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Abstract 

Long non-coding RNAs (lncRNAs) have emerged as a new class of regulators of type I interferon 

(IFN) signaling and can potentially serve as therapeutic targets.1 In this study, we identified 

lncRNAs that are associated with both a strong type I IFN response, characterized by increased 

interferon-stimulated gene (ISG) expression, and high survival rate in cancer patients. In particular, 

we are interested in the effect of lncRNA-induced differential ISG expression in the context of 

melanoma. To study the effects of lncRNA on ISG expression, we performed gain-of-function 

experiments in two systems – A375 melanoma cell line and melanoma short-term culture (MSTC).  

We used Lipofectamine to transfect plasmids containing lncRNA of interest into these systems, 

and then performed RT-qPCR to assess ISG expression. We used the term “ISG signature” to refer 

to the unique gene expression differences observed upon lncRNA overexpression in our 

experimental set up. Here, we identified one lncRNA, HCP5-204, to be significantly associated 

with a protective ISG signature in melanoma, consisting of ISG15, STAT1, IRF9, JAK1, and 

TLR3. Future experiments will explore the mechanisms of action through which HCP5-204 

modulates type I IFN response in melanoma. 
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Chapter 1: Background 
 
1.1 Introduction to lncRNAs 

Since the advent of advanced whole genome sequencing technologies, it has been revealed that 

majority of the human genome comprises non-protein coding sequences.2,3 Increasing numbers of 

studies on the non-protein coding genome have uncovered the essential roles of long non-coding 

RNAs (lncRNAs) in regulating cellular and organismal activities. In 1991, Willard et al., 

discovered human X-inactive specific transcript (XIST) as one of the first lncRNAs, leading to the 

elucidation of the mechanism of X chromosome inactivation.4 In brief, XIST is a 17,000-

nucleotide-long transcript expressed from the X chromosome during embryonic development.5 In 

female embryos which have 2 copies of the X chromosome, XIST coats one of the X chromosomes 

at random, marking it for long-term silencing by epigenetic modifications.5,6 Since then, many 

more lncRNAs have been identified and subsequently structurally and functionally profiled, and 

their importance is getting increasingly recognized.  

 

For several reasons, including but not limited to their relatively recent discovery, low abundance 

in cells, and limitations in current technologies, only a handful of lncRNAs have been well 

characterized and much more is to be investigated. LncRNAs have been broadly defined as a strand 

of non-protein coding transcript more than 200 nucleotides in length.7 Only about 3% of all known 

lncRNAs have been functionally annotated.8 Due to the plethora of RNA molecules that fit the 

general description, lncRNAs can be further categorized based on their genomic origins, hence 

some subcategories of lncRNAs include long intergenic non-coding RNAs (lincRNAs) – which 

are lncRNAs encoded in distinct genomic regions without overlapping protein-coding loci, and 

natural antisense transcripts, which are found antisense to protein-coding genes and 
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pseudogenes.9,10 The biological significance of lncRNAs has been the topic of heated debate, as 

many argue that the majority of these molecules are simply “transcriptional noise,” belittling 

lncRNAs as transcriptional byproducts.11 However, with the advancement of sequencing tools, 

functional assays, and novel computational methods, lncRNAs have become much better 

annotated and functionally validated.12  

 

1.1.1 Biogenesis, Processing, and Degradation  

LncRNAs bear striking similarities to protein-coding messenger RNAs (mRNAs) but at the same 

time are fundamentally different. For instance, the biogenesis of most lncRNAs is almost identical 

to that of mRNAs – they are transcribed by RNA polymerase II (Pol II), co-transcriptionally 

spliced, 5’ capped, and 3’ polyadenylated, although there are exceptions.13 LncRNAs can receive 

the same types of post-transcriptional modifications as mRNAs, such as N6-Adenosine 

methylation, subjecting them to metabolic regulation.14 

 

While mRNAs are produced in the nucleus and then exported to the cytoplasm for participation in 

protein synthesis, lncRNAs may localize to the nucleus, cytoplasm, and even organelles.15 The 

specific localization of each lncRNA varies and is closely linked to its function. Another 

distinction is that lncRNAs are generally present in much lower quantities, some as low as 0.0006 

copies per cell.16 Tissue- and temporal-specificity are both common aspects of mRNAs.3 For 

example, in the developing Drosophila embryo a concentration gradient of mRNAs coding for 

transcription factors regulating genes with competing functions drive the regulation the posterior-

anterior axis formation.17 In the case of lncRNAs, cell type and temporal regulation are even more 

prominent than mRNAs, suggesting that lncRNAs have highly specialized functions relevant to a 
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specific cell type or developmental stage, respectively. Furthermore, the non-coding genome is 

under much less evolutionary pressure compared to protein-coding genes, suggesting that 

lncRNAs are also species-specific.18  

 

Lastly, lncRNAs can be degraded via several different mechanisms. In the nucleus, lncRNAs can 

be degraded by exosomes.19 In the cytoplasm, they might be subject to de-capping, and degraded 

by the exonuclease Xrn1.20 Finally, another mechanism of lncRNA degradation is nonsense-

mediated decay (NMD), a process that usually destroys mRNA containing premature translation-

termination codons.21 Due to structural similarities to mRNAs, lncRNAs can often be degraded 

through this mechanism, when the NMD machinery accidentally recognizes the lncRNA sequence 

as a termination codon.7 For example, the cytoplasmic lncRNA Growth Arrest Specific 5 (GAS5) 

is found to be bound by NMD complex component, regulator of nonsense transcript 1 (UPF1) and 

then degraded.22 

 

1.1.2 Functions and Modes of Actions of LncRNA  

Following or during transcription, lncRNAs can act either in cis, in proximity to the site of 

transcription, or in trans, far away from the site it originated from. Some of the functions of 

lncRNAs characterized to date are regulating gene transcription, modifying pre-mRNA splicing, 

and facilitating protein-protein interactions (Figure 1).13 Notably, lncRNAs usually exert their 

functions with help from associated proteins.23  
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In the nucleus, lncRNAs can regulate gene transcription in cis or in trans through various modes 

of actions. Acting as decoys and guides for transcription factors and/or epigenetically modifying 

the chromatin, lncRNAs can activate or repress gene expression. An example of a chromatin 

modifying lncRNA is the HOXA distal transcript antisense RNA (HOTTIP), which recruits 

chromatin modifiers and forms a chromatin loop, bringing enhancers to the promoter region to 

activate HOXA gene transcription.24 Notably, our study aims to characterize many antisense 

miRNA sponges 

Protein bridging 

Histone modification 

Translation regulation 

Chromatin looping  

Splicing 

Transcription silencing / activation 

Nucleus Cytoplasm 

Figure 1: Illustration of known lncRNA modes of actions in the nucleus and cytoplasm. 
The light purple structure with porous membrane represents the nucleus, and light blue 
background represents the cytosol. Many lncRNAs are retained in the nucleus and exert several 
gene regulatory functions: recruiting histone modifying complexes to the chromatin; repress 
transcription by acting as decoys, thus blocking transcription factor binding to DNA; activate 
transcription by recruiting transcription factors to promoter; activate gene transcription by 
bringing enhancer elements and promoter together; finetune pre-mRNA splicing by interfering 
with spliceosomes. In the cytosol, lncRNAs can mediate protein-protein interactions by acting 
as scaffolds, or bridges; regulate translation by obstructing the translational machinery; disable 
miRNA function by acting as “sponges”. Figure created with Biorender.  
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lncRNAs, which can act in cis from their corresponding protein-coding sense genes,25 modulating 

them at the transcriptional level , and sometimes even co-transcriptionally. 

