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ABSTRACT
Title of dissertation: Expression patterns of the metastasis suppressor NME1 in
metastatic melanoma
Devin E. Snyder, Doctor of Philosophy, 2020
Dissertation Directed by: David M. Kaetzel, Ph.D., Professor, Biochemistry and
Molecular Biology
Localized melanoma is a curable form of skin cancer, with a 98% chance for survival.
However, for individuals diagnosed with metastatic melanoma, the five-year survival rate
is reduced down to 23%. To enhance patient survival, it remains imperative to fully
differentiate melanoma metastasis mechanisms. Our motivation lies on depicting
underlying patterns accompanying metastatic inhibition. Here, we examine inhibition of
melanoma metastasis through analysis of the metastasis suppressor protein, NME1.
NME1 is a known inhibitor of melanoma metastasis. Overall loss of NME1 protein in
melanoma tumors is associated with reduced survival. Yet, not all melanoma tumors are
the same. Melanomas are heterogenous and exhibit distinct differences across patients
and across individual primary tumor cells. The prognostic implications of heterogenous
NME1 expression within melanomas has not previously been defined. Our focus lies in
characterizing how expression of NME1 across patients and across primary tumor cells
may impact melanoma prognosis and overall metastatic incidence. We utilized a NME1based approach to identify a mRNA expression signature associated with metastasis
suppression in melanoma. Bioinformatic analysis of our metastasis suppression signature
in a melanoma patient dataset exposed a subset of melanoma patients with altered
survival. We were also interested in analyzing the heterogenous expression of NME1
protein within melanoma cells. Flow cytometry analysis revealed that melanoma cell

lines contain a rare population of cells with low levels of NME1 protein. We utilized
multiple methods to characterize the impact of NME1 loss on cell behavior. Experiments
designed to mimic loss of NME1 through shNME1 produced results which suggest that
NME1 is associated with melanoma spheroid formation. We further utilized an
innovative approach, which relied on CRISPR technology, to study endogenous NME1
expression. Characterization of endogenous NME1 expression patterns lead to the
identification of a previously unidentified group of cells, which have a neural crest-like
phenotype and contain enhanced metastatic capacity. Overall, the expression pattern of
NME1 within tumor cells and across patients provides an advantageous tool for
identifying metastatic susceptibility.
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CHAPTER 1
INTRODUCTION
FOCUS OF THE THESIS
My work has focused on characterizing the expression of a metastasis suppressor
protein, NME1, and determining the implications of NME1 expression on melanoma
patient prognosis and susceptibility for metastasis. Melanoma is the rarest form of skin
cancer, accounting for less than 1% of all skin cancer diagnoses. However, melanoma
also results in the majority of skin cancer-related deaths [1]. Melanoma patient fatalities
are primarily a result of melanoma metastasis to sites such as the lung, liver, and brain
[2]. Yet, past therapeutic standards have placed an emphasis on primary tumor treatment
rather than treatment of metastatic lesions, which may impact tumor recurrence,
metastasis and overall survival. Indeed, research suggests that primary and metastatic
tumors are separate entities, with varied therapeutic susceptibility [3-6]. Furthermore,
melanoma tumors across patients are not equivalent [7]. Interpatient heterogeneity results
in different treatment outcomes amongst patients. Therefore, melanoma patients with
greater metastatic risk may require new therapeutic targets and altered treatment plans.
However, it remains necessary to first identify those patients whose tumor cells are
programmed for heightened metastatic susceptibility. In order to identify these patients,
we focused on a group of proteins known to inhibit metastatic processes called metastasis
suppressor proteins.
Metastasis suppressor proteins are a class of proteins capable of inhibiting
metastatic progression, while having no impact on primary tumor growth [8-11]. The first
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discovered metastasis suppressor protein, NME1, was identified via dampened mRNA
expression in a metastatic murine melanoma cell line [12]. Indeed, further study indicates
that reduced expression of NME1 correlates with enhanced melanoma metastasis in
humans [13-16]. Therefore, we propose that expression of the metastasis suppressor
protein, NME1, within melanoma tumor cells may provide a useful tool in identifying
patients with a higher risk for melanoma metastasis.
NME1 is a multifaceted protein, which functions in numerous capacities. Through
molecular and biochemical analysis, our lab has implicated NME1 in DNA repair and
regulation of RNA expression [13, 17-22]. In Chapter II, we utilize a comprehensive
microarray comparison of mRNA from WT NME1 and mutated NME1, deficient in
metastasis suppressor function, to identify a signature of genes specifically associated
with the metastasis suppressor role of NME1. Bioinformatic analysis of the NME1related signature across a large melanoma patient dataset from The Cancer Genome Atlas
(TCGA) revealed reduced expression of NME1-regulated genes in a subset of patients.
Patients with lower expression of NME1-regulated genes presented poorer survival.
Interestingly, greater mRNA expression of NME1 alone was also associated with poorer
survival in TCGA melanoma patients, which contradicts the definition of NME1 as a
metastasis suppressor. However, previous work in our lab demonstrated that NME1
mRNA expression does not equate to protein levels. Instead, NME1 protein is regulated
through lysosomal degradation [14]. In light of this information, we sought to determine
how the protein expression of NME1 within tumor subgroups may impact melanoma
metastasis.
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Melanomas are known as highly heterogenous tumors composed of many cell
subpopulations [7]. These subpopulations have been shown to exhibit different
proliferative and metastatic capabilities. We hypothesized that changes in NME1 protein
expression within melanoma subgroups may alter a cell’s ability to metastasize. In
Chapter III we explored the expression of NME1 protein within melanoma spheroids
cultured under non-adherent conditions. Growth of melanoma cells under non-adherent
conditions prompted a wide range of NME1 expression across individual cells, with some
cells presenting low levels of NME1. To simulate loss of NME1 protein and characterize
NME1 impact on cell behavior, we utilized a transient shRNA knockdown approach.
Interestingly, transient knockdown of NME1 expression within the spheroid context
impacted both tumorigenicity and metastasis. Indeed, the presence of NME1 promoted
lung colonization in vivo. These results contradicted the definition of NME1 as a
metastasis suppressor. However, prior analysis of NME1’s role as a metastasis suppressor
has relied on forced expression of NME1 and has focused on NME1’s impact on cell
motility and invasion under monolayer culture conditions. Our findings identified a new
role for NME1 in the spheroid condition. We were further interested in elucidating
endogenous NME1 expression patterns within melanoma and the role of NME1
subpopulations in melanoma metastasis. Therefore, in Chapter IV, we discuss the impact
of naturally occurring NME1 expression on melanoma metastasis. We find that the
natural loss of NME1 occurs within a small group of cells from multiple melanoma cell
lines. Furthermore, low levels of NME1 protein did not alter tumorgenicity. Yet, cells
with loss of NME1 (NME1LOW) exhibited significantly enhanced metastasis.
Characterization of NME1LOW cells through RNA-seq indicate that these cells were a
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previously unidentified subpopulation and, as such, may represent a promising new
therapeutic target. Our results indicate that heterogenous NME1 protein exists within
melanoma cell lines and loss of NME1 within tumor subpopulations, if also present
within melanoma patients, may enhance patient susceptibility for tumor metastasis.
The remaining sections in this chapter will provide an overview on the concepts
touched upon throughout this dissertation. The focus of this thesis is related to metastatic
impact resulting from heterogeneous expression patterns both across patients and within
tumor cell populations. Therefore, this review will focus on metastasis, the impact of
tumor heterogeneity on metastasis, types of tumor heterogeneity, and causes for tumor
heterogeneity. As this work emphasized metastasis in a melanoma context, the remaining
sections of this chapter will discuss facts and figures of melanoma, melanoma metastasis,
and the role of the metastasis suppressor protein NME1 within melanoma.

METASTASIS
Tumor metastasis is the process by which tumor cells escape the primary tumor
and colonize a new site in the body [3, 4]. This rigorous procedure requires a tumor cell
to successfully complete multiple steps in sequential order. The tumor cell must first
degrade the surrounding stroma to then invade the nearby tissue. Subsequently the tumor
cells enter into the circulatory system (intravasation), where they must evade the immune
system and survive in a new microenvironment. The cells must then leave the circulatory
system (extravasation) and begin forming micro metastases at a distant site. If the micro
metastases are capable of further evading the immune system and triggering
angiogenesis, the tumor cells can grow to form macro metastatic lesions (Fig. 1.1) [3-5,
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8, 23]. Each step along the metastatic cascade is extremely arduous and only a small
percentage of tumor cells are able to successfully complete the metastatic process [4, 8, 9,
23, 24]. However, with 90% of all cancer-related deaths resulting from metastasis, the
treatment of metastatic lesions remains a top priority for enhancement of patient survival
[5].
The field of cancer research has provided major advancements in strategies to
treat primary tumors. However, primary tumors and metastatic tumors are separate
entities and, as such, therapeutics designed to target primary may have reduced efficacy
against metastatic lesions [3-5]. While some drugs may diminish both primary and
metastatic tumors, the lack of a direct approach in targeting metastases prevents complete
eradication of metastatic-prone tumor cells and enables metastatic tumors to reemerge
[6]. The lack of effectiveness in treating both primary and metastatic tumors with similar
therapeutic methods is primarily due to genetic and phenotypic differences present within
tumor cell populations. Extensive research has shown significant changes in the
molecular characteristics of metastatic tumor cells compared to the primary tumor [4, 5,
23, 25, 26]. Therefore, to develop new therapeutic strategies designed to specifically
target metastatic lesions, it remains necessary to identify the metastasis-prone cell
populations present within tumors.
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Figure 1.1 The Metastatic Cascade. Metastasis is a complex process requiring the
completion of multiple steps. While many cells may start the metastatic journey, only a
rare few will survive and colonize at a distant site. Metastatic cells exhibit altered genetic
(nucleus color) or phenotypic profiles (cytoplasmic color) compared to non-metastatic
cells. Once cells proliferate at the metastatic site, further heterogeneity can occur,
resulting in new cell subgroups which differ from the primary tumor. Image from Lawson
et al. [23]
TUMOR HETEROGENEITY
In the journey to develop a cure for cancer, tumor heterogeneity remains a
primary barrier [23]. Tumor heterogeneity manifests as alterations in genomic and
phenotypic features amongst patients with the same type of cancer (inter patient
heterogeneity), across tumor locations within an individual patient (inter tumor
heterogeneity), and within an single tumor mass (intratumor heterogeneity) (Fig. 1.2) [7,
27]. The presence of heterogeneity within and across tumors results from a variety of
genetic and non-genetic methods, which further exacerbate the complex nature of cancer.
Clinically, the multifaceted qualities of tumor heterogeneity prevent effective, long-
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lasting impacts from treatments that were originally designed to target a homogenous
disease [4, 5, 23, 24, 26, 27].

INTER TUMOR HETEROGENEITY
Inter tumor heterogeneity is the variation between multiple tumors of the same
origin within an individual patient (Fig. 1.2b) [7, 24]. In other words, the alterations
between primary tumors and metastatic tumors or between multiple metastatic tumors. A
consequence of inter tumor heterogeneity is altered treatment susceptibility across
tumors, thereby preventing standard primary tumor treatments from adequately targeting
metastatic sites. Inter tumor heterogeneity is thought to result from two major systems
(A) external factors such as varying microenvironmental cues, cell-cell contact, and
immune system adaptations or (B) internal factors such as genetic and molecular
differences (Fig. 1.2b,d-f; Fig. 1.4) [7, 24].
INTRATUMOR HETEROGENEITY
Intratumor heterogeneity is the variation that occurs within groups of cells that
make up a tumor mass (Fig 1.2a) [7, 24]. The cell subpopulations that arise as a result of
intratumor heterogeneity have altered capacity for tumor formation, proliferation,
invasion, and metastasis. For example, a specific subpopulation within a primary tumor
may have an altered genetic and phenotypic profile that supports successful metastasis
(blue tumor cells in Fig. 1.1), while other primary tumor subpopulations are incapable of
completing the metastatic process. An established metastatic lesion may also gain further
modifications in genetic and proteomic expression patterns, leading to greater divergence
in the molecular profile of primary and metastatic tumors. In this way, intratumor
7

subpopulations are capable of promoting inter tumor heterogeneity and subsequent
inhibition of successfully treating both primary and metastatic tumors. Factors leading to
intratumor heterogeneity include genetic and non-genetic traits which are present within
specific cell populations [7, 24].

Figure 1.2 Multifaceted nature of tumor heterogeneity. Tumor heterogeneity occurs at
several levels. Heterogeneity is found within an individual tumor (a) or across multiple
tumor sites within an individual patient (b). Patients with the same cancer type also
exhibit heterogeneity (c). Tumor heterogeneity can occur through - Figure continued
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genomic aberrations (d), transcriptome/proteomic changes (e), or epigenetic
modifications (f). Image from Grzywa et a. [7].
GENETIC HETEROGENEITY
Genetic instability is classified as a hallmark of cancer [28]. Genetic aberrations,
such as DNA duplications, deletions, and mutations can trigger initial tumor formation.
As tumor cells divide, genetic irregularities propagate to subsequent daughter cells.
Additionally, new mutational events over time, resulting in sub clonal populations of
cells with altered genetic backgrounds (Fig. 1.3). Genetic heterogeneity across tumor
subclones leads to changes in tumor cell survival, proliferation, and therapeutic
susceptibility [7, 23, 24, 27]. It has been postulated that genetic alterations also play a
role in both metastatic susceptibility and the therapeutic resistance seen within metastatic
lesions. Several next generation sequencing studies on paired primary and metastatic
lesions have been performed to analyze the genetic profile of the two tumor types. Some
studies in breast cancer have suggested that specific genomic variations are present
within the metastatic lesions [23]. However, other studies suggest that there are few
genetic changes between primary and metastatic tumors [5]. Genomic analysis of paired
lesions within pancreatic and renal cancers showed similar genetic profiles [23]. A recent
report utilized mathematical modeling to analyze clonal evolution within primary and
metastatic lesion. This report suggests that while there are many mutational differences
present within the primary and metastatic tumors, the majority of the mutations represent
“passenger” aberrations which have no impact on tumor progression or metastasis,
thereby indicating that metastatic lesions are the result of the same mutational profile
[29]. If the mutational drivers present within primary tumors are similarly present within
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metastatic tumors, then metastatic susceptibility and therapeutic resistance may not
depend solely on genetic heterogeneity [23]. Rather, non-genetic forms of heterogeneity
such as transcriptomic or proteomic alterations, may play a major role in metastatic
prevalence.

NON-GENETIC HETEROGENEITY
Tumor heterogeneity does not require genetic aberrations. Indeed, heterogeneity
can occur through a combination of extrinsic and intrinsic factors such as
microenvironmental changes, epigenetic modifications, transcriptomic alterations, and
proteomic variations (Fig. 1.4) [7, 23, 24, 27]. The presence of non-genetic heterogeneity
impacts therapeutic efficacy and tumor cell behavior including tumor initiation and
metastasis [3, 4]. In the study of non-genetic heterogeneity, research indicates that some
tumors contain specific subpopulations which play a dominant role in tumor initiation
and hierarchical tumor growth [30-33], a finding that lead to the development of the
cancer stem cell theory.

Figure 1.3 Clonal Evolution. An
initiating tumor cell with a specific
genetic profile proliferates. As the
tumor grows, further mutational
diversity occurs, leading to tumor
subclones, which are represented as
cell populations shaded in different
colors. Image adapted from Park et al.
[34]
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Figure 1.4 Intrinsic and extrinsic factors leading to tumor heterogeneity. Tumor
heterogeneity arises from multiple internal and external forces. The external factors
include microenvironment, the immune system, and cell-to-cell contact with nearby
tissue. Intrinsic factors relate to expression of biomarkers, presence of cancer stem cell
populations, and epigenetics among others. Image from Lawson et al. [23]
CANCER STEM CELL THEORY
Stem cell biology defines stem cells as a group of self-renewing cells capable of
producing mature, differentiated tissue through a hierarchy of cell divisions which trigger
specific epigenetic, transcriptomic, and proteomic changes necessary for the formation of
normal tissue [32]. In a similar fashion, the cancer stem cell (CSC) theory suggests that
rare populations of cancer cells contain stem-like qualities such as self-renewal capacity
11

and the ability to proliferate as a unidirectional hierarchy, which subsequently forms a
whole tumor mass containing multiple subpopulations with altered molecular profiles
(Fig. 1.5) [25, 27, 32, 33]. Research suggests that the varied molecular background of
cancer stem cell subpopulations may prevent therapeutic agents from effectively targeting
these cells.

Figure 1.5 Cancer Stem Cell Model. In normal tissue development, stem cells, which
contain altered molecular profiles, proliferate as a hierarchy into more differentiated cell
populations. Multiple rounds of cell division lead to distinct subpopulations of transit
amplifying cells, which produces further differentiation until eventually cells form
mature normal tissue. In a similar manner, cancer stem cells form a hierarchy to produce
a whole tumor mass. Although the exact process for formation of cancer stem cells is not
fully understood, these cells are thought to arise in malignant populations which have
acquired mutations and/or epigenetic alterations. Image from Valent et al. [32]
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Support for the presence of stem-like subpopulations has been reported in various
types of cancer such as hematopoietic cancers, breast cancers, brain cancers, and colon
cancers [27, 33]. To identify stem-like populations in these cancers, researchers utilized
several experimental tests which are designed to examine tumor subpopulations for
known cancer stem cell properties (Table 1.1). Previously identified stem-like cell groups
exhibit self-renewal capacity, the ability to form heterogenous progeny, and may highly
express known stem cell markers. Furthermore, CSC populations have enhanced potential
to initiate tumor formation. Experimentally, classifying a group of tumor cells as
potential CSCs relies on the ability of a group of cells to recapitulate the tumor in vivo.
Therefore, xenograft experiments, which implant tumor subpopulations into
immunodeficient mice, provide a useful system for identifying cells capable of generating
heterogenous tumors [23, 25, 32, 33].

MELANOMA AND TUMOR HETEROGENEITY
Melanoma tumors are highly heterogenous tumors, exhibiting genetic and
phenotypic heterogeneity [7]. In 2016, exome sequencing was conducted to compare the
genetic profile of normal cells to primary tumor cells from a dozen cancer types.
Melanoma tumor samples included in this analysis displayed the highest level of
heterogeneity, with half of the samples containing at least nine subclones [7, 26].
Moreover, exome sequencing of two primary and six metastatic melanoma lesions by
Harbst et. al. revealed that 13% of nonsynonymous mutations were not present across all
lesions and so displayed heterogeneity. Similar to prior studies [23, 29], the majority of
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these mutations were passenger mutations and had no impact on tumor progression [7,
35].
Identification of Cancer Stem Cells (CSC)
Cancer Stem Cell Properties
Experiment
Expected Outcome
Cell Culture Reduced proliferation rate
Proliferation Assay
Slow to proliferate
Flow Cytometry - Cell
Maintenance of cell
Division Tracking
membrane dye
Express Stem Cell Markers

Flow Cytometry staining
High expression of stem
against
markers; Low expression
stem/differentiation
of differentiation markers
markers
Tumor Spheroid Assay

Unlimited Self-Renewal
Flow Cytometry

Enhanced spheroid
formation for stem-like
cells
Maintained expression of
biomarkers
Heterogeneous expression
of biomarkers

Multilineage Differentiation

Flow Cytometry

Resist Anoikis

Cell Viability Assay in
low-attachment
conditions

Enhanced survival when
cultured in lowattachment conditions

Xenograft Assay in
immunodeficient mice

Formation of tumor

Initiate Tumor Formation

Tumor initation with
Limiting Dilution Assay injection of low number
of cells
Table 1.1 Cancer stem cells are known to contain specific properties that are different
from normal bulk tumor cells. Several experimental assays are utilized to test if a tumor
cell population exhibits CSC characteristics.

Melanomas also exhibit non-genetic heterogeneity. Single-cell RNA sequencing
analysis of metastatic melanoma tumor cells divulged two main transcriptional profiles in
melanoma patients– one prone to a proliferative state and the other supporting an
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invasive phenotype [36]. Furthermore, melanoma subpopulations have phenotypic and
proteomic heterogeneity. Roesch et. al. identified a small population of slowly
proliferating cells present within melanoma cell lines. These cells were enriched for
expression of JARID1B, a protein known to be involved in tissue development and
cancer. Furthermore, this group found that the JARID1B-expressing subpopulations
exhibited enhanced metastasis in vivo, which suggests that protein expression patterns
within melanoma cells play an important role in metastatic susceptibility. Interestingly,
the JARID1B expression pattern did not impact tumor initiation in vivo and was dynamic
(i.e. JARID1B negative cells could initiate expression and vice versa). These results
indicate that although JARID1B expression is a marker for an aggressive and highly
metastatic cell population, JARID1B expression does not follow the CSC unidirectional
hierarchy and does not represent a classical CSCS marker [30]. Indeed, experimental
evidence from multiple sources suggests that melanomas do not proliferate in a
hierarchical manner and the majority of melanoma cells contain tumor initiating capacity
[25, 37]. Although research has yet to identify a specific cancer stem cell population for
melanomas, this does not mean that a melanoma CSC population does not exist.

MELANOMA: A DEADLY SKIN CANCER
Invasive melanoma accounts for about 1% of all known skin cancer cases in the
United States [1] yet results in the majority of skin-cancer related deaths due to a
propensity to metastasize to several sites in the body (e.g. lung, brain, liver etc.). While
melanomas detected at an early stage can be surgically removed and are curable, the
outcome for patients with metastatic melanoma is grim [2]. Patients with localized
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melanomas have a 5-year survival rate of 99%, while patients with regional or distant
metastases have a 5-year survival rate of 63% and 20%, respectively [38]. The majority
of melanoma patients present with localized disease whereas only ~4% of patients exhibit
distant metastases at the time of diagnosis [39]. Despite adequate surgical clearance of
melanoma tumors, melanoma patients who initially present with more localized disease
are still considered to have a high risk for tumor recurrence and metastasis [40, 41]. A
2017 study analyzed the recurrence rate for over 500 melanoma patients who were
initially diagnosed with localized stage II melanoma between 1996 and 2015. This study
found that 29% of these early stage melanoma patients developed tumor recurrence. For
the patients with recurrent melanoma, 30% exhibited cancer in regional lymph nodes,
27% presented with distant metastasis to the lungs, 15% contained localized skin
metastasis and 10% displayed metastatic lesions to the brain [40]. Similarly, a prior study
analyzing over 4,000 localized melanoma patients found that 25% of patients exhibited
melanoma recurrence. From these relapsed patients, 30% presented tumor recurrence at a
distant metastatic site [42]. Considering the highly heterogeneous nature of melanoma,
the probability for metastatic relapse, and the deaths associated with melanoma
metastasis it is necessary to identify melanoma patients and tumor subpopulations with a
high probability for metastasis. Through identifying highly metastatic subpopulations
within melanoma we can further develop specific late-stage therapies designed to target
metastatic lesions. In order to accomplish this goal, we sought to analyze the expression
pattern of a group of proteins known to inhibit metastasis, called metastasis suppressor
proteins.
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METASTASIS SUPPRESSOR PROTEINS
Metastasis suppressor proteins are defined as a group of proteins capable of
inhibiting tumor metastasis while having no impact on primary tumor growth [8-11]. The
first known metastasis suppressor protein, NME1, was identified over 30 years ago [12].
Since the discovery of NME1, at least 22 other metastasis suppressor proteins have been
identified [8]. The metastasis suppressor proteins function to control metastasis at one or
more steps in the metastatic cascade such as inhibiting invasion, preventing survival in
the circulatory system, or blocking colonization at a new tissue site (Fig. 1.6) [9, 10].

Figure 1.6 Inhibition of metastasis through metastasis suppressor proteins.
Metastasis suppressor proteins (bolded abbreviations) work to prevent metastasis at one
or more stages along the metastatic cascade for multiple types of cancer such as breast
cancer and melanoma. Image from reference Smith et al. [10]
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METASTASIS SUPPRESSOR PROTEIN NME1
NME1, also known as NM23, was the first protein to be classified as a metastasis
suppressor protein [8, 12]. Being initially discovered through lower mRNA expression in
a metastatic melanoma cell line of murine origin, NME1 has subsequently been shown to
have metastasis suppressor function in various human cancers including breast cancer
and melanoma [12-15]. NME1 often displays reduced expression in highly metastatic
melanoma compared with non-metastatic melanoma tumors [11, 15].
Previous work hypothesized that therapeutic stimulation to re-express NME1
within tumor cells may trigger an inhibitory function and decrease metastatic prevalence,
thereby enhancing overall survival. To test this theory scientist relied on prior studies
which indicated that regulation of the NME1 promoter occurs through the glucocorticoid
response pathway. Prior research has revealed that the glucocorticoid agonist MPA was
capable of inducing expression of NME1 (Fig. 1.7). Analysis of MPA in breast cancer
murine trials indicated that MPA treatment significantly decreased metastatic burden
[10]. However, a Phase II clinical trial (NCT00577122) showed that re-expression of
NME1 through MPA provided no benefit for breast cancer patients [16].
Although re-expressing NME1 did not positively impact melanoma patients in the
clinic, NME1 may still prove a useful therapeutic tool. NME1 is known to control gene
expression through transcriptional regulation [13, 21, 22, 43]. Identification of NME1regulated genes may provide beneficial information that can identify melanoma patients
with altered survival rates and lead to future therapeutic targets. Furthermore, the
heterogenous expression pattern of NME1 within melanoma tumors had not been
previously examined. Characterization of NME1 subpopulations can lead to development
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of new therapeutic biomarkers and may also provide an indicator for a melanoma
patient’s probability of incurring metastasis.

