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 Throughout the past several decades it has become increasingly apparent 

that a large proportion of the human genome is transcribed, while only a small 

fraction (~2%) codes for protein. Among the non-coding transcriptome is a class 

of RNA termed long noncoding RNAs. Although recent estimates have 

suggested close to 20,000 potentially functional long noncoding RNAs within the 

human genome, the functions and mechanisms of these transcripts remain 

largely unexplored. In the studies presented here, we demonstrate novel 

functions and molecular mechanisms for the long noncoding RNA, LINC00662, in 

2 different cellular processes: DNA damage repair and cancer cell migration. We 

found that in response to UV irradiation, LINC00662 is up-regulated through a 

splicing mechanism dependent upon hnRNP C binding to an Alu sequence within 

LINC00662 exon 3. Surprisingly, we also found that this UV-induced splicing 

mechanism is likely regulated by N6-methyladenosine (m6A) modification. We 

provide evidence that LINC00662 enhances non-homologous end joining through 
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interaction with Ku70 and Ku80, leading to more efficient DNA damage repair. 

We also found that loss of LINC00662 alters cell morphology and migratory 

potential for cancer cells, likely through regulation of genes involved in 

extracellular matrix organization and eukaryotic translation elongation. Finally, we 

show that LINC00662 is often overexpressed in several cancers, and that altered 

LINC00662 expression is correlated with clinical outcomes for select cancers. 

Together, these studies further our understanding of the diverse regulatory roles 

for long noncoding RNAs in complex cellular processes and implicate LINC00662 

as a functionally significant long noncoding RNA for human health and disease.  
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1.1 General characteristics of lncRNAs 

Within humans, it is well recognized that only a small fraction (~2%) of the 

genome codes for proteins, while a majority (~98%) of the genome is non-

protein-coding. Traditionally, these non-coding regions of the genome were 

largely considered “junk” with the exception of DNA regulatory elements. With the 

rapid increase in sequencing technologies over the past 2 decades, it has 

become apparent that nearly 75% of the human genome is represented by 

primary RNA transcripts (Djebali et al., 2012). This observation suggests the 

possibility of vast noncoding RNA regulatory networks within human cells. This 

idea is further supported by the fact that organismal complexity is positively 

correlated with the proportion of non-coding genomic DNA (Taft et al., 2007).  

Among the noncoding transcriptome, a class of RNA termed long 

noncoding RNAs (lncRNAs) has attracted recent interest from researchers. 

lncRNAs are defined as RNA transcripts longer than 200 nucleotides in length, 

distinguishing them from classes of small regulatory noncoding RNAs, and do not 

contain a functional open reading frame. Most lncRNAs are transcribed by RNA 

polymerase II, and similar to mRNAs, are often capped, polyadenylated, and 

spliced. lncRNAs have been broadly classified by the genomic region from which 

they originate. These classifications can include transcripts that are antisense, 

intronic, divergent, enhancer, and intergenic (Figure 1.1). To simplify issues 

arising from non-coding transcripts that overlap protein-coding loci, significant 
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effort has been focused on dissecting the functions and mechanisms of 

intergenic lncRNAs (Ulitsky and Bartel, 2013). 

 

1.2 Identification of potentially functional lncRNA loci 

Estimates for the number of potentially functional lncRNAs within the 

human genome have varied drastically from less than 15,000 to over 100,000  

(Derrien et al., 2012; Zhao et al., 2016). A more recent study integrating 

expression, genetic, and conservation data has estimated 19,175 potentially 

functional lncRNAs within the human genome (Hon et al., 2017). Although these 

estimates indicate a substantial class of regulatory RNA, many believe these 

numbers are massively overestimated (Kopp and Mendell, 2018). Given the 

imperfect nature of the transcription machinery (Struhl 2007), and the fact that 

transcription can initiate bi-directionally and from both promoter and enhancer 

regions (Core et al., 2008; Li et al., 2016), it is likely that many lncRNAs 

represent transcriptional noise, rather than perform sequence specific functions. 

This idea is supported by the observation that lncRNAs are often expressed in a 

tissue specific manner with far lower average expression compared to mRNAs, 

and display little primary sequence conservation across species (Cabili et al., 

2011; Derrien et al., 2012; Ulitsky et al., 2011). Furthermore, a recent report has 

revealed that a majority of lncRNAs display weak co-transcriptional splicing, 

poly(A) signal independent transcription termination, are restricted to chromatin 

fractions, and are rapidly degraded by the RNA exosome (Schlackow et al., 
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2017). These observations suggest a possible nuclear surveillance mechanism 

that a functional lncRNA must overcome. Despite this evidence, an ever-

increasing number of functions and mechanisms are being reported for lncRNA 

loci. Even if there are far fewer functional lncRNAs than once anticipated, 

dissection of their functions and mechanisms could provide critical insight in 

furthering our understanding of complex cellular processes and human disease. 

