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 Genetic polymorphism of the secreted lipid transporter apolipoprotein E (APOE) 

plays important roles in the development of atherosclerosis and Alzheimer’s 

disease. More recently, three common APOE alleles have been implicated as 

modulators of melanoma progression and survival. Melanoma patients born with a 

copy of the APOE4 allele exhibit improved disease survival and responses to 

immunotherapy. Conversely, APOE2 allele carriers experience substantially 

worsened survival outcomes compared to APOE4 carriers and APOE3 

homozygotes. These survival differences are partly governed by effects on the 

immune system, as the APOE4 genotype augments anti-tumor immunity. However, 

APOE variants also exert direct suppressive effects on melanoma cell metastatic 

behavior in an APOE4>APOE3>APOE2 order of potency. The molecular processes 

underlying the melanoma cell-intrinsic response to APOE variants are poorly 

characterized. 

 In this thesis I describe the generation and characterization of a genetically 

engineered mouse model for melanoma that expresses each of the human APOE 

alleles. I show that this autochthonous model closely recapitulates the 

APOE2>APOE3>APOE4 order of melanoma progression observed in human 

patients.  Transcriptomic analysis of tumors derived from this genetic model 

revealed upregulation of mRNA translation in APOE2 melanomas relative to APOE4 



melanomas. After experimental examination of the effects of APOE variants on 

melanoma translational efficiency, I report the discovery that APOE2 acts in a gain-

of function manner to enhance pro-tumorigenic protein synthesis in melanoma cells. 

Melanoma cell-specific deletion of the APOE receptor LRP1 in the genetic mouse 

model abolished differences in tumor growth, metastasis, and protein synthesis 

between the APOE2 and APOE4 genotypes, thus revealing a melanoma cell-intrinsic 

APOE2/LRP1 axis that serves to promote melanoma progression. Analysis of a 

melanoma patient RNA-Seq dataset demonstrated upregulation of mRNA 

translation processes in APOE2 patient tumors, thus providing clinical relevance for 

these findings. Altogether, this thesis identifies a potentially therapeutically 

targetable pathway in melanoma and reveals a novel gain-of-function role of the 

APOE2 allele, which may have implications for other diseases impacted by APOE 

genetics.  
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CHAPTER 1. INTRODUCTION 

Melanoma is a cancer caused by the malignant transformation of melanocytes, 

the pigment-producing cells of the body. Melanoma represents only approximately 

4% of all skin cancers. Other skin cancers include basal cell and squamous cell 

carcinomas, which are among the most commonly diagnosed malignancies in the 

world. Despite its relative rarity among dermatological cancers, melanoma is 

responsible for upwards of 80 percent of all skin cancer deaths (Miller and Mihm, 

2006). This is due to its propensity to form distant metastases. Patients diagnosed 

with localized disease have a 5-year survival rate of 99% and are considered cured 

after excision of the skin lesion. The 5-year survival rate of patients diagnosed with 

distant disease, however, drops precipitously to just 30% (Surveillance Research 

Program, 2022). Thus, there remains a great need to understand the biological 

contributors to melanoma metastatic progression for melanoma to become a 

manageable disease like most other skin cancers.  

 

1.1 Epidemiology of melanoma 
 

In 2022 approximately 100,000 individuals in the United States will have been 

diagnosed with melanoma, accompanied by nearly 8000 deaths (American Cancer 

Society, 2022). The incidence of melanoma has increased dramatically over the 

past few decades, particularly among men who experienced a 17-fold increase of 

incidence from 1.9 cases per 100,000 in the 1950s to 33.5 in 2007 (Geller et al., 

2013). The rate of melanoma death has not increased as dramatically, however, 
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raising the question of whether this increase in incidence can be primarily attributed 

to overdiagnosis (Glasziou et al., 2020; Welch et al., 2021). 

 The primary modifiable risk factor for development of cutaneous melanoma, the 

focus of this thesis, is ultraviolet light exposure, as UV radiation causes bulky 

pyrimidine dimers that can lead to DNA damage and ultimately carcinogenesis 

(Saginala et al., 2021). Thus eumelanin, which is produced in greater quantities in 

darker-skinned individuals, is the major protective factor against melanoma 

development because of its efficient dissipation of UV radiation in the skin. This UV 

and melanin dependence causes substantial geographic and racial/ethnic 

distributions in melanoma risk. Melanoma risk increases with proximity to the 

Equator, due to higher sun exposure, and European ancestry, due to lighter skin 

(Matthews et al., 2017). The confluence of these two factors can be observed in 

white populations in northern Australia and New Zealand, who have the highest 

rates of melanoma incidence in the world (Matthews et al., 2017). 

 

1.2 Molecular contributors to melanoma 

Melanoma is characterized by a variety of driver mutations that occur with high 

frequency in patient tumors. The most common activating mutation in melanoma is a 

substitution from valine to glutamate at the 600 position of the BRAF protein (BRAF 

V600E). BRAF is an upstream kinase in the MAPK/ERK pathway, thus its 

constitutive activation leads to enhanced cellular proliferation and survival (Davis et 

al., 2018). BRAF mutations occur in over 60% of cutaneous melanomas, as well as 
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up to 80% of benign nevi, or moles. However, most nevi do not progress to 

melanoma, and BRAF V600E actually leads to oncogene-induced senescence in 

melanocytes (Michaloglou et al., 2005). This suggests the necessity of additional 

mutations for progression to malignancy. Indeed, nearly half of BRAF-mutant 

tumors also possess a disruptive alteration in the PTEN tumor suppressor gene, 

which leads to activation of the PI3 kinase/AKT signaling pathway (Hodis et al., 

2012). This combination leads to highly penetrant, highly invasive melanoma 

formation in mice (Dankort et al., 2009). Mutations in NRAS are the second most 

common activating mutations in melanoma, occurring in over 20% of tumors (Davis 

et al., 2018). As NRAS is upstream of both the MAPK/ERK and AKT/mTOR signaling 

pathways, activating mutations also lead to cell growth, proliferation, and survival. 

These mutations exist in a mutually exclusive manner from BRAF mutations (Hodis 

et al., 2012). Furthermore, up to 10% of melanomas are the result of familial 

syndromes (Rossi et al., 2019). The most commonly altered gene in familial 

melanoma is CDKN2A, which is mutated in upwards of 40% cases. CDKN2A is a 

tumor suppressor gene that acts upstream of the Rb, CDK4, and p53 pathways to 

regulate cell cycle progression and apoptosis. Due to the potent effect of its 

inactivation, approximately 69% of sporadic melanomas also possess an alteration 

in CDKN2A (Cancer Genome Atlas Network, 2015).   
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1.3 Melanoma metastatic cascade 

Metastasis has been viewed a stepwise process that tumor cells must undertake 

in order to progress from the primary to metastatic site. This “metastatic cascade” 

involves: 1) the recruitment of blood vessels to the primary tumor via angiogenesis 

2) invasion into the local stroma  3) intravasation into and circulation through the 

vasculature 4) arrest at a distant site and extravasation into the tissue and 5) 

proliferative colonization of the distant site (Talmadge and Fidler, 2010). This 

process is incredibly inefficient. Though an estimated 1 million cells are shed into the 

vasculature per gram of tumor per day, less than 0.01% of tumor cells are estimated 

to complete all steps needed to become a metastatic tumor (Butler and Gullino, 

1975; Fidler, 1970). The later process of colonization has been identified as the 

predominant rate-limiting step of metastasis (Damsky et al., 2014; Luzzi et al., 1998).  

In melanoma, the metastatic cascade has largely been represented using the 

Clark model, which was first proposed in 1984. Under this model, melanoma 

progresses in the following order: 1) a benign melanocytic nevus 2) a dysplastic 

nevus with cellular atypia 3) the radial growth phase in which melanoma cells spread 

laterally 4) the vertical growth phase during which dermal invasion occurs and finally 

5) metastasis (Clark et al., 1984) (Figure 1.1). However, this linear order has been 

challenged in recent years, as it has been histologically observed in only a third of 

melanoma cases (Balch et al., 2020) and recent evidence suggests that melanoma 

cells can metastasize even before a clinically identifiable primary tumor has formed 

(Damsky et al., 2014).  
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Figure 1.1 Melanoma metastatic cascade. Integrated representation of the Clark 
model and the metastatic cascade. Under the Clark model, melanomas progress from 
a benign nevus, to a dysplastic nevus, to the radial growth phase with lateral spread, 
to the vertical growth phase with dermal invasion, and then to a metastatic tumor. 
During metastasis, cancer cells intravasate into the bloodstream, survive in the 
circulation, extravasate at a distant site, and colonize the new metastatic niche. 

 

Tumors often have a predilection for what organs they metastasize to. This 

observation was made over a century ago by surgeon Stephen Paget, who coined 

the “seed and soil” hypothesis. This hypothesis posits that certain organ 

environments (soil) are more hospitable to certain cancer cells (seeds) (Paget, 

1889). Indeed, melanoma has a propensity to spread to the lung (18-36% of patients 

with metastasis), liver (~20%), brain (~20%), and bone (~17%) (Balch et al., 2020). 

Though one could speculate that much of this organotropism is attributable to the 

large amount of blood flow that these organs receive, modeling approaches suggest 

that blood flow accounts for ≤1% of metastasis to the liver, lung, or brain (Font-Clos 

et al., 2020). Furthermore, metastasis to organs such as the heart and kidney is rare 
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despite their high levels of perfusion. In addition to cancer cell-intrinsic properties 

such as chemokine receptor expression that may modulate melanoma 

organotropism, mounting evidence suggests that melanoma cells are capable of 

secreting factors that generate a hospitable premetastatic niche in the target organ, 

as opposed to the metastatic site simply being inherently conducive to colonization 

(Damsky et al., 2010; Kaplan et al., 2005; Peinado et al., 2017). Thus, metastasis 

represents a complex, bidirectional interplay between cancer cells and the 

metastatic niche. 

The determinants of metastatic competency remain elusive. It is now well known 

that tumors consist of a heterogenous population of cells with inherently different 

metastatic capacities, and a process of evolutionary selection occurs during 

metastatic progression (Talmadge and Fidler, 2010). Much effort has been taken to 

identify somatic mutations that make a primary tumor cell become a metastatic one 

in a similar manner to the many mutations that are known to drive tumorigenesis. 

However, genetic alterations found in metastatic tumors are mostly shared with the 

original primary tumor (Vogelstein et al., 2013). Furthermore, the few potential 

metastasis-driving mutations identified in melanoma have yet to reach a scientific 

consensus (Turner et al., 2018). Instead, non-mutational processes such as 

phenotypic plasticity, dormancy, and metabolic rewiring are increasingly being 

implicated (Celia-Terrassa and Kang, 2016; Rambow et al., 2019).      
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1.4 Therapeutic interventions in melanoma 
 

1.4.1 Targeted therapy 

The identification of the MAPK signaling pathway as a major oncogenic driver 

in melanoma led to the search for molecules that could therapeutically target its 

activity. The first of these molecules was vemurafenib, a selective BRAF V600E 

inhibitor that was approved by the FDA in 2011 for the treatment of unresectable 

and metastatic BRAF V600E-positive melanomas (Domingues et al., 2018). This was 

a major advancement in melanoma treatment, causing tumor regression in upwards 

of 90% of patients. Similar MAPK pathway inhibitors were subsequently approved, 

all within just the past decade, including the additional BRAF inhibitors dabrafenib 

and encorafenib and the MEK inhibitors trametinib, cobimetinib, and binimetinib. 