Figure 1.7 Re-expression of metastasis suppressor protein NME1. Utilization of MPA
has been shown to specifically activate the expression of endogenous NME1 in breast
cancer cell lines. Re-expression of NME1 has been suggested as a therapeutic strategy.
However, human clinical trials showed no advantage upon induction of NME1
expression. Image from reference Smith et al. [10]
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CHAPTER II
Identification of a gene expression signature associated with the metastasis suppressor
function of NME1: prognostic value of human melanoma1
DIVISION OF LABOR OVERVIEW
This paper was published in 2017 in the Laboratory Investigations journal (impact
factor: 4.857). As a co-first author, I was in charge of conducting bioinformatic analysis
of a melanoma patient dataset obtained from The Cancer Genome Atlas (TCGA). Results
from my analysis lead to the identification of a melanoma patient population whose gene
expression pattern correlated with altered survival (Fig. 2.4; Supplemental Fig. 2.1).
This work was supported by several contributing authors. Dr. Q. Zhang generated
WM793 cells which stably express wild type NME1 or mutated NME1 (E5A or K12Q),
while a graduate student in the Kaetzel lab at the University of Kentucky (2001 – 2006).
Dr. M. Novak, a prior graduate student under Dr. David Kaetzel generated stable M14
NME1-expressing cells at the University of Kentucky (2005 – 2012). Co-first author Dr.
J.R. McCorkle, while a graduate student for Dr. David Kaetzel, executed Affymetrix
microarray analysis of RNA from WM793 NME1 WT and mutant cell lines, as well as
performed experimental metastasis assays for the WM793 NME1 cell lines. Co-first
author Dr. M.K. Leonard, a prior post-doctoral fellow within the Kaetzel laboratory at
University of Maryland, Baltimore, conducted microarray and Nanostring experiments
for RNA from M14 NME1 cell lines.
______________________________________________________________________
1. Leonard, M.K., McCorkle, J.R., Snyder, D.E. et al. Identification of a gene expression
signature associated with metastasis suppressor function of NME1: prognostic value in
human melanoma. Lab Invest., 2018. 98(3), 327-338. [21]
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Dr. A.C. Shetty and A.A. Mahurkar at the Institute for Genome Sciences within the
University of Maryland, Baltimore aided in analysis of microarray data and reviewed the
bioinformatic analysis conducted on the TCGA melanoma dataset. Dr. D.M. Kaetzel is
the corresponding author.
ABSTRACT
Although NME1 is well known for its ability to suppress metastasis of melanoma,
the molecular mechanisms underlying this activity are not completely understood.
Herein, we utilized a bioinformatics approach to systematically identify genes whose
expression is correlated with the metastasis suppressor function of NME1. This was
accomplished through a search for genes that were regulated by NME1, but not by NME1
variants lacking metastasis suppressor activity. This approach identified a number of
novel genes, such as ALDOC, CXCL11, LRP1b, and XAGE1 as well as known targets
such as NETO2, which were collectively designated as an NME1-Regulated Metastasis
Suppressor Signature (MSS). The MSS was associated with prolonged overall survival in
a large cohort of melanoma patients in The Cancer Genome Atlas (TCGA). The median
overall survival of melanoma patients with elevated expression of the MSS genes was
45.6 years longer compared with that of patients with lower expression of the MSS genes.
These data demonstrate that NME1 represents a powerful tool for identifying genes
whose expression is associated with metastasis and survival of melanoma patients,
suggesting their potential applications as prognostic markers and therapeutic targets in
advanced forms of this lethal cancer.
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INTRODUCTION
Melanoma is the most lethal form of skin cancer, with an enhanced ability to
metastasize to distant organs via the hematogenous or lymphatic circulation [44].
Although recently developed inhibitors of MAPK pathway components and immune
checkpoint mediators represent the first meaningful progress in the treatment of advanced
forms of melanoma [45, 46], most patients still develop resistance to these agents and
succumb to metastatic disease. Improved prognostic markers and therapeutic targets are
acutely needed to optimize therapy and achieve durable responses in patients with
advanced melanoma.
Metastasis suppressor genes (MSGs) encode both proteins [10, 47] and miRNAs
[48] with the unique ability to selectively inhibit metastatic potential of tumor cells, with
little effect on growth of the primary tumor. As such, MSGs could represent powerful
experimental tools for unraveling molecular mechanisms that specifically regulate the
metastatic process. The NME1 gene (also known as NM23-H1 or NDPK-A) was the first
MSG identified, by virtue of its diminished expression in a metastatic melanoma cell line
of murine origin [12]. Reduced NME1 expression has since been correlated with
metastatic forms of melanoma [49] and many other cancers [50]. In addition, forced
expression of NME1 suppresses metastatic potential of numerous cancer cell lines both in
cell culture and as xenografts in immunocompromised mice [51, 52]. We recently
showed that concomitant ablation of the NME1 and NME2 genes greatly enhances
metastatic potential in a mouse model of ultraviolet (UV) light-induced melanoma [53],
providing strong in vivo evidence of its metastasis suppressor function. Multiple reports
suggest that the NME1 protein regulates tumor cell motility via physical and functional
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interactions with a variety of signaling pathways [54]. However, NME1 has also been
reported to control RNA expression profiles in breast carcinoma [55] and melanoma cell
lines [13], suggesting that this activity could also mediate its metastasis suppressor
function.
NME1 is a member of a 10-gene family (NME1–9 and RP2), with four of the
encoded NME proteins exhibiting nucleoside diphosphate kinase (NDPK) activity [56].
The NDPK activity is well recognized for its role in balancing of intracellular pools of
nucleotide diphosphates and triphosphates [57]. NME1 is recruited to protein complexes
within the cytoskeleton and other intracellular compartments, where the NDPK function
may transfer NTPs directly to effector proteins through a process termed ‘substrate
channeling’ [58]. A role for NDPK activity in the metastasis suppressor function of
NME1 is yet to be firmly established, however, with at least one study suggesting that it
does not contribute [59]. Nonetheless, relevance of NDPK is strongly suggested in other
settings by the direct association of NME1/ NDPK protein with a variety of cytoskeletal
and membrane mediators of cell motility [54]. In addition, NDPK activity has been
shown to supply GTP to dynamin during membrane remodeling and endocytosis of cell
surface receptors [60], a function that could well influence metastatic potential of cancer
cells. Moreover, disruption of the NDPK-active site by a site-directed point mutation of
the catalytic histidine-118 residue (H118F) modestly impaired metastasis suppressor
function of NME1 in the human melanoma cell line 1205Lu [52]. NME1 also binds
single-stranded DNA [61, 62], suggesting roles in transcription and DNA repair [63].
Indeed, expression of NME1 and NME2 promotes nucleotide excision repair of UVinduced lesions [17], while NME1/2 deficiency renders mice prone to UV-induced
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melanoma in situ [18]. Moreover, NME1 exhibits 3′–5′ exonuclease activity toward
single-stranded DNA templates in vitro, consistent with roles in DNA proofreading
and/or repair [20]. Site-directed mutagenesis of NME1 and NME2 has identified a
number of amino- acid residues critical for enzymatic and metastasis suppressor
functions [64-66]. Our site-directed mutagenesis analysis of the NME1 molecule revealed
amino-acid residues E5 and K12 to be essential for both 3′–5′exonuclease activity (i.e.,
DNA repair) and the metastasis suppressor function [52], a correlation that suggests
NME1 may suppress metastasis-driving mutations in melanoma and other human
cancers.
NME1 also regulates expression of genes that could serve as effectors of its
metastasis suppressor activity. We posited that genes that were regulated by wild-type
(WT) NME1, but not the suppressor-deficient mutants E5A and K12Q, would yield a
signature enriched with genes that mediate metastasis suppressor activity. The approach
involved forced expression of WT NME1 or one of the metastasis suppressor-deficient
mutants in the human melanoma cell line, WM793, followed
by assessment of their impacts on gene expression by microarray analysis. The approach
identified multiple genes that alone and cumulatively are predictors of improved survival
in patients with melanoma. This NME1-dependent metastasis suppressor signature (MSS)
contains a number of genes with potential as prognostic markers and targets for therapy
in advanced melanoma.
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MATERIALS AND METHODS
Cell Culture
The melanoma cell lines WM793 and WM278 were gifts of Dr. Meenhard Herlyn
(Wistar Institute, Philadelphia, PA, USA). WM793 and WM278 cells were cultured at
37°C and 5% CO2 in Tu2% media, composed of the following: MCDB: Leibovitz-15
medium (4:1, v/v; Sigma-Aldrich, St Louis, MO, USA) supplemented with 2mM CaCl2,
2.5μg/ml insulin, and 2% fetal bovine serum (Life Technologies, Grand Island, NY,
USA). MDA-MB-435s/M14 cells (referred to as M14 in this text) were obtained from R.
Plattner (University of Kentucky) [67]. 293t cells were obtained from the American Type
Culture Collection (Manassas, VA, USA). M14 and 293t cells were maintained at 37°C
and 10% CO2 in DMEM supplemented with 10% fetal bovine serum, 4.5 g/l D-glucose,
L-glutamine, and 110 mg/l sodium pyruvate. Wild-type and mutant variants of NME1
were prepared and characterized as described previously [52]. Briefly, cDNA of WT or
mutant variants of NME1 was cloned into mammalian expression vector pCI-EGFP
(provided by S Kraner, University of Kentucky), followed by transfection into WM793 or
M14 cells. Stable transfectants were selected by 2-week exposure to G418, followed by
enrichment for GFP-positive cells by cell sorting. Stable knockdown of NME1
expression in WM278 cells was achieved by lentiviral delivery of Mission shRNA
(Sigma-Aldrich) TRCN0000010062 (shNME1#1) or Non- target shRNA pLK0.1
(SHC002, Sigma-Aldrich) as a negative control. Production of viral vectors and
transduction were performed according to the manufacturer’s instructions.
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Experimental Metastasis
Six-to-seven-week-old female nude mice (nu/nu, Harlan Laboratories,
Indianapolis, IN, USA) were injected intravenously with 2 × 106 cells in a total volume
of 100μl Hank’s Buffered Saline (Invitrogen, Grand Island, NY, USA). The mice were
killed 3 weeks later, and the lungs were promptly removed, rinsed in PBS, and immersed
in Bouin’s fixative (Polysciences, Warrington, PA, USA) to preserve the tissue and
enhance the visibility of potential metastatic lesions. The lesions were counted, and their
diameter was measured using a dissecting microscope.

RNA Isolation and Microarray Analysis
Parental WM793 cells or WM793 stably expressing WT or mutant NME1 were
seeded at a density of 1.5 × 105 per 100mm plastic dish and were grown for 3 days to
75–80% confluence in Tu2%. Total cellular RNA was harvested (RNeasy Extraction Kit,
Qiagen, Valencia, CA, USA) from five independent dishes for each cell line and
treatment group. Purified RNA samples were diluted to 1mg/ml with RNase-free
deionized water and transferred to the University of Kentucky Microarray Core Facility
for cDNA synthesis, hybridization, and scanning using their established protocols
(http://www.research.uky.edu/microarray/AffymetrixGeneChip. html). Genome-wide
expression profiling was conducted using GeneChip® Human Exon 1.0 ST Arrays
(Affymetrix, Santa Clara, CA, USA). Data analysis of the microarrays was conducted by
Informatics Resources Center within the Institute for Genome Sciences at the University
of Maryland-Baltimore (Baltimore, MD, USA). Briefly, arrays were normalized by the
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Robust Multi-Array Average method [68] implemented in R package. Differential
expression analysis was performed with Linear Models of Microarrays (LIMMA) R
package. A linear model was first fitted to expression data for each gene, and the
empirical Bayes method was then used to assess differential expression between two WT
NME1 cells and metastasis suppressor-deficient cell lines (parent WM793, E5A, or
K12Q NME1 mutant lines). A P-value cutoff of less than 0.01 was used to select
significant probes. Microarray data from this study are deposited in the Gene Enrichment
Omnibus under accession number GSE85978.

Enrichment Analysis
Enrichment analysis was conducted using DAVID Bioinformatics Resources 6.8
Beta [69, 70] and QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood
City, www. qiagen.com/ingenuity). Exon array probe sets differentially expressed
following NME1 wild-type overexpression in WM793 cells (Po0.05) were analyzed
against the Gene Ontology Consortium (GO) database and Ingenuity Knowledge Base
using all Human Exon 1.0 ST probe sets as background. Statistical significance was
determined following multiple testing correction (i.e., Bonferroni and Benjamini–
Hochberg).

Nanostring Analysis of RNA Expression
WM793, WM278, and M14 cells, and their respective stably transfected variants,
were plated at 1.5 × 105 per 100mm plastic dish and were grown for 3 days to 75–80%
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confluence. Cells were then serum-starved for 24h before harvesting total cellular RNA
(RNeasy Extraction Kit, Qiagen) from three independent dishes. For Nanostring
transcriptome analysis, a custom plate measuring 16 genes of interest was conducted
using 250ng of total RNA (50ng/μl) per sample. Five additional housekeeping genes
were measured and used for normalization. A complete list of gene targets and probe
sequences can be found in Supplementary Table 1.1. Data analysis was conducted using
the nSolver (v.2.5) user interface to operate the nCounter Advanced analysis module
from Nanostring (Nanostring Technologies, Seattle, WA, USA). Genes of interest were
only considered detectable if the mean of the normalized signal was greater than or equal
to two standard deviations above the mean of the negative controls.

TCGA Analysis
The Cancer Genome Atlas (TCGA) mRNA expression data, from Skin Cutaneous
Melanoma (SKCM) samples, was obtained through GDAC FireHose (v01-28-2016). The
results shown here are in whole or part based upon data generated by the TCGA Research
Network: http://cancergenome.nih.gov/. The acquired data set was run through the TCGA
IlluminaHiSeq_RNASeqV2 pipeline. The mRNA expression data were imported into
RStudio and were normalized using the voom function found in the LIMMA package
(v1.0.136, RStudio, Boston, MA, USA). The resulting normalized expression values were
converted into z-scores and, subsequently, expression profiles for specific genes of
interest were generated and analyzed using heatmap.2 function found in the gplots
package.
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Clinical information for TCGA SKCM patients was also obtained through
FireHose version 01-28-2016 and imported into RStudio. In order to determine a
relationship between gene expression and clinical outcome, SKCM patient identifiers
from both clinical and z-score information were matched. Patients were grouped based on
their gene expression profile and analyzed for alterations in both overall survival and
recurrence-free survival [71]. Kaplan–Meier survival analysis was completed through the
survival package in RStudio.
RESULTS
NME1 Regulates the Profile of RNA Expression in WM793 Melanoma Cells
To analyze the impact of NME1 on RNA expression profiles in melanoma, a
cDNA containing the NME1-coding sequence without 5′- and 3′-untranslated sequences
was expressed by stable transfection in the human melanoma cell line WM793. The
parental WM793 line was derived from a vertical growth phase (VGP) melanoma and
exhibits invasive characteristics in culture [72, 73], as well as very low endogenous
expression of NME1 protein [52]. For RNA expression analysis, total RNA was isolated
from WM793 cells and the stably transfected, WM793-derived line expressing NME1
protein at ~3–4× endogenous levels [52]. Cells were subjected to 24h of serum starvation
before RNA preparation to minimize induction of gene transcription by serum-associated
growth factors. RNA samples were analyzed by microarray using the Affymetrix Human
Exon 1.0 ST platform, which assesses expression for 21,014 gene products and variants.
A comparison of expression profiles from the two WM793- derived cell lines
identified a total of 153 RNAs whose expression was significantly altered (P<0.05) by
NME1 (Supplementary Table 2.2). Filtering of the data at higher stringency (P<0.01)
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yielded 21 RNAs differentially regulated by NME1, 14 of which were upregulated and
seven down- regulated (Figure 2.1a). Gene ontology analysis identified that half of the
genes fell into three functional groupings that were significantly enriched in the list of
NME1-regulated genes, namely immunological disease, nervous system development and
function, and GPCR signaling (Figure 2.1b). The remaining NME1-regulated genes that
did not belong to these three ontological groups were associated with ontological groups
that failed to achieve statistical significance in the analysis.

Figure 2.1. Microarray analysis of genes differentially expressed (DE) in WM793
cells after stable forced expression of NME1. (a) Volcano plot representation of RNA
expression changes following forced NME1 expression in WM793 melanoma cells.
Closed red circles depict transcripts upregulated by forced NME1 expression (P<0.05),
with green closed circles indicating downregulated transcripts. Transcripts not
significantly regulated by NME1 are shown in grey. Transcripts most robustly influenced
by NME1 (P<0.01) are shown as larger closed circles and are labeled with their
corresponding gene ID. (b) Shown is the number of DE genes significantly enriched in
various pathways, as determined by gene ontology in DAVID and Ingenuity Pathway
Analysis (IPA) analyses.
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Impact of NME1 and Point Mutant Variants on Experimental Metastasis of WM793 Cells

Although NME1 regulates expression of gene networks in cancer-derived cell
lines, the impacts of this activity on its metastasis suppressor function are not fully
understood [13, 55]. To identify specific genes and networks mediating metastasis
suppressor function of NME1 in melanoma, a filtering strategy was devised to detect
genes regulated by the WT NME1 protein, but not regulated by mutant variants of NME1
we have shown previously to lack metastasis suppressor activity. For the current study, a
panel of WM793-derived cell lines was used that had been created by stable transfection
to provide forced expression of WT NME1 and the NME1 point mutants glutamate-5 to
alanine (E5A), lysine-12 to glutamine (K12Q), and histidine-118 to phenylalanine
(H118F). The E5A variant is deficient in 3′–5′ exonuclease activity, variant K12Q is
deficient in both the 3′–5′ exonuclease and NDPK activities, and H118F is deficient only
in the NDPK activity. Of these point mutants, E5A and K12Q are deficient in metastasis
suppressor activity in context of the human melanoma cell line 1205Lu [52]. NME1 is
rarely mutated in cancers; however, the use of point mutations that fail to suppress
metastasis allows for more streamlined examination of the metastasis suppressor
functions of NME1 in experimental settings. The WM793 panel was considered for the
current study in light of its higher levels of forced NME1 expression than obtained in the
1205Lu panel, with each NME1 mutant variant expressed at approximately fourfold overendogenous NME1 levels (Figure 2.2a) [52]. Before RNA expression analysis, metastatic
potential of the WM793 panel was measured by experimental metastasis assays,
performed by injection of cells into the tail vein of athymic nude mice. Significant lung
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colonization by WM793 cells was seen in 60% of injected mice, whereas forced
expression of WT NME1 strongly suppressed this activity as expected (8.7%; Table 2.1).
In contrast, expression of the E5A or K12Q variants had no significant suppressor effect
on lung-colonizing activity (50% lung colony-positive for both), consistent with loss of
metastasis suppressor activity, as previously described in 1205Lu cells [52]. Also
consistent with prior results in 1205Lu cells [52], expression of the NDPK-deficient
variant H118F had no statistically significant effect on lung colonization in the WM793
line. Taken together, these analyses showed the WM793-derived cell lines expressing
WT NME1 and the E5A and K12Q variants would provide a robust system for
identifying genes whose expression tracks with the metastasis suppressor function of
NME1.

Figure 2.2. Identification of NME1-regulated genes that track with metastasis
suppressor activity of NME1. (a) Validation of wild-type (WT) or mutant NME1
overexpression in WM793 cells by immunoblot analysis. (b) Venn diagram depicting the
overlap of genes differentially expressed by WT vs metastasis – Figure continued
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suppressor-deficient mutants of NME1 or parent cells, P = 0.01. (c) Heatmap showing the
relative induction or repression of NME1-regulated genes in all comparisons of cell lines.
The six genes common to all comparisons from (b) are shown in bold text.

Table 2.1. Amino-acid residues glutamate-5 and lysine-12 mediate ability of NME1
to suppress experimental metastasis potential of WM793 melanoma cells. EXO,
exonuclease; H118F, histidine-to-phenylalanine; E5A, glutamate-to- alanine substitution;
K12Q, lysine-to-glutamine; NDPK, nucleoside diphosphate kinase. Values not showing
a common superscript are significantly different (Po0.05) as determined by Fisher’s exact
test (incidence) and Student’s t-test (lesions/lung).
+, in vitro enzymatic activity of recombinant NME1 variant 495% of wild-type NME1.
−, in vitro enzymatic activity of recombinant NME1 variant o5% of wild-type NME1.