 

1.3 Functions and mechanisms of lncRNAs in diverse cellular processes 

As previously mentioned, a constantly increasing number of functional 

lncRNAs are being reported in diverse cellular contexts, with much of their 

function revolving around regulation of gene expression. The potential for 

lncRNAs to regulate diverse cellular processes stems from the fact that RNA is a 

versatile molecule (Geisler and Coller, 2013). At the primary sequence level, 

RNA is able to base pair with other RNA and DNA molecules. These primary 

sequence interactions can facilitate the targeting of specific RNA transcripts or 

particular regions within the genome. Furthermore, RNA binding proteins can 

associate with RNA through both primary sequence and secondary structural 

recognition (Hentze et al., 2018). Through the combination of these dynamic 

molecular interactions, lncRNAs provide a foundation to form complex regulatory 

networks. With these modes of action in mind, the following sections will take a 

more in depth look at only a handful of the diverse cellular functions and 

molecular mechanisms that have been reported for mammalian lncRNAs. 
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1.3a Regulators of Chromatin Structure 

Several lncRNAs play important regulatory roles in nuclear organization. 

One example is the lncRNA X-inactive-specific transcript (Xist). Xist was 

originally identified as a master regulator of X chromosome inactivation (XCI) in 

mammals (Brockdorff et al., 1992; Brown et al., 1991; Penny et al., 1996), and is 

one of the most vigorously studied lncRNAs. Xist is monoallelically expressed 

from the future inactive X-chromosome and initiates XCI by spreading across the 

X chromosome, excluding RNA polymerase II, and relocating active genes into 

epigenetically silenced compartments (Hasegawa et al., 2010; Engreitz et al., 

2013; Chaumeil et al., 2006). While functionally well defined, the molecular 

mechanism by which Xist carries out these functions remained unclear and 

controversial for many years. Recent developments in techniques used for 

unbiased interrogation of RNA-protein interactions have proven critical in 

establishing a molecular mechanism for Xist (Chu et al., 2015; McHugh et al., 

2015; Minajigi et al., 2015). McHugh and colleagues describe a model in which 

interactions with three proteins, SHARP, SAF-A, and LBR, are required for Xist-

dependent transcriptional silencing. SAF-A was previously reported to bind and 

help localize Xist to the inactive X chromosome (Hasegawa et al., 2010). SHARP 

binds to Xist and recruits SMRT complex, which can further recruit and activate 

HDAC3 to establish a compact transcriptionally silent chromatin state through the 

removal of activating histone acetylation marks. The group further suggests that 

LBR may be responsible for repositioning genes into the RNA Pol II excluded 
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compartment (McHugh et al., 2015). Another example for regulation of nuclear 

organization is the lncRNA functional intergenic repeating RNA element (Firre). 

Firre was found to escape X-chromosome inactivation and localize to the X-

chromosome in cis, as well as other chromosomes in in trans. Furthermore, Firre 

organizes these trans-chromosomal regions in spatial proximity to its genomic 

locus through interaction with hnRNPU (Hacisuleyman et al., 2014). Both of 

these examples demonstrate how lncRNAs can facilitate nuclear organization 

through specific RNA-protein interactions.  

In addition to nuclear organization, many lncRNAs can regulate gene 

repression through interactions with chromatin-modifying complexes. The 

lncRNA HOTAIR was originally identified as a mediator of epigenetic repression 

of the HOXD locus by associating with both Polycomb Repressive Complex 2 

(PRC2) and LSD1 (Rinn et al., 2007; Tsai et al., 2010). PRC2 is responsible for 

histone H3 lysine 27 tri-methylation and LSD1 mediates demethylation of histone 

H3 lysine 4, both of which serve as repressive marks for the HOXD locus. 

Consistent with this mechanism, ANRIL was identified as an antisense lncRNA 

that regulated repression of the p15 tumor suppressor gene (Yu et al., 2008). 