BRAF and MEK inhibitors are often given in combination, providing even more 

potent MAPK signaling suppression. However, as has been the limitation for 

targeted therapies in other cancer types, tumors often relapse due to the 

development of escape mutations that reactivate the MAPK pathway or 

compensate for its absence. Thus, the median progression-free survival on 

BRAF/MEK combination therapy remains at approximately one year (Balch et al., 

2020).  

 

1.4.2 Immunotherapy 

Immunotherapy has been a mainstay of melanoma treatment since the 1990s. 

High-dose treatments with the cytokines IFNα-2b and IL-2 were FDA approved in 
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1995 and 1998, respectively, as a method to stimulate anti-tumor immune cell 

activity (Domingues et al., 2018). However, both treatments had modest efficacy 

with a high rate of severe adverse events. A major breakthrough occurred with the 

discovery of immune checkpoint blockade, which involves using antibodies to block 

inhibitory molecules that serve to rein in T cell activity. The first of these antibodies 

was ipilimumab, which was approved in 2011. Ipilimumab targets CTLA-4, a receptor 

on the surface of T cells whose activation leads to the inhibition of T cell 

proliferation and activation (Balch et al., 2020). Thus CTLA-4 blockade leads to anti-

tumor T cell expansion, infiltration, and cytokine production. This was followed by 

the approvals of nivolumab (2014) and pembrolizumab (2015) which bind to PD-1, 

another T cell inhibitory molecule. Its ligand PD-L1 is often highly expressed by 

cancer cells as a mechanism of immune evasion (Balch et al., 2020). Anti-PD-1 

antibodies cause more durable patient responses and less severe toxicity 

compared to anti-CTLA-4, which quickly made them the standard of care for 

immunotherapy. Altogether, the recent advent of targeted molecules and 

immunotherapy has revolutionized melanoma treatment, leading to an increase in 5-

year survival for metastatic patients from 17% in 2004 to 33% just 15 years later 

(Surveillance Research Program, 2022). This, however, still leaves much room for 

the discovery of new therapeutically targetable mechanisms of melanoma 

progression. 
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1.5 Biology of apolipoprotein E 
 

1.5.1 Canonical and non-canonical roles of APOE 
 

Apolipoprotein E (APOE) is a 34 kDa secreted glycoprotein that was initially 

discovered in the early 1970s as a protein component of very low density lipoprotein 

(VLDL), the predominant triglyceride transport particle in the plasma (Shore and 

Shore, 1973). As such, the canonical role of APOE is to mediate lipid metabolism. 

The liver accounts for over 75% of APOE production, where it is incorporated into 

liver-secreted VLDL particles that go on to be hydrolyzed by lipoprotein lipase into 

fatty acids as an energy source for extrahepatic cells. APOE also mediates dietary 

lipid metabolism, as it is incorporated into chylomicron remnants after their 

secretion by the small intestine. These chylomicrons can go on to be hydrolyzed for 

energy similarly to VLDL or be transported to the liver for excretion into the bile. 

APOE can also mediate cholesterol efflux from cells in a process called reverse 

cholesterol transport. High-density lipoprotein (HDL) particles serve as cholesterol 

acceptors, which, when complexed with APOE, can deliver excess cellular 

cholesterol to the liver (Mahley and Rall, 2000). For these reasons, APOE is a major 

regulator of plasma lipid levels and cardiovascular disease risk. Plasma triglyceride 

levels vary according to plasma APOE level (Salah et al., 1997), and Apoe knockout 

mice display dramatically increased lipid levels and are highly prone to developing 

atherosclerotic lesions even on a normal chow diet (Nakashima et al., 1994). 
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Macrophages are a major extra-hepatic source of APOE, which further 

implicates APOE as a modulator of atherosclerosis development as well as 

inflammation and immune system function. APOE secreted by macrophages in the 

arterial wall helps prevent plaque formation by inhibiting lipid oxidation, vascular 

smooth muscle cell proliferation, platelet aggregation, and foam cell generation via 

its facilitation of reverse cholesterol transport (Martinez-Martinez et al., 2020). 

APOE may also promote an anti-inflammatory macrophage phenotype and regulate 

bone marrow monocyte production (Kockx et al., 2018). In addition to its effects on 

innate immune cells, APOE has been shown to inhibit T cell proliferation and 

mediate susceptibility to numerous infections including herpes simplex virus, human 

immunodeficiency virus, Listeria monocytogenes, and malaria (Mahley and Rall, 

2000).  

The central nervous system is the other major site of APOE production. Here, 

APOE serves as the primary apolipoprotein. The brain is the most cholesterol-rich 

organ in the body and its cholesterol metabolism is compartmentalized, thus giving 

APOE major implications for brain function (Mahley, 2016).  Astrocytes are the 

predominant producers of APOE in the brain, though neurons have been shown to 

produce APOE upon injury (Xu et al., 2006). The formation of HDL-like particles by 

APOE helps redistribute cholesterol among cells in the brain, where it serves crucial 

roles in myelination, membrane remodeling, synaptogenesis, and neuronal repair 

(Mahley, 2016). APOE also has direct roles in modulating neurite outgrowth and 
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amyloid β clearance (Mahley and Rall, 2000). In sum, APOE has varied, pleiotropic 

functions in mammalian biology. 

 

1.5.2 APOE receptor biology 
 

The cholesterol influx and efflux processes regulated by APOE are both 

mediated by the presence of APOE receptors on target cells. These receptors, 

which include LDLR, LRP1, VLDLR, LRP8, and LRP1B, among others, are members 

of the large, highly conserved low-density lipoprotein (LDL) receptor family. All core 

members contain a large extracellular domain that binds APOE and a variety of 

other ligands, a transmembrane domain, and an intracellular domain containing 

NPXY tyrosine phosphorylation motifs that mediate signal transduction and 

endocytic trafficking (Lane-Donovan and Herz, 2017). LDLR, the first identified 

member of the family, is ubiquitously expressed and is the predominant lipoprotein 

acceptor. As such, deficiencies in LDLR function cause severe 

hypercholesterolemia. APOE is a highly efficient ligand for LDLR, thus making APOE 

the major facilitator of receptor-mediated clearance of VLDL and chylomicron 

remnants (Mahley and Huang, 1999). 

Low density lipoprotein receptor-related protein 1 (LRP1) was the second 

characterized APOE receptor due to the observation that chylomicron remnant 

uptake was unaffected in the absence of LDLR. This finding was followed by the 

identification of an LDLR-like receptor that was highly expressed in the liver (Herz 

et al., 1988; Mahley and Huang, 1999). LRP1 exists at the cell surface of all cell types, 
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particularly hepatocytes and neurons, as a large 515 kDa extracellular ligand binding 

domain and an 85 kDa cytoplasmic domain. In addition to APOE, it has been shown 

to bind at least 40 other ligands. This confers it diverse roles in processes other 

than chylomicron remnant uptake, including endocytic clearance, extracellular 

matrix organization, coagulation, cell migration, viral entry, and maintenance of 

vascular integrity (Herz and Strickland, 2001; Lillis et al., 2008). The cytoplasmic 

tyrosine phosphorylation domain of LRP1 also makes it a major hub for signaling 

pathways due to its ability to bind a variety of adaptor proteins (Guttman et al., 

2009; Van Gool et al., 2015). These include growth factor signaling pathways that 

are of relevance to cancer, such as the PDGF, TGFb, MAPK, and PI3K/AKT 

pathways (Boucher and Herz, 2011; Muratoglu et al., 2010). Indeed, LRP1 has 

frequently been implicated as a mediator of cancer progression, though whether it 

serves as a cancer promoter or inhibitor varies widely by study and cancer type 

(Boulagnon-Rombi et al., 2018; Dedieu et al., 2008; Fayard et al., 2009; Gonias and 

Campana, 2014; Langlois et al., 2010; Montel et al., 2007; Salama et al., 2018; Song 

et al., 2009; Van Gool et al., 2015). Its diversity of ligands and cellular functions 

means that the role of LRP1 in cancer is likely highly contextual.     

 

1.5.3 Genetic variation in APOE 

APOE exhibits physiologically significant genetic variation within the human 

population. There are three common alleles of the APOE gene, termed APOE2, 

APOE3, and APOE4. These alleles differ from each other at just two amino acid 
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positions, residues 112 and 158 (Belloy et al., 2019). APOE4, which is thought to be 

the ancestral allele from which the other two variants were derived, exhibits an 

arginine at both positions. APOE2, the youngest variant, has a cysteine at both 

positions, whilst APOE3 has a cysteine at position 112 and an arginine at position 

158 (Figure 1.2). These subtle amino acid substitutions lead to dramatic changes in 

APOE structure and binding. The presence of cysteine 158 in APOE2 alters the 

charge of its receptor binding domain, causing it to have less than 2% LDLR binding 

affinity compared to APOE3 and APOE4 (Schneider et al., 1981; Weisgraber et al., 

1982). In contrast, the presence of arginine 112 in APOE4 causes the formation of a 

salt bridge between the protein’s C and N terminal domains, leading to a compacted 

structure and alteration of its lipid binding region. This results in slightly enhanced 

LDLR affinity compared to APOE3 as well as a preference in binding VLDL rather 

than HDL (Bohnet et al., 1996; Knouff et al., 1999). In mice and non-human primates 

the structure and function of APOE most closely resembles APOE3, despite the 

APOE4-like presence of arginine at position 112 (Mahley et al., 2009). As a likely 

consequence of differences in binding affinity, it has been shown that APOE 

activates neuronal signaling downstream of APOE receptors in an 

APOE4>APOE3>APOE2 order of potency (Huang et al., 2019; Huang et al., 2017).  
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Figure 1.2 Structure of APOE3. NMR structure of APOE3 adapted from (Chen et al., 
2011). Highlighted in red is cysteine 112, which is mutated to an arginine in APOE4. 
Highlighted in magenta is arginine 158, which is mutated to a cysteine in APOE2. 
Highlighted in green and blue are the lipid binding and receptor binding domains, 
respectively.  

 

The frequency of each APOE allele varies greatly by geographical location. 

APOE3 is the most common variant in the human population, ranging from as low as 

69% in Africa to 85% in Asia (Belloy et al., 2019). APOE4 has the most variable 

distribution, ranging from as low as 5% in the Mediterranean to 40% in Central 

Africa. APOE2 shows little geographic variation with an overall allele frequency of 

about 7%, though it is completely absent in many groups that are indigenous to the 

Americas (Corbo and Scacchi, 1999). The geographic variation of APOE allele 

frequencies suggests that certain variants may have conferred evolutionary 

adaptations to location-specific challenges such as infection and nutrient 

deprivation (Huebbe and Rimbach, 2017).  Among individuals of predominantly 

European ancestry, who experience the highest melanoma incidence, approximately 
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16% are APOE2 carriers, 26% are APOE4 carriers, and 61% are APOE3 

homozygotes (3% possess an APOE2;APOE4 genotype) (Farrer et al., 1997).      