Identification of a MSS of RNA Expression in Human Melanoma Cell Lines

To better identify which of the 153 genes regulated by WT NME1 were
associated with its metastasis suppressor activity, microarray analyses were also
conducted in WM793 cells expressing the metastasis suppressor-deficient mutants of
NME1 (E5A and K12Q). The marked loss of metastasis suppressor activity for the E5A
and K12Q mutants made them ideal tools for identifying NME1-regulated genes
mediating the suppressor function. It should be noted that the NME1 point mutations
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used in our filtering approach were generated in vitro for the purpose of dissecting
structure–function relationships for the NME1 molecule and are not known to occur
naturally within the NME1 sequence in melanoma or other forms of human cancer. The
H118F-dependent gene expression profile was not included in our filtering approach for
the MSS, as the H118F mutation did not significantly alter the metastasis suppressor
activity of NME1 in vivo (Table 2.1). After three separate comparisons, (WT vs Parent,
WT vs E5A, and WT vs K12Q) were compiled, six genes were consistently regulated by
WT NME1 but not by a metastasis suppressor- deficient mutant (Figures 2.2b and 2.2c).
This gene expression signature consisted of LDL receptor-related protein (LRP1b), C-XC motif chemokine 11 (CXCL11), aldolase C (ALDOC), X antigen family member 1A
(XAGE1A), neuropilin and tolloid-like 2 (NETO2), and tripartite motif family like 2
(TRIML2). For this report, these genes have been designated as the NME1-regulated
MSS. To validate results obtained by microarray analysis, Nanostring analysis was
employed for quantitation of NME1 and the following NME1-regulated transcripts:
ALDOC, CXCL11, EREG, LRP1b, NETO2, and TRIML2. In addition, we measured
expression of MSS genes in H118F-expressing WM793 cells to identify any potential
contributions of the NDPK function to their regulation. In agreement with microarray and
immunoblot analyses, the Nanostring approach demonstrated a three- to fourfold
induction of NME1 RNA in WM793 cell lines expressing WT NME1 and the variants
E5A, K12Q, and H118F (Figure 2.3a). Consistent with the microarray analysis,
Nanostring validated the induction of EREG, LRP1b, and TRIML2 transcripts by WT
NME1, and not the metastasis suppressor- deficient variants E5A and K12Q. Moreover,
similar to the microarray analyses, Nanostring results indicated that NME1- mediated
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induction of ALDOC mRNA was dependent on the NDPK function. WT and E5A forms
of NME1, which both retain full NDPK activity, induced ALDOC mRNA but the K12Q
and H118F mutants did not. The Nanostring analysis yielded considerable variability
with impacts of the K12Q mutant on expression of the CXCL11 and NETO2 transcripts
limiting the ability to interpret if one or more enzymatic function of NME1 were critical
for their expression. On the whole, however, the bulk of the microarray results were
validated by the Nanostring approach.
Nanostring analysis was also used to measure levels of all 21 differentially
regulated genes after overexpression of WT NME1 in the M14 melanoma cell line. After
normalization to several housekeeping genes, 9/21 of those genes were consistently
altered in response to NME1, of which four were MSS genes. Three genes that showed
repression by microarray analysis in WM793 also showed significant downregulation by
WT NME1 in the M14 cells (Figure 2.3b). Of the NME1-induced genes, the most robust
regulation was that of ALDOC, which was induced over 100-fold (Figure 2.3b). Other
MSS transcripts strongly induced by NME1 in M14 cells were NETO2 (10-fold) and
TRIML2 (5-fold), although LRP1b was only modestly upregulated in this cell line.
Immunoblot analysis confirmed that NME1 overexpression induced steady-state
concentrations of ALDOC, NETO2, and LRP1b proteins in M14 cells (Figure 1.3b).
To further validate NME1-mediated regulation of these genes, the impact of
NME1 knockdown was assessed using lentiviral shRNA expression vectors (shNME1) in
WM278 cells. This line was originally derived from a VGP melanoma and, in contrast
with WM793, expresses relatively high amounts of NME1 protein. As predicted, loss of
endogenous NME1 induced the expression of NME1- suppressed genes CTAGE4,
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MACF1, and MMP3 (Figure 2.3c). Transcript levels of ALDOC, NETO2, OR51L2,
SEMA4A, and TRIML2 were strongly reduced by shNME1 in WM278 cells (Figure
2.3c). Expression of the NME1-induced transcript encoding LRP1b was unaffected by
the shNME1 treatment.
Interestingly, each of the MSS genes harbors functions and/ or expression
patterns, suggesting relevance to melanoma phenotype and malignant progression.
LRP1b is a compelling candidate as an effector of the metastasis suppressor function for
NME1, with reports of potent invasion-suppressing activity across multiple cancer types
including melanoma [74, 75]. In addition, LRP1b is one of the top three most-frequently
mutated genes in melanoma, consistent with a suppressor function [76]. A closely related
protein, LRP1, was recently shown to aid in suppressing melanoma metastasis, further
suggesting that LRP1b is critical for NME1-mediated metastasis suppression [77].
Chemokines such as CXCL11 are key factors in tumor progression and metastasis, acting
in both the primary tumor and metastatic niche. The actions of CXCL11 are pleotropic
and context-dependent, due in part to autocrine and paracrine expression patterns of its
cognate receptors CXCR3 and CXCR7 [78]. Consistent with potential suppressor
functions, CXCL11 stimulates recruitment of tumor-infiltrating lymphocytes in T-cell
lymphomas [79] and breast cancer [80], whereas its receptor CXCR3 is critical for
response to anti-PD-1 therapy in preclinical studies [81]. ALDOC is one of three aldolase
isozymes (A–C), well recognized for their roles in glycolysis but more recently
implicated in novel glycolysis-independent functions in cell proliferation [82, 83] and
motility/invasion [84]. ALDOA interacts physically with ARNO, an ADP-ribosylation
factor (Arf) and guanine exchange factor implicated in cytoskeletal dynamics and
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membrane trafficking [85]. Consistent with an anti-metastatic function, ALDOC
expression is correlated with better prognosis in oral squamous cell carcinoma [86],
whereas the isoenzyme ALDOA is upregulated by melanogenesis-induced cell
quiescence in the metastatic melanoma cell line B16- F10 [87]. Also relevant is the
enriched expression of ALDOC protein in cells of neural crest lineage, from which
melanocytes are derived [88, 89]. XAGE1B is localized to nuclear speckles, suggesting a
role in RNA processing and/or export, and its expression is strongly elevated in
metastatic melanoma [90]. NETO2 is structurally related to neuropilin, a VEGF receptor
and co-receptor for semaphorins, the latter implicated in neural and vascular patterning.
NETO2 over- expression has been observed in numerous cancers [91] and hemangiomas
[92], and is downregulated in response to NME1 expression in the context of breast
cancer [55]. TRIML2 is a member of the XAGE subfamily/GAGE family of proteins that
harbor E3 ubiquitin ligase activity [93], a function shown to regulate cancer metastasis
[94, 95].
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Figure 2.3. NME1-regulated genes show variable dependence on NME1 enzymatic
functions and cell line expression. (a) Nanostring-mediated validation of target gene
levels after stable expression of empty vector (gray bars), wild-type (WT), NDPK
activity-deficient NME1 mutants (K12Q and H118F), or 3′–5′ exonuclease-deficient
mutants (E5A and K12Q). (b) The repression or induction of select NME1 target genes
after stable expression of wild-type NME1 was further verified in – Figure continued
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M14 cells by Nanostring (left panel) and immunoblot analyses. (c) The effect of NME1
knockdown on its target genes was measured by Nanostring analysis in WM278 cells
after stable expression of a control or NME1-specific shRNA. *Po0.05, **Po0.01.

A Subset of NME1-Regulated Genes is Highly Predictive of Metastasis and Reduced
Survival in Human Melanoma Patients

The ability of NME1 to suppress metastatic potential of melanoma cell lines
suggests that genes under its regulatory control are associated with metastasis and
survival in melanoma patients. To address this possibility, we analyzed expression of
NME1-regulated genes within the skin cutaneous melanoma (SCKM) samples of TCGA.
Unsupervised hierarchical clustering was performed using the expression of five of the
six core MSS genes (LRP1b, CXCL11, ALDOC, NETO2, and TRIML2). An additional
target gene, MACF1, was included in the analysis because of the consistent significant
changes observed upon manipulation of NME1 expression in multiple cell lines (Figures
2.3b and 2.3c). The 468 patients within the SCKM TCGA separated into five general
clusters based on expression of the six NME1-regulated genes (Figure 2.4a). Cluster 5,
however, only contained three patients and was excluded from further analysis. Few
patients showed drastic changes in expression of any one individual gene (Figure 2.4a)
nor was there substantial predictive power for survival rates with any one gene (data not
shown). When combined, however, the six gene signatures were more powerful in
predicting overall survival. No significant differences in recurrence-free survival were
observed between the individual clusters (Figure 2.4b). Despite somewhat closer
clustering of groups 2 and 3 from the hierarchical clustering, the overall survival of
patients in cluster 3 was significantly longer than both clusters 1 and 2 (Figure 2.4c).
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Because there were no statistical differences in the overall survival probabilities between
clusters 3 and 4, or between 1 and 2, the two pairs of subclusters were pooled for further
analyses. Patients in pooled clusters 3–4 had a median survival time of 5.6 years longer
than patients in clusters 1–2 (164.3 vs 96.3 months, P = 0.0002; Figure 1.4d). Differences
in survival times between the clusters were not due to uneven distribution of primary and
metastatic patient samples as there was no significant difference in the total number of
patients or percentage of metastatic or primary patients within the groups (Supplementary
Table S2.4). When the expression of each of the six NME1-regulated genes was
individually examined, all six were significantly (P<0.001) lower in clusters 1–2
compared with clusters 3–4 (Figure 2.4e). Together, these data indicate that reduced
expression of these six NME1-regulated genes is associated with poor survival.
Expression of NME1-regulated mRNAs proved to be a stronger predictor of
patient outcome than that of the NME1 transcript itself. In fact, after separating patients
into the upper and lower quartiles for NME1 expression (Supplementary Figure 2.1A),
elevated NME1 mRNA expression was found to be associated with worse survival in the
SCKM TCGA (Supplementary Figure 2.1B). This counter- intuitive observation could be
explained by our recent demonstration that steady-state concentrations of NME1 mRNA
are not the primary determinant of NME1 protein expression in metastatic cells in
culture. Instead, NME1 protein is destabilized in metastatic cells via cathepsin- catalyzed
degradation in the lysosomal compartment [14]. On the basis of this observation, we
predict that RNA/protein expression of the MSS genes would be more strongly correlated
with intracellular concentrations of NME1 protein than NME1 mRNA. Unfortunately, the
current lack of proteome data in the SCKM-TCGA collection precludes such an analysis.
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However, expression of 3/6 of the NME1-induced signature genes in the TCGA was
inversely correlated with that of NME1 mRNA (Supplementary Figure 2.1C). This could
be explained by an induction of steady-state concentrations of NME1 mRNA levels in
response to NME1 protein degradation; reduced expression of MSS genes could
represent a response to NME1 protein downregulation, rather than to levels of the NME1
transcript.
Next, the ‘low NME1’ and ‘high NME1’ populations were individually subjected
to hierarchical cluster analysis of recurrence-free survival, based on expression of the sixgene MSS. The analysis identified four clusters within each population (Supplementary
Figure 2.1D), with all clusters from the low NME1 group exhibiting longer recurrencefree survival than the clusters of the high NME1 group, as expected (Supplementary
Figure 2.1E, left; Supplementary Table 2.5). Interestingly, cluster 2 from the ‘high
NME1’ group exhibited significantly longer recurrence-free survival than that of cluster 4
of the same ‘high NME1’ group (Supplementary Figure 2.1E, right; Supplementary Table
2.5). No other differences in survival were observed between any clusters within the
‘high NME1’ group or within the ‘low NME1’ group. Expression of five of the six MSS
genes was significantly different between clusters 2 and 4 (Supplementary Figure 2.1F).
Three MSS transcripts (ALDOC, CXCL11, and LRP1B) were expressed at significantly
higher levels in the longer-surviving patients of cluster 2 than in cluster 4. This positive
correlation between expression of these MSS transcripts, which are induced by NME1 in
melanoma cell lines, and extended survival in melanoma patients is consistent with roles
as effectors of the metastasis suppressor function of NME1 in vivo. In addition, two other
transcripts (MACF1 and NETO2) were expressed at significantly lower levels in cluster
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2, suggesting that they may be metastasis-driving in nature. Taken together, these
analyses demonstrate that expression of the NME1-regulated MSS genes is a strong
predictor of prolonged survival in melanoma patients.
DISCUSSION
Rates of melanoma incidence are steadily increasing, as are death rates from
melanoma patients not cured by tumor resection. Even recently developed targeted
therapies against the BRAF/MEK signaling axis and immune checkpoint mediators (e.g.
CTLA-4 and PD-1) have produced only modest improvements in overall survival for
most patients with advanced melanoma [96]. Off-target toxicities and acquired resistance
to these agents remain impediments to durable responses. In the short term, clinical
management of melanoma patients would be improved greatly by new molecular markers
capable of identifying patients likely to progress to more aggressive forms. Such patients
would represent the most appropriate candidates for undergoing therapy using these
expensive and potentially toxic agents, and possibly for initiation of therapy at earlier
stages of their disease. Unfortunately, no reliable markers exist for predicting the course
of melanoma, in contrast with the molecular markers currently available for diagnosis
and prognosis in breast carcinoma and other cancers [97]. In the longer term, new
therapeutic targets are needed if agents are to be developed with greater efficacy in
blocking melanoma progression, and for eradicating metastatic disease once the cancer
has progressed. MSGs such as NME1 provide a unique opportunity to identify individual
genes and gene networks that are either correlated with metastatic potential (e.g.
prognostic indices), or are mediators of metastatic activity itself (e.g. therapeutic targets).
The current study has identified gene networks whose expression is regulated in
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melanoma cells by the metastasis suppressor NME1, as well as genes that are predictive
of better outcome and survival in a large cohort of human melanoma patients.
Ontological analysis identified immunological disease, nervous system
development and function, and G protein- coupled receptors (GPCRs) as the three
groupings most significantly impacted by forced expression of NME1 in WM793
melanoma cells (Supplementary Table 2.3). Regulation of genes involved in immune
system function was robust (18.1% of significant genes) and is interesting in light of the
critical role of immune cells in elimination of tumor cells in melanoma and other cancers
[98], as well as the importance of immune cells in the metastatic niche [99]. Of particular
potential interest in this category is the presence of three chemokine/ chemokine receptor
genes (CXCL11, CCL8, and CCR2) and the interleukin-20 receptor beta. Genes
identified in this functional grouping would seem worthy of further scrutiny as prognostic
indicators for responsiveness to inhibitors of immune checkpoint molecules (e.g. PD-1
and CTLA-4), which are currently inadequate. The observed enrichment of genes
involved in nervous system development and function is also intriguing in light of the
neural crest origin of melanocytes, and the phenotypic similarities exhibited by neural
crest stem cells and melanoma cells [100]. Considering the close relationship proposed
between stemness and metastatic potential in cancer cells [101], the genes identified in
this category may represent rational drug targets for metastatic disease in melanoma and
other cancer. GPCRs are becoming better recognized for their roles as key regulators of
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Figure 2.4. Loss of NME1-induced genes identifies melanoma patients with poor
survival. (a) Unsupervised hierarchical clustering based on the expression of NME1regulated genes in the skin cutaneous melanoma (SKCM) portion of the The Cancer
Genome Atlas (TCGA) identifies several clusters. Primary melanomas are designated in
orange and metastatic samples in blue. Kaplan–Meier analysis of recurrence-free (b) and
overall survival (c) of patients within each cluster. (d) Kaplan–Meier analysis of overall
survival after combining cluster 1 with 2, and cluster 3 with 4. (e) RNA expression levels
of indicated NME1 target genes within the clusters identified in (a). Statistical differences
measured by ANOVA with Holm–Sidak post hoc testing.
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tumor and metastatic phenotypes, especially in melanoma [102]. GPCRs are frequently
mutated in melanoma and other cancers [103], exemplified by the identification of
GRIN2A mutations in over 33% of human melanomas [104]. GPCRs of particular
interest were 11 olfactory receptor genes suppressed by NME1 in WM793 cells
(Supplementary Table 2.3). Ectopic expression of olfactory receptor genes and
proliferation-inhibitory activity has been described previously in melanocytes [105], an
intriguing observation suggesting potential impact of NME1 on cellular proliferation and
differentiation in melanoma.
Our study utilized NME1 variants that we showed previously to be deficient not
only in metastasis suppressor activity, but also in NDPK and 3′–5′ exonuclease activities
of the NME1 protein. Although NME1 is rarely mutated in cancers, these variants
represent powerful experimental tools to help differentiate the metastasis suppressor
functions of NME1 from other potential housekeeping functions. In the current study as
well as our prior one, metastasis suppressor function was disrupted significantly only in
those variants lacking 3′–5′ exonuclease activity (E5A and K12Q), suggesting the
possibility that this enzymatic function contributes in some way to regulation of the MSS
genes. Whereas a molecular mechanism underlying this regulatory function is yet to be
described, the preference of the 3′–5′ exonuclease for single-stranded DNA substrates
[20, 62] suggests a role in remodeling of regulatory elements in DNA that possess singlestranded character. Chromatin immunoprecipitation has demonstrated direct association
of NME1 with DNA elements in a number of candidate target genes in another melanoma
cell line [106], consistent with function as a canonical transcription factor, and many of
those elements possess single-stranded character. Other transcriptional regulators with
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specificity for single-stranded motifs have been described, such as the single-stranded
DNA-binding factors that regulate transcription of the vascular smooth muscle actin
promoter [107]. Nevertheless, a transcriptional co- regulatory function (i.e. non-DNA
binding) is yet to be excluded for NME1, nor have post-transcriptional regulatory
mechanisms.
Potential cancer-regulating functions have been ascribed to many of the NME1regulated genes identified in our study, but the direction of regulation by NME1 was
sometimes opposite of expected. For example, the NME1-upregulated genes EREG,
CXCL11, NETO2, and XAGE1A have functional properties that are potentially cancerdriving in nature and their expression has been associated in some instances with cancer
and malignant progression [79, 108, 109]. These discrepancies could be explained by
non-canonical functions in the setting of melanoma, tumor cell heterogeneity, or NME1mediated regulation of expression of these proteins (e.g. translation initiation and protein
stability) more concordant with their known cancer-relevant functions.
In a prior study conducted in the breast carcinoma cell line MDA-MB-435,
microarray analysis also identified a large number of genes whose intracellular
concentrations are regulated by NME1. Of particular interest were a number of RNAprocessing factors, such as GEMIN5, BOP1, ACIN1, PABP, and HNRNPA2B [110],
suggesting that NME1 may regulate gene expression via impacts on RNA splicing,
stability, and other post-transcriptional events. Interestingly, only one gene regulated by
NME1 in our melanoma-focused study, NETO2, was also shown to be regulated in the
breast carcinoma cell analysis [55]. Moreover, while NME1 upregulated expression of
NETO2 RNA in both the WM793 and M14 melanoma cell lines, NETO2 was
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downregulated by NME1 in MDA-MDB-435 breast carcinoma cells. As discussed above,
the discrepancy in regulation of NETO2 expression between melanoma and breast
carcinoma-derived cell lines could be secondary to cell-specific differences in NETO2
function, tumor cell heterogeneity, and/or post-transcriptional processes. Also of note in
our analysis was a prevalence of NME1- regulated cell surface receptors, consistent with
prior studies conducted across a spectrum of cancer cell lines [14, 49, 110].
This study has identified a number of NME1-regulated transcripts that may have
applications in diagnosis and prognosis for melanoma. Adapting this approach to other
known MSGs would seem to hold potential for providing a wealth of novel prognostic
markers and therapeutic targets for metastatic disease across a spectrum of human
cancers. Whereas expression of NME1 RNA has been shown to be associated with
clinical outcome in melanoma, and the initial identification of NME1 as a metastasis
suppressor evolved from an observation of reduced NME1 RNA expression in metastatic
melanoma cells [12], expression of NME1 RNA itself has not proven to be a robust
marker in melanoma or other cancers. This may well be due to the fact that reduced
NME1 protein expression in metastatic melanoma cells is often not the result of reduced
steady-state concentrations of the cognate NME1 RNA but instead caused by protein
destabilization and lysosomal degradation [14]. Our study provides proof-of-principle
that NME1-regulated transcripts and their encoded proteins both individually and
collectively hold promise as molecular markers for identifying melanoma subtypes,
obtaining more reliable prognoses, and providing personalized medicine for optimal
delivery of therapy. In addition, they represent promising molecular targets for
development of novel therapies to manage melanoma in its advanced and lethal forms.
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CHAPTER III
NME1 drives expansion of melanoma cells with enhanced tumor growth and metastatic
properties2
DIVISION OF LABOR OVERVIEW
The following paper aims to understand the potential function of NME1 protein in
tumor initiation and metastasis. This paper, which was published in 2019 in Molecular
Cancer Research (impact factor: 4.484), relied on the work of several authors. Co-first
author Dr. Y. Wang conducted spheroid assays within melanoma cell lines under varying
NME1 conditions, designed shNME1 RNA to execute NME1 knockdown, utilized flow
cytometry to analyze NME1 expression within melanoma cell lines, and initiated
xenograft assays for shNME1a compared to scrambled shRNA. Co-first author Dr. M. K.
Leonard performed western blot analysis of stem cell markers in NME1 knockdown
conditions. As a co-first author, I contributed to this paper by aiding in western blot
analysis of stem cell markers, repeating NME1 flow cytometry experiments, performing
proliferation assays under NME1 knockdown conditions, repeating spheroid formation
assays with shNME1b, and conducting tail vein injection assays for shNME1b versus
scrambled RNA. My work on this paper provided necessary evidence to demonstrate that
the trends seen by Dr. Y. Wang were reproducible across multiple shNME1 RNAs. Drs.
M. L. Fisher and R. L. Eckert aided in designing experimental methods and writing the
manuscript. Dr. D. M. Kaetzel is the corresponding author.
2. Wang, Y., Leonard, M.K., Snyder, D.E. et al. NME1 drives expansion of melanoma
cells with enhanced tumor growth and. Metastatic properties. Mol Cancer Res, 2019.
17(8), 1665-1674. [111]
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ABSTRACT
Melanoma is a lethal skin cancer prone to progression and metastasis, and
resistant to therapy. Metastasis and therapy-resistance of melanoma and other cancers is
driven by tumor cell plasticity, largely via acquisition/loss of stem-like characteristics and
transitions between epithelial and mesenchymal phenotypes (EMT/MET). NME1 is a
metastasis suppressor gene that inhibits metastatic potential when its expression is
enforced in melanoma and other cancers. Herein, we have unmasked a novel role for
NME1 as a driver of melanoma growth distinct from its canonical function as a
metastasis suppressor. NME1 promotes expansion of stem-like melanoma cells that
exhibit elevated expression of stem cell markers (e.g. Sox2, Sox10, Oct-4, KLF4 and
Ccnb-1), enhanced growth as melanoma spheres in culture, and enhanced tumor growth
and lung colonizing activities in vivo. In contrast, NME1 expression did not affect
proliferation of melanoma cell lines in monolayer culture conditions. Silencing of NME1
expression resulted in a dramatic reduction in melanoma sphere size, and impaired tumor
growth and metastatic activities of melanoma sphere cells when xenografted in
immunocompromised mice. Individual cells within melanoma sphere cultures displayed a
wide range of NME1 expression across multiple melanoma cell lines. Cell
subpopulations with elevated NME1 expression were fast- cycling and displayed
enhanced expression of stem cell markers. Implications: Our findings suggest the current
model of NME1 as a metastasis-suppressing factor requires refinement, bringing into
consideration its heterogeneous expression within melanoma sphere cultures and its novel
role in promoting expansion and tumorigenicity of stem-like cells.
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INTRODUCTION
Melanoma stem cells (MelSCs) have been proposed to drive the growth and
progression of melanoma tumors. As with cancer stem cells in general, MelSCs have
been posited to be the source of phenotypic heterogeneity within melanoma lesions [112].
They exhibit a capacity for self-renewal, but also to initiate and drive tumor growth
through their ability to differentiate into proliferative, less tumorigenic melanoma cells.
The frequency of MelSCs in melanoma tumors has been associated with malignant
progression [113], metastatic potential [114, 115], and poor survival in human melanoma
patients [115].
Metastasis suppressor genes (MSGs) have been defined experimentally as genes
whose encoded proteins selectively inhibit the metastatic potential of cancer cells, with
little or no effect on growth of the primary tumor [10]. At least 21 MSGs have been
identified to date which selectively inhibit cancer metastasis. The first to be described
was NME1 [12], which was initially designated Nm23-h1 (also known as nucleoside
diphosphate kinase/NDPK, and Awd in Drosophila melanogaster) and was shown to
inhibit metastatic activity when overexpressed in cell lines of melanoma and breast
cancer origin. Reduced expression of the metastasis suppressor NME1 has been
associated with aggressive growth properties in multiple settings of human cancer [116,
117]. A variety of molecular mechanisms have been proposed to mediate the metastasis
suppressor function of NME1, including its ability to regulate motility-driving signaling
pathways [118], transcriptome profiles [13, 55], and genomic stability [17, 19].
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Despite the well-recognized link between cancer stem cell phenotypes and
metastatic potential in melanoma, the impact of NME1 on the stem-like phenotype of
cancer cells had yet to be studied in detail. In the current study, NME1 was shown to be
required for growth of melanoma spheres, which are highly enriched for melanoma stemlike cells. We further show NME1 expression promotes expansion of a cell subpopulation
within melanoma spheres that exhibit stem-like characteristics (e.g. expression of stem
markers Sox2, Sox10, Oct4, Ccnb-1, CD271). Overall, these studies highlight a novel,
unexpected role played by NME1 in maintenance of an aggressive cancer stem-like cell
phenotype with enhanced tumor growth and metastatic properties.

MATERIALS AND METHODS
Materials
Unless otherwise specified, reagents were obtained from Sigma-Aldrich (St.
Louis).