 

In the cytoplasm, lncRNAs can interact with proteins, mRNAs, and microRNAs (miRNAs), 

among others (Figure 1).7 For instance, the lncRNA GUARDIN, also known as long non-coding 

transcriptional activator of miR34a, acts as a “sponge” for miR-23a, preventing the miRNA from 

binding to its target mRNA.26 In addition to playing important roles in many cellular processes in 

the nucleus and cytoplasm, lncRNAs can also localize to and function in specific organelles.27 An 

example is the survival associated mitochondrial melanoma specific oncogenic non-coding RNA 

(SAMMSON), which is localized to the mitochondria and participates in the regulation of 

mitochondrial metabolism.28  

 
1.1.3 LncRNAs in Cancer  

 
Because of their ability to regulate gene transcription, emerging studies are revealing the 

indispensable role of many lncRNAs in cancer.29 Aberrant lncRNA expression is a reliable marker 

for cancer prognosis and diagnosis.15 LncRNAs are highly tissue-specific and are generally 

expressed at different levels in tumors compared to healthy cells, making them ideal 

biomarkers.13,29 For instance, overexpression of HOX antisense intergenic RNA (HOTAIR) in 

early stages of breast cancer is predictive of metastasis.30,31 In addition to cancer detection, several 

studies recognized that lncRNAs can partake in pivotal cellular processes during oncogenesis. For 

instance, Leucci et al. found that aberrantly high expression of the lncRNA SAMMSON in 

melanoma correlated with uncontrolled cell growth.32 Through RNA antisense purification-mass 

spectrometry (RAP-MS) and chromatin isolation by RNA purification mass spectroscopy (ChIRP-

MS), it was demonstrated that SAMMSON facilitates the production of the mitochondrial protein 
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p32, a direct transcriptional target of the oncogene Myc.28 To further investigate the therapeutic 

potential of this lncRNA, the researchers used locked nucleic acid (LNA) – modified antisense 

oligonucleotides called GapmeRs to inhibit the effects of SAMMSON.28 In mouse models, the 

administration of GapmeRs against SAMMSON significantly curbed the growth of tumors and 

decreased the rate of cell proliferation, suggesting SAMMSON is an effective therapeutic target for 

melanoma treatment.28 The example of SAMMSON highlights the potential therapeutic value of 

lncRNAs in the treatment of melanoma and serves as an example for the targeting of other 

lncRNAs for the specific treatment of different types of cancer. 

 

Research from the Novina lab interrogated the tumor-promoting role of another melanoma-

associated lncRNA, SLNCR.33 Through ChIP-seq and RNA immunoprecipitation (IP), our lab 

discovered that SLNCR binds to both androgen receptor (AR) and transcription factor early growth 

response protein 1 (EGR1). Through this interaction, SLNCR functions as an anchor by recruiting 

AR to EGR1-occupied genomic loci. Finally, our lab found that co-localization of the AR-SLNCR-

EGR1 regulatory triad at EGR1 binding sites negates EGR1-mediated p53-independent 

upregulation of the p21 tumor suppressor gene, unleashing melanoma proliferation.33 In summary, 

findings from our lab connected lncRNA biology to androgen-independent oncogenic activity of 

AR in melanoma.33 Given that AR is a hormonal receptor specialized in male-hormone signaling 

and is therefore more abundant in male tissues, this discovery helped to further explain why males 

are more prone to developing melanoma.34,35  



 7 

 

 
 
1.2 Type I Interferon Response 

 
Type I interferons (IFNs) constitute a family of cytokines that are primarily involved in inducing 

the antiviral state.36 These cytokines are also known to play significant roles in cancer, although 

their effect could be beneficial or detrimental, depending on context.37 The type I IFN family 

consists of the 13 partially homologous IFNα subtypes and a single IFNβ subtype in humans, 

among other less well characterized subtypes.38 The type I IFN response is an essential immune 

pathway – almost all nucleated cells express the IFNα receptor (IFNAR) and can produce these 

cytokines.39 The production of type I IFNs can be induced by an array of different viral pathogen-

Figure 2: Example of a lncRNA that plays a regulatory role in melanoma – SLNCR – 
which represses transcription of p21, leading to uncontrolled melanoma cell proliferation. 
In normal cells, where there is low abundance of SLNCR, the transcription factor early growth 
response protein 1 (EGR1) binds to the cyclin dependent kinase inhibitor 1A (CDKN1A) 
promoter, turning on p21 transcription. p21 is a tumor suppressor that inhibits the activity of 
CDK proteins, curbing cell growth. In melanoma cells, there is a high abundance of SLNCR, 
which recruits androgen receptors (AR) to the EGR1 binding site. This regulatory triad inhibits 
the transcription of p21, leading to uncontrolled cell growth, and therefore melanomagenesis. 
Figure created with BioRender.  
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associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs).40 

When pattern recognition receptors (PRRs), which are highly specialized pathogen sensors, detect 

these foreign molecules, a series of downstream events that ultimately lead to anti-pathogen effects 

is triggered (Figure 3). 

 

Type I IFN binding to IFNARs activates the Janus Kinase – Signal Transducer and Activator of 

Transcription (JAK-STAT) signal transduction pathway, which in turn can activate transcription 

of IFN-stimulated genes (ISGs)41 (Figure 3). The JAK-STAT pathway is the canonical pathway 

through which type I IFN response is signaled, though there are other pathways that can induce 

transcription of ISGs.42 There are hundreds of known ISGs which include signal transducers like 

STATs, PRRs like toll-like receptors (TLRs) and cyclic GMP-AMP synthase (cGAS), and IFN 

response factors (IRFs), among others.43 These genes code for proteins that not only have anti-

viral functions but are also pro-apoptotic and pro-inflammatory. Transcription activation of ISGs 

following detection of PAMPs and DAMPs, therefore, also enhance and prolong the type I IFN 

response. Interestingly, one mechanism inhibiting the JAK-STAT signal transduction pathway is 

also mediated through type I IFN signaling.  In a type I IFN-dependent manner, the ISG ubiquitin 

specific peptidase 18 (USP18) negatively regulates JAK-STAT signaling by outcompeting JAK1 

binding to IFNAR subunit 2 (IFNAR2).44,45 Through this negative feedback loop, type I IFNs 

induce the transcription of an ISG that downregulates its response.  

 
 
Elevated ISG expression is an important indicator of the induction of type I IFN response.43 In this 

study, we focused on a subset of ISGs provided by Takeda Pharmaceuticals, which had been 

previously linked with a desirable signature in cancer patient samples and increased patient 
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survival (data not shown). Hence, in this study we treat ISG upregulation as an indicator of both 

induction of type I IFN response and its associated anti-cancer effects.  

 

 

Figure 3: The Janus kinase (JAK) - signal transducer and activator of transcription 
(STAT) signal transduction pathway. Type I interferons (IFNs) are produced in response to 
recognition of pathogen associated molecular patterns (PAMPs) and damage-associated 
molecular patterns (DAMPs) by pattern recognition receptors (PRRs). Several different 
pathways downstream of PRR signaling initiates transcription of IFN genes and the subsequent 
production of type I IFNs. These cytokines then bind to IFNα receptors (IFNARs), after which 
the receptor subunits (IFNAR1, IFNAR2) dimerize, activating the JAK1 and tyrosine kinase 2 
(TYK2) kinases. The activation of these receptor-bound kinases then leads to the 
phosphorylation of STAT1 and STAT2, causing them to heterodimerize and dissociate into the 
cytoplasm. The heterodimer is then bound by IRF9, forming a triplex, now called the IFN-
stimulated gene factor 3 (ISGF3). ISGF3 translocates to the nucleus and binds to the IFN-
stimulated response element (ISRE) in the IFN-stimulated gene (ISG) promoters, initiating 
transcription of ISGs. ISGs code for proteins that establish the antiviral state. Figure created 
with BioRender. 
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1.3 LncRNAs and Type I IFN Signaling   

To date, only a handful of lncRNAs have been characterized in the context of the type I IFN 

response during viral infections. For example, Kambara et al. performed high-throughput RNA 

sequencing (RNA-seq) analysis on IFNα-induced primary human hepatocytes to identify lncRNAs 

that are involved in type I IFN signaling in the context of hepatitis C virus (HCV) infection.46 From 

hundreds of lncRNAs that were induced by type I IFN signaling in hepatocytes, the researchers 

found cytidine/uridine monophosphate kinase 2 (CMPK2) to be most highly responsive. 