The structural and functional differences between APOE variants have led to 

significant implications for human disease. Due to its role in lipid transport, APOE 

genetic variation has a major impact on cardiovascular disease risk. As a 

consequence of its poor LDLR binding, APOE2 homozygotes are prone to 

developing type III hyperlipoproteinemia, a lipid disorder that leads to severe 

hyperlipidemia and early onset coronary artery disease (Mahley and Rall, 2000). 

Aside from this rare disorder, APOE2 is generally protective against cardiovascular 

disease, as the risk of developing coronary artery disease and myocardial infarction 

follows an APOE4>APOE3>APOE2 pattern (Belloy et al., 2019). APOE4 is the 

strongest genetic risk factor for developing Alzheimer’s disease. Carrying one 

APOE4 allele doubles to quadruples one’s risk of developing Alzheimer’s, while 

carrying two alleles increases the risk 8 to 12-fold (Farrer et al., 1997). This 

association is weak among African cohorts despite their high APOE4 allele 

frequency, suggesting additional genetic and environmental contributors to the 

Alzheimer’s risk (Belloy et al., 2019). In contrast, APOE2 is protective against 

Alzheimer’s development (Corder et al., 1994). GWAS studies have also implicated 

APOE genotype as a modifier of longevity, with lifespan following an 

APOE2>APOE3>APOE4 pattern (Belloy et al., 2019). 

In the past 30 years, tens of thousands of studies have been performed to 

identify the molecular basis for Alzheimer’s risk modification by APOE genotype. 
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Much of this work has benefitted from the development of APOE-targeted 

replacement (knock-in) mice, whose murine Apoe locus was replaced by one of the 

three human variants (Knouff et al., 1999; Sullivan et al., 1997; Sullivan et al., 1998). 

As a consequence of the pleiotropic behavior of APOE, numerous mechanistic 

contributors have been identified for APOE4, including diminished amyloid beta 

clearance, decreased CSF APOE levels, impaired neuronal repair, mitochondrial 

dysfunction, cytoskeleton disruption, compromised blood-brain barrier integrity, and 

increased inflammation (Belloy et al., 2019; Huang and Mahley, 2014). However, a 

decisive, therapeutically intervenable mechanism has remained elusive. Even less is 

known about the mechanisms behind the protective role of APOE2, as most studies 

have focused on comparing the effects of APOE3 and APOE4 (Suri et al., 2013). It 

has been debated whether the alleles simply represent a progressive loss of 

function of APOE from APOE2 through to APOE4, or whether APOE4 is a toxic 

gain-of-function allele. This is complicated by the fact that while Alzheimer’s and 

atherosclerosis follow an APOE4>APOE3>APOE2 risk order, other conditions such 

as hypertriglyceridemia and hemorrhagic stroke follow a U-shaped 

APOE4>APOE3<APOE2 pattern (Belloy et al., 2019). This inherent complexity of 

APOE leaves much to be discovered about its impacts on human disease despite its 

identification nearly 50 years ago.  
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1.5.4 Role of APOE in melanoma 

  More recently, APOE has been implicated as a suppressor of melanoma 

progression. As they become highly metastatic, melanoma cells upregulate a set of 

microRNAs that coordinately repress endogenous APOE expression (Pencheva et 

al., 2012). This leads to reduced APOE protein secretion from melanoma cells. 

Secreted APOE acts via LRP1 expressed on the surface of melanoma cells to inhibit 

their invasive capacity. Thus, its reduced secretion causes enhanced invasiveness 

and metastasis (Figure 1.3). Additionally, APOE has cell-extrinsic roles in the tumor 

microenvironment. APOE inhibits the migration of endothelial cells by interacting 

with LRP8, thus repressing tumor angiogenesis. APOE also acts on LRP8 receptors 

expressed on immunosuppressive myeloid-derived suppressor cells to drive their 

apoptosis, thus enhancing anti-tumor immunity (Tavazoie et al., 2018). Melanoma-

derived APOE serves to primarily affect metastatic capacity, as melanoma-specific 

APOE knockdown enhances metastasis but has no influence on primary tumor 

growth. In contrast, stromal APOE potently suppresses both primary and metastatic 

melanoma progression (Pencheva et al., 2014). This enabled the use of liver-X-

receptor agonists as a therapeutic intervention in melanoma because they stimulate 

transcriptional activation of APOE in the tissues, thus enhancing melanoma 

suppression (Pencheva et al., 2014). miRNA-mediated targeting of APOE is a 

significant example of how cancer cells can acquire metastatic fitness in the 

absence of additional somatic mutations. 
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Figure 1.3 Schematic of the cell-autonomous role of APOE in melanoma. APOE 
secreted by melanoma cells binds to melanoma LRP1 receptors in an autocrine or 
paracrine manner. This leads to inhibition of invasiveness. Metastatic melanoma cells 
upregulate miRNAs that suppress their expression of APOE.  
 

 Similar to their disease impacts in the central nervous and cardiovascular 

systems, APOE genetic variants have now been shown to influence melanoma 

outcomes. Patients who carry an APOE4 allele exhibit improved melanoma survival 

relative to APOE3 homozygotes, whereas APOE2 carriers experience the poorest 

outcomes (Ostendorf et al., 2020). This pattern was upheld in transplantable mouse 

models, in which subcutaneously injected melanoma tumors progressed faster in 

APOE2 knock-in mice and slower in APOE4 knock-in mice compared to APOE3 

mice. Through single-cell RNA-Seq, T cell depletion, and bone marrow 

transplantation experiments, it was determined that the APOE4 genotype confers 

enhanced anti-tumor immunity. Consequently, APOE4 mice and patients are more 

responsive to anti-PD1 immunotherapy. However, melanoma cells treated in vitro 
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with recombinant APOE variants in the absence of immune cells displayed an 

APOE4>APOE3>APOE2 pattern of suppression of invasion and endothelial cell 

recruitment. This implicates a poorly characterized cell-intrinsic impact of APOE 

variants on melanoma cell behavior. Importantly, these results showed how germline 

variation in a gene, in this case APOE, can modulate the progression of a future 

malignancy, as there was no difference in melanoma incidence between genotypes. 

This differs from most of our prior knowledge of how germline genetics impact 

cancer burden, where the predominant view has been that inherited polymorphisms 

mostly influence one’s risk of developing cancer in the first place. 

 

1.6 Overview 

Apolipoprotein E has a substantial influence on human disease due to its genetic 

variation and diverse roles in mammalian physiology. This applies to melanoma as 

well. APOE has been shown to directly inhibit the metastatic capacity of melanoma 

cells, and allelic variation in the APOE gene influences melanoma survival. How 

APOE genetic variants differentially impact melanoma cell function and intracellular 

processes is unclear. The aim of this thesis was to determine cell-intrinsic effects of 

APOE variants on melanoma cells that could contribute to differences in melanoma 

progression among the APOE genotypes. Using a series of genetically engineered 

mouse models of melanoma expressing each of the three human APOE variants, I 

identify a biological axis between the APOE2 variant and its receptor LRP1 that 

enhances melanoma protein synthesis, growth, and metastasis. These findings 
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implicate a previously undescribed gain-of-function role of APOE2 in mRNA 

translation and highlight protein synthesis as a potential therapeutic vulnerability in 

melanoma. 
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CHAPTER 2. HUMAN APOE GERMLINE VARIANTS MODULATE GENETICALLY 

INITIATIED MELANOMA PROGRESSION 

Previous studies in our laboratory investigating the role of APOE in melanoma 

progression have primarily utilized transplantable models, in which established 

cancer cells are injected directly into mice. A limitation of this approach is that it 

bypasses many steps of the metastatic cascade, and the APOE status of the 

cancer cell often does not match that of the mouse that is being injected. This 

chapter describes the generation and validation of a genetically engineered mouse 

model (GEMM) for melanoma that harbors each of the human APOE variants. We 

posited that because the melanomas formed in this model have the same genetics 

as the host and recapitulate every step of the metastatic process from tumor 

initiation through to metastatic colonization, all while in the presence of APOE, the 

differential impacts of APOE variants on melanoma cell function may be enriched.  

 

2.1 Development of APOE allelic genetically engineered mouse model 
 

To generate an APOE allelic GEMM, we utilized the well-established 

BrafV600E/+;Pten−/−;Tyr::CreER (BPC) mouse model. Using a tyrosinase promoter-

driven Cre recombinase that is fused to the estrogen receptor, the BPC model 

enables inducible deletion of the Pten tumor suppressor and activation of the 

BrafV600E oncogene specifically in melanocytes upon administration of 4-

hydroxytamoxifen (4-OHT). This results in rapid melanoma formation in 3-4 weeks 

with 100% penetrance. The BPC model also recapitulates the entirety of the 
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metastatic cascade, as these mice can go on to form pigmented metastases in 

distant organs (Dankort et al., 2009). We crossed this model with APOE knock-in 

mice in which the endogenous murine Apoe locus has been replaced with one of the 

three human APOE genes (Knouff et al., 1999; Sullivan et al., 1997; Sullivan et al., 

1998), thus generating BPC/APOE2, BPC/APOE3, and BPC/APOE4 mice (Figure 

2.1). As both tumor-derived and stromal APOE play roles in modulating the 

metastatic progression of melanoma (Pencheva et al., 2014; Pencheva et al., 2012), 

we predicted that allele-concordant host and tumoral APOE expression in this 

model would lead to substantial phenotypic effects.  

 

 

Figure 2.1. Generation of APOE allelic GEMM. Schematic depicting generation of 
and 4-hydroxytamoxifen (4-OHT) tumor induction in the Braf V600E/+;Pten-/-

;Tyr::CreER;APOE2 (BPC/APOE2), ;APOE3 (BPC/APOE3), and ;APOE4 
(BPC/APOE4) mouse models. 
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2.2 APOE variants modulate primary tumor growth in genetically engineered  

mouse model 
 

Having established an APOE allelic GEMM series, I next sought to validate 

whether this model recapitulated our previously described APOE2>APOE3>APOE4 

pattern of melanoma progression that was observed in transplantable mouse 

models and patient cohorts (Ostendorf et al., 2020). After topical 4-OHT application 

to shaved back skin of adult mice, tumors (as defined by a visible, raised lesion) 

formed fastest in BPC/APOE2 mice, followed by BPC/APOE3 mice and 

BPC/APOE4 mice (Figure 2.2). This result suggests that the APOE2 genetic 

background is most permissive to initial melanoma growth, while APOE4 is the least 

permissive. 

 

Figure 2.2 Days to tumor formation in APOE allelic GEMM. Number of days after 
topical 4-OHT administration until tumors were palpated and visualized in 
BPC/APOE2, BPC/APOE3, and BPC/APOE4 mice (n=12 per group). One-way 
ANOVA. 
 

I next tracked survival of mice over time (Figure 2.3a). Mice were euthanized 

when they reached a humane endpoint of marked tumor size, tumor ulceration, 
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weight loss, or lethargy. BPC/APOE2 mice had the shortest median survival at 42.5 

days, BPC/APOE3 mice were intermediate at 53.5 days, and BPC/APOE4 mice had 

the longest survival at 59.5 days (Figure 2.3b). These survival outcomes closely 

mirrored the survival outcomes observed in patient cohorts (Ostendorf et al., 2020). 