Cell lines, culture conditions and melanoma sphere formation assay
The human melanoma cell lines WM9, WM278, WM3211 and 451Lu were gifts
of Dr. Meenhard Herlyn (Wistar Institute, Philadelphia, PA, USA). WM9 originated from
a metastatic melanoma lesion, while WM278 and WM3211 were derived from vertical
phase (VGP) melanomas. 451Lu was originally obtained by selection for enhanced lung
metastatic growth after serial xenografting of the metastatic cell line WM164 in
immunodeficient mice. WM9, WM278 and 451Lu harbor the BRAFV600E mutation, while
WM3211 is BRAF wild-type. Identities of all melanoma cell lines used in this study were
verified by short tandem repeat analysis (Biopolymer-Genomics Core Laboratory, School
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of Medicine, University of Maryland). These lines were maintained and propagated at
37oC in Tu2% medium containing MCDB:Leibovitz-15 medium (4:1 v/v) supplemented
with 2% fetal bovine serum (FBS; Life Technologies), 2 mM CaCl2 and 2.5 µg/ml
insulin.
Melanoma spheres were generated as described, using a culture medium
formulation originally adapted for propagation and maintenance of neural crest stem cells
[119, 120]. Monolayer cultures nearing confluence were dissociated into single cells with
0.05% trypsin and suspended in melanoma sphere medium (MM) containing DMEM/F12
(1:1; Gibco), 2% B27 serum-free supplement (Invitrogen), 1% (w/v) methylcellulose,
0.4% (w/v) bovine serum albumin, 20 ng/ml EGF, and 4 µg/ml insulin. Cells were plated
at a density of 40,000 cells in individual wells of 6-well dishes (9.6 cm2/well; Corning),
pre-coated with poly-HEMA to inhibit cell attachment.
Antibodies and Immunoblotting
For analysis of impacts of lentiviral shRNA constructs on expression of relevant
proteins, melanoma spheres were harvested 7 days post-transduction and lysed in RIPA
buffer, consisting of 10 mM Tris-Cl (pH 8.0), 140 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, and protease inhibitors (Halt Protease
Inhibitor Cocktail; ThermoFisher). Protein concentrations of lysates were measured with
the BCA Kit (ThermoFisher). For immunoblot analysis, SDS-PAGE was conducted using
gradient polyacrylamide gels (AnyKD Criterion; BioRad). Primary antibodies against the
following proteins were used for immunoblotting: Ki67 (sc-15402, Santa Cruz), MITF
(sc-56726, Santa Cruz), Ccnb-1 (A305-000A-M, Bethyl Laboratories), CD271 (8238,
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Cell Signaling), Sox2 (14962, Cell Signaling), Histone-3 (4499, Cell Signaling), NME1
(610247, BD Bioscience), and Oct4 (ab19857, Abcam). The following horseradish
peroxidase-conjugated antibodies were obtained from GE Healthcare: sheep anti-mouse
IgG (LNA931V/AG) and donkey-anti-rabbit IgG (LNA934V/AG).
Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)
Total cellular RNA was isolated from melanoma spheres using the RNeasy
Extraction Kit (Qiagen). Purified RNA samples (1 µg) were reverse-transcribed using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative realtime PCR (qRT-PCR) was conducted on a BioRad CFX Connect Real-Time PCR
Detection System using the Power SYBR Green PCR kit and primers specific for RNA
transcripts of interest. PCR was conducted with an initial 3-minute incubation at 95oC,
followed by 40 cycles of 95oC for 30 seconds and 62.5oC for 30 seconds. Relative RNA
expression was calculated using the 2-DDCT method, and expressed relative to that of a
reference gene (RPL13). The following forward PCR primers were employed: NME1, 5’ccggtccgccttgttggtctgaaatct-cgagatttcagaccaacaaggcggattttt-3’; NME2, 5’ctctctgctctcccagcgcag-3’; ALDH1a (sense), 5’-ctgctggcgacaatggagt-3’; CD271, 5’acctccagaacaagacctcatagc- 3’; CD133, 5’-cctggggctgctgtttatta-3’; Sox2, 5’cagctcgcagacctacatga-3’; Sox10, 5’-tttgactactctgaccatcagccc-3’; Ki67, 5’gaggtgtgcagaaaatccaaa-3’; Ccnb1, 5’-cgatcgccctggaaacgcattc-3’; MITF-M, 5’ttatagtaccttctctttgccagtcc-3’; RPL13, 5’-cataggaagctgggagcaag-3’. The following reverse
primers were used: NME1, 5’aattaaaaatccgccttgttggtctgaaatctcgagatttcagaccaacaaggcgga-3’; NME2; 5’gtccggcttgatggcgatgaag- 3’; ALDH1a, 5’-gtcagcccaacctgcacag-3’; CD271, 5’53

ttgttctgcttgcagctgttcc-3’; CD133, 5’-ttgatccgggttcttacctg- 3’; Sox2, 5’tggagtgggaggaagaggta-3’; Sox10, 5’-agtgtcgtatatactggctgctcc-3’; Ki67, 5’ctgtccctatgacttctggttgt- 3’; Ccnb1, 5’-ccagcagaaaccaacagccgttc-3’; MITF-M, 5’gtttatttgctaaagtggtagaaaggtact-3’; RPL13, 5’- gccctccaatcagtcttctg-3’.
Lentiviral constructs and melanoma sphere transduction
The 293T host cell line was used for lentivirus production and was propagated in
DMEM supplemented with 10% FBS and 1 mM sodium pyruvate. Production of
lentiviral shRNA expression vectors was initiated by co-transfection of 293T cells
(2.5x106/10 cm dish) with three plasmid vectors: pLENTI-17531 (4 µg) and pCMVVSVG (0.67 µg), both provided by the Virus Core Facility, Univ. of Maryland School of
Medicine, and a plasmid (pLKO.1-puro, 4 µg; Sigma Mission shRNA) harboring one of
three shNME1 sequences. The three plasmids and Fugene 6 Transfection Reagent
(Promega) was mixed with 600 µl DMEM and incubated with cells for 12h, followed by
replacement with fresh complete media. Transfected cells were maintained in culture for
three days, followed by three successive 12-hour periods of virus collection. Conditioned
medium containing viral particles was pooled, filtered (0.45 mM), and stored in aliquots
at -80oC prior to use. shNME sequences were as follows: shNME1a, 5’ctagttatttacaggaactt-3’; shNME1b, 5’-tccgccttgttggtctgaaat-3’; shNME1c, 5’gcgtaccttcattgcgatca-3’. Melanoma spheres were dissociated into single cells by
trypsinization prior to viral transduction. Cells were transduced with a mixture of
lentivirus-containing supernatants and Polybrene (8 µg/ml in DMEM). Cells were then
resuspended in MM and transferred to 48- or 6-well dishes with non-adherent HEMAcoated surfaces for melanoma sphere formation.
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Flow cytometry analysis and fluorescence-activated cell sorting (FACS)
Flow cytometric analysis of melanoma sphere cells. For membrane staining with
the dye PKH26 and monitoring for label retention, melanoma spheres were dissociated
into single cell suspensions with trypsin and incubated with the dye as per the
manufacturer’s instructions (PKH26 Red Fluorescent Cell Linker Kit, Sigma). Stained
cells were used for melanoma sphere formation assay as described above, at a density of
120,000 cells/well in 10 cm non-adherent dishes. After three weeks of growth, melanoma
spheres were dissociated into single cells with trypsin and analyzed for PKH26 retention
and expression of relevant proteins by flow cytometry. For immunostaining, cells were
fixed with 2% formaldehyde, and subjected to membrane permeabilization with 0.7%
(v/v) Tween-20 in phosphate-buffered saline (PBS). Primary and secondary antibodies
were diluted in staining buffer (PBS, 10% (v/v) goat serum, 1% (w/v) bovine serum
albumin, 0.5% Tween-20) and incubated with cells for 30 minutes at room temperature.
Antibody-containing solutions were removed, followed by two washes and resuspension
in PBS prior to flow cytometry. The following primary antibodies were obtained from
BD Biosciences: V450-conjugated mouse anti-Sox2 (561610), PerCP-Cy5.5- conjugated
anti-Oct-4 (560794), PECy7-conjugated anti-Ki67 (561283), and mouse monoclonal antiNME1 (610247). Secondary antibodies used were: FITC Rat anti-mouse IgG (406001,
Biolegend) and Apc-Cy7 donkey anti-goat IgG (H2615, Santa Cruz).
Flow cytometric analysis of melanoma cells from xenografts in NSG mice. Single
cell suspensions were generated from mouse lungs harboring GFP-expressing melanoma
cells (experimental metastasis) by incubation of lung pairs in 5 ml of dissociation
solution (PBS containing 0.25% trypsin, 2.2 mM EDTA; PBS-TE) at 37oC for 15
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minutes. Trypsin activity was quenched by addition of 0.5 ml of 100% FBS followed by
rigorous pipetting. After a brief period (1-2 minutes), supernatants were collected,
centrifuged (400 x g, 5 min), and resuspended in 3 ml of FBS. Undigested tissue
fragments were rinsed with PBS and subjected to 3-4 additional cycles of trypsin
treatment, with pelleted cells from all cycles pooled into the same 3 ml of FBS. Pooled
cells were centrifuged, resuspended in PBS, and single cells isolated for flow cytometry
by filtration through a 70 µM cell strainer. Dead cells were detected by staining with the
Fixable Violet Dead Cell Stain Kit (ThermoFisher). Primary antibodies differing from
those described previously were: PE-conjugated rabbit monoclonal anti-Axl (78909S,
Cell Signaling), mouse monoclonal anti-MITF-M (sc-56726, Santa Cruz), rabbit
polyclonal anti-Oct-4 (ab19857, Abcam), goat polyclonal anti-Sox2 (sc17320, Santa
Cruz), and rabbit polyclonal anti-Ki67 (sc15402, Santa Cruz). Secondary antibodies used
were: PE Rat anti-Mouse IgG (562021, BD), PE donkey anti-Rabbit IgG (406421,
Biolegend), and Alexa Fluor 488 donkey anti-rabbit IgG (A21206, Life Technologies).
Xenografting of melanoma cells in NSG mice
Mouse care, surgery, and injection protocols were approved by the Institutional
Animal Care and Use Committee at the University of Maryland-Baltimore (protocol
number 0515008). Melanoma spheroid cells were prepared for xenografting experiments
by introducing expression of enhanced GFP (eGFP) using a lentiviral expression vector
(lentiviral plasmid pSMPUW-MCV-ccd-eGFP). Transduced cells were seeded in 10 cm
dishes and expanded under monolayer conditions. Single cell suspensions were prepared
by trypsinization, followed by sorting of eGFP-positive cells by FACS. eGFP-positive
cells were cultured as melanoma spheres in MM for 7 days, followed by transduction
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with lentiviral vectors expressing shRNAs of interest, and growth as melanoma spheres
for four days. Cells were prepared from spheres for injection by dissociation with trypsin,
pelleting, and resuspension in a solution of 30% Matrigel in PBS (Corning).
Primary tumor growth and experimental metastasis in NSG mice. For generation
of primary tumor xenografts, 105 cells (100 µl volume) were injected subcutaneously into
the rear flank of 7- 8 week-old NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice.
Measurements of tumor dimensions were obtained twice per week. Tumor volume was
calculated as V = L x W x H x π/6 (V, tumor volume; L, length; H, height).
For experimental metastasis, 451Lu cells were transduced for eGFP expression
and used to generate melanoma spheres, followed by preparation of single cell
suspensions for injection, as described above. Cells (105 cells/100 µl) were injected into
the lateral tail vein of 7- 8 week-old NSG mice. Mice were euthanatized at 38-40 days
post-injection, lungs were removed, rinsed in PBS, and assessed for the presence of
eGFP-labeled colonies using a Leica M210F UV dissection microscope. Numbers and
sizes of melanoma colonies were quantified using the “Grid” and “Cell Counter” plug-ins
of the imaging platform ImageJ.

RESULTS

NME1 expression drives proliferation of stem-like cells in melanoma sphere culture

Tumor cells often form sphere structures (tumor spheres) when cultured on
nonadherent surfaces in media optimized for growth of stem-like cells. Tumor sphere-
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derived cells exhibit elevated abilities to drive initiation, maintenance and progression of
malignant lesions in a number of settings of human cancer [121], including melanoma.
Melanoma spheres grown in media optimized for neural crest cells are heterogeneous
[30] but enriched for cells that express proteins associated with stemness [122]. To
measure the impact of the metastasis suppressor NME1 on growth of melanoma spheres,
NME1 expression was silenced using multiple shRNAs directed to the NME1 transcript.
The analysis was conducted with two metastatic lines, 451Lu and WM278, and the
vertical growth phase (VGP) melanoma-derived cell line WM3211. All three lines
formed robust melanoma spheres when grown under sphere-promoting conditions (Fig.
3.1A and 3.1B). In contrast, suppression of the NME1 transcript with shRNA (shNME1a;
Fig. 3.1B) dramatically reduced the formation and growth of melanoma spheres in all
three cell lines. The shNME1a sequence effectively silenced NME1expression and had
no off-target effects on the related NME2 isoform in any of these three cell lines, with the
exception of a small decrease in NME2 RNA in WM3211 cells (Fig. 3.1C,
Supplementary Fig. S3.1). The inhibitory effect of shNME1a on sphere formation was
reproduced in WM278 and WM3211 with two additional shRNA sequences (shNME1b
and shNME1c; Fig. 3.1B, middle), and in 451Lu cells with the shNME1a and shNME1b
constructs (Fig. 3.1B, right). The shNME1b and shNME1c sequences also selectively
inhibited the NME1 transcript with minimal effects on NME2 expression (Supplementary
Fig. S3.1). Conversely, forced expression of NME1 strongly promoted growth of
melanoma spheres in three different cell lines, WM3211, WM278 and M14 (Fig. 3.1D).
Silencing of NME1 expression had no impact on growth of WM9, WM278 or 451Lu cell
lines in monolayer culture conditions (Fig. 3.1E).
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Immunoblot analysis was used to assess the effect of silencing NME1 expression
on expression of proteins indicative of proliferative index, stemness, and differentiation
in melanoma cell lines under both monolayer and sphere culture conditions (Fig. 3.2).
Silencing of NME1 with the shNME1a sequence in monolayer cultures of 451 cells had
no effect on expression of three stem cell marker proteins (Oct4, Jarid1b, and CCNB1),
with perhaps a small inhibitory effect on the stem marker KLF4 (Fig. 3.2A, left). In the
setting of sphere culture conditions for 451Lu cells, expression of all four stem cell
markers was higher than in monolayer conditions, consistent with enrichment of stemlike cells (Fig. 3.2A, right). In contrast with the monolayer condition, NME1 silencing in
451Lu sphere conditions strongly inhibited expression of all four stem markers.
Expression of the proliferation marker Ki67 was inhibited by NME1 silencing to a
minimal extent in monolayer growth conditions, and not at all in sphere conditions. This
indicates the shNME1a treatment did not inhibit cell proliferation of the bulk population
per se, but rather the ability of cells to grow as melanoma spheres. Interestingly, NME1
silencing in WM278 monolayers inhibited expression in three of the four stem cell
marker proteins (Jarid1b, CCNB1 and Sox2), although not that of Oct4 (Fig. 3.2B, left).
Thus, the WM278 cell line retains considerable stem-like character under monolayer
conditions, and the stem-like phenotype in both monolayer and sphere growth conditions
is NME1-dependent. Consistent with this observation, a slow-cycling subpopulation with
elevated JARID1B expression has been observed in human melanoma cell lines under
monolayer culture conditions [30]. NME1 silencing had no effect on Ki67 expression in
WM278 monolayers and was only modestly inhibitory in WM278 spheres, again
demonstrating that NME1 had little effect on proliferation of the bulk compartment under
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either culture condition.

Figure 3.1. NME1 selectively promotes growth of melanoma spheres without
impact on cell proliferation in monolayer culture conditions. Cells of the three
indicated melanoma lines (451Lu, WM278 and WM3211) were infected for 24h with
lentiviruses expressing either a scrambled shRNA sequence (shRNA-scr) or one of three
shRNAs targeting NME1 (shNME1a-c). Cells were then seeded as indicated in the figure
4
5
in individual wells of 6-well dishes (4 x 10 cells/well) or 10 cm dishes (3 x 10
cells/plate) containing an ultra-low attachment surface and grown in spheroid medium for
varying lengths of time. A, Shown is melanoma sphere formation obtained after 7 days of
growth following infection with shRNA-scr or shNME1a. B, The left subpanel displays
quantification of melanoma spheres from the study of panel A. The middle subpanel
displays melanoma sphere incidence after infection of with one of two additional
shNME1 constructs (shNME1b and shNME1c) and a 16-day period of growth. The right
subpanel summarizes the effect of shNME1a and shNME1b in 451Lu cells. Efficacy of
shNME1-mediated silencing was verified by immunoblot analysis, as shown below the
graphs in each subpanel shNME1c did not provide robust silencing of NME1 expression
in 451Lu cells (not shown). C, Efficacy of NME1 knockdown was assessed in terms of
NME1 RNA expression by quantitative reverse transcriptase-real time polymerase chain
reaction (qRT-PCR). Expression of NME1 RNA is expressed relative to that observed in
cells infected with the shRNA-scr control lentivirus (‘Relative RNA expression”).
Expression of the NME2 transcript was also measured by qRT-PCR to verify specificity
of the respective shNME1 constructs. D, Forced expression of NME1 promotes
melanoma sphere growth. Cells were infected as shown with lentiviruses expressing the
indicated shRNA constructs in combination with – Figure continued
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empty lentivirus (EV) or a virus expressing NME1. M14c3 is a clone selected for high
levels of forced NME1 expression. E, shNME1-mediated silencing does not affect
proliferation of melanoma cell lines in monolayer culture. Cells of the indicated
4
melanoma-derived lines were seeded in 24-well dishes (2 x 10 cells/well), with cells
counted manually at the indicated time points. All data in the figure are derived from 2-3
independent experiments. For all panels * p < 0.05.

Figure 3.2. NME1 regulates expression of proliferation and stem cell markers.
Immunoblot analysis was used to measure expression of stem cell and proliferation
markers in monolayer (“Mono”) and sphere cultures after shRNA-mediated silencing of
NME1 in (A) 451Lu or (B) WM278 cells.

Fast-cycling melanoma sphere cell express elevated levels of NME1 and exhibit stemlike characteristics
Melanoma spheres contain cell subpopulations that are heterogeneous with
respect to indices of proliferation, stemness, and melanocytic differentiation [30]. Having
demonstrated that silencing of NME1 expression perturbed the proliferative and stem-like
characteristics of melanoma sphere cultures, we explored the extent to which endogenous
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NME1 expression was associated with these phenotypes in individual sphere cells. Slowand fast-cycling cells were distinguished by labeling of cells with the membrane-staining
dye PKH26 prior to generation of melanoma spheres. PKH26-labeled WM9 and WM278
cells were grown as spheres for three weeks, dissociated into single cell suspensions,
stained for intracellular NME1, and subjected to FACS analysis. Small subfractions
(0.05- 0.5%) of PKH26-retaining cells (i.e. slow-cycling) were observed in melanoma
spheres derived from both cell lines (Fig. 3.3A). Interestingly, NME1 expression was
heterogeneous and wide-ranging across the cell populations. Sphere cells from the two
cell lines were sorted into six distinct subpopulations, based on intensity of staining of
PKH26 and level of NME1 expression. One small subpopulation of slow-cycling cells
exhibited low expression of NME1 (Fig. 3.3A, upper left box of both panels), while
another expressed higher levels of NME1 (upper right). NME1 expression was also
elevated in subpopulations that had undergone modest (middle right box) or total (lower
right) loss of the PKH26 dye. Another subpopulation represented cells that had lost
PKH26 staining and expressed NME1 at low levels (lower left).
To identify potential correlations between NME1 expression and cell phenotypes
within melanoma sphere cultures, the six subpopulations were isolated by FACS and
individually analyzed by flow cytometry for expression of Ki67 and the stem cell
markers SOX2, SOX10 and OCT4. Cells from WM9-derived melanoma spheres
exhibited a consistent correlation in expression of NME1 and Ki67, regardless of the
level of PKH26 retention (Fig. 3.3B). Of additional note was the coordinately high
expression of Ki67 and NME1 in a small subpopulation of WM9 cells that had not lost
PKH26 staining (upper right square, Fig. 3.3A), suggesting those cells had initiated but
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not completed a mitotic event. The two other subpopulations in which NME1 expression
was elevated (middle and lower right, Fig. 3.3A) also exhibited elevated Ki67 expression
relative to their low NME1 counterparts. Together, these observations indicated that
elevated NME1 expression was associated with cells that were either fast-cycling or
undergoing their first mitosis, strongly suggesting that NME1 expression was required for
their proliferation. Similar strong correlations were seen in WM9-derived spheres across
the subpopulations between expression of NME1 and the stem markers SOX2, SOX10
and OCT4 (Fig. 3.3B). The subpopulation of cells that lost PKH26 staining and expressed
low levels of NME1 (lower left) may have acquired a differentiated phenotype or reacquired the slow-cycling stem-like phenotype of the upper left subpopulation. Nearly
identical results were obtained in a similar analysis of WM278-derived spheres, although
more cells were observed in the high-NME1, slow-cycling subpopulation than in WM9
spheres (Fig. 3.3A and 3.3C). This difference could be attributed to phenotypic
differences between cell lines derived from similar, but distinct melanoma lesions with
different oncogenic machinery at play. Similar to the WM9 cell line, however, Ki67
expression was significantly elevated in this subpopulation, suggesting these cells were
also poised for mitosis. Cumulatively, the analysis of proliferation and stem markers
strongly suggests that NME1 drives expansion of a stem-like subpopulation in melanoma
sphere cultures.
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Figure 3.3. Melanoma sphere
cultures contain
subpopulations of proliferative
cells that exhibit increased
expression of NME1 and stem
cell markers. Melanoma spheres
were grown for 21 d after
labeling with PKH26 and
analyzed by flow cytometry after
staining with antibodies specific
for NME1, stem cell markers
(Sox2, Sox10, Oct4) and Ki67.
A, Dot plot gatings based on
levels of NME1 and PKH26 dye
retention in WM9 (left) and
WM278 (right) sphere cells. B
and C, Mean fluorescence of
stem cell markers and Ki67
staining for the gated populations
from sphere cells of panel A. B,
WM9; panel C, WM278. Means
± SEM derived from cumulative
data of three independent
experiments are shown. *
P<0.05.
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NME1 expression promotes tumor growth, and lung colonization (experimental
metastasis) potential of melanoma sphere cells

To assess the impact of NME1 expression on the malignant properties of cells
derived from melanoma sphere culture, xenografting studies were conducted in NSG
mice. Melanoma sphere cultures were generated from the WM278 and 451Lu cell lines
following transduction with lentiviruses driving expression of scrambled or NME1directed shRNA sequences, as well as the fluorescence marker eGFP. Prior to injection,
melanoma sphere cultures were dissociated, sorted for eGFP expression by FACS, and
viability of sorted cells verified by trypan blue staining. WM278-derived melanoma
spheres infected with the scrambled shRNA grew rapidly as subcutaneous xenografts,
achieving critical size within 52 days post-injection (Fig. 3.4A and 3.4B). Transduction
with the shNME1a sequence, however, almost completely abrogated growth of the
sphere-derived cells as tumor xenografts (Fig. 3.4A and 3.4B). NME1 depletion also
inhibited growth of tumors initiated with cells from 451Lu melanoma spheres (Fig. 3.4A
and 3.4B).
To quantify the impact of NME1 depletion on tumor-initiating activity, an
extreme limiting dilution assay (ELDA) was conducted with subcutaneous injections of
1000, 100 and 10 cells from WM451-derived melanoma sphere cultures, prepared as
described above. Overall average tumor size at the 52-day endpoint was significantly
larger in the scrambled shRNA group at both 100 and 10 cells/injection (Fig. 3.4C). No
significant difference in tumor incidence was observed between the control and shNME1treated groups at the 100 cells/injection condition, but a lower incidence was detected at
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10 cells/injection (Fig. 3.4D). ELDA revealed a significant shNME1-mediated decrease
(p < 0.03) in the incidence of detectable xenograft tumors at 45d post- injection (Fig.
3.4E). This effect was not maintained through the 52d time point, suggesting the eventual
acquisition of alternative stemness-driving mechanism(s) that circumvented the shNME1
treatment. Nevertheless, these studies collectively indicate that NME1 depletion strongly
impairs the growth and stem-like character of melanoma cells grown in sphere culture
conditions, and significantly impairs their ability to initiate tumors in vivo.
We also assessed the impact of NME1 on the ability of melanoma sphere cells to
colonize lung tissues when injected via the tail vein (experimental metastasis). Injection
of eGFP-labeled melanoma sphere cells transduced with scrambled shRNA (105
cells/injection) elicited numerous and robustly growing colonies in both lungs of all mice
within 38 days of injection (Fig. 3.5A and 3.5B). Transduction with the shNME1a
sequence resulted in a dramatic reduction in lung colonization potential of melanoma
sphere cells, with 60- to 100-fold higher colonies/lung and greatly increased size per
colony in scrambled shRNA-expressing cells (Fig. 3.5A and 3.5C). Strong reductions in
lung colonizing activity were also observed with the shNME1b sequence (Fig. 3.5B and
3.5D).
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Figure 3.4. NME1 promotes tumor growth properties of cells derived from
melanoma sphere cultures. Melanoma sphere cells from WM278 or 451lu cell lines
were cultured and transduced with lentivirus expressing either shRNA-scr or shNME-1a.
Four days after viral transduction and growth in sphere culture, - Figure continued
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cells were dissociated into single cells and injected subcutaneously into the rear flank of
NSG mice. A, Tumor xenografts from WM278- and 451Lu-derived cells at the
experiment endpoint (5.5 wks. or tumor size > 1 cm3). B, Tumor growth curves obtained
after subcutaneous xenografting of sphere cells derived from the WM278 (left) and
451Lu (right) cell lines in NSG mice. Data points represent mean + SEM (n=5, p < 0.05).
Growth curves were compared using a regression ANOVA model. C, Growth of 451Lu
xenografts initiated with either 100 or 10 cells. Asterisks denote means that are
significantly different (p < 0.05). D, Kaplan-Meier plots of tumor-free survival after
subcutaneous injection of 451Lu sphere cells (100 or 10, n = 5). Differences in tumorfree survival between the treatment groups were determined using the log-rank test. E,
After 52 days, mice were euthanized and tumor-initiating frequency was calculated using
extreme limiting dilution analysis (ELDA), as described [123].