Subsequently, they found that knocking down the lncRNA-CMPK2 gene using short hairpin RNA 

(shRNA) results in the upregulation in a number of antiviral ISGs.46 This finding suggests that (1) 

lncRNA-CMPK2 is a downstream effector of type I IFN and (2) it inhibits the IFN response, 

engaging in a negative feedback loop.  

 

From another study conducted by Kambara et al., they discovered the lncRNA BST2 IFN-

stimulated positive regulator (BISPR) to be a positive regulator of BST2 (an ISG) transcription.47 

First, BISPR expression was highly induced upon IFNα stimulation. However, shRNA knockdown 

of STAT2 and treatment with ruxolitinib, a JAK inhibitor, independently suppressed BISPR 

expression in the presence of IFNα treatment.47 Therefore, BISPR induction is mediated through 

the JAK-STAT signal transduction pathway. Furthermore, knocking down and overexpressing 

BISPR in various cells types resulted in downregulation and upregulation of BST2, respectively.47 

Because the genes for BISPR and BST are located in proximity and even share a bidirectional 

promoter, Kambara et al. hypothesize that this lncRNA mediates the expression of the neighboring 

protein-coding gene in cis.47 Similarly in our study, we aim to study the effect of lncRNA on ISG 



 11 

expression, although we are interested in characterizing the lncRNAs with a set of differentially 

upregulated ISGs.  

 

Despite efforts to study the effect of lncRNAs in immune responses, many questions in this field 

of research remain to be answered. This study explores the interplay between lncRNAs, type I IFN 

response, and cancer. Former members of the Novina lab have identified abundantly expressed 

lncRNAs that are associated with strong IFN response based on cancer patient data.48  

 
 
1.4 Prior Work from the Novina lab 

Previously in the Novina Lab, postdoctoral fellow Leon Wert-Lamas and his student Ksenia 

Morozova used bioinformatic analysis to identify lncRNAs relevant in melanoma. Specifically, 

Leon and Ksenia scouted The Cancer Genome Atlas (TCGA)3,49 database for melanoma-related 

lncRNAs associated with (1) a “desirable” IFN signature, defined by upregulation of a subset of 

ISGs that had previously been linked to higher tumor immunogenicity and (2) with higher patient 

survival rates (Figure 4A). Individual lncRNAs were assigned an IFN score (IFNS) to express the 

correlation of those two factors in a numerical way.48 A total of 31 lncRNAs with highest IFNS, 

i.e. they were most differentially expressed in melanoma patients with high survival rates and 

correlated with high expression of desirable interferon response genes, were chosen for 

downstream validation (Figure 4B). 

 

For the experimental validation of the selected 31 melanoma-associated lncRNAs, Ksenia 

Morozova preformed a small interfering RNA (siRNA)-mediated knockdown experiment in HEK 

Lucia Null cells that have a Renilla luciferase reporter gene coupled to an IFN-responsive 
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ISG54/ISRE promoter.48 Luciferases are naturally existing proteins which catalyze the breakdown 

of their substrate luciferin and emit light as a reaction by-product.50 Hence, in this experimental 

setup, where the production of luciferase protein is IFN-responsive, increased IFN signaling can 

be represented by bioluminescence emitted by Renilla luciferase upon addition of luciferin. The 

goal was to investigate whether the lncRNAs function upstream of type I IFNs, manipulating the 

signaling of these cytokines.  

 

 

Figure 4: Strong type I interferon signaling is significantly associated with better disease 
outcomes in melanoma patients. (A) Survival plot of melanoma patients with high and low 
interferon scores. High interferon score (IFNS) represents a stronger type I IFN response, 
defined by the upregulation of the list of 59 IFN-stimulated genes (ISGs). Survival probability 
of melanoma patients are plotted on the y-axis and number of days are plotted on x-axis. 
Average survival probability of high IFNS patients is shown in yellow, whereas that of low 
IFNS patients is in blue. Difference between high and low IFNS patients is statistically 
significant, with p-value <0.0001 (log-rank test). (B) Scatter plot of lncRNAs significantly 
associated with melanoma. Spearman’s correlation with the IFNS is plotted on the x-axis and 
statistical significance on the y-axis. Positively correlated lncRNAs are highlighted in blue, 
while negatively correlated ones are in red. Data were obtained from the Cancer Genome Atlas 
(TCGA, project ID: TCGA-SKCM). Data analyzed and graph generated by Leon Wert-Lamas 
and Ksenia Morozova.  
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1.5 Project objectives 

Despite the enormous number of transcripts that fall into the definition of lncRNAs, few have been 

well characterized to date. Furthermore, the role of lncRNAs in one of the most important immune 

responses, the type I IFN response, remains largely unstudied. This project aims to fill the gap in 

our current understanding of the role of lncRNAs in the type I IFN response, in the context of 

melanoma. 

 

The main objective of my part of this project is to identify lncRNAs that are implicated in type I 

IFN response and to characterize them with a set of ISG, or what we call the “ISG signature.” 

Previous work has found that a strong type I IFN response, defined by significant upregulation of 

ISGs resulting in a high IFNS, is significantly correlated with increased survival in melanoma 

patients (Figure 4).48 Thus, we aim to identify and characterize lncRNAs that modulate this 

response by profiling ISG expression in melanoma cells overexpressing the candidate lncRNAs.  
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Chapter 2: Results  
 
2.1 Chapter Introduction 
 
The goal of this study is to identify lncRNAs connected to a strong type I IFN signature in the 

context of cancer. To do this, Dr. Leon Wert-Lamas, a past postdoctoral fellow in our lab combined 

information mined from TCGA51,52 database to identify abundantly expressed lncRNAs associated 

with higher survival rates in patients with different cancer types. The combination of this 

information generated the “lncRNA IFN score (IFNS).” Through this pipeline, Leon showed that 

high IFNS in patients with melanoma significantly correlated with high survival rate. Subsequently 

through bioinformatic analysis, Leon selected the top 31 lncRNAs from TCGA database that are 

highly correlated with a high IFNS for in vitro characterization.  

 

As a next step, Leon and his student Ksenia Morozova characterized the changes in expression of 

a list of 59 ISGs upon lncRNA overexpression in the A375 melanoma cell line using Nanostring.53 

This set of ISGs was provided by Takeda Pharmaceuticals and had been associated with a desirable 

IFN signature, positively correlating with increasing tumor immunogenicity without increasing 

cancer adaptability and maliciousness. Nanostring results revealed the ISG expression profiles in 

A375s overexpressing different selected lncRNAs (Table 1). These gene expression profiles serve 

as the basis for our selection of candidate lncRNAs to study in the current stage of the project.  
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Table 1: Summary of the changes in ISG expression following lncRNA overexpression in 
A375 cells. Nanostring was used to profiles the interferon-stimulated gene (ISG) expression of 
lncRNA-overexpressing A375s. RNA samples from at least n=2 biological replicates were sent 
for each condition, and was normalized to those of A375s transfected with an empty pcDNA3.1-
EGFP vector. The “lncRNA” column lists the 31 lncRNAs found to be associated with 
melanoma from bioinformatics analysis. The ISGs are listed on the top row, and upregulation 
of each of the ISGs is indicated by green while downregulation is indicated by red. Blank grids 
indicate no significant differential expression of the corresponding ISG. Data presented in this 
table were work by Ksenia Morozova and Leon Wert-Lamas.48 
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2.2 Materials and Methods 

2.2.1 DNA cloning  

The 5 candidate lncRNAs were cloned into a pcDNA3.1 backbone that has a CAG promoter and 

puromycin selection gene. The lncRNA gene sequences were ordered from Integrated DNA 

Technologies (IDT) and amplified through polymerase chain reaction (PCR) using the Q5® High-

Fidelity PCR Kit (New England BioLabs). The vector pcDNA3.1/Puro-CAG-VSFP-CR used to 

insert the lncRNA genes into was a gift from Michael Lin (Addgene plasmid #40257; 

http://n2t.net/addgene:40257; RRID:Addgene_40257). Restriction digestion was used to create 

sticky ends on the lncRNA gene and backbone, and subsequently ligated at 16°C overnight. 