 

 

Figure 2.3 Survival outcomes in APOE allelic GEMM. (a) Representative images of 
tumor growth in BPC/APOE2, BPC/APOE3, and BPC/APOE4 mice 4 to 7 weeks after 
topical administration of 4-OHT. (b) Kaplan-Meier survival curves of BPC/APOE2, 
BPC/APOE3, and BPC/APOE4 mice after topical 4-OHT administration (n=12 per 
group). Log-rank test. 
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Having determined that BPC/APOE2 and BPC/APOE4 mice have the most 

divergent tumor progression phenotype, I focused mainly on the APOE2 and APOE4 

genotypes for the remainder of this thesis. In an independent cohort of mice in 

which I tracked primary tumor growth rate, melanomas grew significantly faster 

(Figure 2.4a) and were significantly larger at the day 49 endpoint (Figure 2.4b) in 

BPC/APOE2 mice relative to BPC/APOE4 mice. 

 

Figure 2.4 Primary tumor growth in APOE allelic GEMM. (a) Tumor growth curve of 
BPC/APOE2 (n=12) and BPC/APOE4 (n=13) mice after topical 4-OHT administration. 
Two-way ANOVA. (b) Final tumor volumes of BPC/APOE2 (n=12) and BPC/APOE4 

(n=13) mice from (a) at the experimental endpoint of 49 days after topical 4-OHT 
administration. Unpaired t-test. 

 

2.3 APOE variants differentially affect metastasis in genetically engineered  

mouse model 
 

Despite thorough microscopic examination, I did not observe distant 

metastases in the adult mice utilized in the survival and primary tumor growth 

experiments described in Section 2.2. In fact, evaluation of metastatic burden in the 

BPC GEMM necessitates the topical administration of 4-OHT to newborn mice 
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within days of birth (Damsky et al., 2011). Accordingly, I administered 4-OHT to 

BPC/APOE2 and BPC/APOE4 neonates and euthanized them after weaning age to 

allow for the development of lung metastases. Pigmented foci were visible on the 

lung surface, and BPC/APOE2 mice exhibited substantially more lung metastatic 

burden compared to BPC/APOE4 mice (Figure 2.5).  

 
 

Figure 2.5 Metastatic progression in APOE allelic GEMM. Quantification of lung 
metastatic foci in BPC/APOE2 (n=5) and BPC/APOE4 (n=5) mice after neonatal 
tumor induction (left) and representative images of pigmented lung metastases from 
neonatal tumor induction in BPC/APOE2 mice (right). Arrows point to pigmented foci. 
Inset represents one metastatic focus at higher magnification. Unpaired t-test.  
 

The differential impact of APOE variants on melanoma metastasis was more 

dramatic than that of primary tumor growth. The results in the APOE variant GEMM 

outlined in this chapter revealed a potent impact of hereditary genetics on primary 

tumor growth and metastatic dissemination in an autochthonous model of 

melanoma progression. Furthermore, they validated the model’s utility as a tool for 
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investigating the effects of APOE variants on intrinsic melanoma cell molecular 

processes. 

  



 28 

CHAPTER 3. IDENTIFCATION OF PROTEIN SYNTHESIS AS A CELL-INTRINSIC 

PATHWAY MODULATED BY APOE2 

The molecular mechanisms underpinning APOE-mediated suppression of 

melanoma metastatic behavior are poorly characterized, and this applies even more 

so to the APOE genetic variants. This chapter describes the use of RNA-Seq in the 

APOE allelic GEMM described in Chapter 2 to identify intracellular processes that are 

differentially modulated between APOE variants. Through performing validation 

experiments, I make the surprising discovery that APOE2 activates protein synthesis 

in melanoma cells. 

3.1  RNA-Seq reveals transcriptional upregulation of translation pathways in 

APOE2 tumors relative to APOE4 
 

Having established in Chapter 2 that the APOE allelic GEMM appropriately 

recapitulates the previously described APOE2>APOE3>APOE4 severity of 

melanoma progression (Ostendorf et al., 2020), I next utilized it as a tool to search 

for cellular processes that might be altered in an APOE variant-dependent manner 

and that could influence cancer progression. To this end, I performed bulk RNA-Seq 

of time-matched BPC/APOE2 and BPC/APOE4 tumors since they were the most 

phenotypically divergent. Gene set enrichment analysis (GSEA) (Subramanian et al., 

2005) of gene expression revealed that translation was the most upregulated 

pathway in BPC/APOE2 tumors relative to BPC/APOE4 tumors (Figure 3.1a). The 

additional protein synthesis-related pathways “Ribosomal RNA processing” and 

“Eukaryotic translation elongation” were also among the top ten upregulated 
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pathways. BPC/APOE2 tumors displayed significant upregulation in all major steps 

of translation present in the Reactome gene set (Jassal et al., 2019) relative to 

BPC/APOE4 tumors (Figure 3.1b).  

 

Figure 3.1 RNA-Seq pathways differentially regulated between BPC/APOE2 and 

BPC/APOE4 tumors. (a) Top ten pathways upregulated in melanomas of 
BPC/APOE2 mice relative to BPC/APOE4 mice as determined by GSEA and ranked 
by adjusted p-value (n=4 per group; NES, normalized enrichment score; padj, adjusted 
p-value). (b) Enrichment plots of translation-related pathways within the Reactome 
gene set. 



 30 

3.2 In vivo validation of translational differences between APOE2 and APOE4 

tumors 
 

Translational control plays a crucial role in all steps of cancer progression 

from initiation through to metastatic dissemination, and most major oncogenic 

signaling pathways lead to the enhancement of tumor cell translational capacity 

(Truitt and Ruggero, 2016). Thus, translation appeared to be a promising pathway 

whose differential modulation by APOE variants could lead to significant changes in 

melanoma growth and metastasis. I therefore sought to experimentally validate 

whether there were differences in translational efficiency between APOE2 and 

APOE4 melanomas. I utilized the surface sensing of translation (SUnSET) assay, a 

well-established method for measuring protein synthesis (Schmidt et al., 2009). In 

this assay puromycin, a tyrosyl tRNA mimic, can be administered to live cells or 

mice, upon which it incorporates into nascent polypeptide chains (Goodman and 

Hornberger, 2013). Puromycin incorporation can then be quantified with an anti-

puromycin antibody, providing a readout of global cellular translation (Figure 3.2).  
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Figure 3.2 Principles of the SUnSET assay. The antibiotic puromycin is highly 
structurally similar to the tyrosyl tRNA. Differences between the molecules are 
highlighted in blue. In the presence of puromycin the ribosome transfers its actively 
synthesizing polypeptide chain from the bound tyrosyl tRNA to a puromycin molecule, 
causing dissociation of the nascent peptide. Puromycylated peptides can then be 
detected with an anti-puromycin antibody. Cells with highly active translation 
machinery will produce more puromycylated peptides, thus leading to stronger 
antibody signal.  
 

To control for tumor size differences, I intraperitoneally injected BPC/APOE2 

and BPC/APOE4 mice with puromycin 35 days after 4-OHT administration, an early 

time point at which a significant difference in tumor volumes was not yet detectable 

(Figure 3.3). Consistent with the RNA-Seq results detailed in section 3.1, 

BPC/APOE2 tumors exhibited significantly higher puromycin incorporation than 

BPC/APOE4 tumors, indicative of either a slower translation rate in the APOE4 

background or enhanced translation rate in the APOE2 background (Figure 3.4). 
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Figure 3.3 Early tumor size comparison of BPC/APOE2 and BPC/APOE4 mice. 
Tumor volumes of BPC/APOE2 (n=12) and BPC/APOE4 (n=13) mice 35 days after 4-
OHT administration. Unpaired t-test. 

 

 

Figure 3.4 In vivo SUnSET assay. Western blot of puromycin incorporation into 
BPC/APOE2 and BPC/APOE4 tumors 35 days after 4-OHT administration (n=3 per 
group). Non-puromycin-pulsed mice were included as an antibody control. Unpaired 
t-test. 
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3.3 In vitro validation of effects of APOE variants on protein synthesis and 

identification of gain-of-function activity of APOE2 
 

Despite the use of size-matched tumors, in vivo puromycin incorporation can be 

confounded by differences in proliferation rate or uptake by non-tumor cells in the 

microenvironment such as fibroblasts. To control for these confounders, I 

performed the SUnSET assay in vitro using mouse APOE-depleted B16F10 murine 

melanoma cells stably overexpressing APOE2, APOE3, APOE4, or an empty control 

vector (Figure 3.5). Strikingly, there was no difference in puromycin incorporation 

between control, APOE3, and APOE4 cells, whereas APOE2-expressing cells 

exhibited substantially increased puromycin signal (Figure 3.6).  

 

 

Figure 3.5 Stable overexpression of APOE variants. Western blot of APOE 
expression in B16F10-shApoe cells transduced with pBabe Empty, APOE2, APOE3, 
or APOE4 retrovirus. HSC70 served as a loading control. 
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Figure 3.6 In vitro SUnSET assay. Representative immunofluorescence images (left) 
and quantification of mean fluorescence intensity (right) of puromycin incorporation 
into B16F10-shApoe pBabe Empty, APOE3, APOE2, and APOE4 cells. Non-
puromycin-pulsed and cycloheximide (CHX)-treated cells were included as negative 
and positive controls, respectively (scale bar = 50µM). One-way ANOVA (n=3 
independent experiments). 
 

These results are consistent with a model whereby APOE2 promotes translation 

rather than APOE4 inhibiting translation. To our knowledge, this is a previously 

uncharacterized gain-of-function role of APOE2 in which it acts to enhance cellular 

protein synthesis. Thus, rather than simply being defective at promoting anti-tumor 

immunity (Ostendorf et al., 2020), APOE2 may actively promote more aggressive 

melanoma progression by activating tumoral protein synthesis. 
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CHAPTER 4. ROLE OF TUMORAL APOE RECEPTOR EXPRESSION 

The effects of APOE2 on melanoma protein synthesis described in Section 3 

established a direct impact of APOE on a melanoma intracellular process. Our lab 

previously reported that the APOE receptor LRP1, expressed by the melanoma 

cells, mediates the cell-autonomous effects of APOE on invasion and metastasis 

(Pencheva et al., 2012). Thus, we hypothesized that LRP1 may be involved in the 

gain-of-function activity of APOE2 and ultimately the differential modulation of 

melanoma progression by APOE variants. This chapter explores the consequences 

of tumoral LRP1 loss on melanoma progression and protein synthesis in the context 

of APOE variants. 

 

4.1 Tumoral Lrp1 deletion abrogates APOE variant differences in tail vein 

metastatic capacity 
 

We previously observed that murine APOE-depleted B16F10 mouse melanoma 

cells metastasize to the lung more efficiently in APOE2 knock-in mice compared to 

APOE4 mice after injection via the lateral tail vein (Ostendorf et al., 2020). 