DISCUSSION
Silencing of NME1 expression strongly impaired the sphere-forming activity of
melanoma cells (Fig. 3.1) and loss of a fast-cycling subpopulation of cells with stem-like
characteristics. In addition, cells derived from NME1-depleted melanoma spheres
exhibited reduced tumor growth as orthotopic xenografts within the skin, or when seeded
in the lung via the tail vein. ELDA analysis revealed a significant delay in tumor
initiation for NME1-depleted cells. The inhibitory effect did not persist indefinitely,
however, suggesting the eventual co- option of alternative stem-inducing pathways. We
further observed that NME1 expression is heterogeneous within melanoma spheres and,
consistent with the NME1 depletion analyses, elevated NME1 expression is associated
with the fast-cycling/stem-like subpopulation. Taken together, our observations indicate
that NME1 drives the proliferation of sphere cells with enhanced ability to grow as
primary tumors and colonize lung tissues.
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Figure 3.5. NME1 promotes colonization of melanoma sphere-derived stem cells in
lung tissue (experimental metastasis). 451Lu cells expressing eGFP were treated with
lentiviruses expressing either shRNA-scr, shNME1a, or shNME1b as indicated, and used
to generate melanoma spheres. After 4d of melanoma sphere growth, cultures were
dissociated into single cells and injected into the tail veins of NSG mice (105
cells/mouse). Lungs were imaged for eGFP fluorescence at 5.5 weeks post-injection. A,
eGFP-expressing lung colonies from 451Lu cells expressing shRNA-scr or shNME1a.
Outlines of left and right lungs are denoted with dotted lines. B, Lung colony formation
from 451Lu cells expressing shRNA-scr or shNME1b. C, Quantification of colony
formation in lungs shown in panel A. *p < 0.02. D, Quantification of colony formation in
lungs shown in panel B.
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The enhanced tumor growth properties of NME1-expressing cells in sphere
culture might initially appear to be incongruent with the long-recognized classification of
NME1 as an MSG, a gene that suppresses metastatic potential of tumor cells without
impact on their growth in cell culture or as tumors in vivo. We would note that our study
differed significantly from prior reports by the extensive use of shRNA-mediated gene
silencing. Gene silencing technologies have been applied sparingly to studies of NME1
function, particularly in comparison to the extensive number of reports using
forced/constitutive NME1 expression [11]. Most studies using NME1 silencing have
focused on phenotypes of motility and invasion in vitro, and used cells maintained in
standard monolayer/serum-stimulated culture conditions. Moreover, to our knowledge no
prior studies have evaluated the impact of NME1 silencing on metastatic phenotypes in
vivo. In addition, we compared the impact of NME1 under conditions for cell growth as
monolayers and melanoma spheres. Sphere culture conditions unmasked a unique ability
of NME1 to stimulate growth properties of melanoma cells, an effect not seen when
propagated under monolayer conditions [52, 124]. Dependence on NME1 for tumor
growth-competence of cells grown in sphere culture could be attributed to the nonadherent growth conditions, cell contact-driven signaling in spheres, the medium itself
(B27 supplement, EGF, insulin, etc.), or combinations thereof. Alternatively, standard
monolayer culture conditions (e.g. cell adhesion to plastic, fetal bovine serum) could
inhibit the effects of NME1 expression seen in sphere culture.
The observation that both monolayers and melanoma spheres retain a small, slowcycling cell subpopulation with lower expression of NME1 and stem markers than the
faster-cycling bulk population strongly suggests that NME1 expression is dynamic both
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in vitro and in vivo. In light of the apparent impact of NME1 expression on cell
phenotypes in sphere culture, dynamic regulation of NME1 expression may regulate
phenotypic transitions in cancer cells as well. Such a model could explain the paradox of
how NME1 appears to function as a canonical metastasis suppressor gene in some
experimental settings yet drives expansion of cells in sphere culture with increased tumor
growth properties. Almost all studies presented in support of a metastasis suppressor
function for NME1 have employed forced NME1 expression in the context of monolayer
culture conditions. In this scenario, NME1 expression may have no effect on proliferation
of the bulk cell compartment in which endogenous NME1 expression is sufficient to
maintain proliferation, particularly in monolayer cultures. However, overriding dynamic
regulation of endogenous NME1 by forced expression could interfere with phenotypic
transitions (e.g. ability to transiently downregulate NME1) needed to negotiate the
multiple barriers to metastasis. The end-result of forced NME1 expression in this
scenario would indeed be reduced metastatic activity. Conversely, chronic shNME1
treatment could interfere with transient upregulation of endogenous NME1 expression
required for other phenotypic transitions that also drive tumor expansion and metastasis.
Assessing the extent to which fast-cycling cells driven by NME1 are fully self-renewing
or undergoing differentiation via a transit-amplifying phenotype [32] may prove
informative in this regard. NME1 expression has indeed been associated with
differentiation in the setting of non-transformed cells [125-127]. It should also be
recognized that the tumor microenvironment is likely to regulate the interplay between
NME1 expression and tumor cell phenotype. Although further examination of these
scenarios will require new experimental approaches for assessing the impact of NME1 on
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cell fates, our studies demonstrate that the description of NME1 solely as a suppressive
entity in cancer appears to require refinement.
The observation that cells derived from melanoma sphere culture are
heterogeneous with respect to NME1 expression is intriguing, in light of our
demonstration that NME1 promotes genomic stability. NME1 expression is associated
with higher efficiency of repair of ultraviolet light-induced lesions in DNA [17, 128]. We
have more recently observed that NME1 is recruited directly to double strand DNA
breaks, where it promotes the non-homologous end-joining pathway (NHEJ) of doublestrand break repair (Puts et al., submitted). Considering the error-prone nature of NHEJ,
these findings suggest the fast-cycling, high NME1 condition accelerates acquisition of
progression-driving mutations. Studies are ongoing to analyze the impact of NME1
expression on genomic stability of the various subpopulations of cells we have identified
within melanoma sphere cultures.
While reduced expression of NME1 has been associated with increased metastasis
and shorter survival across a spectrum of human cancers [50], it has not proven a robust
prognostic or diagnostic marker for management of cancer patients. Our observation of
heterogeneous expression of NME1 within melanoma sphere cultures suggests that
similar heterogeneity exists within melanoma tumors in vivo, which could complicate the
interpretation of NME1 protein or RNA expression in histopathological analyses. Our
studies pose the intriguing possibility that relative numbers of cells with low and high
NME1 expression in tumor specimens, rather than the average intra-tumoral expression
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of NME1 transcripts or protein, could be more closely associated with poor prognosis in
melanoma.
Our study has identified a novel role for NME1 in the context of melanoma
sphere cultures, where it promotes expansion of cells with enhanced tumor and metastatic
potential. Further study must be focused on the extent to which NME1 expression is
indeed heterogeneous in melanoma specimens, and the identification of stem-like cell
subpopulations whose distribution within tumors may be regulated by NME1. While
NME1 itself is not currently a robust marker for malignant progression, its differential
expression within tumor subpopulations may aid in the identification of prognostic
markers and novel therapeutic targets for melanoma in its advanced stages.
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CHAPTER IV

A rare subpopulation of melanoma cells with low expression of metastasis suppressor is
highly metastatic in vivo3

DIVISION OF LABOR OVERVIEW
The following paper focuses on the heterogenous expression pattern of NEM1
present within melanoma cell lines and how the NME1 subpopulations may impact
melanoma cell metastasis. This paper is currently in submission with Scientific Reports
(impact factor: 4.525). As the sole first author, I performed all experiments present within
this article. Dr. Y. Wang contributed to this work by designing the CRISPR plasmids
utilized to create endogenous NME1-EGFP melanoma cell lines. Dr. D. M. Kaetzel is the
corresponding author.

ABSTRACT
Despite recent advances in melanoma treatment, metastasis and resistance to
therapy remain serious clinical challenges. NME1 is a metastasis suppressor, a class of
proteins which inhibits metastatic spread of cancer cells without impact on growth of the
primary tumor. We have identified a rare subpopulation of cells with markedly reduced
expression of NME1 (NME1LOW) in human melanoma cell lines. To enable isolation of
viable NME1LOW cells for phenotypic analysis by fluorescence-activated cell sorting
________________________________________________________________________
3. Snyder, D.E., Wang, Y., Kaetzel, D.M. A rare subpopulation of melanoma cells with
low expression of metastasis suppressor NME1 is highly metastatic in vivo. Sci. Rep.
2020. 10(1), 1971. [129]
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(FACS), a CRISPR-Cas9-mediated approach was used to attach an EGFP coding module
to the C-terminus of the endogenous NME1 gene in melanoma cell lines. NME1LOW cells
displayed enhanced collective invasion in vitro when implanted as 3D aggregates in
Matrigel. NME1LOW cells were also highly metastatic to lung and liver when xenografted
subcutaneously in immune-deficient NSG mice. RNA-seq analysis revealed that
NME1LOW cells express elevated levels of genes associated with tumor aggressiveness, as
well as with morphogenesis of tissues of neural crest-like origin (melanocytes and
neurons, bone and heart tissues; GO: 0009653). The highly malignant NME1LOW variant
of melanoma cells has potential to provide novel therapeutic targets and molecular
markers for improved clinical management of patients with advanced melanoma.

INTRODUCTION
Human tumors are comprised of a diverse network of cells, with specific cell
populations primed for enhanced tumor initiation, invasion, and metastasis [7, 24, 130].
Most cancer therapies are designed to target primary tumors as composites of
phenotypically similar cells that are equally susceptible to treatment [1]. However,
genetic and phenotypic aberrations present in rare subpopulations of primary tumor cells
can permit survival in the presence of treatment, leading to tumor recurrence, progression
and metastasis. Heritable variation, also termed clonal evolution, occurs through an
accumulation of genomic mutations during tumor cell proliferation and progression [24,
25, 27]. Mathematical modeling of clonal evolution in primary and metastatic tumors
indicates that most metastases are driven by the same mutational profile as the primary
tumor of origin [29]. Heterogeneity within tumor cell populations also occurs in a non-
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heritable form through alterations in the epigenome, transcriptome and proteome [7, 24,
25, 27] and this has been suggested to play a more dominant role in promoting metastatic
potential [27].

Metastasis suppressor proteins inhibit metastatic activity with little or no impact
on initiation or growth of tumors [8]. The first metastasis suppressor protein to be
identified, NME1, was characterized by virtue of its low expression of its mRNA in
metastatic melanoma cell lines relative to poorly metastatic counterparts [12]. Subsequent
studies have demonstrated involvement of NME1 in regulation of cytoskeletal
rearrangements, as well as transcriptional regulation and DNA repair processes [13, 15,
18, 19]. However, the expression pattern of NME1 protein within tumors has yet to be
described in detail. To this end, we recently demonstrated pronounced cellular
heterogeneity in expression of NME1 in the context of melanoma spheroid cultures
[111]. In this report, we describe the application of CRISPR/Cas9 technology to insert a
DNA module encoding a C-terminal EGFP peptide tag into the native NME1 genomic
locus. The encoded NME1-EGFP fusion protein enabled the application of fluorescenceactivated cell sorting (FACS) to isolate viable melanoma cell subpopulations on the basis
of their expression of NME1 and, ultimately to assess their relative metastatic activities.
These studies have identified a novel and rare subpopulation of melanoma cells that
express very low levels of NME1 (NME1LOW), exhibit a unique transcriptomic profile
characteristic of a neural crest-like phenotype, and are highly metastatic when
xenografted in immunocompromised NSG mice. This study indicates the NME1LOW
subpopulation may constitute a rare constituent of cells in melanoma tumors with
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enhanced potential for tumor recurrence, progression and resistance to therapy. As such,
this subpopulation merits consideration in future approaches for therapeutic management
of melanoma.
MATERIALS AND METHODS
Cell culture
Metastatic melanoma cell lines, WM9 and WM278, were gifts of Dr. Meenhard
Herlyn (Wistar Institute, Philadelphia, PA, USA). Monolayer WM9 and WM278
melanoma cell lines were cultured in 5% CO2 at 37°C with TU2% media. TU2% media
consists of a 4:1 (v/v) ratio of MCDB:Leibovitz L-15 media (Sigma-Aldrich) and 0.1%
(v/v) sodium bicarbonate (Gibco), supplemented with 2mM CaCl2, 2.5μg/ml insulin, and
2% FBS (Gibco) and set to pH 7.2. Cells were cultured at 37°C and 5% CO2. Cell lines
were authenticated by the University of Maryland School of Medicine Center for
Innovative Biomedical Resources, Genomics Core – Baltimore, Maryland.

CRISPR design
The CRISPR design tool, CHOPCHOP (http://chopchop.cbu.uib.no/index.php),
was utilized to identify the location of potential sgRNA target sites along the NME1
locus, as well as determine off-targets in the genome. A list of the potential sgRNAs for
NME1 and the off-target prediction can be found in Supplementary Table S4.1a. In order
to prevent the sgRNA from recognizing and binding to the donor sequence, we designed
the 5’ homologous arm of the donor sequence to contain 5 silent mutations We utilized
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the Codon Adaptation Index (CAI) Calculator (Biologics Corp International,
https://www.biologicscorp.com/) to analyze for codon usage bias.

Generation of NME1-EGFP melanoma clones
Plasmids were designed (Celltechgen) to contain either Cas9D10A/sgRNAs
(pST1374-N-Cas9-D10A-NLS-U6-sgRNA) or NME1-EGFP (pSIMPLE19-NME1EGFP) donor sequence (Figure S4.1). Plasmids were transformed into competent
bacterial cells and were purified from the bacterial cultures with ZymoPURE Plasmid
Maxiprep (D4203). Genomic sequencing confirmed accurate sgRNA and donor sequence
prior to transfection. The donor vector was linearized by BamH1 restriction enzyme
digestion at the distal end of the 5’ homologous arm and the DNA was purified
(QIAquick PCR Purification Kit 28106) prior to quantification with a Nanodrop
spectrophotometer (ThermoFisher). Linearized donor sequence (2 μg) and the
Cas9D10A/sgRNA vector (2 μg) were co-transfected into metastatic melanoma cell lines
(WM9 and WM278) with the Lonza Nucleofector KitR (program P-031). Transfected
cells were selected by a 72 h incubation in media containing blasticidin at a concentration
of 4 μg/ml. After one week of growth, viable cells were sorted for EGFP expression (BD
Aria II), followed by single cell cloning. Accuracy of NME1-EGFP incorporation was
determined through genomic sequencing of the resultant clones. Primers used for
genomic sequencing of NME1-EGFP are listed in Supplementary Table S4.1b.
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Fluorescence-activated cell sorting (FACS)
For fluorescence-activated cell sorting, cells were washed 2x with PBS and
incubated in 0.05% Trypsin-EDTA (Gibco) for 3 min at 5% CO2. Once cells were nonadherent, the trypsin reaction was quenched with TU2%. Cells were spun down at 1000 g
for 3 min and washed with PBS prior to being resuspended with sample buffer (2% FBS
in PBS) at a concentration maximum of 107 cells per ml. Samples were sorted on BD
Aria II into 5 mL polystyrene round-bottom FACS tubes (Corning 352058), containing
collection buffer (10% FBS in PBS) and stored on ice for the duration of the sort. Viable
cells for each population were counted with trypan blue staining.

Flow cytometry
To analyze NME1 expression in NME1-EGFP expressing clones, cells were
obtained as previously described in the fluorescence-activated cell sorting section of
these methods. Cells were resuspended in sample buffer (2% FBS in PBS) and protein
expression of NME1-EGFP was analyzed on the BD LSRII flow cytometer. For
immunostaining of all untagged intracellular proteins, cells were fixed with 2%
formaldehyde and the membrane was permeabilized with 0.1% (v/v) Triton X-100 in
PBS. Cells were incubated with primary antibody in staining buffer (PBS, 1% (w/v)
bovine serum albumin, and 0.1% (v/v) Triton X-100) for 30 min at room temperature.
Cells that were exposed to an unconjugated primary antibody were washed and
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subsequently incubated with secondary antibody in staining buffer for another 30 min at
room temperature. Cells were subjected to two washes and resuspended in sample buffer
for flow cytometric analysis with BD LSRII. Membrane-bound proteins were fixed and
stained in a similar fashion, however, without membrane permeabilization. Cells were
gated followed by quantification of mean fluorescence intensity (MFI), using FCS6
Express software for analysis of protein expression. The primary antibodies utilized for
analysis are as follows: mouse monoclonal anti-NME1 (BD 610247), anti-GFRA1
antibody (ab8026), anti-EPHA4 (ab5389), V450-conjugated mouse anti-Sox2 (BD
561610), AF-647-conjugated mouse anti-Oct4 (BD 560329), AF-674-conjugated mouse
anti-Ki-67 (BD 561126), PE-conjugated rabbit anti-Axl (CST 78909S), goat anti-Sox10
(sc- 17342), mouse anti-JARID1B (Ab56759), mouse anti-MITF (sc-56726). Secondary
antibodies employed were: FITC Rat anti-mouse IgG (Biolegend 406001), Apc-Cy7
donkey anti-goat IgG (scH2615) and PE goat anti-mouse Ig (BD 550589).

Immunofluorescence
Immunofluorescence was utilized to determine the localization of NME1 in both
parental and NME1-EGFP cell lines. Cells were plated at 1x104 cells in 8-well chamber
slides (Lab-Tek) and were placed in a 5% CO2 incubator at 37°C overnight. Adhered
cells were fixed with cold methanol for 15 min at -20°C, followed by permeabilization
with 0.2% Triton X-100 and 1% normal goat serum (NGS) in PBS for 5 min at room
temperature. Primary antibody, prepared in a staining buffer (1% NGS in PBS), was
added to cells for overnight incubation in a humidity chamber at 4°C. The next day,
primary antibody was removed and cells were washed twice with staining buffer. Cells
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were exposed to secondary antibody in staining buffer for 1 h at room temperature. After
two more washes, the chamber was removed and cover slips mounted with SlowFade
Gold + DAPI (Life Tech). Slides were immediately imaged on a Leica DMi8 microscope
or stored at -80°C. The primary antibody used for imaging was: NME1 (BD 610247).
The secondary antibody was: Donkey Anti-Mouse AF568 (Invitrogen A10037).

Immunoblotting
Cells were collected and spun down into a pellet at 1000 g for 3 min. Whole cell
lysates were generated by resuspending the pellets in RIPA buffer (10 mM Tris-HCl pH
7.5, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1%
SDS, 140 mM NaCl), which was supplemented with 1x Halt Protease Inhibitor Cocktail
(Thermo Scientific). Protein lysates were quantified by BCA assay (Thermo Scientific)
and run on SDS- polyacrylamide gel (AnyKD Criterion Precast Protein Gel, Bio-Rad),
followed with transfer onto nitrocellulose membrane (Bio-Rad). Membranes were
blocked for 1 h at room temperature with 5% non-fat dry milk in Tris buffered saline with
0.1% Tween-20 (TBST). Subsequently, membranes were incubated overnight at 4°C with
mouse monoclonal anti-NME1 (BD 610247), diluted 1:3000 in 5% milk. Similarly,
membranes were incubated in mouse monoclonal anti-Tata Box Protein (anti-TBP,
Millipore, SL30-3-563), which was diluted 1:500, to authenticate equal loading of the
protein lysate. Three 10 minutes washes were conducted with TBST, followed by a 1 h
incubation with a HRP-conjugated secondary antibody, ECL-conjugated anti-mouse IgG
(1:10,000; GE Healthcare NA931V). Membranes were incubated in Amersham ECL
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Prime Western Blot Detection Reagent for 1 min at room temperature prior to detection
on Amersham Hyperfilm ECL (GE Healthcare).
Proliferation assay
Cell populations were plated at 3000 cells per well in a 6-well dish. Cells were
collected on days 1, 4, and 7 through trypsinization and counted on a hemocytometer
with trypan blue staining.

3D invasion assay
96-well flat-bottom plates were coated with 50 μl of 0.75% agarose to facilitate
aggregation formation. Sterile 0.75% agarose was made by autoclaving a mixture of 3.75
g of molecular grade agarose (Invitrogen) in 500 mL dH2O. Cells were plated at 10,000
cells per well in a total volume of 100ul of media and incubated overnight at 37°C and
5% CO2. Aggregates were embedded into a flat-bottom 96-well plate that was coated
with a 1:1 (v/v) ratio of cold Matrigel and TU2%. Upon embedding, the Matrigel and
TU2% mixture was allowed to solidify at 37°C and 5% CO2. After 30 min, 100 μl of
warmed TU2% was added to each well. Aggregates were monitored for invasion by
microscopy at specific time intervals and imaged at 4x magnification under transmitted
light (EVOS FL Imaging System, AMF4300).
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In vivo mouse experiments
For the experimental metastasis assay, WM9c21 cells were grown to 80%
confluency and removed from the dish with enzyme-free cell dissociation buffer. Cells
were centrifuged for 3 min at 1000 rpm and washed 2x with PBS. After counting with
trypan blue, 1x106 cells per ml were resuspended in PBS. Cells were injected
intravenously into the tail vein of 6-8 wk female NOD-Scid-Gamma (NSG) mice (1x105
cells per mouse). Mice were sacrificed at 8 wks post-injection and inspected for
metastases. Animal lungs were incubated overnight in Bouin’s fixative (Sigma-Aldrich
HT10132-1L) to enhance visibility of metastatic lesions. Significance of metastatic
presence was determined by analyzing both number and size of metastatic lesions across
mice injected with NME1 cell populations.
Similarly, WM9 cell populations were obtained after dissociation with enzymefree dissociation buffer and washed 2x with HBSS. Cells were resuspended in a 1:5 (v/v)
ratio of Matrigel:HBSS and injected subcutaneously in the right flank of 6-8 wk female
NSG mice (2 x 105 cells per mouse). Primary tumors were surgically removed, and tissue
was fixed with 10% neutral- buffered formalin (Sigma HT501128-4L) overnight, with
subsequent storage in 70% ethanol at 4°C. Mice were sacrificed at 8 weeks post-surgery
and inspected for metastases. Tissue containing macro metastases was obtained, imaged,
and stored in 10% neutral-buffered formalin (Sigma HT501128-4L).
RNA sequencing
Cells were sorted into low and high GFP-expressing populations. 7-AAD staining
immediately prior to the sort allowed for the removal of any dead cells in each
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subpopulation. The populations were sorted into three separate 5ml FACS tubes, with a
minimum of 2 x 105 cells per replicate. Cells obtained from the sorter were centrifuged
for 5 min at 2000 rpm. Collection buffer was removed and the cells were washed with
PBS. Total RNA was extracted with RNeasy Mini Kit (Qiagen 74106) and was subjected
to DNase treatment (Qiagen 79254). All RNA samples were subjected to a quality check
and were run on Illumina HiSeq4000. RNA-seq analysis was carried out by the
Informatics Resource Center, Institute for Genome Sciences, UMDSOM. Strand-specific
paired-end Illumina libraries were mapped to the Human reference, Ensembl release
GRCh38.92, using HiSat2 v2.0.4, with default mismatch parameters. Read counts for
each annotated gene were calculated using HTSeq. The DESeq Bioconductor package
(v1.5.24) was used to estimate dispersion, normalize read counts by library size to
generate the counts per million for each gene, and determine differentially expressed
genes between high and low samples. Differentially expressed transcripts with a FDR ≤
0.05 and log2 fold change ≥ 1.0 were used for downstream analyses. Normalized read
counts were used to compute the correlation between replicates for the same condition
and compute the principal component analysis for all samples. Pathway analysis of the
differentially expressed genes was conducted through ConsensusPathDB [131], as
previously described [132]. Gene ontology analysis was conducted for biological
processes and cellular components was conducted through The Gene Ontology Resource
[133].
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Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)
RNA from NME1-EGFP clones and NME1Low subpopulations was extracted with
RNeasy Mini Kit (Qiagen 74106). High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) was used to generate cDNA from 1 μg of purified RNA. cDNA
was used directly for qRT- PCR or stored at -20°C. cDNA along with specific primers
(Supplementary Table S4.4) were added to 2x SYBR Green qPCR master mix (Applied
Biosystems). PCR of cDNA samples was performed on a CFX Real-Time PCR Detection
System (Biorad Laboratories), with a program set for 40 cycles of: 15 sec at 95°C, 30 sec
at 60°C, and 5 sec at 60°C [111]. Expression was normalized to a control gene, RPL13a.
Results were obtained from three independent experiments, which were completed in
triplicate.
Statistical analysis
Statistical significance was determined using t-test analyses executed in Microsoft
Excel (Version 15.38). All data are representative as n ≥ 2 independent experiments,
unless noted otherwise in figure legends. For all tests, p-values ≤ 0.05 were considered
statistically significant.
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RESULTS
Melanoma cell lines contain a rare population of cells with low NME1 expression

Melanoma cell lines and tumors are composed of subpopulations with distinct
profiles of gene expression patterns that impact their initiation, invasion and metastatic
activities [30, 31, 36, 111]. Some studies have identified cell subpopulations that exhibit
distinct differences in their ability to initiate formation of tumor spheres in non-adherent
cell culture conditions [30, 111]. Melanoma cell subpopulations found under monolayer
cell culture conditions also exhibit differences in sphere formation and tumor-initiating
activity in vivo [31]. Having recently observed that spheroids derived from melanoma
cell lines exhibit cellular heterogeneity in expression of the metastasis suppressor NME1
[111], we investigated the expression pattern of NME1 under monolayer culture
conditions. A small subpopulation of cells was identified that expressed low amounts of
NME1 protein (NME1LOW; Fig. 4.1a) in cell lines derived from both metastatic (WM9)
and vertical growth phase (WM278) melanomas.