Plasmids for lncRNAs AGAP2-AS1 and PSMB8-AS1 were directly ordered from Genewiz. 

Plasmids are amplified using XL10-Gold ultracompetent cells (Agilent) and extracted using 

HiSpeed Plasmid Maxi Kit (Qiagen). Plasmids are eluted in 32uL Plasmid concentration and purity 

are checked by measuring absorbance at 260 and 280nm using Nanodrop.  

2.2.2 Primer Design and Validation  

Sequences of lncRNAs and ISGs were obtained from Ensembl Genome Browser and the National 

Center for Biotechnology Information (NCBI) databases. Primers for RT-qPCR were aligned to 

the human transcriptome using the NCBI primer BLAST tool. Subsequently, primers were 

validated by qPCR and gel electrophoresis. Ensembl IDs and NCBI IDs of the lncRNAs and ISGs 

are listed in Table 3 and Appendix Table A1, respectively. 

2.2.3 Cell culture  

A375s were cryopreserved and purchased from the American Type Culture Collection (ATCC). 

Melanoma short term cultures were from the Wistar Institute collection. All cells were incubated 

at 37°C and maintained at 95% humidity and 5% CO2. A375s and MSTCs were grown in 
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Dulbecco’s Modified Eagle Medium (DMEM) ([+] 4.5 g/L D-glucose, [+] L-glutamine, [+] 1mM 

sodium pyruvate) (Corning, Gibco) supplemented with 10% fetal bovine serum (FBS) (Sigma) 

and 1% penicillin/streptomycin (Gibco). Adherent cells were detached from cell culture-treated 

plates with trypsin (ThermoFisher) and passaged when they reached ~90% confluency. 

Bambanker solution (GC Lymphotec) was used to freeze cells.  

2.2.4 LncRNA Overexpression   

The lncRNAs of interest were overexpressed in A375 and MSTCs respectively by transfection of 

an overexpression plasmid into the cells for transient expression. Transfection of A375s was done 

using Lipofectamine 2000 (Invitrogen) at a 1:1 ratio. Transfection in MSTCs was done using 

Lipofectamine LTX (Invitrogen). Transfections were performed in 6-well format, with biological 

triplicates for each condition and following the manufacturer’s protocol. Briefly, 0.3 million A375 

cells / 0.5-0.7 million MSTC WM1575 cells were seeded and transfected with 1 μg of plasmid at 

24 hours post seeding. Cells are maintained in transfection media for 48 hours, and then were 

changed to selection media containing puromycin (Gibco) at concentration 1.5 μg/mL for an 

additional 48 hours. IFN-treated groups are changed to media with 1.5 μg/mL puromycin and 

10.42 ng/mL human interferon-α1 (hIFN-α1) (Cell Signaling).  

2.2.5 Total RNA Extraction 

Transfected cells are pelleted at 500 x g for 5 minutes and RNA was extracted using the RNeasy 

Plus RNA extraction kit (Qiagen). RNA concentration and purity are checked by measuring 

absorbance at 260 and 280 nm using Nanodrop.  
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2.2.6 Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) 

Equal amounts of cDNA were generated for each sample through RT-PCR using the SuperScript® 

III First-Strand Synthesis SuperMix (ThermoFisher). cDNA and qPCR primers were added to 

SsoAdvanced Universal SYBR® Green Supermix (Bio-rad) for a total volume of 10 μL per 

reaction. Expression levels of lncRNAs and ISGs were checked by RT-qPCR on the CFX384 

Touch™ Real-Time PCR Detection System (Bio-rad). Data analysis was performed using the 2-

ΔΔCt method54 with the aid of Microsoft Excel and GraphPad Prism. 

 

Table 2: List of reagents used for cell-based assays. Each column, in order, lists name of 
reagent, manufacturer name, and catalog number. 

 

  

Name Manufacturer Catalog number 
Dulbecco’s Modified Eagle Medium 
(DMEM) 

Gibco  11971025 
 

Corning  10-017-CV 
Sodium pyruvate  Gibco 11360070 
Fetal bovine serum (FBS) Sigma 9048-46-8 
Penicillin/streptomycin Gibco 15140122 
Trypsin  ThermoFisher 27250018 
Puromycin Gibco A1113803 
BAMBANKER GC Lymphotec  BB01 
Lipofectamine 2000 Invitrogen  11668027 
Lipofectamine LTX with Plus Reagent Invitrogen 15338030 
Human interferon-α1 Cell Signaling  8927SC 
Plasmid Mini kit  Qiagen  12123 
HiSpeed Plasmid Maxi kit Qiagen  12663 
Plasmid Maxi kit Zymo D4202 
RNeasy Plus RNA Extraction kit Qiagen 74034 
SuperScript® III First-Strand Synthesis 
SuperMix 

Invitrogen 18080400 

SsoAdvanced Universal SYBR® Green 
Supermix 

Bio-rad 1725274 
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2.3 Results 
 
2.3.1 Selection of lncRNAs significantly associated with type I IFN response and survival in 

melanoma 

Previously in our lab, Ksenia Morozova performed Nanostring analysis53 on the model melanoma 

cell line A375 transiently expressing our lncRNAs of interest. Using Nanostring, we profiled the 

differential ISG expressions upon overexpressing the 31 lncRNAs in A375s (Table 1) and utilized 

these results to select candidates for subsequent validations. Because we aim to identify lncRNAs 

linked to a gene signature, our rationale for selecting the lncRNAs was that they show a consistent 

pattern of change in gene expression. By establishing this criterion, we identified 5 lncRNAs – 

AGAP2-AS1, PSMB8-AS1, HCP5-204, MMP25-AS1, and TFAP2A-AS1 – whose overexpression 

correlated with an IFN signature, characterized by global, unidirectional changes in ISG mRNA 

expression. Those lncRNAs were selected for subsequent in vitro validation in human primary 

cells whilst other lncRNAs which are associated with both up- and downregulation of ISGs were 

excluded from downstream analysis for the present time. 

LncRNA name 
with isoform 
number 

Length 
(basepairs) 

Genomic locus Forward or 
reverse 
strand 

Ensembl ID  

AGAP2-AS1-201 1500 Chromosome 12 
58,120,054-58,122,139  

Forward ENST00000542466.2 

PSMB8-AS1-201 1015 Chromosome 6: 
32,844,078-32,846,500 

Forward ENST00000412095.1 

HCP5-204 1689 Chromosome 6: 
31,463,170-31,478,936 

Forward ENST00000541196.3 

Table 3: Information in the 5 selected lncRNAs. Each column, in order, lists the lncRNA 
name followed by isoform number, length in basepairs, genomic locus, forward or reverse 
strand, and Ensembl ID. “AS” in the names of the lncRNA genes designates “anti-sense”. 
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Working with primary cells is limited to a low number of cell passages due to do the short lifespan 

of those cells outside the patient. Hence, we first needed to establish a solid experimental workflow 

before moving into working with melanoma short-term cultures (MSTCs). To do so, we set to 

reproduce the Nanostring results in A375s by RT-qPCR.  

 

 

 
*The Ensembl ID of the lncRNA gene is listed, instead of transcript ID, because at the time of cloning of this gene 
into the pcDNA3.1-EGFP vector, information on the MMP25-AS1-209 isoform in the database shows a 410-basepair 
lncRNA. This information, however, is changed following a recent update.  