ANRIL mediates these effects through interaction with components of both PRC1 

and PRC2 to represses local chromatin structure in cis (Yap et al., 2010; Kotake 

et al., 2011). Together, these findings suggest a model in which lncRNAs 

regulate gene expression through recruitment of chromatin-modifying complexes 

to specific genomic loci. Although recent studies have challenged this 
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mechanism by suggesting that PRC2 is not required for HOTAIR-mediated 

transcriptional repression (Portoso et al., 2017). This model is further 

complicated by the fact that PRC2 is notorious for non-specific RNA binding 

(Davidovich et al., 2015) 

Conversely, lncRNAs can also maintain gene activation through 

interactions with chromatin modifying proteins. The lncRNA lncPRESS1 was 

identified as a p53-regulated transcript, and functions to regulate a gene network 

involved in maintaining hESC pluripotency. LncPRESS1 mediates these effects 

through interaction with SIRT6. This RNA-protein interaction disrupts SIRT6 

chromatin localization and activity, resulting to higher levels of histone acetylation 

(Jain et al., 2016). In contrast to the previous model where lncRNAs localize 

chromatin remodelers to specific genomic loci, lncPRESS1 appears to act as a 

molecular decoy to prevent localization of chromatin remodeling complexes. 

 

1.3b Regulators of transcription machinery 

lncRNA can directly interact with transcriptional machinery to regulate 

gene expression. Examples of this regulation are seen in the lncRNAs PRNCR1 

and PCGEM1. Both of these lncRNAs are highly overexpressed in aggressive 

prostate cancer and bind directly to the androgen receptor (AR). This RNA-

protein interaction enhances both ligand-dependent and ligand-independent AR 

gene activation, likely through recruitment of additional factors that mediate 

looping of AR bound enhancers to target promoter regions. Importantly, 
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knockdown of PRNCR1 and PCGEM1 strongly reduces in vivo tumor growth 

(Yang et al., 2013). Another example of this regulation has been reported for the 

heat-shock transcription factor 1 (HSF1). During heat shock, HSF1 activation is 

dependent on the lncRNA HSR1, and loss of HSR1 in vivo leads to cells that are 

thermosensitive (Shamovsky et al., 2006). In contrast to these two examples, 

lncRNAs can also inhibit transcription factor activity through RNA-protein 

interactions. Gas5 lncRNA was reported to bind and inhibit the glucocorticoid 

receptor (GR) by acting as a decoy glucocorticoid receptor element (Kino et al., 

2010). In this mechanism, lncRNAs can compete with DNA for transcription 

factor binding, thus diminishing transcription factor activity. Through a slightly 

different mechanism, the lncRNA NRON is able to inhibit NFAT transcription 

factor activity. NRON interacts with proteins involved in nuclear import, which 

leads to inhibition of NFAT nuclear trafficking (Willingham et al., 2005). This 

report suggests a model where lncRNAs can alter transcription factor activity 

through regulation of their subcellular localization. 

 

1.3c Post-transcriptional Gene Regulation 

Many lncRNAs are able to regulate gene expression at the post-

transcriptional level through a variety of different mechanisms. One example of 

this regulation is highlighted by the lncRNA MALAT1. Among other reported 

functions, MALAT1 regulates mRNA alternative splicing through an indirect 

mechanism that involves interaction with serine/arginine (SR) splicing factors. 
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Interactions with MALAT1 alter the nuclear distribution of SR proteins, and loss of 

MALAT1 changes alternative splicing patterns for a set of pre-mRNAs (Tripathi et 

al., 2010).  

In addition to alternative splicing, lncRNAs can control post-transcriptional 

gene expression by regulating mRNA stability. An interesting example of this is 

seen with 1/2sbsRNAs. STAU1 is a RNA binding protein, which can recognize 

double-stranded RNA within the 3’UTR of mRNA. STAU1-RNA binding facilitates 

recruitment of RNA degradation factors, resulting in a process termed STAU1-

mediated mRNA decay (SMD). Gong and Maquat report a mechanism in which 

lncRNA Alu transposable elements can base pair with complementary Alu 

elements in the 3’UTR of mRNA. This Alu-Alu RNA base pairing forms a double-

stranded RNA substrate that can be recognized and degraded through SMD. 

lncRNAs that function through this mechanism have been termed half-STAU1-

binding site RNAs (1/2sbsRNAs) (Gong and Maquat, 2011). Another example of 

mRNA stability regulation was reported for the lncRNA TINCR. The TINCR 

transcript is up-regulated over 150-fold during human epidermal differentiation 

and is required to maintain high expression of important epidermal differentiation 

genes. TINCR interacts with target mRNAs involved in differentiation through 

RNA-RNA base pairing of a conserved motif. This double-stranded RNA is also 

recognized by STAU1, but in contrast to 1/2sbsRNAs, TINCR-STAU1 complex 

appears to stabilize target mRNAs (Kretz et al., 2013). Together, these two 
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examples demonstrate a general mechanism where lncRNAs can target specific 

mRNA transcripts by combining both RNA-RNA and RNA-protein interactions.  