CRISPR/Cas9-mediated generation of melanoma cell lines that express the fusion protein
NME1-EGFP
To isolate viable subpopulations of cells for functional characterization based on
their level of NME1 expression, CRISPR/Cas9 technology was used to insert an EGFPencoding DNA sequence in direct fusion with the C-terminal coding sequence of the
genomic NME1 locus (Fig. 4.1b). The encoded NME1-EGFP fusion protein would
enable fluorescence-activated cell sorting (FACS) to capture viable cell subpopulations
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based on their expression of NME1 [134]. Importantly, expression of NME1-EGFP
would be controlled by the endogenous NME1 promoter, thereby maintaining the
naturally occurring profile of heterogeneous NME1 expression.
The EGFP cassette was inserted into the NME1 gene using the CRISPR-Cas9
Double Nickase System, which relies on mutated Cas9 (Cas9D10A) and two sgRNAs to
minimize off- target effects [135]. Predictive software (CHOPCHOP)[136] indicated that
a single sgRNA was prone to off-target events, which could be averted when two
appropriately designed sgRNA sequences were used (Supplementary Table S4.1a). A
significant number of EGFP-positive cells were observed after co- transfection of WM9
and WM278 cells with sgRNA and Cas9 expression plasmids (Fig. 4.1c, Supplementary
Fig. S4.1). NME1-EGFP was localized primarily in the cytoplasmic compartment,
identical to localization of wild-type NME1 in the respective parent cell lines, as detected
by both anti- NME1 antibody and EGFP fluorescence (Fig. 4.1d). Thus, addition of the
EGFP tag did not significantly alter the trafficking properties of NME1. Indeed, prior
studies with transient expression of a similar recombinant NME1-EGFP construct
confirmed a pattern of cytoplasmic localization [137, 138].
EGFP-positive cells were subjected to single cell cloning, followed by expansion
and DNA sequencing to verify precise incorporation of the EGFP sequence at the NME1
gene. Clones were identified with either heterozygous or homozygous incorporation of
the EGFP DNA insert, and these genotypes were reflected in their profiles of protein
expression as determined by immunoblot analysis with anti-NME1 antibody (Fig. 4.1e).
Clones expressing only the NME1- EGFP fusion protein did not harbor smaller molecular
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weight species, consistent with little or no proteolytic excision of the EGFP tag. To
maximize EGFP fluorescence in cell subpopulations, we conducted all experiments with
clones homozygous for the NME1-EGFP module. Unless otherwise specified,
experiments were conducted with two clones from both the WM9 (clones 11 and 21) and
WM278 (clones 2 and 6) cell lines that were homozygous for the NME1-EGFP construct.
Insertion of the EGFP sequence did not significantly impact steady-state
concentrations of NME1-EGFP transcripts in the WM9 and WM278 clones, as compared
with expression of native NME1 mRNA in the corresponding parental lines (Fig. 4.1f).
As predicted, flow cytometry analysis of EGFP expression in the NME1-EGFPexpressing clones revealed heterogenous profiles of expression, with a small
subpopulation of cells in each clone displaying low amounts of EGFP fluorescence
(NME1LOW; Fig. 4.1g). To confirm the heterogeneous expression profile of NME1-EGFP,
clones were sorted into three categories based upon EGFP expression (NME1LOW,
NME1MED, and NME1HIGH; Fig. 4.1g). Immunoblot analysis showed that NME1LOW cells
exhibited undetectable levels of either wild-type NME1 or NME1-EGFP, indicating that
the low levels of EGFP shown by flow cytometry was reflected in expression of the
NME1-EGFP fusion protein (Fig. 4.1h).
To assess the durability of NME1 expression phenotypes in subpopulations of
NME1- EGFP- expressing clones, the subpopulations were isolated by FACS, expanded,
and their NME1-EGFP expression monitored over several passages. NME1LOW
populations retained their low protein expression for at least 10 passages when grown
under monolayer conditions (Fig. 4.1i). Some cells with higher levels of NME1-EGFP
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expression appeared within NME1LOW cultures over the course of extended passaging, but
the percentage of EGFP-positive cells remained very low (~1%). In contrast, NME1MID
and NME1HIGH subpopulations reverted to the full NME1-expression profile
characteristic of the unsorted population within 4-5 passages (Supplementary Fig. S4.2).
This indicated that melanoma cell lines are programmed to maintain a low but consistent
percentage (0.5-1%) of NME1LOW cells. Taken together, these observations indicated that
expression of the NME1-EGFP fusion protein recapitulated the heterogeneous expression
profile of native NME1, providing a robust approach for acquisition of viable melanoma
subpopulations and assessments of their malignant potential.

NME1LOW cells exhibit unaltered rates of cell proliferation in monolayer culture but are
self-adhesive and highly invasive in three-dimensional (3-D) systems.

NME1LOW cells derived from NME1-EGFP-expressing clones derived from the
WM9 and WM278 cell lines displayed identical rates of proliferation as their unsorted
parental counterparts when cultured as monolayers on an adherent plastic surface (Fig.
4.2a). This observation is consistent with many prior studies demonstrating that
modulating expression of NME1 does not impact proliferation of cells in 2-dimensional
culture systems [50, 52]. However, when seeded into plastic wells with non- adherent
surfaces, NME1LOW cells formed 3-D aggregates more rapidly than cells from the
respective parental clones (Fig. 4.2b). Self-aggregation has been associated with
increased tumorigenicity [139], collective migration [140], and resistance to anoikis
[141]. In addition, NME1LOW cells isolated from both WM9- and WM278-derived clones
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displayed greatly enhanced invasive activity when transplanted as pre-formed spheroids
into Matrigel, with invasion occurring predominantly in a collective mode (Fig. 4.2c).
Xenografts generated from NME1LOW cells in immunodeficient (NSG) mice display
unaltered rates of tumor growth but greatly enhanced metastatic activity to lung and liver
tissue

To assess the tumor growth activity of NME1LOW cells in vivo, unsorted and
NME1LOW cells from WM9 clone 21 (WM9c21) were injected subcutaneously into NSG
mice. Both cell preparations elicited melanoma lesions in all mice within seven days of
injection, with nearly identical rates of rapid tumor growth observed (Fig. 4.3a). Tumors
obtained with NME1LOW cells displayed much lower EGFP fluorescence than tumors
from the parent clone, indicating retention of their NME1LOW phenotype over the course
of the study. Both cell preparations were equally efficient at generating colonies within
the lung following injection via the tail vein (experimental metastasis; Fig. 4.3b). To
compare the ability of the two cell preparations to carry out the full metastatic cascade,
mice in panel a that were injected subcutaneously with parental WM9c21 or NME1LOW
cells were monitored for an additional eight weeks after surgical excision of their primary
xenografts (spontaneous metastasis assay). Primary xenografts obtained with parental
cells gave rise to no visible metastatic lesions after the eight-week incubation period in
any of the tissues examined (i.e. lung, liver, internal viscera, skin). In contrast, the
majority of xenografts from NME1LOW cells yielded strong metastatic activity in both
lung (6/8 mice) and liver (4/7 mice) (Fig. 4.3c). Those metastatic lesions retained their
low level of EGFP expression, demonstrating that the NME1LOW phenotype was stable
throughout the 15-week course of the in vivo metastasis study (Fig. 4.3d).
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Figure 4.1 Melanoma cell lines harbor a rare subpopulation that expresses low
amounts of the metastasis suppressor NME1. – Figure continued
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(a) Human melanoma cell lines WM9 and WM278 were subjected to immunofluorescent
staining for intracellular NME1 and analyzed by flow cytometry. Green boxes highlight
subpopulations that express low amounts of NME1. (b) Schematic representation of
CRISPR/Cas9 (double nickase)-mediated insertion of DNA sequence encoding an EGFP
fluorescence-generating peptide tag at the C-terminal coding sequence of the genomic
NME1 locus. Blue and red asterisks indicate recognition sites for sgRNA1 and sgRNA2,
respectively. A synonymous mutation is identified with a black asterisk. (c) FACS of
EGFP-positive cells following electroporation of WM9 and WM278 cell lines with Cas9,
sgRNAs and donor template. (d) Addition of the C-terminal EGFP tag does not alter the
predominantly cytoplasmic staining pattern of wild-type NME1 protein. EGFP-positive
cells from WM9 and WM278 lines in panel c were isolated by FACS and examined by
fluorescent microscopy after staining with anti-NME1 antibody or imaging for EGFP
fluorescence. (e) Immunoblot analysis of wild-type NME1 and NME1-EGFP fusion
proteins in WM9 and WM278 clones derived from CRISPR/Cas9-mediated
recombination. Mobilities of wild-type NME1 and the NME1-EGFP fusion protein
(upper blots) and TATA-binding protein (TBP, lower panels) are identified. (f) Addition
of the C-terminal EGFP tag does not alter expression of the cognate transcript in WM9and WM278-derived clones. (g) NME1-EGFP-expressing clones exhibit the same profile
of cellular heterogeneity in NME1 expression seen with the wild-type protein.
Subpopulations were divided as shown into three categories based on their expression of
EGFP: low (red boxes), medium (blue boxes) and high (green boxes). (h) Immunoblot
analysis of NME1-EGFP expression in clones derived from the WM9 (clones 11 and 21)
and WM278 (clones 2 and 6) cell lines. (i) Subpopulations from WM9 and WM278
clones that express low levels of NME1-EGFP retain their low expression phenotype
after extensive passaging (10 passages) in culture. Original non-cropped images of the
scanned immunoblot membranes in panels (e) and (h) are shown in Supplementary
Figure S4.5A and B, respectively.
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Figure 4.2 Melanoma cell
subpopulations expressing low
amounts of NME1-EGFP
(NME1LOW) exhibit unaltered
rates of proliferation and
motility under two-dimensional
culture conditions, but are selfadhesive and exhibit highly
invasive character in threedimensional culture. (a) Shown
are cell counts obtained over the
indicated time course (0- 7d) for
parental (red lines) and NME1LOW
(blue lines) subpopulations from
WM9 (clone 11 and 21) and
WM278 (clone 2 and 6) cell lines
(n = 5/time point/clone). (b)
Displayed at left are
representative images of cell
aggregates obtained over 48h in
non-adherent culture conditions
with parental (red lines) and
NME1LOW (blue lines)
subpopulations from WM9 (clone
21) and WM278 (clone 2) cell
lines (scale bar: 100 ìm).
Aggregate numbers (> 100 ìm
diameter) obtained with the
subpopulations are quantified at
right. (c) Shown are images (left
panels) and quantification of
invasion areas (right panels) of
cells through Matrigel in a 3D
invasion assay. Cell aggregates
were formed under non-adherent
conditions, implanted in Matrigel,
and monitored for the indicated
time periods, as described in
Methods. Results are shown from
parental and NME1LOW
subpopulations of the WM9
(clone 21) and WM278 (clone 2)
lines.
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Figure 4.3 NME1LOW subpopulations derived from human melanoma cell lines
exhibit unaltered growth as primary tumor xenografts but are highly metastatic
from a primary tumor location (spontaneous metastasis). (a) Shown at left are
representative color and EGFP fluorescence images of subcutaneous tumor xenografts
obtained in NSG mice from parental WM9 clone 21 (n =12) and the corresponding
NME1LOW subpopulation (n =13). Scale bar: 5 mm. Tumor growth rates of the two cell
lines are summarized at right (mean + SEM). n.s., non-significant by paired t-test. (b) The
NME1LOW subpopulation is unaltered in its ability to colonize lung tissue following
injection via the tail vein (experimental metastasis). – Figure continued
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Injections were performed in NSG mice with cells (106) from the parental WM9 clone 21
(total n = 8) or the corresponding NME1LOW subpopulation (total n = 9). Representative
images of lungs stained with Bouin’s fixative are shown at left. Scale bar: 5 mm. Lung
colonization activity (right panel) was quantified as a composite score based on total
number and size of visible metastatic lesions (Methods). n.s., non-significant by paired ttest. (c) NME1LOW cells metastasize aggressively to lung and liver from subcutaneous
melanoma xenografts. Xenografted tumors in mice of panel (a) were surgically removed
upon reaching a volume of 500 mm3, with mice sacrificed at 8 weeks post-surgery.
Representative images of lungs and livers are shown in the upper panels, with composite
metastasis scores (scale 0-4) are included within each panel. Dot plots displayed in the
lower panel summarize metastasis scores obtained for all mice. Asterisks denote
significant differences between groups, as analyzed by Mann-Whitney rank sum test (p <
0.05). (d) Quantification of EGFP intensity for primary and metastatic tumors. Asterisks
denote significant differences between groups (t- test; p < 0.05).

NME1LOW cells display a unique prolife of mRNA expression consistent with a neural
crest-like phenotype

Previous studies have analyzed heterogenous expression patterns found within
melanoma tumors and identified specific genes associated with melanoma virulence. For
example, a gene expression program associated with MITFLOW/AXLHIGH expression has
been associated with decreased survival and increased resistance to therapy [36]. In
addition, JARID1B- expressing subpopulations within melanoma cell lines were vital for
maintained tumor growth, with slow-cycling JARID1B-positive cells displaying
enhanced spontaneous metastasis activity [30, 31]. However, expression of MITF, AXL
and JARID1B proteins was not different between parental and NME1LOW cell
preparations from the WM9c21 and WM278c2 clones (Supplementary Fig. S3),
demonstrating that the NME1LOW subpopulation is distinct from the previously described
MITFLOW/AXLHIGH and JARID1B-high subpopulations. Expression of canonical
melanoma stem cell marker proteins (SOX2, OCT4, KI67) was also similar between the
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cell preparations (Supplementary Fig. S4), strongly suggesting the NME1LOW
subpopulation does not possess increased stemness relative to the parent population.
Together, these observations strongly suggested that the NME1LOW subpopulation
represents a unique and virulent entity within melanoma cell cultures.
To identify phenotypic markers associated with the NME1LOW subpopulation,
NME1LOW and NME1HIGH subpopulations were obtained by FACS from the WM9c21 cell
line and subjected to RNA-sequencing (RNA-seq; Fig. 4.4a). 229 genes were found to be
differentially expressed between the two cell preparations, of which 127 genes were
upregulated in NME1LOW cells and 102 downregulated (Figure 4.4b, Supplementary
Table S4.2a). Consistent with the direct measurements of stemness-related proteins
(Supplementary Fig. S4.4), no differences in expression were observed across a wide
spectrum of mRNAs encoding known melanoma stem cell genes (e.g. CD34, CD44,
ALDH1, JARID1, NANOG, SOX2, SOX10, OCT4, KLF4, CCNB1 et
al.)(Supplementary Table S4.3). As expected, NME1 mRNA was significantly
downregulated in NME1LOW cells, as was its homolog NME2 (Supplementary Table
S4.2a). The mRNA expression profile of NME1LOW cells was correlated with two Gene
Ontology (GO) “biological processes”, anatomical structure/morphogenesis and tube
development (Fig. 4.4c, Supplementary Table S4.2b). No GO categories were correlated
with low gene expression in NME1LOW cells. Within the ontological process of
anatomical structure/morphogenesis, fourteen related processes were identified (Fig. 4.4c,
Supplementary Table S4.2c) and most of these had clear relevance to metastatic potential
(e.g. positive regulation of cell migration, negative regulation of cell adhesion,
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angiogenesis). Thirty-seven individual genes relating to anatomical
structure/morphogenesis (Supplementary Table S4.2d) and 15 tube development-related
genes (Supplementary Table S4.2e) were significantly upregulated in NME1

LOW

cells.

The mRNA expression profile of NME1LOW cells was also associated with processes
relating to embryonic development of neurons, heart and bone (Fig. 4.4d, Supplementary
Table S4.2c). The neural crest origin of these three distinct tissues strongly suggests the
NME1LOW subpopulation possesses a more neural crest-like phenotype than the
NME1HIGH subpopulation.
To validate the RNA-seq approach and determine the extent to which these
expression profiles were also seen in other melanoma clones, mRNA expression patterns
of NME1 and three other differentially expressed genes was measured by qRT-PCR
across other WM9- and WM278-derived cell lines. Genes were chosen for validation by
qRT-PCR corroboration based upon strong (SLC14a2), relevance to significant pathways
(AKT3), or its identification as a regulated cellular component (receptor: GFRA1). The
relative gene expression trends obtained by qRT-PCR (Fig. 4.4e) reflected those obtained
in the RNA-sequencing analysis. While expression of the NME1 transcript was indeed
lower in NME1LOW subpopulations derived from four different clones, the decreases in
each clone were rather modest. This is consistent with our prior demonstration that
NME1 protein expression is suppressed in melanoma cells primarily due to lysosomemediated degradation of the protein and not suppression of the NME1 transcript [14].
NME1LOW cells also displayed upregulation of the GO category, “cellular
components”, of which the classification “receptor complexes” was identified
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(Supplementary Table S4.2f-g). Expression of two receptor proteins (EPHA4, GFRA1)
associated with the neural crest phenotype [142] and whose transcripts were upregulated
in the NME1

LOW

subpopulation of WM9c21 cells were evaluated by immunostaining and

flow cytometry. While both unsorted and NME1LOW subpopulations expressed, the
proportion of EPHA4- and GFRA1-positive cells was significantly higher in NME1LOW
cells (Fig. 4.4f). This verified that the elevated expression for EPHA4 and GFRA1
mRNAs in NME1LOW cells is indeed manifested by an increase in cells with elevated
expression of the cognate proteins at the cell surface. Importantly, it also indicates the
NME1LOW subpopulation is enriched for cells with a neural crest-like phenotype.
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Figure 4.4 The NME1LOW subpopulation exhibits a gene expression profile consistent
with a neural crest-like phenotype. (a) Isolation of NME1LOW and NME1HIGH
subpopulations from WM9 clone 21 by FACS for RNA-seq analysis. (b) Volcano plot of
mRNA expression in NME1LOW vs. NME1HIGH subpopulations. (c) Flow chart of steps
involved in identification of two GO biological processes that were upregulated in the
NME1LOW subpopulation. (d) Processes associated with the biological process anatomical
structure/morphogenesis. – Figure continued
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Processes identified as “Hallmarks of Cancer” or associated with “Development” are
highlighted with red or blue asterisks, respectively. (e) Validation of RNA-seq analysis
across multiple NME-EGFP- expressing clones. Steady-state expression of mRNAs
encoding NME1, GFRA1, AKT3 and SLC14a2 was determined by qRT-PCR in the
LOW
indicated parental clones (“P”) and NME1
(“L”) subpopulations. Asterisks denote
significant differences between matched parental clone and NME1LOW (“L”)
subpopulations, as determined by paired t-test (p < 0.05) (f) Inductions in expression of
RNAs encoding EPHAA4 and GFRA1 are reflected in expression of the cognate cell
surface proteins at the cell surface (p < 0.05, t-test).

DISCUSSION
Cell subpopulations present with a primary tumor are not equally susceptible to
current therapeutic measures [1, 7, 24]. As metastasis is the primary cause of cancerrelated death [2, 4, 8], it remains crucial to identify highly metastatic subpopulations that
can be targeted to prevent recurrence and progression of malignant disease. Through
analysis of the protein expression pattern for the metastasis suppressor protein, NME1,
we have discovered a previously unidentified subpopulation present within melanoma
cell lines that is highly metastatic and may well represent a barrier to successful therapy
in melanoma patients.
As a metastasis suppressor, NME1 is defined by the ability to inhibit metastasis,
while having no impact on initial formation or growth of tumors [8-10]. Consistent with
that definition, proliferation rates of NME1LOW cells in vitro were not different from their
unsorted parent cell lines but they did exhibit greater invasive activity. Moreover,
NME1LOW cells did not exhibit an increased ability to induce long colonization using the
tail vein injection approach, which bypasses initial steps of the metastatic cascade. Using
the spontaneous metastasis approach which recapitulates the full metastatic process,
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however, NME1LOW cells were highly metastatic to both lung and liver tissues. This
observation stood in marked contrast to the unsorted parental cells, which did not give
rise to any visible metastases. Taken together, these studies strongly suggest that low
NME1 expression in this melanoma subpopulation confers an enhanced ability to
overcome one or more steps of the metastatic cascade (e.g. tissue invasion, intravasation,
emboli formation) that precede the barriers of extravasation and colonization.
Importantly, they identify NME1LOW subpopulation as a rare but highly metastatic entity
that is likely to exist in human melanoma patients and which may play a key role in
tumor progression, recurrence and metastasis.
Tumor heterogeneity occurs through heritable and non-heritable variation [24, 25,
27]. To a large degree, the analysis of non-heritable heterogeneity has not focused on
metastatic activity but rather on the identification of slow-growing cancer stem-like
populations and their abilities to initiate tumors in immune-compromised mice [143].
Indeed, a prior study showed that almost all melanoma cells have the ability to initiate
tumors in vivo [37]. However, NME1LOW cells exhibited unaltered rates of proliferation
and expression of cancer stem cell markers, as well as tumor initiation capacity in vivo.
NME1LOW cells are capable of self-renewal and maintain a “low” NME1 state in the face
of extensive passaging in culture. In a prior study, we observed that expression of NME1
was required for maintenance of a stem-like phenotype in melanoma cells cultured under
non-adherent conditions that promote spheroid growth [111]. In contrast, the current
study shows that the naturally occurring NME1LOW subpopulation seen in monolayer
cultures does not exhibit altered expression of known stem cell markers. This suggests
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that stemness tone in the rare NME1LOW subpopulation is maintained in the absence of
NME1 expression and does not exclude the possibility that NME1 is required for
maintenance of stemness in the bulk cell population.
Previous analysis of melanoma heterogeneity has led to the identification of
markers with varying levels of tumor initiation and invasion capacity. We sought to
determine if the NME1 subpopulations have a similar expression pattern to previously
identified melanoma subgroups by analyzing protein expression of MITF, AXL, and
JARID1B [30, 31, 36], but observed no relationship between expression of NME1 and
these established markers. These results, combined with no change in stem cell marker
expression, suggested that our NME1LOW cells represent a previously unidentified
melanoma subpopulation. NME1LOW cells did not exhibit altered expression of mRNAs
associated with differentiated melanocytes or transcripts encoding the putative melanoma
virulence factors MITF, AXL, and JARID1b. However, over 200 differentially expressed
genes were identified, many of which are associated with reduced apoptosis, enhanced
migration, angiogenesis, and tissue development. Of particular interest in NME1LOW cells
was the identification of an upregulated program of genes related to embryonic
development of heart, neuron, and bone tissues. In light of the critical role of the neural
crest in formation of these tissues, the RNA expression profile of NME1LOW cells appears
to reflect a de-differentiated phenotype. Gene ontology analysis of our RNA-sequencing
results also revealed that NME1LOW cells overexpress six RNAs associated with receptor
complexes., four of which (EPHA4, GFRA1, NTRK2 and PLXNA2) play key roles in
neural crest cell development. EPHA4 GFRA1 and PLXNA2 are associated with
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promoting neural crest cell migration, while NTRK2 allows for neural crest cell survival.
GFRA1 has also been linked to cancer metastasis [144]. Interestingly, EPHA4 are both
receptor tyrosine kinases (RTK), while GFRA1 mediates ligand-mediated activation of
another RTK, RET [142, 145, 146]. RTKs have proven useful targets for small molecule
inhibitors and other approaches in multiple settings of cancer [147, 148], suggesting the
NME1LOW subpopulation might be susceptible to similar RTK-directed approaches.
Moreover, the cell surface localization of these cell surface receptors renders these genes
potential targets for novel antibody-drug conjugates (ADC). Recently, a study
demonstrated that ADC-GFRA1 resulted in cytotoxicity of GFRA1 over-expressing cell
lines and patient derived xenografts in breast cancer [144]. Future studies are warranted
to assess the incidence of NME1LOW subpopulations in human melanoma specimens, to
determine their association with melanoma staging and patient survival, and to assess
their merits as therapeutic targets.
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CHAPTER V
DISCUSSION AND FUTURE DIRECTIONS
SUMMARY OF THE THESIS
Cancer metastasis is a complex process that accounts for the majority of cancerrelated deaths (5). Yet, past therapeutic measures are designed to target the primary
tumor rather than metastatic lesions [4-6]. Primary and metastatic tumors are separate
entities and do not have equivalent reactions to cancer therapies. A major reason behind a
metastatic tumor’s lack of therapeutic sensitivity lies in tumor heterogeneity [4, 5, 23, 24,
26, 27]. Tumor heterogeneity impacts the susceptibility to treatment for each patient
(interpatient heterogeneity), for each lesion present within a patient (inter tumor
heterogeneity), and also for each individual cell within a single tumor mass (intratumor
heterogeneity) [7, 24]. Therefore, to enhance patient survival, it is necessary to identify
patients whose tumors are programed for metastasis. We proposed that analysis of the
expression profile for the metastasis suppressor protein NME1 within melanoma patients
and cell lines might provide a useful tool in classifying metastatic propensity for
melanoma patients.
In order to elucidate a signature of genes associated with melanoma metastasis,
we utilized a comprehensive system comparing the transcriptomic profile of WT NME1
to a mutant NME1 deficient in metastatic suppression capability. Our bioinformatic
approach lead to the identification of a Metastasis Suppressor Signature (MSS) which
was associated with metastasis and survival in a small subset of patients. Reduced
expression of the MSS genes regulated by NME1 directly correlated with lower survival
rates (Fig. 2.4). Although NME1 was initially identified through observed mRNA loss in
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metastatic samples, NME1 expression in TCGA melanoma patients was associated with
worse survival. However, our prior work indicates that NME1 is regulated at the protein
level [14], rather than mRNA. So, although mRNA expression of NME1 alone may not
serve as a prognostic marker, utilization of the MSS, as identified by NME1, could
provide a powerful resource to tease out inter patient heterogeneity and thereby allow for
a more reliable indicator of prognoses across melanoma patients. Furthermore, the genes
that make up the MSS might act as a suitable therapeutic target.
Although inter patient heterogeneity is important for defining patient risk and for
the utilization of personalized medicine, intratumor heterogeneity also plays a major role
in metastatic formation. Therefore, we questioned whether NME1 protein expression may
vary across tumor cells. To study this, we stained melanoma cell lines against NME1 and
examined the NME1 expression pattern through flow cytometry. We determined that
small populations of cells with undetectable levels of NME1 protein existed within
multiple melanoma cells lines (Fig. 3.3 and Fig. 4.1).
Prior work has indicated that rare subpopulations may represent a cancer stemlike group of cells [25, 32, 33]. Considering that previous analysis of melanoma tumors
has not identified a classical cancer stem cell population [37], we sought to determine if
the rare group of NME1 deficient cells may represent a cancer stem-like population. We
hypothesized that cells with lower levels of NME1 would exhibit a more stem-like
phenotype. To study the impact of NME1 expression on stem-like behavior, we utilized
shRNA to knockdown NME1 protein levels. We theorized that shRNA knockdown
would recapitulate a phenotype similar to that of endogenous loss of NME1. Through a
canonical experimental approach, using both in vitro and in vivo assays, we analyzed the
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impact of NME1 on stem marker expression, spheroid formation, and tumor initiation.
Interestingly, cells expressing NME1 exhibited higher expression of stem markers and
promoted melanoma spheroid formation. Furthermore, these spheroids had enhanced
tumor initiation and metastasis to the lung when injected intravenously. Although these
results provide a new role for NME1 in the realm of melanoma spheroid experiments, the
results also contradicted the role of NME1 as solely suppressing metastasis. We
hypothesized that the utilization of shRNA along with the spheroid experimental context
may impact endogenous NME1 function and therefore, sought to execute a new
experimental approach in which we could observe the impact of endogenous NME1
expression on metastatic capacity within melanoma subpopulations.
To determine the role of endogenous NME1 protein on metastatic properties, we
utilized CRISPR genome editing to insert EGFP tag at the NME1 locus of two melanoma
cell lines. Through accurate incorporation of EGFP, we designed cells that would
generate endogenous NME1-EGFP fusion protein, which was regulated by the
endogenous NME1 promoter. Prior labs have utilized recombinant NME1-EGFP and had
documented no alternation in NME1 function as a result of the EGFP tag [137, 138]. We
hypothesized that our endogenous NME1-EGFP system would allow for an accurate
recapitulation of heterogenous NME1 expression with minimal impact on natural NME1
function. Indeed, we found that cells incorporated with EGFP continued to display NME1
heterogeneity with similar proportions of cells with undetectable levels of NME1
(NMELOW) and also displayed no change in NME1 localization. Characterization of
NME1LOW cells grown under monolayer cell culture conditions displayed a highly
invasive and metastatic subpopulation both in vitro and in vivo. Furthermore, we found
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that NME1LOW cells were not associated with recognized markers of stemness or markers
previously identified in melanoma subgroups, suggesting that NME1LOW cells represent a
new and unique subpopulation, which may provide useful information for establishing
new melanoma biomarkers and potential therapeutic targets. Interestingly, NME1LOW
cells have a mRNA profile enriched for genes associated with both metastasis and
development of embryonic, neuronal, heart, and bone tissue, indicating a neural crest-like
phenotype. The prevalence of NME1LOW cells within melanoma tumors may provide a
new indicator for metastatic risk in melanoma patients.