TFAP2A-AS1-202 910 Chromosome 6: 
10,409,340-10,416,446 

Forward ENST00000443546.1 

MMP25-AS1-209 410 Chromosome 16: 
3,051,096-3,056, 232 

Reverse ENSG00000261971* 

Figure 5: Diagram of experimental design: transfection procedure and subsequent assays 
for quantification of lncRNA and ISG expression levels. Cells were seeded in 6-well plates 
on day 0 and transfected with Lipofectamine the next day. Cells were incubated in transfection 
media for 48 hours before puromycin (1.5ug/mL) selection, which proceeded for another 48 
hours. At the 24-hour point of puromycin selection, the IFN-treated group received 10.42ng/mL 
hIFN-α1 in puromycin media. Total RNA extraction was performed on day 5, during which the 
concentrations and purity of RNA were determined. The same amount of RNA was added to 
each RT-PCR reaction, in which cDNA was generated. Expression levels of the genes of 
interest were then determined using qPCR. Figure created with BioRender.  
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First, I established a protocol for transient overexpression of the lncRNAs of interest. I cloned the 

lncRNA genes into a pcDNA3.1/Puro-CAG-VSFP-CR vector (Appendix Figure 1). The 

puromycin resistance gene on the vector enabled us to select for the transfected cells by adding 

puromycin, whereas the CAG promoter allowed for robust overexpression of the lncRNA of 

interest. After transfection, puromycin selection, and treatment with hIFN-α1, I collected the 

lncRNA-overexpressing cells, extracted the RNA from them, reverse-transcribed the RNA into 

cDNA, and used it for subsequent qPCR experiments (Figure 5). Next, I designed primers targeting 

the lncRNAs and ISGs, respectively, and validated their specificity by performing a melting curve 

(Appendix Figure 2) followed by visualizing the resulting PCR amplicon by agarose gel 

electrophoresis (Appendix Figure 3).  

 

2.3.2 Defining a protective ISG signature in lncRNA-overexpressing A375 cells 
 
Before overexpressing our lncRNAs of interest in A375 cells, I first established the endogenous 

levels of lncRNA and ISG expression. I incubated A375s in media with 10.42 ng/mL of hIFN-α1 

for 24 hours. These conditions had been pre-determined to be optimal through a series of dose-

response studies performed by Ksenia Morozova48 (Appendix Figure 4). The control group, on the 

other hand, was incubated in cell culture media without hIFN-α1. RT-qPCR showed an overall 

trend of increased lncRNA expression following hIFN-α1 stimulation. Statistical analysis revealed 

that the expression levels of lncRNAs PSMB8-AS1, HCP5-204, and TFAP2A-AS1 were 

significantly elevated (Figure 6). These results suggested that the transcription of these lncRNAs 

might be downstream of type I IFN signaling and maybe even be IFN-dependent.  
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Simultaneously, we profiled the endogenous ISG expression in A375 cells with- and without 

hIFN-α1 treatment. From the list of 59 ISGs provided by Takeda Pharmaceuticals, a subset of 37 

is known to be expressed in melanoma. Through RT-qPCR, we found that there is no consistent 

up- or downregulation among these ISGs – only two were significantly upregulated while one was 

significantly downregulated. These results were initially unexpected because hIFN-α1 stimulation 

should activate the transcription of these responsive genes. However, upon further consideration, 

it should be noted that many ISGs have redundant functions and not all are transcribed following 

type I IFN signaling.42 In other words, only a subset of ISGs is required for initiation of the type I 

IFN response, and the induction of the set of ISGs is dependent on the specific type of PAMP that 

triggered the type I IFN response.55 Moreover, the stimulation from the same class of PAMP might 

not even activate the same set of ISGs in identical populations of cells.56 Lastly, we only used one 
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Figure 6: LncRNA expression was elevated following type I IFN treatment in A375s. RT-
qPCR with at least n=2 technical replicates was performed to assess endogenous lncRNA 
expression levels. Results were normalized to actin-β mRNA. Error bars showed standard 
deviation from n=3 biological replicates. Welch’s t-test with α=0.05 was performed to assess 
the significance of changes in endogenous lncRNA expression upon treatment with hIFN-α1. 
Expression levels of PSMB8-AS1, HCP5-204, and TFAP2A-AS1 were significantly increased, 
with p-values of 0.0021, 0.00053, and 0.000024, respectively. 
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subtype of type I IFN to stimulate the cells, which further explains the changes in expression of a 

few, but not all, ISGs.  

 

 

Statistical analysis revealed that expression level of IFN-α-inducible protein 6 (IFI6), a pro-

apoptotic antiviral protein57, and ISG15, which mainly inhibits viral replication58, were 

significantly upregulated (Figure 7). On the other hand, mRNA levels of Major Histocompatibility 

Complex, Class I, E (HLA-E), responsible for antigen presentation, was significantly decreased 

(Figure 7). The expression level of another member of the IFI family, IFI16, however, was 

unaffected following hIFN-α1 stimulation, reinforcing the notion of ISG functional redundancy. 

Interestingly, the suppressor of cytokine signaling 1 (SOCS1), which is known to inhibit the JAK-

ADAR
B2M

CIIT
A

HLA-A
HLA-E IFI6

IFI16

IFITM3
IR

F5
ISG15 MX2

MYD88
PML

SOCS1

STA
T3

TLR3
TLR8

TMEM17
3

0

5

10

N
or

m
al

iz
ed

 e
xp

re
ss

io
n 

Endogenous lSG expression in A375s with or without hIFN-α1 stimulation

-hIFN-α1 

+hIFN-α1 

✱

✱✱

✱

Figure 7: The expression levels of most ISGs remained unchanged following type I IFN 
treatment in A375s. The endogenous expression levels of interferon-stimulated genes (ISGs) 
were assessed by RT-qPCR, with at least n=2 technical replicates. Results were normalized to 
actin-β mRNA. Error bars represent standard deviation from n=3 biological replicates. 
Asterisks represent significance as determined by Welch’s t-test, with α=0.05. Expression 
levels of IFI6 and ISG15 were significantly elevated, with p-values of 0.013 and 0.036, 
respectively. Expression level of HLA-E is significantly downregulated, with a p-value of 
0.0052.  
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STAT signal transduction pathway, was also downregulated (Figure 7). In murine models, SOCS1 

silencing has been shown to slow melanoma cell proliferation and reduce tumor size.59,60 

 

After establishing the endogenous lncRNA and ISG levels in A375s, we began the gain-of-

function studies in these cells. Performing the overexpression protocol (Figure 5) in A375s, we 

were able to highly express all the candidate lncRNAs in the melanoma cell line (Appendix Figure 

5). We confirmed an average AGAP2-AS1 and HCP5-204 expression fold change of 768 and 2462, 

respectively, after transfection compared to that of empty control (Appendix Figure 5). We 

simultaneously profiled the ISG expression in these lncRNA-overexpressing A375s and found 

mRNA levels of components of the JAK-STAT signal transduction pathway – STAT1 and IRF9 

– were significantly upregulated, with p-values of 0.0053 and 0.0011, respectively (Figure 8). The 

activation of STATs and IRF9 is known to sustain signaling through the JAK-STAT pathway in 

the absence of type I IFN binding.61 Among other upregulated ISG is TLR3, which is a PRR that 

detects double-stranded RNA (dsRNA) in the cytosol.62 We were also interested in the effect of 

lncRNAs on the two endogenously highly expressed ISGs - IFI6 and ISG15. Surprisingly, IFI6 

showed no change in expression after overexpression of either lncRNA, and treatment of hIFN-α1 

failed to rescue this phenotype (data not shown). For ISG15, significant increase in mRNA levels 

was observed following AGAP2-AS1 and HCP5-204 overexpression (Figure 8). Lastly, the mRNA 

level of adenosine deaminase RNA specific (ADAR) was significantly reduced by ectopically 

expressing the two lncRNAs (Figure 8). Upon overexpression of AGAP2-AS1 and HCP5-204, we 

showed a full spectrum of unchanged, downregulated, and upregulated genes. From these gain-of-

function studies in A375s, we tentatively defined our ISG signature consisting of ISG15, STAT1, 

IRF9, JAK1, and TLR3 (Table 4).  
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Figure 8: Components of the JAK-STAT signal transduction pathway are upregulated in 
A375s overexpressing AGAP2-AS1 and HCP5-204. The expression levels of interferon-
stimulated genes (ISGs) were assessed by RT-qPCR, with n=2 technical replicates. Results 
were normalized to actin-β mRNA. Error bars represent standard deviation from at least n=2 
biological replicates. Asterisks represent significance as determined by Welch’s t-test, with 
α=0.05. The ISGs ISG15, STAT1, IRF9, TLR3, and ADAR showed statistically significant 
differences from the empty control.  