Therefore, to determine whether LRP1 mediates the effects of APOE variants on 

metastatic capacity, I performed CRISPR/Cas9-mediated deletion of LRP1 in 

B16F10-shApoe cells (Figure 4.1). 
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Figure 4.1 CRISPR-mediated deletion of LRP1 in melanoma cells. Western blot of 
LRP1 expression in B16F10-TR-shApoe cells transfected with a non-targeting control 
CRISPR sgRNA or two independent Lrp1-targeting sgRNAs. HSC70 served as a 
loading control. 

 

Melanoma cells transduced with a non-targeting control guide RNA (sgRNA) 

metastasized to the lung more efficiently in APOE2 knock-in mice compared to 

APOE4 knock-in mice after tail vein injection, thus validating our previous 

observations (Figure 4.2a). However, upon Lrp1 deletion with two independent 

sgRNAs, the difference in metastatic burden between APOE2 and APOE4 mice was 

abolished (Figure 4.2b). This finding reveals that the effects of APOE variants on 

melanoma metastatic capacity are mediated by the APOE receptor LRP1. 
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Figure 4.2 LRP1 mediates effects of APOE variants on tail vein metastasis. 
Quantification of lung metastatic progression via bioluminescence imaging of 
B16F10-TR-shApoe sgCtrl (A) or sgLrp1 (B) cells injected via lateral tail vein into 
APOE2 and APOE4 mice. Representative images of H&E-stained lungs or 
bioluminescence signal taken from mice at the day 21 endpoint (n = 9-10 mice per 
group; representative of two independent experiments; two-way ANOVA). 
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4.2 Tumoral Lrp1 deletion abrogates APOE variant differences in genetically 

initiated melanoma progression 
 

As discussed in Chapter 2, a major limitation of transplantable mouse models 

such as the tail vein metastasis assay is that many steps of the metastatic cascade 

are bypassed. Furthermore, the melanoma cells used in Section 4.1 do not express 

human APOE in concordance with their knock-in mouse host. To overcome these 

limitations and better interrogate the role of LRP1 in APOE variant modulation of 

melanoma progression, I crossed the BPC/APOE2 and BPC/APOE4 GEMMs with 

Lrp1flox/flox mice. This enables deletion of Lrp1 specifically in the melanocytes that will 

go on to form melanomas after 4-OHT administration. Immunofluorescence staining 

of BPC/APOE2;Lrp1flox/flox (BPC/APOE2/LRP1Δ) and BPC/APOE4;Lrp1flox/flox 

(BPC/APOE4/LRP1Δ) tumors showed substantial loss of LRP1 signal compared to 

Lrp1 wild-type tumors, confirming successful Cre-mediated deletion (Figure 4.3). 
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Figure 4.3 Validation of Cre-mediated Lrp1 deletion in GEMM. Representative 
immunofluorescence images of LRP1 expression and DAPI nuclear staining in 
BPC/APOE2, BPC/APOE4, BPC/APOE2/LRP1Δ, and BPC/APOE4/LRP1Δ primary 
tumors (scale bar = 100 µm). 
 

Similar to the analyses performed in Chapter 2, I monitored tumor growth in 

BPC/APOE2/LRP1Δ and BPC/APOE4/LRP1Δ mice after 4-OHT administration to 

back skin. In contrast to the differential effects of APOE variants observed in Lrp1 

wild-type mice, there was no significant difference in tumor latency (Figure 4.4a), 

tumor growth rate (Figure 4.4b), or tumor volume at the experimental endpoint 

(Figure 4.4c) between BPC/APOE2/LRP1Δ and BPC/APOE4/LRP1Δ mice. In a 

separate survival experiment, there was a significant difference with 

BPC/APOE2/LRP1Δ mice having a median survival of 55 days compared to 63 days 

in BPC/APOE4/LRP1Δ mice (Figure 4.4d). However, this difference was highly 
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diminished compared to Lrp1 wild-type BPC/APOE2 and BPC/APOE4 mice (Figure 

2.3b). This result is consistent with our prior findings revealing that the APOE4 

background confers more potent anti-tumor immunity and repressed angiogenesis 

(Ostendorf et al., 2020), thus likely providing BPC/APOE4/LRP1Δ mice a survival 

advantage over BPC/APOE2/LRP1Δ mice at later primary tumor stages. There was 

no significant difference in distant lung metastasis between BPC/APOE2/LRP1Δ 

and BPC/APOE4/LRP1Δ mice after neonatal 4-OHT administration (Figure 4.4e), 

consistent with LRP1-dependent, cell-intrinsic effects of APOE dominating at the 

metastatic site.  These results indicate that Lrp1 deletion significantly abrogates the 

impact of APOE variants on melanoma progression, with differences only emerging 

when the cell-extrinsic effects of APOE dominate at later primary tumor stages in 

the genetic model.  
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Figure 4.4 Melanocyte-specific Lrp1 deletion abrogates differences in melanoma 

progression between APOE2 and APOE4 GEMMs. (A) Number of days after topical 
4-OHT administration until tumors were palpated and visualized in 
BPC/APOE2/LRP1Δ and BPC/APOE4/LRP1Δ mice (n=12 per group). Unpaired t-test. 
(B) Melanoma tumor growth curves of BPC/APOE2/LRP1Δ (n=12) and 
BPC/APOE4/LRP1Δ (n=10) mice after topical 4-OHT administration. Two-way 
ANOVA. (C) Final tumor volumes of BPC/APOE2/LRP1Δ (n=12) and 
BPC/APOE4/LRP1Δ (n=10) mice at the experimental endpoint 49 days after topical 
4-OHT administration. Unpaired t-test.  (D) Kaplan-Meier survival curves of 
BPC/APOE2/LRP1Δ and BPC/APOE4/LRP1Δ mice after topical 4-OHT 
administration (n=12 per group). Log-rank test. (E) Quantification of lung metastatic 
foci in BPC/APOE2/LRP1Δ (n=6) and BPC/APOE4/LRP1Δ (n=5) mice after neonatal 
tumor induction. Unpaired t-test. 
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Of note, equalization of melanoma progression between BPC/APOE2 and 

BPC/APOE4 mice upon LRP1 deletion was largely driven by diminished tumor 

growth and metastasis in the APOE2 background. This can be best visualized by 

aggregating data from Chapter 2. Tumor progression and metastasis between 

BPC/APOE4 and BPC/APOE4/ LRP1Δ mice was unchanged while BPC/APOE2/ 

LRP1Δ melanomas were less aggressive than BPC/APOE2 melanomas (Figure 4.5). 

These results again support the model that APOE2 is acting in a gain-of-function 

manner to promote melanoma progression, and that this is dependent on tumoral 

LRP1 expression.    
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Figure 4.5 Comparison of progression in LRP1 wild-type and knockout BPC mice 

highlights melanoma-promoting effect of APOE2. (A) Comparison of number of 
days after topical 4-OHT administration until visible, palpable tumors formed in 
BPCE/APOE2, BPC/APOE2/LRP1Δ, BPC/APOE4, and BPC/APOE4/ LRP1Δ mice 
(n=12 per group). One-way ANOVA. (B) Comparison of Kaplan-Meier survival curves 
of BPCE/APOE2, BPC/APOE2/LRP1Δ, BPC/APOE4, and BPC/APOE4/ LRP1Δ mice 
after topical 4-OHT administration (n=12 per group). Log-rank test. (C) Comparison 
of tumor growth curves of BPCE/APOE2 (n=12), BPC/APOE2/LRP1Δ (n=12), 
BPC/APOE4 (n=13), and BPC/APOE4/ LRP1Δ (n=10) mice after topical 4-OHT 
administration. (D) Comparison of lung metastatic foci in BPCE/APOE2 (n=5), 
BPC/APOE2/LRP1Δ (n=6), BPC/APOE4, and BPC/APOE4/ LRP1Δ (n=5) mice after 
neonatal tumor induction. One-way ANOVA. 
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4.3 Tumoral Lrp1 deletion abrogates APOE variant differences in protein 

synthesis 
 

Having determined that LRP1 mediates the cell-intrinsic effects of APOE 

variants on melanoma progression, I next investigated whether APOE2-mediated 

enhancement of melanoma protein synthesis (Chapter 3) is LRP1-dependent. This 

would link the impact of APOE2 on this intracellular process with the more 

aggressive tumor growth and metastasis phenotypes that I observe in APOE2 mice.  

I performed the SUnSET assay with time-matched BPC/APOE2/LRP1Δ and 

BPC/APOE4/LRP1Δ tumors. Results revealed equalization of puromycin 

incorporation between the APOE2 and APOE4 genotypes upon Lrp1 deletion. This 

establishes an APOE2-LRP1 axis in melanoma that enhances pro-tumorigenic 

protein synthesis (Figure 4.6). 

 

Figure 4.6 In vivo SUnSET assay in LRP1-deficient APOE allelic GEMM. Western 
blot of puromycin incorporation into BPC/APOE2/LRP1Δ and BPC/APOE4/LRP1Δ 
tumors 35 days after topical 4-OHT administration (n=3 per group). Non-puromycin-
pulsed mice were included as an antibody control. Unpaired t-test. 
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The findings outlined in this chapter reveal that the APOE receptor LRP1 is a 

required mediator of the effects of APOE variants on melanoma progression at the 

early primary tumor and metastasis stages. Moreover, LRP1 is required for the 

enhanced protein synthesis effect mediated by APOE2 in melanoma tumors. Linking 

these observations together, it is likely that the more aggressive nature of APOE2 

melanomas is partly driven by APOE2 acting in a gain-of-function manner to 

promote translation in melanoma cells, thus providing them an advantage in growth 

and metastasis. 
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CHAPTER 5. CELL-INTRINSIC PATHWAY MODULATION BY APOE VARIANTS IN 

HUMAN MELANOMA 

The APOE allelic GEMM closely mirrored the APOE2<APOE3<APOE4 order 

of human melanoma survival outcomes that our lab previously reported (Ostendorf 

et al., 2020). As a result, it served as a powerful tool to identify protein synthesis as 

a melanoma cell-intrinsic process that is activated by APOE2. I next wanted to 

determine whether this mechanism translated to human melanomas. To this end, I 

leveraged The Cancer Genome Atlas skin cutaneous melanoma (TCGA-SKCM) 

cohort, which contains over 400 patients with both RNA sequencing and whole 

exome sequencing data (Cancer Genome Atlas Network, 2015). I paired the APOE 

genotype status of each patient, previously imputed by my colleague Benjamin 

Ostendorf based on their whole exomes, with their tumor transcriptome. I then 

performed differential gene expression analysis of APOE2 versus APOE4 carrier 

tumors, analyzing primary and metastatic tumors separately (Figure 5.1).  
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Figure 5.1 TCGA analysis workflow. Schematic depicting the workflow utilized to 
analyze transcriptomes of melanomas in the TCGA-SKCM cohort based on patient’s 
APOE genotype (WES, whole exome sequencing). 