These studies have provided significant data to the field of melanoma metastasis as they:
a) Identify a signature of genes whose expression pattern can indicate potential
survival for melanoma patients.
b) To our knowledge describe a novel role for NME1 in melanoma spheroid
formation.
c) Distinguish a rare and unique subpopulation of melanoma cells which are
highly prone to metastasis.
d) Detect potential biomarkers which may be utilized for future identification of
highly metastatic cell populations or may provide a useful therapeutic target.

FUTURE DIRECTIONS
Our initial study utilized a comprehensive, yet indirect method to correlate mRNA
expression of NME1-regulated genes to melanoma patient metastasis and survival. The
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remainder of this work relied on characterizing the impact of NME1 heterogeneity on the
behavior of melanoma cell lines. Although this work provides insight into the
relationship of NME1 expression and melanoma heterogeneity (inter patient and intra
tumor), further work still remains.
We applied an extensive bioinformatic analysis system, along with melanoma cell
line characterization to assess NME1 heterogeneity. We have hypothesized that
melanoma tumors within patients contain subgroups with altered NME1 expression.
However, we have yet to confirm the presence of NME1 subpopulations within
melanoma tissue samples. Future studies will examine freshly obtained normal tissue to
establish a standard baseline for NME1 expression within a patient. We will also examine
a patient’s corresponding melanoma tissues for the presence of NME1 protein. In this
way, we can determine any change in NME1 expression between normal and cancerous
tissue, as well as identify the presence of NME1 subpopulations within melanoma
lesions.
An outstanding question in our analysis of NME1 protein expression and the role
in patient survival lies in how cell proportions within a tumor may impact patient
survival. In other words, can the presence of a small population of cells with altered
expression of NME1 impact melanoma patient prognosis? Or is patient prognosis more
correlated with the expression pattern present within the majority of tumor cells? Based
upon the results obtained from our spontaneous metastasis assay (Chapter IV), we
hypothesize that larger proportions of cells with low levels of NME1 will correlate with
enhanced metastasis and poorer survival. If prevalence of NME1 subpopulations within a
tumor sample does correlate with metastatic risk, then the absence of NME1 could
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provide beneficial information in identifying patients who require aggressive treatment
plans.
Metastatic lesions present within patients do not always respond to treatment to
the same extent as the primary tumor. One of the main reasons behind our work was to
identify highly metastatic populations which could impact therapeutic efficacy. While we
identified highly metastatic subgroups, we have yet to determine if the loss of NME1
impacts how cells react to various types of treatment. In the future, we will conduct both
in vitro and in vivo analysis of cell survival in the presence of classical therapeutic agents.
Further studies will also examine the molecular profile of NME1LOW cells for
potential biomarkers and therapeutic targets. Though we are capable of characterizing
NME1LOW cells through our NME1-EGFP context, the process of incorporating EGFP
through CRISPR is time extensive and costly. We hope to elucidate other markers which
can specifically identify NME1LOW cells. Through our initial analysis, we identified 6
receptor genes whose mRNA expression was upregulated in the NME1LOW context. We
utilized flow cytometry to test the protein expression profile for 2 of these receptor
complex genes. Unfortunately, neither of these markers showed specificity for NME1LOW
cells and were present in some NME1-expressing populations. Nevertheless, we will
continue to test the other receptor complex genes as individual markers or in combination
to determine if we can utilize these proteins as a substitute in identifying NME1LOW cells.
Ultimately, these biomarkers might provide insight into new therapeutic targets.
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APPENDIX A
CHAPTER II SUPPLEMENTAL TABLES AND FIGURES
Gene
ALDOC
CTAGE4
CXCL11
EREG
GAPDH
IL20RB
MACF1
MMP3
NEK6
NETO2
NME1
NRSN2
OR51IL2
PRDM2
SUMO1P3
TAS2R50
TRIML2
TUBA1B
VCX3B
XAGE1A
ZP4

Accession
NM_005165.2

Target
260-360

Probes
CP: GTTCTCCTCTGTGTTTTCCACCCCAATTTGGCTCAGCCGCTTGG
RP: TTTTTCACACGGTCATCAGCACTGAACAGGACCTGGCGGTACAGCCGGCG
NM_198495.2
567-667 CP: CAGCTATTTGTGATTTGAGGGATTTTGACTCATCTTCTAGAGACTGTATA
RP: AGCCCGTCGTTCTTCACTCATTTTAAATGTCTTGCAGATGATTTTGGCTT
NM_005409.3
590-690 CP: TTCCTAGAAATCCATTTAATTGCTGGACTCCTTTGGGCAGTGGAATTCTG
RP: GAAAGCACTTTGTAAACTCCGATGGTAACCAGCCTTTCTTAAGGTAGCTT
NM_001432.2
290-390 CP: TGGATTGTCTTCTGTCTGAACTAAAGCTGTGCAGTTATCACTGGACTCTC
RP: TAGCCATTCATGTCAGAGCTACACTTTGTTATTGACACTTGAGCCACACG
NM_002046.3
972-1072 CP: AAGTGGTCGTTGAGGGCAATGCCAGCCCCAGCGTCAAAG
RP: CCCTGTTGCTGTAGCCAAATTCGTTGTCATACCAGGAAATGAGCTTGACA
NM_144717.2 1575-1675 CP: CTCTCCAGAAACACTGAATCAGTCAGACTGTAGAGTGTCACCAGTTTC
RP: CCAGTGTGTAGAGTCCTTGATCATTCTCATCATACATTTATGTCCTG
NM_012090.4 12005-12105 CP: TATCATGAAACTCTGTAATCTGTGTGGACTGGGACACGGCTTCATCCAGA
RP: ACGCAGGCGAGAGGAAAGATTCTCCAGTGTCTCCAACATAGGCTCAATTT
NM_002422.3
25-125 CP: GACTCTTCATTTCCACTGGCTTTACTTAGCTCTATGTTGTCTCTATGCCT
RP: CAATGGATAGGCTGAGCAAACTGCCACGCACAGCAACAGTAGGATTGGAA
NM_014397.3 1690-1790 CP: AGAAGATGGCCCAGCCTGGCTGCCAAGAAGATGCT
RP: ATTCAAGGAGGTGACGAAGTTCCTGGTACACAGCAGGTGTCCAGG
NM_018092.3 1070-1170 CP: GCTTCCATCATAGACTGCAACGAAGTTTCTCTTGCATTCATTTGAGTGCT
RP: TCATTGGCCACAGTGCTGCAAAACTTGGCCTTCAGGTTTTCAATAGAACT
NM_000269.2
462-562 CP: TGAAACCACAAGCCGATCTCCTTCTCTGCACTCTCCACAGAATCACTGCC
RP: TTCTGAGCACAGCTCGTGTAATCTACCAGTTCCTCAGGG
NM_024958.2 1053-1153 CP: GGCTGGCGGGTGGCGAGAACCATGACTGGCCACTGGCATTGCGGAAAATG
RP: TCCCTCTTGGGCTGGATAGTCTGCACAGAAGATTGCCCAAAGG
NM_030774.2
360-460 CP: GAGCGTGCAGGCTGCGTTCCGTCCTTACGATGAAGACCACGATGCAGTTT
RP: GGATAAGGCCAGGTCAATGGCTGCAAGCATGCAGAGAAAGAGGTACATCG
NM_012231.4 5175-5275 CP: AGATGTGAGAGGATGACTCACAAGCATTTTTCAAGTCGGCCTTCTGCTTT
RP: GTGTTTATTCAGGCTTCCAATGTAAGTGAACTCTCGATTACAGTAAGGGC
NR_002190.1
760-860 CP: CAGGAGTGAAGTAATCACATGCTAGAACATCAGGGCCAATTCGCAAGTTA
RP: ACAGTTTCAGTTCTCTGAAACACTTCCATCTCCCACTGAAAGTCACAGTC
NM_176890.2
479-579 CP: TTCATATTCTTCTGCCCACATACTCTCATCCATGTTTGCCACAAGAAGAT
RP: TATGAAAGATGTACTGTATTCCTCAATTTCATCTTCCCAGTCATGTTTCC
NM_173553.1 1148-1248 CP: AAGGGCTAACAGTAGCATCACAAGAAGGACCATGTTGTAAGATGGTGAGG
RP: TCTCCAACTTTCTGGTGTCTCGTGGTCTTGGATTTTACACACAGAAGATT
NM_006082.2 1460-1560 CP: TTCTCAAGGGCAGCCATATCTTCACGGGCCTCTGAAAACTCGCCTTCCTC
RP: CTTCCTCACCCTCTCCTTCAACAGAATCCACACCAACCTCCTCATAATCC
NM_001001888.3 51-151 CP: CTCTCTCCTACAAATTCCTCTGCTACACCTTGAGGATCATTCACTTCTTG
RP: TCCATGCTAACTGGGATGGATGGAGGGCTACACGAAGATGTCAATCATCC
NM_001097592.2 485-585 CP: TTTAAACTTGTGGTTGCTCTTCACCTGCTTCTGGCATTTTACAGTGTTCC
RP: AGTCAAATATCTAATATAAAACCAGCTTGCGTTGTTTCAGCTTGTCTTCA
NM_021186.3
778-878 CP: AGTAGCAGGAATTCACCTCTTCAGAGCTATAACAACAGCCTAGCC
RP: AATAGAGAAATGGCCCTCTCGGGTACAATGCAAGGTCACAGTGTTTCCAT

Tm
82
82
79
83
73
73
83
82
85
82
82
83
81
82
79
78
83
82
83
82
85
85
85
85
82
81
83
80
78
83
82
80
78
83
84
84
84
82
86
76
82
82

Supplementary Table 2.1: Targets and probe sequences used for Nanostring analysis
(housekeeping controls are highlighted). CP: Capture Probe. RP: Reporter Probe
Supplementary Table 2.2: List of differentially expressed genes altered by expression of
NME1. Table can be found at:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5839922/#SD4
Supplementary Table 2.3: Ontological analysis of NME1 expression in WM793 cells.
Table is modified from original. Original can be found at
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5839922/#SD4
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Transcript ID
2773972
4043663
3188147
3318239
2439368
2375144
3111485
3188180
2486901
3416773
2620842
3416834
3896257
3718191
3318248
3330935
4053709
3026216
3741352
3318349
2985026
3444472
3444476
Transcript ID
3967817
3190190
2468622
3174510
3776449
3174816
2597552
3910980
3188147
3318239
3725685
2915571
3208995
2439368
2611504
3111485
3188180
2440784
2486901
3416773
2620842
3416834
3896257
3318248
3330935
3026216
3959787
3741352
3318349

GPCR signalling1 (15.4% of significant genes)
Gene name
C-X-C motif chemokine ligand 11
olfactory receptor family 2 subfamily T member 5
olfactory receptor family 1 subfamily J member 2
olfactory receptor family 51 subfamily F member 2
olfactory receptor family 10 subfamily X member 1 (gene/pseudogene)
leucine-rich repeat containing G protein-coupled receptor 6
thyrotropin releasing hormone receptor
olfactory receptor family 1 subfamily N member 2
prokineticin receptor 1
olfactory receptor family 9 subfamily K member 2
chemokine (C-C motif) receptor 2
olfactory receptor family 6 subfamily C member 3
prokineticin receptor 2
C-C motif chemokine ligand 8
olfactory receptor family 51 subfamily A member 7
olfactory receptor family 8 subfamily K member 3 (gene/pseudogene)
taste 2 receptor member 42
cholinergic receptor, muscarinic 2
olfactory receptor family 3 subfamily A member 2
olfactory receptor family 51 subfamily I member 2
G protein-coupled receptor 31
taste 2 receptor member 50
taste 2 receptor member 20

p-value Fold Change
6.43E-03
2.06
3.90E-02
1.29
4.99E-02
0.78
2.77E-02
0.76
2.43E-02
0.75
1.35E-02
0.75
3.54E-02
0.73
2.08E-02
0.72
2.61E-02
0.72
3.38E-02
0.71
4.48E-02
0.71
4.31E-02
0.70
4.74E-02
0.70
2.70E-02
0.68
4.21E-02
0.68
4.54E-02
0.67
2.53E-02
0.65
1.86E-02
0.64
2.83E-02
0.60
5.02E-03
0.59
3.63E-02
0.58
8.39E-03
0.57
1.78E-02
0.54

Nervous system development & function2 (19.5% of significant genes)
Gene Symbol
Gene Name
VCX /// VCX3A variable charge, X-linked /// variable charge, X-linked 3A
LCN2
lipocalin 2
ID2
inhibitor of DNA binding 2, HLH protein
GDA
guanine deaminase
MYL12B
myosin light chain 12B
ANXA1
annexin A1
ERBB4
erb-b2 receptor tyrosine kinase 4
BMP7
bone morphogenetic protein 7
OR1J2
olfactory receptor family 1 subfamily J member 2
OR51F2
olfactory receptor family 51 subfamily F member 2
NGFR
nerve growth factor receptor
MRAP2
melanocortin 2 receptor accessory protein 2
KLF9
Kruppel-like factor 9
OR10X1
olfactory receptor family 10 subfamily X member 1 (gene/pseudogene)
HDAC11
histone deacetylase 11
TRHR
thyrotropin releasing hormone receptor
OR1N2
olfactory receptor family 1 subfamily N member 2
MPZ
myelin protein zero
PROKR1
prokineticin receptor 1
OR9K2
olfactory receptor family 9 subfamily K member 2
CCR2
C-C motif chemokine receptor 2
OR6C3
olfactory receptor family 6 subfamily C member 3
PROKR2
prokineticin receptor 2
OR51A7
olfactory receptor family 51 subfamily A member 7
OR8K3
olfactory receptor family 8 subfamily K member 3 (gene/pseudogene)
CHRM2
cholinergic receptor muscarinic 2
CACNG2
calcium voltage-gated channel auxiliary subunit gamma 2
OR3A2
olfactory receptor family 3 subfamily A member 2
OR51I2
olfactory receptor family 51 subfamily I member 2

p-value Fold Change
7.44E-03
1.66
2.49E-02
1.44
8.83E-03
1.41
3.01E-02
1.28
3.97E-02
1.27
4.70E-02
1.27
5.00E-02
0.81
4.95E-02
0.79
4.99E-02
0.78
2.77E-02
0.76
4.97E-02
0.76
1.82E-02
0.76
2.76E-02
0.76
2.43E-02
0.75
1.99E-02
0.73
3.54E-02
0.73
2.08E-02
0.72
3.78E-02
0.72
2.61E-02
0.72
3.38E-02
0.71
4.48E-02
0.71
4.31E-02
0.70
4.74E-02
0.70
4.21E-02
0.68
4.54E-02
0.67
1.86E-02
0.64
3.54E-02
0.63
2.83E-02
0.60
5.02E-03
0.59

Gene symbol
CXCL11
OR2T5
OR1J2
OR51F2
OR10X1
LGR6
TRHR
OR1N2
PROKR1
OR9K2
CCR2
OR6C3
PROKR2
CCL8
OR51A7
OR8K3
TAS2R42
CHRM2
OR3A2
OR51I2
GPR31
TAS2R50
TAS2R20

Supplementary Table 2.4: Description of melanoma type within clusters from TCGA.
Table continued
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Transcript ID
2578790
3388830
3190190
3220156
2468622
3443891
3465274
3161113
3148582
2948926
3154185
3776449
3174816
3986261
3995633
2807621
2767932
3772719
3725685
3360401
2756965
2440784
2620842
3203413
3718191
3026216
2644202

Gene Symbol
LRP1B
MMP3
LCN2
TXN
ID2
CLEC2B
DCN
PDCD1LG2
EIF3E
HLA-B
TMEM71
MYL12B
ANXA1
RNF128
BGN
PTGER4
GABRG1
LGALS3BP
NGFR
HBB
SPON2
MPZ
CCR2
B4GALT1
CCL8
CHRM2
IL20RB

Immunological disease (18.1% of significant genes)
Gene Name
LDL receptor related protein 1B
matrix metallopeptidase 3
lipocalin 2
thioredoxin
inhibitor of DNA binding 2, HLH protein
C-type lectin domain family 2 member B
decorin
programmed cell death 1 ligand 2
eukaryotic translation initiation factor 3 subunit E
major histocompatibility complex, class I, B
transmembrane protein 71
myosin light chain 12B
annexin A1
ring finger protein 128, E3 ubiquitin protein ligase
biglycan
prostaglandin E receptor 4
gamma-aminobutyric acid type A receptor gamma1 subunit
lectin, galactoside binding soluble 3 binding protein
nerve growth factor receptor
hemoglobin subunit beta
spondin 2, extracellular matrix protein
myelin protein zero
C-C motif chemokine receptor 2
UDP-Gal:betaGlcNAc beta 1,4- galactosyltransferase, polypeptide 1
C-C motif chemokine ligand 8
cholinergic receptor muscarinic 2
interleukin 20 receptor subunit beta

p-value Fold Change
7.23E-04
1.65
1.36E-03
1.56
2.49E-02
1.44
1.63E-02
1.41
8.83E-03
1.41
4.02E-02
1.38
3.68E-02
1.35
3.29E-02
1.30
4.34E-02
1.30
3.02E-02
1.29
4.86E-02
1.28
3.97E-02
1.27
4.70E-02
1.27
3.28E-02
1.27
4.38E-02
0.80
3.90E-02
0.80
4.28E-02
0.78
2.44E-02
0.76
4.97E-02
0.76
2.68E-02
0.76
3.89E-02
0.76
3.78E-02
0.72
4.48E-02
0.71
4.08E-02
0.68
2.70E-02
0.68
1.86E-02
0.64
8.14E-04
0.54

Supplementary Table 2.4: Description of melanoma type within clusters from TCGA.

Dataset

TCGA SKCM

Melanoma
Subtype

Primary
Metastatic

Clusters
1/2
(% of
total)
60/103
(58.3%)
173/365
(47.4%)

Clusters
3/4
(% of
total)
43/103
(41.7%)
192/365
(52.6%)

Χ2

3.786
p = 0.052

Supplementary Table 2.5: Difference in survival of clusters in “Low (L)” and “High
(H)” NME1 groups.
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Supplementary Fig. 2.1. NME1 mRNA expression does not improve identification of
melanoma patients with improved survival A) RNA expression levels of NME1 in the SCKM
TCGA dataset samples sorted into the upper and lower quartiles of – Figure continued
NME1 expression. B) Kaplan-Meier probabilities of recurrence free survival in “NME1 Low” and
“NME1 High” groups. C) RNA expression levels of the indicated NME1 target genes in the “Low
NME1” and “High NME1” groups. D) Pearson correlation based cluster analysis of the NME1mediated gene signature in “NME1 Low” and “NME1 High” groups. E) Kaplan-Meier probabilities
of recurrence free survival in all sub-clusters from the “High” and “Low” NME1 groups. For clarity,
the only two subclusters with significant differences from the “High NME1” group, clusters 2 and
4, are also shown separately in the right panel. F) RNA expression levels of the indicated NME1
target genes in sub-clusters 2 and 4 from within the “High NME1” group. Significance was
determined by Student’s t-test.
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APPENDIX B
CHAPTER III SUPPLEMENTAL FIGURES

Supplementary Fig. S3.1 Expression of NME1 and NME2 mRNAs after treatment with
lentiviral vectors expressing shNME1a and shNME1b. Total cellular RNA was analyzed
by quantitative real-time polymerase chain reaction (qRT-PCR). Representative results
from 2 independent experiments are shown. *, p < 0.05.
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APPENDIX C
CHAPTER IV SUPPLEMENTAL TABLES AND FIGURES
sgRNA
Sequence (5' - 3')
NME1.ex6-sgRNA1 CCTGAGGAACTGGTAGATTACAC
NME1.ed6-sgRNA2 GAACTGGATCTATGAATGACAGG

Supplementary Table S4.1A. sgRNA sequences used for CRIPSR-Cas9-mediated
insertion of EGFP coding sequence into the genomic NME1 locus. Nucleotides in blue
represent the PAM sequence.