Figure 9: Overexpression of some candidate lncRNAs in A375 cells did not induce 
upregulation of interferon stimulated genes in the protective signature. The expression 
levels of interferon-stimulated genes (ISGs) were assessed by RT-qPCR, with n=2 technical 
replicates. Results were normalized to actin-β mRNA. Error bars represent standard deviation 
from at least n=2 biological replicates. TFAP2A-AS1 and MMP25-AS1 significantly induced 
decreased expression of IFI6, ISG15, and STAT1. Asterisks represent significance as 
determined by Welch’s t-test, with α=0.05. Error bars represent standard deviation from at least 
n=2 technical replicates. 
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Table 4: Summary of interferon-stimulated genes in our interferon signature found in 
AGAP2-AS1- and HCP5-204-overexpressing A375 cells.  

Gene Symbol Gene Name  Function  Ensembl ID 
ISG15 Ubiquitin-like 

protein 15 
Inhibits viral replication  ENSG00000187608 

STAT1 Signal transducer 
and activator of 
transcription 1 

Transduces signal in JAK-STAT 
pathway 

ENSG00000115415 

IRF9 Interferon 
Regulatory Factor 9 

Transduces signal in JAK-STAT 
pathway 

ENSG00000213928 

JAK1 Janus kinase 1 Transduces signal in JAK-STAT 
pathway 
 

ENSG00000162434 

TLR3 Toll-like receptor 3 Recognizes pathogens, activate 
innate immune responses  
 

ENSG00000164342 

 

 
2.3.3 HCP5-204-overexpressing melanoma short-term culture induced upregulation of 

genes in the interferon signature  

We wanted to establish a robust ISG signature across different melanoma models, such as the 

A375 immortalized malignant melanoma cell line, as well as more representative models like 

patient derived melanoma short-term culture cells (MSTCs). MSTCs are primary cells directly 

derived from patient tissues which have been passaged for very few times outside of the patient. 

Thus, MSTCs represent a more clinically relevant model of melanoma than the immortalized 

melanoma cell line A375. We transiently overexpressed the lncRNAs of interest in MSTCs. By 

overexpressing the selected lncRNAs in these MSTCs, we expected to see the same set of 

differentially expressed ISGs as in A375s, thus validating the clinical significance of the ISG 

signature identified in A375 cells.  
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Similar to the approach we used for the study of A375s, before overexpressing the lncRNAs of 

interest in MSTCs, we first characterized their responsiveness to hIFN-α1 treatment. Based on 

availability in the lab, we started with 3 different MSTCs - WM1575, WM1716, and WM3682. 

Among the MSTCs, there was not an observable trend of endogenous lncRNA expression. For 

instance, while AGAP2-AS1 expression remained roughly the same following hIFN-α1 stimulation 

in WM1575, it was downregulated in WM1716 and upregulated in WM3682 (Figure 10). In 

parallel, we characterized the endogenous expression levels of selected ISGs – IFI6, ISG15, IRF9, 

SOCS1, and STAT1 – in MSTCs to assess whether those cells maintain IFN responsiveness. We 

found that MSTCs WM1716 and WM1575 showed significant upregulation of these ISGs, while 

WM3682 showed less pronounced IFN responsiveness (Figure 11). For instance, the average IFI6 

expression fold changes in WM1575 and WM1715 were 591.32 and 35.36, respectively, while it 

was 3.87 in WM3682 (Figure 11). Following these characterizations, we chose to perform 

subsequent validation in WM1575 for their high IFN responsiveness.  
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Figure 10: Melanoma short-term culture WM1575 showed elevated lncRNA endogenous 
levels upon type I interferon treatment. Endogenous lncRNA expression levels in the 
presence and absence of hIFN-α1 treatment were assessed by RT-qPCR, with n=3 technical 
replicates. All results were normalized to actin-β mRNA. Error bars show standard deviation 
from at least n=2 biological replicates.   
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To validate the ISG signature found in lncRNA-overexpressing A375s, we ectopically 

overexpressed our lncRNAs of interest in MSTC WM1575. Using RT-qPCR, we confirmed 

overexpression of all 5 candidate lncRNAs (Appendix Figure 6). We then proceeded with ISG 

expression profiling in these lncRNA-overexpressing WM1575s. Results showed upregulation of 

signature ISGs in this MSTC overexpressing HCP5-204, with IRF9 and TLR3 most highly 

induced, having average expression fold changes of 13.70 and 14.19, respectively (Figure 12). 

This finding was consistent with our characterization in A375 cells. Therefore, we have identified 

HCP5-204 to be a positive regulator of the type I IFN response, indicated by its induction of crucial 

ISGs in the IFN signature. In PSMB8-AS1-overexpresssing WM1575, we did not detect significant 

differential expression for most ISGs, similar to our observations in A375s, except for IRF9 that 

displayed a 1.73-fold change, with a p-value of 0.027 (Appendix Figure 7).  
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Figure 11: Selected ISGs showed upregulation in melanoma short-term cultures following 
human interferon-α1 treatment. Endogenous lncRNA expression levels in the presence and 
absence of hIFN-α1 treatment were assessed by RT-qPCR, with n=2 technical replicates. All 
results were normalized to actin-β mRNA. Error bars show standard deviation from at least n=2 
biological replicates. 
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Figure 13: AGAP2-AS1 overexpression in WM1575 did not upregulate any signature gene, 
inconsistent with its characterization in A375s. Interferon-stimulated gene (ISG) expression 
levels were assessed by RT-qPCR, with n=2 technical replicates. All results were normalized 
to actin-β mRNA. Error bars show standard deviation from at least n=2 biological replicates. 
Welch’s t-test with α=0.05 was performed to assess the significance of changes in endogenous 
ISG expression upon treatment with hIFN-α1. 

Figure 12: Overexpression of HCP5-204 induced expression of signature interferon-
stimulated genes. Interferon-stimulated gene (ISG) expression levels were assessed by RT-
qPCR, with n=2 technical replicates. All results were normalized to actin-β mRNA. Error bars 
show standard deviation from at least n=2 biological replicates. Welch’s t-test with α=0.05 was 
performed to assess the significance of changes in endogenous ISG expression upon treatment 
with hIFN-α1. 
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For other lncRNAs, however, overexpression in WM1575 showed different ISG expression 

patterns from that in A375 cells. None of the expression levels of the ISGs in the signature were 

significantly affected by ectopic expression of AGAP2-AS1 in WM1575 (Figure 13), even though 

this lncRNA was shown to be an inducer of signature genes in A375 cells. Meanwhile, all signature 

genes were significantly upregulated following TFAP2A-AS1 overexpression in WM1575 (Figure 

14), opposite of its characterization in A375 cells (Figure 9). The difference in ISG15 expression 

between A375s and WM1575, which was 0.10 and 5.91 compared to respective empty control, 

was particularly remarkable (Figures 9 and 14). The significant upregulation of IFI6 upon 

TFAP2A-AS1 overexpression, which we did not observe by ectopically expressing other lncRNAs 

in WM1575 or in A375s, was also noteworthy (Figure 14). To summarize, findings from AGAP2-