 

Consistent with my RNA-Seq analysis in BPC/APOE2 and BPC/APOE4 mice, 

primary tumors from APOE2 carrier patients exhibited significantly upregulated 

translation pathways relative to APOE4 carriers (Figure 5.2a). By performing the 

SUnSET assay in BPC/APOE2 and BPC/APOE4 mice, I established experimentally 

in Chapter 3 that upregulation of translation processes at the transcriptomic level 

correlates well with enhanced protein synthesis capacity. Thus, this result suggests 

that melanomas in patients who carry an APOE2 allele are synthesizing proteins 

more efficiently than melanomas in APOE4 carrier patients. Supporting the notion 

that APOE2 is an active promoter of protein synthesis in both mouse and human 

melanoma, translation pathways were also the top upregulated processes in APOE2 

carrier primary tumors compared to APOE3 homozygotes (Figure 5.2b). In contrast, 
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protein synthesis processes were not among the top upregulated pathways in 

APOE3 tumors compared to APOE4, suggesting that mRNA translation is not a 

primary mediator of the survival difference between APOE3 homozygotes and 

APOE4 carrier patients (Figure 5.2c).  
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Figure 5.2 APOE2 carrier patient primary melanomas exhibit translation 

upregulation. (A) Top ten pathways upregulated in primary tumors of APOE2 carrier 
patients (n=14) relative to APOE4 carrier patients (n=19) as determined by GSEA and 
ranked by adjusted p-value (NES, normalized enrichment score; padj, adjusted p-
value). (B) Top ten pathways upregulated in primary tumors of APOE2 carrier patients 

(n=14) relative to APOE3 homozygotes (n=65). (C) Top ten pathways upregulated in 
primary tumors of APOE3 homozygotes (n=65) relative to APOE4 carrier patients 
(n=19). 
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Translation upregulation in the APOE2 background relative to APOE4 was 

also maintained in metastatic tumors, suggesting that APOE2 promotes protein 

synthesis in the melanomas of APOE2 carriers throughout the metastatic cascade 

(Figure 5.3). 

 

Figure 5.3 APOE2 carrier metastatic melanomas exhibit translation upregulation. 
Top ten pathways upregulated in metastases of APOE2 carrier patients (n=30) 
relative to APOE4 carrier patients (n=85) as determined by GSEA and ranked by 
adjusted p-value. 
 

Taken together with my findings from mouse modeling, we propose that APOE2-

mediated enhancement of translation—a key driver of tumor growth and 

metastasis—supports melanoma progression in APOE2 carriers, consistent with 

their poor survival compared to both APOE3 homozygotes and APOE4 carriers. 
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CHAPTER 6. DISCUSSION 

 

6.1 Major findings 

In this thesis I sought to identify melanoma cell-intrinsic processes that are 

differentially modulated by APOE genetic variants that may contribute to their 

disparate effects on melanoma progression. To this end, we crossed a genetically 

engineered mouse model (GEMM) characterized by melanocyte-specific activation 

of the BRAF V600E oncogene and loss of the PTEN tumor suppressor with mice 

bearing each of the three human APOE variants. This model enables concordant 

APOE variant expression between both the tumoral and stromal compartments, as 

it occurs in patients. Consistent with previous findings in transplantable models as 

well as patient cohorts (Ostendorf et al., 2020), primary tumor growth in this genetic 

model progressed fastest in APOE2 mice and slowest in APOE4 mice, with APOE3 

tumor growth intermediate. Unlike transplantable models, GEMMs recapitulate each 

step of the metastatic cascade from tumor initiation through to distant colonization. 

Furthermore, both tumoral and stromal APOE contribute to modulation of melanoma 

metastasis (Pencheva et al., 2014). I observed a potent effect of APOE variants on 

metastatic capacity in the genetic model, whereby lung metastatic burden was 

dramatically higher in APOE2 mice compared to APOE4 mice. I thus show a 

powerful effect of germline genetic variation in the APOE gene on growth and 

metastasis of de novo melanoma.    
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To identify cellular processes that are regulated in an APOE variant-dependent 

manner, I performed bulk RNA-seq of primary tumors derived from the APOE2 and 

APOE4 GEMMs. Gene set enrichment analysis revealed mRNA translation as the 

most impacted pathway, with significant upregulation in APOE2 mice relative to 

APOE4 mice. To experimentally validate these findings, I performed puromycin 

incorporation assays to determine differences in translational efficiency among the 

APOE variants. After peritoneal puromycin injection, tumors from the APOE2 GEMM 

exhibited significantly higher puromycin incorporation than APOE4 mice, confirming 

enhanced protein synthesis in the APOE2 background. I repeated this assay in vitro 

with melanoma cells stably expressing each of the human APOE variants to control 

for differences in proliferation and the contribution of stromal cells; this revealed 

that APOE2 expression actively enhanced protein synthesis. Thus, APOE2 

enhances protein synthesis in melanoma, likely contributing to the more aggressive 

progression of melanoma in the APOE2 genetic background. These results are the 

first identification of APOE2 acting in a gain-of-function manner as an activator of 

protein synthesis, to our knowledge. 

Due to previous work in our lab showing that the LRP1 receptor mediates the 

cell-autonomous effects of APOE on melanoma metastasis (Pencheva et al., 2012), I 

sought to determine whether the differential effects of APOE variants on melanoma 

progression are dependent on LRP1. Murine melanoma cells injected via tail vein 

metastasized to the lung significantly more efficiently in APOE2 mice compared to 

APOE4 mice, but this difference was abrogated in melanoma cells depleted of LRP1 
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expression. After integrating conditional Lrp1 deletion into the BPC GEMM, I 

observed that differences in primary tumor growth, metastasis, and protein 

synthesis rates between APOE2 and APOE4 mice were nullified as LRP1-deficient 

APOE2 tumors became less aggressive than LRP1 proficient APOE2 tumors. These 

results provide genetic support for an APOE2/LRP1 axis that promotes melanoma 

progression. 

I next sought to determine whether APOE2 also enhances protein synthesis in 

patient tumors, thus potentially contributing to the poor melanoma survival 

outcomes of APOE2 carriers. I analyzed RNA-seq data of primary and metastatic 

melanomas in the TCGA-SKCM study using APOE genotype status previously 

determined by analysis of whole exome sequencing data (Cancer Genome Atlas 

Network, 2015; Ostendorf et al., 2020). Consistent with my mouse findings, 

translation pathways were the most significantly upregulated in both the primary 

and metastatic tumors of APOE2 carriers compared to APOE4 carriers. This 

upregulation was observed when comparing tumors of APOE2 carriers and APOE3 

homozygotes as well. These findings suggest that the confluence of enhanced 

tumor protein synthesis along with poor anti-tumor immunity, invasion inhibition, and 

angiogenesis repression in APOE2 carriers contributes to their dramatically 

impaired prognosis (Figure 6).  
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Figure 6. Opposing roles of APOE2 and APOE4 in melanoma progression. Model 
depicting our current understanding of the role of APOE2 and APOE4 in melanoma 
progression. The model depicts APOE4 acting as a suppressor of melanoma growth 
and metastasis by enhancing anti-tumor immunity as well as repressing angiogenesis 
and invasion. In contrast, APOE2 is shown as a driver of melanoma progression 
through its stimulation of protein synthesis via the LRP1 receptor. 

 

6.2 Clinical relevance 

Despite a wave of recent advances in melanoma treatment, the 5-year survival of 

individuals with metastatic disease remains at only approximately 30% (Surveillance 

Research Program, 2022). There remains a great need to identify patients at 

greatest risk of metastatic progression as well as additional therapeutic 

vulnerabilities that can be exploited for new treatments. The findings outlined in this 

thesis provide further evidence that APOE genotype may serve as a potential 

biomarker for identifying those most at risk for metastatic progression. In addition 

to suboptimal anti-tumor immunity that enables enhanced primary tumor growth and 

poor response to immunotherapy (Ostendorf et al., 2020), I observed that 
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melanomas in APOE2 carrier patients exhibit more efficient protein synthesis. Thus, 

APOE2 carriers may be identified as individuals who need more aggressive therapy 

and closer monitoring. Future clinical studies, such as prospective trials, will be 

needed to determine whether APOE genotype status may serve as a clinically 

meaningful prognostic indicator. 

The current mainstays of melanoma pharmaceutical intervention are MAPK 

pathway-targeted therapies and immune checkpoint inhibitors. However 

approximately 50% of melanomas are BRAF wild-type, and there is an absence of 

targeted therapies available for these individuals. Additionally, up to 42% of 

melanoma patients are completely resistant to immune checkpoint blockade, and 

many initial responders to anti-CTLA-4 and anti-PD-1 therapies will acquire 

resistance over time (Larkin et al., 2019). My results suggest that targeting protein 

synthesis may be a beneficial therapeutic strategy in melanoma, as more aggressive 

APOE2 melanomas are characterized by enhanced translational capacity. Though 

many inhibitors are currently in clinical trials, the only prominent protein synthesis 

inhibitors that have had consistent clinical use in cancer treatment are derivatives of 

the mTOR inhibitor rapamycin. Temsirolimus was approved by the FDA for the 

treatment of advanced renal carcinoma in 2007. Everolimus was first FDA-approved 

in 2009 for the treatment of advanced renal cell carcinoma, and its use has since 

been expanded to neuroendocrine tumors, breast cancer, and the prevention of 

transplant rejection (Conciatori et al., 2018). Rapamycin has been shown to be 

effective against tumor growth in the BPC GEMM (Dankort et al., 2009). 
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Furthermore, resistance to BRAF and MEK combination therapy involves the 

activation of mTOR signaling, thus making targeted therapy-resistant melanoma 

susceptible to mTOR inhibition (Wang et al., 2021).  Combined MEK and 

PI3K/mTOR inhibition has also shown experimental efficacy in NRAS-mutant 

melanoma, for which there are currently no targeted therapies (Posch et al., 2013).  

More recently another translation inhibitor named omacetaxine, formerly known as 

homoharringtone, was approved for the treatment of refractory chronic 

myelogenous leukemia in 2012. This drug inhibits translation elongation by binding 

to ribosomes, thus making it the first clinically approved direct inhibitor of mRNA 

translation (Gandhi et al., 2014). Future experimental studies of these inhibitors’ 

effects in melanoma in the context of APOE2 expression are warranted. This could 

involve monitoring tumor progression in BPC/APOE2 and BPC/APOE4 mice that 

are treated with one of the aforementioned translation inhibitors versus a vehicle 

control. 

 

6.3 APOE2/LRP1 Axis 

I identified the APOE receptor LRP1 as necessary for the pro-tumorigenic and 

pro-metastatic activity of APOE2. Deletion of tumoral Lrp1 abrogated differences in 

tumor growth, metastasis, and protein synthesis between APOE2 and APOE4 mice. 

LRP1 is a well-established regulator of intracellular signaling (Boucher and Herz, 

2011), thus making it suitable for mediating signals that could impact protein 

synthesis. Indeed, LRP1 has been shown to regulate PI3K/AKT signaling in glial stem 
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cells, neurons, adipocytes, and macrophages (Fuentealba et al., 2009; Luo et al., 

2018; Safina et al., 2016; Woldt et al., 2011). However, it is somewhat surprising that 

APOE2 was observed herein to act in a gain-of-function manner via LRP1, as it has 

been shown to bind to LRP1 approximately 60% less efficiently than APOE3 and 

APOE4 (Kowal et al., 1990). This calls into question whether APOE2 may be 

enhancing translation via changes in LRP1 receptor signaling, as APOE has been 

shown to activate neuronal signaling, including AKT phosphorylation, in an 

APOE4>APOE3>APOE2 order of potency (Huang et al., 2019). One possible 

explanation for why APOE2 may nonetheless mediate these effects despite its 

reduced receptor binding is feedback-induced dosage compensation, as human 

serum APOE levels follow an APOE2>APOE3>APOE4 order (Li et al., 2020). 