Primer
NME1-1F
NME1-1R
NME1-2F
NME1-2R
NME1-3F
NME1-3R
NME1-4F
NME1-4R
NME1-5F
NME1-5R
NME1-6F
NME1-6R
NME1-7F
NME1-7R
NME1-8F
NME1-8R
NME1-9F
NME1-9R
NME1-10F
NME1-10R

Sequence (5' - 3')
cggccagtgaattagaactcgg
cttcaccacattcagcccctcc
cttctgtccttggaggtctggg
gccaaacgccaacttaagaggg
ccctcttaagttggcgtttggc
ggattaaaatgcgcccattgcc
gctgtggctgtagatttctggc
ggacacgctgaacttgtggc
gtaaacggccacaagttcagcg
gccctcgaacttcacctcgg
gacgacggcaactacaagaccc
gtctttgctcagcttggactgg
gacaaccactacctgagcaccc
ttaatcagatggtcggggatgg
tcttggagctgtgagttctccc
tctgcacctagtccagtcttgg
ggcactgagctattcaacaggc
accctggacttgaacttctggc
agaagttcaagtccagggtggg
tgattacgccaagtttgcacgc

Supplementary Table S4.1B. Oligo deoxynulceotide primers used for sequencing of
NME-EGFP coding sequence in CRISPR-Cas9-engineered melanoma cell lines.
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Gene
MTATP6P1
SLIT2
GPRC5A
FAM3C2
OLFML2B
RPL9P7
EDIL3
PLXNA2
MRGPRX4
FBL
NT5E
HEY1
AC124947.1
SLC44A5
LINC00973
COL12A1
AZIN1-AS1
AC004057.1
ITIH6
TGFA
VPS28
ZEB1-AS1
SLCO4A1AS1
CXCL8
ITPK1
AC090673.1
ZYX
LINC01389
BMP2
FP325330.3
AC091173.1

Log Fold
Change
1.01
1.01
1.02
1.03
1.04
1.04
1.05
1.07
1.07
1.07
1.08
1.09
1.09
1.09
1.09
1.11
1.12
1.12
1.12
1.12
1.13
1.13

p.Value
2.88E-20
0.00117163
1.68E-05
7.98E-10
5.22E-06
4.80E-09
2.18E-08
5.49E-06
1.04E-05
0.00022782
2.10E-21
8.89E-17
0.0012753
1.29E-05
0.00034275
6.37E-07
0.00088421
2.17E-15
2.77E-15
7.72E-20
0.00039552
0.00040336

False
Discovery
Rate
6.72E-17
0.04513411
0.00174009
3.07E-07
0.00065899
1.54E-06
6.21E-06
0.00068892
0.00117417
0.01359028
6.12E-18
1.20E-13
0.04803283
0.00139541
0.01887111
0.00011742
0.03721435
2.37E-12
2.94E-12
1.69E-16
0.02108039
0.0212719

1.14
1.15
1.15
1.16
1.16
1.17
1.17
1.18
1.18

1.09E-05
2.40E-06
1.22E-06
0.00125255
0.00037196
0.00035464
0.00066547
0.00088705
9.65E-05

0.00121385
0.00036856
0.00020573
0.04746809
0.02013099
0.01934338
0.03070197
0.03728893
0.00706809

Supplementary Table S4.2A. List of genes differentially expressed in the NME1LOW
subpopulation – Table continued
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Gene
RAD17
TJP1
PAPPA
AHNAK2
TUBA4A
AK4P3
CEP170
VIT
MYEOV
LGI3
RPL41P1
RYR2
SMIM10L2A
HIST1H4H
ABCA10
CHORDC1
PCDHGA4
AC012085.1
AC215219.1
LINC01762
SLCO4A1
AL121772.1
CD70
NTRK2
PDE2A
NPTX1
FAM20C
PHRF1
MIR100HG
KIAA1456
FAM230C
CLCA2

Log Fold
Change
1.18
1.19
1.19
1.21
1.21
1.21
1.21
1.22
1.22
1.27
1.27
1.28
1.28
1.29
1.29
1.29
1.30
1.33
1.35
1.35
1.35
1.37
1.37
1.37
1.42
1.42
1.42
1.42
1.42
1.43
1.44
1.44

p.Value
1.08E-05
0.0006129
0.00029253
8.06E-08
0.00010842
0.00055676
9.54E-09
1.05E-11
0.00017724
0.00044961
1.16E-07
0.0002814
0.0002039
3.13E-05
0.0007137
2.73E-08
3.56E-09
1.13E-08
0.00017928
0.00082336
3.24E-13
2.60E-06
0.00030945
1.05E-06
0.00097451
0.00021329
8.98E-19
0.00062247
2.77E-08
0.0001498
3.81E-05
0.00041058

False
Discovery
Rate
0.00121017
0.02919988
0.01662899
1.93E-05
0.00776405
0.02694791
2.91E-06
5.83E-09
0.01138787
0.02285069
2.70E-05
0.01612723
0.01252481
0.00288752
0.03195882
7.52E-06
1.21E-06
3.34E-06
0.01145575
0.03516037
2.46E-10
0.00039057
0.01738954
0.00018109
0.04009923
0.01296659
1.65E-15
0.02957526
7.59E-06
0.00999131
0.00336104
0.02145852

Supplementary Table S4.2A. List of genes differentially expressed in the NME1LOW
subpopulation (continued).
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Gene
LYPD1
FYB
NAPEPLD
CLDN4
RAMP1
PLPP4
AC002384.2
RPL21P93
GFRA1
MGLL
PPP1R14C
SCARA5
YTHDC1
AREG
CDH13
MPP4
SLC14A1
IGFBP5
AKR1C1
BHLHE41
RASAL1
TMEM50B
CACNA2D4
CCDC81
AL158064.1
DCAF11
CCDC162P
AL133284.1
EPHA4
PTEN
CU634019.1
DUS4L

Log Fold
Change
1.44
1.47
1.48
1.48
1.49
1.49
1.51
1.52
1.53
1.53
1.61
1.62
1.62
1.63
1.63
1.65
1.66
1.67
1.71
1.74
1.85
1.88
1.88
1.88
1.94
1.96
1.96
1.98
1.99
2.06
2.07
2.08

p.Value
7.38E-05
1.59E-05
9.57E-06
9.11E-06
1.16E-18
4.52E-08
5.84E-07
1.38E-09
1.70E-08
1.72E-17
1.84E-12
2.80E-14
5.72E-05
0.00013467
4.11E-13
1.40E-13
6.44E-06
2.08E-10
7.23E-09
1.69E-06
1.22E-06
7.95E-05
4.70E-09
0.00020423
0.00070926
1.86E-09
0.00074685
0.0005032
8.84E-06
5.28E-16
0.00109169
1.62E-05

False
Discovery
Rate
0.00576955
0.00166958
0.00108821
0.00104233
2.03E-15
1.15E-05
0.00010939
5.20E-07
4.91E-06
2.51E-14
1.19E-09
2.33E-11
0.00472047
0.00927847
2.94E-10
1.12E-10
0.00078336
9.01E-08
2.24E-06
0.00026893
0.00020573
0.00606204
1.52E-06
0.01252481
0.03184109
6.70E-07
0.03289611
0.02492293
0.00102539
6.38E-13
0.04339139
0.00168963

Supplementary Table S4.2A. List of genes differentially expressed in the NME1LOW
subpopulation (continued).
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Gene
AC156455.1
THSD4
PSG4
CU638689.4
AKT3
PCSK1
SCN4B
APCDD1L
HEPHL1
AC092368.3
KLF13
AL161431.1
LINC00462
AC002056.1
PINX1
RPL4P5
DHRS4
SPATC1L
NPIPA8
NUDT4P1
SLC14A2
TRIML2
PARN
AP000561.1
IGKV1OR-3
SERTAD4
ACTA2-AS1
MIR3648-2
PEG13
SPINK1
RPS18
RHEBP1

Log Fold
Change
2.10
2.10
2.12
2.15
2.18
2.18
2.19
2.21
2.27
2.31
2.31
2.32
2.36
2.50
2.57
2.58
2.70
2.77
2.80
2.88
3.15
3.15
3.42
3.44
3.65
4.18
4.49
4.98
5.12
5.29
5.66
6.86

p.Value
2.33E-05
2.72E-09
7.48E-05
5.09E-05
8.15E-13
6.31E-10
0.00126802
0.00048076
0.00013939
0.00062633
1.44E-05
0.00075497
0.00088157
0.00130431
5.20E-07
0.00010018
1.44E-08
3.73E-07
0.00016174
2.66E-16
0.00048593
3.65E-08
5.91E-32
3.58E-06
0.00101276
5.04E-12
0.00089181
7.62E-05
3.07E-05
7.71E-06
2.57E-136
2.16E-23

False
Discovery
Rate
0.00230887
9.42E-07
0.00580682
0.00430371
5.60E-10
2.48E-07
0.04784733
0.02418772
0.0094591
0.02963748
0.00152647
0.03317022
0.03714805
0.04885249
9.90E-05
0.00727831
4.23E-06
7.25E-05
0.01051153
3.45E-13
0.02434291
9.48E-06
4.14E-28
0.00051113
0.04109361
2.94E-09
0.03739923
0.00590565
0.00285262
0.00092161
8.98E-132
8.39E-20

Supplementary Table S4.2A. List of genes differentially expressed in the NME1LOW
subpopulation (continued).
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Gene
AC138517.2
AC090543.2
CT45A2
SCUBE1
ZNF780B
NXPH3
RPS26P6
AICDA
RELN
TTC16
AC087190.1
NTS
S100A11P1
AC091839.1
AC009414.2
UBBP1
AKAP5
ERI1
RPL12P35
CD79B
AC092670.1
ACTG1P9
MDFI
RPL23AP18
SLFN11
IGF2BP1
TNFAIP2
F8A2
COL1A1
FOPNL
SLC16A5
THY1

Log Fold
Change
-4.97
-4.68
-4.68
-4.63
-4.53
-4.23
-3.84
-3.54
-3.28
-3.04
-2.91
-2.78
-2.77
-2.73
-2.68
-2.66
-2.65
-2.37
-2.32
-2.27
-2.25
-2.20
-2.16
-2.12
-2.12
-2.06
-2.03
-2.01
-1.98
-1.93
-1.92
-1.89

p.Value
0.00012566
3.78E-17
0.00062465
0.00023135
1.49E-24
3.00E-06
1.40E-25
0.00023413
0.00014962
3.70E-07
4.05E-10
0.00074531
8.99E-07
2.12E-06
0.0006828
0.00114011
0.00067231
2.74E-35
0.00050411
0.00014018
1.19E-07
0.00040873
0.00011029
0.00018243
0.00042497
2.16E-22
0.00015957
0.00014111
4.28E-05
2.53E-10
9.18E-05
9.17E-09

False
Discovery
Rate
0.00881789
5.29E-14
0.02959842
0.01375437
6.51E-21
0.00044111
8.19E-22
0.01389556
0.00999131
7.24E-05
1.65E-07
0.03286987
0.00015987
0.00033083
0.03129516
0.04437882
0.03093603
3.90E-31
0.02492848
0.00949452
2.77E-05
0.02140936
0.00784941
0.01155211
0.0219181
7.57E-19
0.01046352
0.00953895
0.00369742
1.06E-07
0.00675172
2.82E-06

Supplementary Table S4.2A. List of genes differentially expressed in the NME1LOW
subpopulation (continued).
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Gene
AP001024.1
MPZ
HIC1
TOX
AC009362.1
MT-TE
MT-TY
AC113410.1
EXOC3L2
AC007066.1
RNF31
AP000662.1
CORO6
RAD23B
PDZD4
RANGRF
ELFN1
AP001922.4
PYCARD
AL590762.3
HIST1H1E
CCDC71
PCSK9
ZNF114
IBTK
NCCRP1
AC099850.3
RAB5C
NME1
AL136454.1
AC091133.5
TNRC6C-AS1

Log Fold
Change
-1.85
-1.81
-1.81
-1.79
-1.79
-1.78
-1.77
-1.77
-1.73
-1.72
-1.72
-1.70
-1.70
-1.68
-1.68
-1.64
-1.59
-1.56
-1.54
-1.53
-1.43
-1.42
-1.39
-1.38
-1.37
-1.36
-1.36
-1.35
-1.34
-1.33
-1.33
-1.29

p.Value
0.00119626
0.00082595
3.60E-08
0.00021004
1.19E-05
0.00085851
2.92E-06
0.00082948
0.00012618
0.00010322
8.21E-06
2.52E-05
7.13E-10
3.34E-35
7.39E-08
4.32E-06
1.83E-05
3.92E-05
2.96E-05
0.00077875
2.66E-22
2.86E-06
4.54E-06
7.06E-07
3.27E-06
0.00033547
0.00041957
1.49E-20
6.33E-13
0.00049114
5.97E-06
0.00038336

False
Discovery
Rate
0.04593152
0.03519886
9.41E-06
0.01279095
0.00131446
0.03621984
0.00043202
0.03525791
0.00881924
0.00743037
0.00097147
0.00245394
2.77E-07
3.90E-31
1.81E-05
0.00058623
0.0018756
0.00343549
0.00276978
0.0338356
8.47E-19
0.00042576
0.00060852
0.00012797
0.00047328
0.01861653
0.02173396
3.73E-17
4.43E-10
0.02453392
0.00073621
0.02063728

Supplementary Table S4.2A. List of genes differentially expressed in the NME1LOW
subpopulation (continued).
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Gene
GNG10
NPM3
RANP6
ARHGEF25
HMGCS1
IFI27L2
CCDC184
C1QL4
ADAMTS15
RPL30P4
AC114947.2
BX322650.1
GSG2
SPRY3
TUBBP6
OXGR1
NME2
HS6ST1P1
TGFBR3L
ITGA2B
RAB11FIP4
MAGEE1
GAPDHP40
EMC6
C15orf54
AL121594.1
LIMS2
UBBP4
AGAP2-AS1
GET4
CBX1
FKBP10

Log Fold
Change
-1.28
-1.28
-1.28
-1.27
-1.27
-1.25
-1.24
-1.22
-1.22
-1.21
-1.20
-1.19
-1.19
-1.18
-1.18
-1.18
-1.18
-1.18
-1.18
-1.18
-1.15
-1.15
-1.14
-1.12
-1.11
-1.11
-1.09
-1.07
-1.05
-1.04
-1.04
-1.03

p.Value
0.00077526
4.84E-11
1.93E-05
0.00103041
2.46E-34
2.48E-05
0.00040903
0.00012313
3.85E-13
0.00038535
0.00047503
0.00057659
4.31E-09
0.00033862
0.00052961
0.00025778
4.84E-05
0.00014971
0.00041913
8.13E-06
1.33E-06
0.00064202
5.98E-05
0.00062716
8.08E-05
8.67E-05
0.00102494
1.09E-06
0.00065499
4.19E-05
1.83E-14
4.61E-21

False
Discovery
Rate
0.03380726
2.45E-08
0.00196323
0.04164839
2.15E-30
0.00242893
0.02140936
0.00865788
2.81E-10
0.02069579
0.02393416
0.02769863
1.42E-06
0.01871828
0.02582924
0.01499461
0.00413158
0.00999131
0.02173396
0.00096447
0.00021752
0.03006917
0.00487725
0.02963748
0.00615005
0.00649847
0.04149151
0.00018734
0.0303917
0.00365156
1.69E-11
1.24E-17

Supplementary Table S4.2A. List of genes differentially expressed in the NME1LOW
subpopulation (continued).
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Gene
APP
P2RX5
IPO7
NAGS
CDKN1B
PPP3R1

False
Discovery
p.Value
Rate
9.60E-25
4.80E-21
4.92E-06
0.00063581
4.14E-19
8.06E-16
0.00109642 0.0434236
1.21E-07
2.79E-05
2.17E-07
4.69E-05

Log Fold
Change
-1.03
-1.03
-1.03
-1.01
-1.01
-1.01

Supplementary Table S4.2A. List of genes differentially expressed in the NME1LOW
subpopulation.

GO Biological Process
Anatomical Structure Morphogenesis
Tube Development

Number of
Genes
38
15

Expected
Number of
Genes
9.69
3.8

Fold
Enrichment
3.92
3.95

P.Value
2.45E-06
6.27E-06

False
Discovery
Rate
3.82E-02
4.93E-02

Supplementary Table S4.2B. The NME1 LOW subpopulation exhibits elevated expression
of genes related to two GO Biological Processes.
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Process

Fold
Enrichment

False
Discovery
Rate

P-value

Number
of
Genes

Genes

15.68

2.41E-07

7.86E-05

7

CXCL8, HEY1, SLIT2, RAMP1,
PTEN, TGFA, CDH13
COL12A1, FAM20C, BMP2, VIT
NTRK2, PLXNA2, EPHA4, SLIT2,
RASAL1, PTEN, BMP2, AL133284

Negative Regulation of Cell
Adhesion

12.32

3.04E-04

2.34E-02

4

PLXNA2, PTEN, CDH13, BMP2

Positive Regulation of Cell
Migration

10.32

2.08E-05

2.85E-03

6

CXCL8, AKT3, IGFBP5, CDH13,
BMP2, AL133284

Transmembrane Receptor
Protein Tyrosine Kinase
Signaling Pathway

9.3

3.71E-05

4.60E-03

6

NTRK2, AC092368, GFRA1,
EPHA4, AREG, PTEN, TGFA

Heart Development

9.28

3.75E-05

4.61E-03

6

HEY1, SLIT2, PTEN, AC004057,
BMP2, RYR2

Angiogenesis
Bone Development
Positive Regulation of
Neuron Differentiation

17.89
16.49

1.01E-07
1.02E-04

4.36E-05
1.04E-02

7
4

Embryo Development

7.69

1.29E-06

2.80E-04

10

BHLHE41, CXCL8, ITPK1, PLXNA2,
COL12A1, HEY1, TJP1, BMP2,
AC090673, RYR2

Response to Growth Factor

7.49

4.83E-04

3.28E-02

8

NTRK2, AC0902368, CXCL8, ZYX,
PTEN, PDE2A, BMP2, RYR2

8

AC012085, CXCL8, PINX1,
AL161431, PTEN, BMP2,
AC090673, RAD17

Negative Regulation of Cell
Cycle

7.34

5.31E-04

3.50E-02

Regulation of Signaling
Receptor Activity

7.07

6.27E-04

3.83E-02

9

CXCL8, NPTX1, LYPD1, AREG,
CD70, GPRC5A, PTEN, TGFA,
BMP2

Negative Regulation of
Apoptotic Process

5.12

9.17E-04

4.96E-02

6

NTRK2, EPHA4, PTEN, TGFA,
AC090673, AL133284,

22

NTRK2, BHLHE41, CXCL8, AKT3,
IGFBP5, AL161431, PLXNA2,
COL12A1, HEY1, EPHA4, CLDN4,
SLIT2, AREG, PTEN, PDE2A, TGFA,
FAM20C, AC004057, BMP2,
AC090673, RYR2, VIT

Animal Organ Development

5.07

6.55E-12

8.53E-09

Supplementary Table S4.2C. Biological processes related to anatomical
structure/morphogenesis that are altered in the NME1LOW subpopulation.
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Anatomical Structure Morphogenesis

Gene
SLIT2
GPRC5A
PLXNA2
HEY1
COL12A1
AC004057
TGFA
CXCL8
ITPK1
AC090673
ZYX
BMP2
RAD17
TJP1
VIT
RYR2
AC012085
CD70
NTRK2
PDE2A
FAM20C
NPTX1
LYPD1
CLDN4
RAMP1
GFRA1
AREG
CDH13
IGFBP5
BHLHE41
RASAL1
AL133284
EPHA4
PTEN
AKT3
AC092368
AL161431
PINX1

Log Fold
Change
1.01
1.01
1.07
1.08
1.11
1.12
1.12
1.15
1.15
1.16
1.16
1.17
1.18
1.19
1.22
1.28
1.33
1.37
1.37
1.42
1.42
1.42
1.44
1.48
1.49
1.53
1.63
1.63
1.67
1.74
1.85
1.98
1.99
2.06
2.18
2.31
2.32
2.57

False
Discovery
Rate
0.04513
0.0451
0.00068
1.20E+13
1.10E-04
2.37E-12
1.69E-16
0.0003
2.00E-04
4.70E-02
0.0201
0.0307
0.0012
0.02919
5.83E-09
1.60E-02
3.34E-06
0.017
0.00018109
0.04009
1.65E-15
0.0129
0.0057
0.001
2.03E-15
4.91E-06
9.00E-04
2.94E-10
9.01E-08
0.00026
2.00E-04
2.40E-02
0.001025
6.38E-13
5.60E-10
2.90E-02
3.32E-02
9.90E-05

Supplementary Table S4.2D. Individual anatomical structure/morphogenesis genes that
are altered in the NME1LOW subpopulation.
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Tube Development

Gene
SLIT2
PLXNA2
HEY1
TGFA
CXCL8
ITPK1
BMP2
RYR2
NTRK2
RAMP1
AREG
CDH13
IGFBP5
EPHA4
PTEN

Log Fold
Change
1.01
1.07
1.08
1.12
1.15
1.15
1.17
1.28
1.37
1.49
1.63
1.63
1.67
1.99
2.06

False
Discovery
Rate
0.04513
0.00068
1.20E+13
1.69E-16
0.0003
2.00E-04
0.0307
1.60E-02
0.00018109
2.03E-15
9.00E-04
2.94E-10
9.01E-08
0.001025
6.38E-13

Supplementary Table S4.2E. Individual tube development genes that are altered in the
NME1LOW subpopulation.

GO Cellular Component
Receptor Complex

Number of
Genes
6

Expected Number of
Genes
0.51

Fold Enrichment
11.78

P.Value
9.94E-06

False
Discovery
Rate
1.98E-02

Supplementary Table S4.2F. The GO Cellular Component “Receptor Complex” is
upregulated in the NME1LOW subpopulation.
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Receptor Complex

Gene
PLXNA2
BMP2
NTRK2
RAMP1
GFRA1
EPHA4

Log Fold
Change
1.07
1.17
1.37
1.49
1.53
1.99

False
Discovery
Rate
0.000688
0.0307
0.000189
2.03E-15
0.00000491
0.001025

Supplementary Table S4.2G. Individual “Receptor Complex” genes that are altered in
the NME1LOW subpopulation.

False
Discovery
Gene
Log Fold Change
Rate
ABCG2
-0.54
0.192
CCNB1
-0.16
0.839
JARID1
0.03
1.000
PROM1 (CD133)
0.03
1.000
SALL4
0.13
1.000
MLANA
0.13
1.000
CD44
0.16
0.640
ABCB5
0.16
1.000
SOX10
0.20
0.462
SOX2
0.32
0.336
ALDH1
0.42
0.520
KLF4
0.58
0.116
ABCB1
0.65
0.707
CD34
0.88
0.670
CXCR6
1.07
0.732
NANOG
below detection
N.A.
OCT4
below detection
N.A.

Supplementary Table S4.3. Expression of stem cell genes that are not altered in the
NME1LOW subpopulation.

127

Gene
AKT3
EPHA4
GFRA1
NME1
SLC14a2

Orientation
Sequence (5'-3')
For
ATGCTGGACAAAGATGGC
Rev
CAGAATGTCTTCATGGTG
For
GTGCAATGTGATGGAACC
Rev
CTCAATATACACCCTCTG
For
AAGGAGACCAACTTCAGC
Rev
CTTCTCCTTCTTCATACC
For
CTGAATGTGGTGAAGACGG
Rev
TATGCAGAAGTCTCCACGG
For
TTCCATCTTCAGCAAG
Rev
AAGAAGAGGTTGTAGT

Supplementary Table S4.4 Primer sequences for qRT-PCR

Supplementary Fig. S4.1. (a) Map of pST1374-N-NLS-flag-linker-Cas9-D10A-U6
gRNA used for expression of sgRNAs 1 and 2 (highlighted in blue and red font,
respectively), gRNA scaffold, and Cas9. (b) Map of pSIMPLE-19 NME1-EGFP donor
vector. Highlighted within the map are the 5’ arm derived from the junction of exons 5
and 6 of the NME1 gene and the 3’ arm derived from non-coding (nc) sequence from
exon 6.
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Supplementary Fig. S4.2. NME1HIGH subpopulations from WM9c21 and WM278c2 reestablish low-abundance of NME1LOW subpopulations after passaging in monolayer
culture. Red boxes identify NME1LOW cells in the respective cultures.
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Supplementary Fig. S4.3. Expression of MITF, AXL and JARID1B is unaltered in
NME1LOW subpopulations from WM9c21 and WM278c2 cells. P, parental/unsorted cells;
L, NME1LOW cells. Mean fluorescence intensity (MFI) represents the average expression
of the interrogated proteins on a per cell basis, determined as described in Methods.
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Supplementary Fig. S4.4. Expression of stem cell markers OCT4, SOX2, KI-67 is
unaltered in NME1LOW subpopulations from WM9c21 and WM278c2 cells. P, unsorted
parental cells; L, NME1LOW cells.
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Supplemental Fig. S4.5. (a) Images of full-size immunoblots corresponding to data
shown in Figure 1e. (b) Images of full-size immunoblots corresponding to data shown in
Figure 1h.
APPENDIX D
LICENSES FOR COPYRIGHT CLEARANCE
1. Lawson et al. [23] for Fig. 1.1 and 1.4. License number: 4726800908018
2. Smith et al. [10] for Fig. 1.6 and 1.7. License number: 4726801254222
3. Valent et al. [32] for Fig. 1.5. License number: 4726801493234
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