AS1 and TFAP2A-AS1 overexpression in WM1575 deviated from our characterization in A375s, 

and further investigations are required to understand the molecular basis for these discrepancies.  
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Figure 14: Overexpressing TFAP2A-AS1 displayed a protective ISG signature, contrary 
to its characterization in A375s. Interferon-stimulated gene (ISG) expression levels in the 
were assessed by RT-qPCR, with n=2 technical replicates. All results were normalized to actin-
β mRNA. Error bars show standard deviation from at least n=3 biological replicates. Welch’s 
t-test with α=0.05 was performed to assess the significance of changes in endogenous ISG 
expression upon treatment with hIFN-α1.  
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2.4 Chapter Discussion 

In this study, we validated the function of 5 candidate lncRNAs that were previously found to 

potentially modulate type I IFN response (unpublished data from the Novina lab). First, we 

characterized the IFN behavior of the model melanoma cell line A375 and determined a protective 

ISG signature consisting of ISG15, STAT1, IRF9, JAK1, and TLR3 upregulation. Notably, 

STAT1, IRF9, JAK1 are crucial ISGs that are involved in the JAK-STAT signal transduction 

pathway. Subsequently, using a gain-of-function study, we identified HCP5-204 as an inducer of 

type I IFN response in melanoma cells, indicated by the significant upregulation of several 

important ISGs upon ectopic HCP5-204 overexpression. Finally, we validated this signature in 

melanoma short-term culture cells, derived from patient samples, supporting the clinical relevance 

of our findings.  

 

Having identified HCP5-204 as a positive IFN response regulator, we aim to further validate 

HCP5-204 as a potentially protective lncRNA in melanoma. Our next objective is to assess the 

ISG signature linked to HCP5-204 overexpression in several other MSTCs, as well as to 

investigate ISG protein expression levels by immunoblot. Furthermore, using siRNAs, we can 

knock-down the HCP5 transcript in A375s and MSTCs to study the effect of HCP5 depletion on 

the IFN gene signature. In a complementary experiment, we can use the CRISPR-Cas9 system to 

knockout the gene for HCP5 from those cells. Importantly, these two experiments could yield very 

different results because some lncRNAs can have distinct functions at the transcriptional and post-

transcriptional levels. By applying this dual approach, we hope to understand the functional 

mechanism of HCP5 on both levels. Finally, we will also perform RNA-sequencing (RNA-seq) in 
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melanoma cells overexpressing HCP5-204 to interrogate the mechanism by which this lncRNA 

exerts its effect in IFN signaling in the context of cancer.  

 

Overexpression of AGAP2-AS1, induced the upregulation of the same set of ISGs found in A375s 

overexpressing HCP5-204. However, we did not detect significant changes in gene expression in 

WM1575 overexpressing AGAP2-AS1. Ectopic expression of other candidate lncRNAs in 

WM1575 cells did not lead to differences in the expression levels of signature ISGs. Neither A375 

cells nor the primary cells exhibited any difference in ISG expression levels upon PSMB8-AS1 

overexpression. TFAP2A-AS1 and MMP25-AS1 acted as negative regulators of type I IFN response 

in A375s. However, we observed the opposite effect in WM1575 overexpressing TFAP2A-AS1 – 

all the ISGs in the signature were significantly upregulated. 
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Figure 15: Summary of expression profiles of interferon signature genes in lncRNA-
overexpressing A375 and WM1575 melanoma cells. Interferon-stimulated gene (ISG) 
expression was assessed by RT-qPCR. Each grid represents the average of at least n=2 
biological replicates and at least n=2 technical replicates for RT-qPCR. Scale of expression fold 
change is indicated by color gradient next to each graph: upregulation is indicated in green, no 
change in expression is indicated in black, and downregulation in indicated in red.  
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Chapter 3: Discussion and Perspectives  
 
3.1 Summary of results  

In this study, we performed lncRNA gain-of-function studies to identify lncRNAs correlating with 

a robust positive ISG signature in melanoma. First, we profiled ISG expression in melanoma cell 

line A375 and defined a protective gene signature consisting of upregulated ISG15, STAT1, IRF9, 

JAK1, and TLR3. We identified the lncRNA HCP5-204 to be associated with the protective ISG 

signature in A375 cells, as shown by the remarkable upregulation of the signature ISGs upon 

HCP5-204 overexpression. 

 

Previously published work has explored the role of HCP5 in tumorigenesis.63 To date, the best 

characterized mechanism by which HCP5 is involved in tumor growth is by sponging miRNAs, 

which are otherwise regulating the expression levels of protein coding mRNAs. For instance, in 

the context of triple negative breast cancer, HCP5 is found to promote expression of baculoviral 

IAP repeat-containing protein 3 (BIRC3), an inhibitor of apoptosis, by sponging miR-219a-5p.64 

HCP5 also promotes bladder cancer metastasis by sponging miR-29b-3p, preventing its 

interactions with high mobility group box 1 (HMGB1).65 Interestingly, HMGB1 can interact with 

TLR4 and subsequently activate nuclear factor kappa B (NF-κB) signaling, inducing cytokine 

production.66 This finding suggests another potential role of HCP5 in immune pathways. In our 

study, we have identified a new axis for tumor progression by HCP5-204 via IFN-independent 

triggering of IFN-signature genes. Given that HCP5 has been characterized as a competing 

endogenous RNA before,67 it is likely that its involvement in IFN follows a similar mechanism 

and therefore it would be worth to explore this hypothesis in the future stages of this study.  
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Furthermore, we assessed the expression of SOCS1, an inhibitor of the JAK-STAT signal 

transduction pathway and regulator of TLR signaling,68 in HCP5-204 overexpressing melanoma 

cells. We found that exogenous overexpression of HCP5-204 abolished the expression of SOCS1 

in A375 and WM1575 cells (data not shown). Consequently, we observed upregulation of ISGs 

whose expression is commonly regulated by the JAK-STAT pathway. 

 

Similar to that of HCP5-204, overexpression of the lncRNA AGAP2-AS1 in A375 led to 

upregulation of ISG signature genes ISG15, STAT1, IRF9, JAK1, and TLR3; however, we failed 

to observe any differential ISG expression in WM1575. In fact, none of the expression levels of 

the ISGs in the signature were affected by overexpression of AGAP2-AS1 in WM1575 cells. 

Additionally, TFAP2A-AS1, which has a transcription inhibitory effect on our signature IFN genes 

in A375 cells, proved to be an ISG inducer in WM1575. One potential source of the discrepancies 

we observed for AGAP2-AS1 and TFAP2A-AS1 was the different transfection reagents used for 

studying in the two systems – we transfected the plasmids using Lipofectamine 2000 in A375s and 

Lipofectamine LTX in MSTCs. Some biological explanations for the discrepancies could be that 

WM1575 carry a mutation in some upstream effector proteins. For instance, a mutation in the 

RNA-binding site of a protein X that theoretically binds AGAP2-AS1 or TFAP2A-AS1 would 

prevent it from performing any lncRNA-dependent modulation. To investigate this potential 

explanation, the effect of AGAP2-AS1 and TFAP2A-AS1 in type I IFN gene expression should be 

assessed in different melanoma cells, such as other MSTCs and other melanoma cell lines like SK-

MEL-3. This experiment will indicate whether there is a consensus pattern in IFN gene 

transcription regulation in response to ectopic lncRNA overexpression. Once this has been 

established, the next step would be to characterize the interaction partners of AGAP2-AS1 and 
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TFAP2A-AS1 first in A375 cells, where we see a clear functional effect upon lncRNA 

overexpression, and then in WM1575.  

 

Finally, treatment with hIFN-α1 in the lncRNA-overexpressing cells had a consistently repressive 

effect on our ISG signature. Since prolonged type I IFN signaling is also responsible for 

suppressing JAK-STAT signaling,43,44 this could explain differences in the final ISG expression 

levels we observed because we harvested the cells at different time points owing to experimental 

design compromises. Hence, it would be interesting to perform a time course experiment to assess 

early and late effects of lncRNA overexpression on IFN gene regulation in melanoma cells. 