Another possible explanation could be changes in cellular cholesterol homeostasis, 

as APOE2 has been shown to be the most efficient cholesterol acceptor of the 

three variants (Li et al., 2020). Cholesterol efflux can alter the composition of lipid 

rafts, which have been shown to be critical for LRP1 signaling (Laudati et al., 2016). 

Future studies will be needed to elucidate the molecular mechanisms downstream 

of this APOE2/LRP1 axis, as they may reveal new therapeutic targets for the 

treatment of both Alzheimer’s disease and melanoma. This could be approached in 

an unbiased manner by performing phosphoproteomics of APOE2 and APOE4-

expressing melanoma cell lines or tumors with and without LRP1 to determine LRP1-

dependent changes in cellular signaling. One could also assay for differences in 

LRP1 lipid raft partitioning in melanoma cell lines expressing each of the three APOE 
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variants. Such functional experiments would also help further cement a causal link 

between APOE2-mediated upregulation of protein synthesis with more aggressive 

melanoma progressive. 

 

6.4 Implications for Alzheimer’s disease 

Despite nearly 30 years of research following the discovery that APOE genotype 

impacts Alzheimer’s disease risk, the molecular mechanisms underlying this link 

remain elusive (Belloy et al., 2019). This is a product of the pronounced complexity 

of APOE, which exhibits diverse roles in numerous biological processes including 

lipid metabolism, immunity, mitochondrial function, and neuronal repair (Belloy et al., 

2019; Huang and Mahley, 2014). The biology behind the protective effect of APOE2 

in Alzheimer’s has been the most mysterious, partly because there has been 

substantially less research into its role compared to APOE4 (Suri et al., 2013). It is 

known that APOE2 carriers exhibit less cerebral amyloid beta deposition than 

APOE3 homozygotes, and APOE2 has been shown experimentally to be more 

efficient at promoting amyloid beta clearance and degradation than the other 

variants (Li et al., 2020). However, amyloid beta-independent processes also 

contribute to the development of Alzheimer’s. It has also been unclear whether the 

APOE alleles represent a progressive gain or loss of function of the APOE protein 

(Belloy et al., 2019). Our work supports the notion that APOE2 can act as a gain-of-

function allele to enhance protein synthesis in a disease context, which has 

implications for its ability to reduce the risk of Alzheimer’s disease.  
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  Supporting the idea that my findings may have broader disease implications, 

two previously published transcriptomic and proteomic Alzheimer’s datasets show 

that mRNA translation is a pathway that is upregulated in the brains of APOE2 

carriers relative to those of APOE3 homozygotes and APOE4 carriers, though 

translational deregulation was not explored in these studies (Dai et al., 2018; 

Lefterov et al., 2019). Neuronal protein synthesis has been well established as 

crucial for synaptic function and memory formation, and it is notably dysregulated in 

Alzheimer’s (Buffington et al., 2014; Hernandez and Abel, 2008). Thus, enhancement 

of translation may contribute to the protective effect of APOE2 in Alzheimer’s and 

may partly explain the inverse impact of APOE2 and APOE4 variants in melanoma 

versus Alzheimer’s disease. Indeed, additional mechanistic connections between 

melanoma and Alzheimer’s disease are being increasingly uncovered. Recent 

studies have shown that melanoma cell secretion of amyloid promotes metastasis 

and is required for survival in the brain (Kleffman et al., 2022; Matafora et al., 2020). 

It would be worthwhile to validate my findings in Alzheimer’s models. This could be 

first approached by performing the SUnSET assay in induced pluripotent stem cell-

derived neurons expressing each of the three human APOE variants (Brookhouser 

et al., 2021; Lin et al., 2018) to determine if there are differences in puromycin 

incorporation similar to what I observe in melanoma cells.  
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6.5 Conclusion 

APOE is a potent suppressor of melanoma progression via its effects on 

invasion, angiogenesis, and anti-tumor immunity. Genetic variation in the APOE gene 

dictates melanoma outcome, as APOE4 carriers exhibit improved survival and 

immunotherapy responses compared to APOE3 homozygotes and APOE2 carriers, 

who experience the worst survival. By using a genetically engineered mouse model 

of melanoma expressing each of the human APOE variants, I have expanded our 

understanding of this phenomenon by identifying protein synthesis as an oncogenic 

process that is enhanced by APOE2. Thus, in contrast to the anti-tumor effects of 

the APOE3 and APOE4 variants, APOE2 is a promoter of melanoma progression. 

My findings reveal a novel function of APOE2 that may have implications for its 

protective effect in Alzheimer’s disease. My results also provide further support for 

the use of APOE genotype as a biomarker for melanoma outcome and reveal 

protein synthesis as a potential therapeutic vulnerability in melanoma.  
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MATERIALS AND METHODS 

Mice 

Humanized APOE2 (#1547, C57BL/6NTac), APOE3 (#1548, C57BL/6), and 

APOE4 (#1549, C57BL/6NTac) knock-in mice were obtained from Taconic 

Biosciences. Braf V600E/+;Pten−/−;Tyr::CreER (BPC) mice (RRID:IMSR_JAX:013590, 

C57BL/6J) were obtained from The Jackson Laboratory. Lrp1flox/flox mice (C57BL/6J) 

were generously provided by David Hui (Basford et al., 2011). BPC mice were 

crossed with APOE knock-in mice to generate BPC/APOE2, BPC/APOE3, and 

BPC/APOE4 mice. BPC/APOE2 and BPC/APOE4 mice were crossed with Lrp1flox/flox 

mice to generate BPC/APOE2/LRP1Δ and BPC/APOE4/LRP1Δ mice. Crosses were 

maintained on a C57BL/6J background. 

 

Mouse genotyping 

Genotyping of Braf V600E/+;Pten−/−;Tyr::CreER mice was performed as instructed 

by The Jackson Laboratory. Genotyping for Lrp1flox/flox and discernment between 

mouse (200 bp) and human (~600 bp) APOE was performed using standard PCR 

protocols. To distinguish between human APOE alleles, restriction fragment length 

polymorphism (RFLP) genotyping was performed (Zivelin et al., 1997). Briefly, a 244 

bp portion of APOE was amplified using standard PCR protocols and digested 

simultaneously with AflIII (R0541) and HaeII (R0107) restriction enzymes (New 

England Biolabs) for at least two hours at 37°C. Allele-specific banding was 

visualized on a 4% agarose gel. The following PCR primers were utilized: 
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Braf V600E/+;Ptenfl/fl−;Tyr::CreER genetic model 

Cre transgene forward: 5’ – GCG GTC TGG CAG TAA AAA CTA TC – 3’ 

Cre transgene reverse: 5’ – GTG AAA CAG CAT TGC TGT CAC TT – 3’ 

Cre internal control forward: 5’ – CAC GTG GGC TCC AGC ATT – 3’ 

Cre internal control reverse: 5’ – TCA CCA GTC ATT TCT GCC TTT G – 3’ 

Braf forward: 5’ – TGA GTA TTT TTG TGG CAA CTG C – 3’ 

Braf reverse: 5’ – CTC TGC TGG GAA AGC GGC – 3’ 

Pten forward: 5’ – CAA GCA CTC TGC GAA CTG AG – 3’ 

Pten reverse: 5’ — AAG TTT TTG AAG GCA AGA TGC — 3’ 

 

Mouse versus human APOE  

Common forward: 5’ – TAC CGG CTC AAC TAG GAA CCA T – 3’ 

Mouse Apoe reverse: 5’ – TTT AAT CGT CCT CCA TCC CTG C – 3’ 

Human APOE reverse: 5’ – GTT CCA TCT CAG TCC CAG TCTC – 3’ 

 

Human APOE allele RFLP 

Human APOE forward: 5’ – ACA GAA TTC GCC CCG GCC TGG TAC AC – 3’ 

Human APOE reverse: 5’ – TAA GCT TGG CAC GGC TGT CCA AGG A – 3’ 

 

Lrp1flox/flox  

Lrp1 forward: 5’ – CAT ACC CTC TTC AAA CCC CTT CCT G – 3’ 
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Lrp1 reverse: 5’ – GCA AGC TCT CCT GCT CAG ACC TGG A – 3’ 

 

Cell lines 

HEK293T cells were obtained from the American Tissue Type Collection 

(ATCC). The B16F10 cell line transduced with a retroviral construct to express 

luciferase and GFP (Ponomarev et al., 2004) and short hairpin RNA (shRNA) 

targeting murine Apoe (Millipore Sigma, TRCN0000011799; B16F10-TR-shApoe) 

was previously described (Ostendorf et al., 2020; Pencheva et al., 2014). B16F10-

TR-shApoe and HEK293T cells were cultured in DMEM (Gibco, 11995) 

supplemented with 10% fetal bovine serum (FBS) (D10F). All cells were maintained 

in an incubator at 37°C and 5% CO2 and regularly tested for Mycoplasma 

contamination with the Universal Mycoplasma Detection Kit (ATCC, 30-1012K). 

 

Generation of stable cell lines 

APOE coding sequences from pCMV4-APOE2 (RRID:Addgene_87085), 

pCMV4-APOE3 (RRID:Addgene_87086),  and pCMV4-APOE4 

(RRID:Addgene_87087) plasmids were subcloned into the pBabe-hygro vector 

(RRID:Addgene_1765). Retrovirus was produced in HEK293T cells grown in 10 cm 

plates. Cells were transfected with retroviral Gag-pol (8 ug) and VSV-G (4 ug) 

packaging plasmids and pBabe vector (8 ug) using PEI Max transfection reagent 

(VWR, 75800-188). After 24 h, the medium was replaced with fresh DF10, and virus-

containing supernatant was collected 48 and 72 h after transfection. The 
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supernatant was filtered through a 0.45 µm filter, and viral supernatant was used 

with 8 µg/ml polybrene (Sigma, TR-1003-G) to transduce pre-plated B16F10-TR-

shApoe cells for 8 hours. Following a second round of transduction, antibiotic 

selection was performed using 600 µg/ml Hygromycin B (Invitrogen, 10687010). 

Protein overexpression was validated by western blot. 

 

Generation of CRISPR cell lines  

Single guide RNA sequences targeting murine Lrp1 were obtained from the 

GeCKO v2 library (Sanjana et al., 2014) and cloned into the pSpCas(BB)-2A-Puro 

(PX459) V2.0 vector (RRID:Addgene_62988). B16F10-TR-shApoe cells were plated 

into a 6-well dish the day prior to transfection and transfected with 4 μg plasmid 

and TurboFect transfection reagent (Thermo Scientific, R0533) diluted in serum-

free media, according to the manufacturer’s instructions. 24 hours after 

transfection, puromycin selection was initiated at 2 μg/mL concentration (Thermo 

Scientific, A1113803). Single clones were obtained by limiting dilution followed by 

Sanger sequencing of individual clones to confirm the presence of indels. Knockout 

clones were pooled to reconstitute heterogeneity, and LRP1 knockout was 

confirmed via western blot.  

