOVA with Dunnett’s correction for multiple pairwise 

comparisons of experimental to corresponding control groups.  
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