 

3.2 Critical assessment of the study  
  
Endogenously expressed lncRNAs are generally lowly abundant in cells.23 Hence, overexpression 

on such a magnified scale, some as high as 13,000 times the endogenous levels (Figure A6), might 

not have relevant biological implications. We understand that our approach provides a highly 

artificial environment in which to study the effect of our lncRNA of interest. Nevertheless, from 

this artificial set-up we wish to gain valuable information about the function and specific targets 

of our lncRNAs of interest which we aim to further validate in appropriate, biologically relevant 

models. For instance, once we have identified interesting target lncRNAs based on the 

overexpression experiments, e.g. HCP5-204, we aim to generate CRISPR knock-out and knock-

in stable cell lines to study its effects when it is silenced and endogenously expressed, respectively. 

 

Our gain-of-function experiments rely on transfection, a process that introduces foreign nucleic 

acids into cells.69,70 Since type I IFN signaling is triggered upon detection of foreign nucleic acids, 
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such as viral genomes, our experimental approach could be inducing the type I IFN response. In 

agreement with this scenario, we have observed upregulation of TLR3, a double stranded RNA 

PRR, upon overexpression of HCP5-204 and AGAP2-AS1 in A375s. To control for the effect of 

the process of transfection of IFN signaling, we have included an empty (no lncRNA) 

overexpression vector transfection control. This experimental design allows us to discriminate 

between any transfection-related changes in IFN gene expression levels and those directly related 

to lncRNA overexpression. Nevertheless, the presence of foreign a nucleic acid vector could still 

be triggering the differential expression of ISGs due to the PAMP-specific nature of type I IFN 

signaling.  

 

Finally, our study was limited to studying the trans-regulatory effects of our lncRNAs of interest. 

As we used ectopic overexpression of the lncRNAs, we did not assess the potential cis-regulatory 

effects of these lncRNAs. As many of our lncRNAs of interest are antisense lncRNAs and thus 

could be potentially cis-acting, this approach further limits the scope of our study. To address this 

issue, we propose to generate CRISPR-Cas9 knock-out stable cells and study the expression 

patterns of local protein-coding genes when lncRNA transcription is prevented. By studying the 

lncRNA gene in its genomic context, we can observe a full range of effects, on the transcriptional, 

post-transcriptional, translational levels and beyond.  

 

3.3 Future directions  

We have identified the lncRNA HCP5-204 as a potential stimulator of a protective type IFN 

response in melanoma. To further our study, we will perform experiments to solidify our finding. 

Specifically, we aim to: (1) perform siRNA-mediated knockdown of HCP5 expression; (2) 
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generate stable cells using CRISPR-Cas9 knocking-out/down and knock-in lncRNA genes to study 

the effects of endogenous lncRNA expression; (3) identify differentially expressed genes in both 

HCP5-204 over- and under-expressing melanoma cells using RNA-seq. This set of proposed 

experiments can be used for the characterization of other lncRNAs acting in the type I IFN 

response and is not limited to HCP5-204. 

 

Because our ultimate goal is to find lncRNAs that can act as cancer immunotherapy targets, it is 

therefore important to investigate the mechanism through which the selected lncRNA modulates 

the type I IFN response. To elucidate the mechanism of action of our lncRNA target, we propose 

to perform RNA pull-down mass spectroscopy (RP-MS) and yeast three-hybrid (Y3H) 

screening71,72 to identify its interaction partners. We will use mutagenesis analysis to elucidate the 

active motifs on the lncRNA that are essential for its function. In brief, by introducing mutations 

or deletions of functional motifs on the lncRNA and then analyze ribonucleoprotein complex 

formation, we will elucidate the mechanisms of action of the lncRNA in single nucleotide 

resolution. Our lab has used Y3H to decipher the mechanism of SLNCR in melanomagenesis and 

metastasis.33,73 Additionally, it would be useful to know where the lncRNAs predominantly 

localize to. We can explore this by fractionating melanoma cells and then perform RNA in-situ 

hybridization (RNA ISH).  

 

Having established HCP5-204 or other lncRNAs as potential therapeutic targets, we will enable 

the manipulation of those interactions to enhance or inhibit the type I IFN response. Precisely, we 

wish to identify small molecules able to interfere with the native lncRNA-protein complexes. To 

do this, we will re-purpose the Y3H set up to assess lncRNA-protein interactions in the presence 
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of small molecule inhibitors. We will then move on to validate the potential of identified small 

molecules as novel immunotherapy agents first in cellulo using cell culture cells and then in vivo 

using melanoma mouse models. Indeed, there are several mouse models available at Harvard 

Medical School and specifically in the Department of Cancer Immunology and Virology at Dana-

Farber Cancer Institute. Finally, our study will set the ground for potential clinical trials testing 

the therapeutic application of lncRNA-based immunotherapy in the future. 

 

To conclude, we have identified a lncRNA, HCP5-204, that is linked to a strong, protective ISG 

signature in melanoma cells. We validated this finding in MSTC WM1575 overexpressing HCP5-

204. Future experiments will investigate the functions and mechanisms of action of HCP5-204 

modulating the type I IFN response in melanoma. Ultimately, we are using this system to study 

lncRNAs in type I IFN response in melanoma and utilizing the knowledge to develop targeted 

immunotherapy.  
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Appendix 
 

 
Appendix Figure 1: Plasmid map of pcDNA3.1/Puro-CAG-VSFP-CR vector. This was the 
backbone in which the 5 selected lncRNAs were inserted. 

 

 

Appendix Figure 2: qPCR melt peak graphs of lncRNA primers. The singular peak in each 
graph confirms primer binding. 
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Appendix Figure 3: Using gel electrophoresis to validate ISG qPCR primer specificity. 10-
basepair DNA ladder is loaded onto both sides of the gel. qPCR products amplified using ISG 
qPCR primers are loaded into each as indicated. The bands are all at the expected amplicon sizes. 

 
Appendix Figure 4: Dose response curve of hIFN-a1 concentration versus IRF-1 mRNA 
expression. The y-axis shows IRF1 luciferase activity in IFN-a1-treated HEK Lucia Null cells at 
the 48-hour timepoint. EC50 was extrapolated to be 10.42 ng/mL using the GraphPad Prism 
nonlinear regression curve fit function: [agonist] vs. response - variable slope (4 parameters). Data 
by Ksenia Morozova. 
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Appendix Figure 5: Overexpression of lncRNAs AGAP2-AS1 and HCP5-204 was achieved in 
A375s. The expression levels of interferon-stimulated genes (ISGs) were assessed by RT-qPCR. 
Error bars represent standard deviation from n=2 technical replicates. 

 
Appendix Figure 6: LncRNA overexpression was achieved in MSTC WM1575, and hIFN-α1 
stimulation further increased lncRNA overexpression levels. Transient lncRNA 
overexpression was achieved through plasmid transfection using Lipofectamine LTX, and 
10.42ng/mL of hIFN-α1 was added to IFN-treated cells 24 hours prior to RNA extraction. 
LncRNA expressions in the presence and absence of hIFN-α1 treatment was assessed by RT-qPCR. 
Results were normalized to actin-β mRNA. Error bars show standard deviation from n=3 technical 
replicates. Welch’s t-test with α= 0.05 was performed to assess the significance of changes in 
endogenous lncRNA upon treatment with hIFN-α1. 
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Appendix Figure 7: PSMB8-AS1 overexpression in WM1575 did not upregulate any 
signature gene. Interferon-stimulated gene (ISG) expressions in the presence and absence of 
hIFN-α1 treatment was assessed by RT-qPCR. All results were normalized to actin-β mRNA. 
Error bars show standard deviation from n=2 technical replicates. Welch’s t-test with α=0.05 was 
performed to assess the significance of changes in endogenous ISG expression. 
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