 

Guide RNA sequences: 

sgCtrl: 5’ – GCGAGGTATTCGGCTCCGCG – 3’ 

sgLrp1-1: 5’ – CCCGTTGCAGAGACGAGACA – 3’ 
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sgLrp1-2: 5’ – TTTGACGAGTGTTCCGTGTA – 3’   

 

Tail vein metastasis assay 

6–8-week-old male APOE2 and APOE4 knock-in mice were injected via 

lateral tail vein with 100 µl of PBS containing 1 × 105 B16F10-TR-shApoe cells. D-

luciferin (GoldBio, 115144-35-9) was injected retro-orbitally, and bioluminescence 

was measured with an IVIS Lumina II (Caliper Life Sciences). Bioluminescence 

imaging was performed weekly, and signal was normalized to the signal obtained on 

day 0. 

 

Histology 

Mice were perfused via intracardiac injection with PBS followed by 4% 

paraformaldehyde (PFA). The lungs were resected, incubated in 4% 

paraformaldehyde at 4°C overnight, and dehydrated in 70% ethanol at 4°C. Lungs 

were then embedded in paraffin, cut into 5 μm sections, and stained with 

hematoxylin and eosin (Histoserv, Inc.). Slides were digitally scanned with a 

PathScan Enabler (Meyer Instruments). 

 

Genetic tumor initiation 

Topical induction 

10 mg/ml of 4-hydroxytamoxifen (4-OHT; Sigma, H6278) was dissolved in 

acetone with gentle heating. 6–8-week-old female mice were shaved on the back, 
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and 5 μl of 4-OHT was applied to back skin and allowed to air dry. Mice were 

observed twice weekly for tumor formation, defined as a raised, pigmented lesion at 

the site of tamoxifen application. Tumor volume was measured as described 

previously (Spranger et al., 2015) by assessing length, width and height using a 

digital caliper (V=l x w x h), as tumors tended to grow cuboidal rather than spherical. 

For survival analyses, mice were euthanized according to the humane endpoints 

outlined in the IACUC protocol. 

 

Perinatal induction 

Two-day-old female neonates were tail snipped as described previously 

(Westmark et al., 2021) and genotyped. 10 μl of 4-OHT diluted in DMSO (50 mg/mL) 

was applied with a small paintbrush to the back skin of neonates on postnatal days 

3, 5, and 7. Mice were euthanized on postnatal day 35 or when moribund, whichever 

occurred earlier.   

 

Immunofluorescence of BPC tumor sections 

Fresh tumors were excised, embedded in optimal cutting temperature (OCT) 

compound (Sakura Finetek, 4583), flash frozen in liquid nitrogen, and stored at -

80°C. 20 µM tumor sections were obtained with a cryostat. Sections were fixed at -

20°C with acetone/methanol and permeabilized with 0.1% Triton-X for 10 minutes at 

room temperature (RT). Blocking was performed for 30 minutes at RT with 5% goat 

serum in PBS with 0.1% Tween 20 (PBST). Sections were incubated at 4°C 
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overnight with LRP1 primary antibody diluted in blocking solution (1:100; abcam 

92544). Slides were washed with PBS and then incubated with Alexa Fluor 488 

anti-rabbit secondary antibody diluted in PBST for 45 minutes (1:200; Invitrogen 

A11008). Slides were washed again with PBS, and nuclei were stained with 1 µg/mL 

of DAPI (Roche, 10236276001) followed by mounting with ProLong Gold Antifade 

Mountant (Invitrogen, P36930). Four independent fields per tumor section were 

imaged at random with a Nikon A1R MP confocal microscope with consistent 

instrument settings between samples. Sections stained with secondary antibody 

alone were used as negative controls. 

 

Quantification of BPC lung metastases 

Lungs were fixed and dehydrated as described above. Lungs were then 

visualized with an OMAX trinocular microscope (W43C1-L08-TP). The number of 

pigmented lesions on the surface of each lung was quantified in a blinded manner 

under high magnification.  

 

Western blot 

Cells were lysed in ice cold RIPA buffer (G-Biosciences, 786-490) 

supplemented with protease inhibitor cocktail (Roche, 11836153001). Samples were 

denatured, separated by SDS-PAGE with 4-12% Bis-tris gels (Sigma), and 

transferred to low fluorescence PVDF membranes with the Trans-Blot Turbo 

Transfer System according to manufacturer’s instructions (Bio-Rad). Membranes 
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were blocked for one hour with Intercept Blocking Buffer (LI-COR, 927-7000) and 

probed overnight at 4°C with the following primary antibodies diluted in blocking 

buffer containing 0.2% Tween-20: Puromycin (1:10000, Millipore #MABE343), 

APOE (1:1000, GeneTex #GTX100053), HSC70 (1:1000, Santa Cruz #sc-7298), 

LRP1 (1:50000, abcam #92544). Membranes were washed with PBST and 

incubated for an hour with IRDye 680RD goat anti-mouse (926-68070) or 800CW 

goat anti-rabbit (926-32211) secondary antibodies diluted in blocking buffer 

containing 0.2% Tween 20 and 0.1% SDS (LI-COR). Blots were imaged and 

analyzed with Image Studio Lite and Empiria Studio software (LI-COR). 

 

SUnSET assay 

In Vivo 

BPC tumors were topically induced in mice as described above. 35 days after 

induction, mice were weighed and injected intraperitoneally with 40 nmol/g of 

puromycin. Mice were placed back in their cage for 30 minutes, after which mice 

were anesthetized with isoflurane and sacrificed by cervical dislocation. Tumors 

were dissected and rinsed with PBS to remove blood. ~10mg of tumor was 

dissected from the center of tumors and homogenized with a Bead Ruptor Elite 

(Omni International) at 0°C in 200 μL of RIPA supplemented with protease inhibitor 

cocktail. To reduce viscosity, lysates were then treated with DNAse I (Norgen, 

25710) according to manufacturer’s instructions. 40 μg of lysate was loaded and 

western blot was run and analyzed as described above. A mouse IgG2a-specific 
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secondary antibody (1:5000; LI-COR, 926-32351) was used to eliminate background 

mouse IgG signal. Total protein was detected with the Revert 700 Total Protein 

Staining kit (LI-COR, 926-11010).  

 

In Vitro 

5x104 B16F10-TR-shApoe cells stably expressing APOE2, APOE3, APOE4, or 

empty vector were plated in 8-well chamber slides (Nunc, 154941) the day before 

experiment. The next day, cells were serum starved for 6 hours in DMEM containing 

0.2% FBS and then stimulated for 15 minutes with DF10. After stimulation, cells were 

pulsed with 10 μg/mL puromycin in DF10 for 30 minutes. As a positive control, one 

group of cells was treated with 100 μg/mL CHX for 10 minutes in DF10 prior to 

puromycin treatment. Cells were washed twice with PBS and then fixed with 4% 

PFA for 10 minutes. Cells were washed twice with PBS for 5 minutes each and then 

permeabilized with 0.5% Triton X-100 for 10 minutes. Two 5-minute PBS washes 

were performed, and cells were then incubated for 90 minutes at RT with 0.1% 

Triton X-100 containing Alexa Fluor 647-conjugated anti-puromycin antibody 

(1:5000; Millipore, MABE343-AF647). Cells were washed thrice with PBST for 5 

minutes each. During the second wash, DAPI was added at a 1 μg/mL concentration. 

Slides were mounted with ProLong Gold and left to dry overnight. Four independent 

fields per condition were imaged at random with a Nikon A1R MP confocal 

microscope with consistent instrument settings between conditions. Mean 

fluorescence intensity was quantified with ImageJ. 
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RNA extraction from BPC tumors 

Primary tumors were dissected 49 days after 4-OHT administration, flash 

frozen in liquid nitrogen, and stored at -80°C until RNA extraction. For RNA 

extraction, 10mg of tissue was dissected from the center of tumors on a 

ThermalTray (Corning, 432074) placed on dry ice. Tumor pieces were placed in 

homogenizer tubes containing ceramic beads along with lysis buffer from the Total 

RNA Purification Kit (Norgen, 37500) and RNAse inhibitors (10 μl/mL β-

mercaptoethanol and 200 units/mL RNAsin Plus (Promega, N2615)), flash frozen in 

liquid nitrogen, and homogenized with a Bead Ruptor Elite at 0°C. RNA was then 

purified with the Total RNA Purification Kit with on-column DNAse treatment per 

manufacturer’s instructions. 

 

RNA-Seq 

RNA integrity numbers (RIN) were measured with an Agilent Bioanalyzer 

2100, with an average RIN of 8.15. TruSeq RNA Library Prep Kit v2, Set A (Illumina, 

RS-122-2001) was used to generate RNA-seq libraries according to manufacturer’s 

instructions. Libraries were quantified with an Agilent TapeStation and pooled at 

equimolar concentrations. Pooled libraries were sequenced with an Illumina 

NextSeq 500 (High Output, 75 SR). For analysis, FASTQ file quality was checked 

with FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Kallisto 

v0.46.1 (Bray et al., 2016) was used to pseudoalign reads to the mm10 mouse 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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transcriptome (version 101) downloaded from Ensembl. Quality data was 

aggregated with MultiQC (Ewels et al., 2016). Counts were imported into R v4.1.3. 

with RStudio v2022.02.1 and tximport v1.18.0 (Soneson et al., 2015). Differential 

expression analysis was performed with DESeq2 v1.28.1 (Love et al., 2014) after 

prefiltering genes with less than 10 counts. Genes were annotated with 

AnnotationDbi v1.52.0 and the org.Mm.eg.db package. Genes were ranked based on 

Wald statistic, and GSEA was performed with the fgsea v1.20.0 (Korotkevich et al., 

2021). Mouse gene sets were downloaded from http://bioinf.wehi.edu.au/MSigDB/ 

based on MSigDB v7.1.  

 

TCGA analysis 

Harmonized raw counts of tumor transcriptomes from the TCGA-SKCM 

study were downloaded from the Genomic Data Commons API and imported into R 

with TCGAbiolinks v2.18.0 (Colaprico et al., 2016). APOE genotype information from 

whole exome sequencing was utilized as determined previously (Ostendorf et al., 

2020). Differential expression analysis was performed as described for BPC 

tumors, with tumor stage included as a covariate for primary tumor analysis to 

account for differences in tumor progression between genotypes. Genes were 

annotated with AnnotationDbi v1.52.0 and the org.Hs.eg.db package. The Reactome 

gene set was downloaded from MSigDB v7.1, and GSEA was performed as 

described above.  

 

http://bioinf.wehi.edu.au/MSigDB/
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Statistical analysis 

All data are expressed as mean ± SEM, unless indicated otherwise. Groups 

were compared using statistical tests for significance as described in the figure 

legends. A P value less than 0.05 was considered statistically significant. Statistical 

tests were performed with GraphPad Prism 9. 

 

Schematics in this thesis were generated with BioRender.com. 
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