Additionally, lncRNAs can regulate mRNA translation. The antisense 

lncRNA AS-Uchl1 controls translation of its sense protein-coding gene Uchl1. 

Interestingly, this translation control appears to be dependent on 2 key elements 

within the AS-Uchl1 transcript. The first element is the region of the lncRNA that 

overlaps the protein-coding gene in the antisense orientation. This antisense 

overlap gives the lncRNA potential to RNA base pair with the mRNA of the 

protein-coding gene. The second necessary feature is a SINEB2 transposable 

element within the lncRNA. Deletion of either of these elements fails to up-

regulate Uchl1 protein level, while Uchl1 mRNA level remains the same (Carrieri 

et al., 2012). AS-Uchl1 provides an example for how sense-antisense RNA pairs 

can regulate expression of specific protein-coding genes. 

Another major function of lncRNAs is regulation of gene expression 

through sequestration of micro RNAs (miRNAs). These lncRNAs have been 

termed miRNA sponges, and as the name suggests, compete for miRNA binding 

with mRNA targets. One of the first examples of functional miRNA sponge was 

ciRS-7. This circular non-coding transcript acts as a miRNA sponge for miR-7. 

ciRS-7 has over 70 conserved miRNA binding sites and although widely 

associated with Argonaute proteins, ciRS-7 is resistant to miRNA mediated 

degradation. Binding of miR-7 to ciRS-7 inhibits miRNA activity and results in up-

regulation of miR-7 mRNA targets (Hansen et a., 2013). Hansen and colleagues 
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also report a testis-specific circular RNA that acts as a miR-138 sponge. Others 

have reported further evidence for this mechanism, implicating circular RNAs as 

a subclass of lncRNA responsible for post-transcriptional gene regulation 

(Memczak et al., 2013; Piwecka et al., 2017). Together, these observations 

support the competing endogenous RNA (ceRNA) hypothesis, where competitive 

interactions between miRNAs, mRNAs, and lncRNAs establish complex gene 

expression regulatory networks (Salmena et al., 2011). 

 

1.3d Regulation of protein function 

The previous sections have provided several examples of lncRNA that 

regulate gene expression through recruiting proteins to specific mRNA transcripts 

or genomic loci, as well as protein sequestration by acting as a molecular decoy. 

In addition to these mechanisms, lncRNAs can also bind and regulate protein 

activity in different cellular contexts. In fact, several lncRNAs have been 

implicated in regulating signal transduction pathways. The lncRNA lnc-DC was 

identified as an important regulator of human conventional dendritic cell (DC) 

differentiation. Lnc-DC mediates these effects by binding directly to the 

transcription factor STAT3. Binding of lnc-DC with STAT3 increases 

phosphorylation at tyrosine-705 through inhibition of interactions with SHP1, the 

protein phosphatase responsible for dephosphorylating this residue. 

Phosphorylated STAT3 can further activate gene programs involved in DC 

differentiation (Wang et al., 2014). This mechanism provides an example of how 
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lncRNA-protein interactions can inhibit protein-protein interactions that regulate 

cell-signaling events.  

Similar to this mechanism, lincRNA-p21 has been reported to regulate 

hypoxia-inducible factor-1 alpha (HIF1α) signaling. HIF1α is a subunit of the 

heterodimeric transcription factor complex HIF-1, which functions as a master 

regulator of the hypoxia response. During normal conditions when oxygen is 

available, HIF1α is hydroxylated and recognized by VHL, an ubiquitin E3 ligase, 

which leads to the degradation of HIF1α via the ubiquitin-proteasome pathway. 

Under hypoxic conditions, however, HIF1α is stabilized and can transcriptionally 

activate expression of genes involved in the hypoxia response. Yang and 

colleagues report that lincRNA-p21 is a hypoxia-responsive lncRNA, which in 

turn, binds to and regulates HIF1α and VHL. The binding of lincRNA-p21 is 

suggested to disrupt the HIF1α-VHL interaction, leading to stabilization of HIF1α 

(Yang et al., 2014). This mechanism suggests the possibility that lncRNAs are 

able to form regulatory feedback loops for cell signaling pathways. Additional 

functions for lincRNA-p21 have been reported and will be discussed in detail 

later. 

The lncRNA LINK-A has also been reported to regulate signal 

transduction pathways, but through a slightly different mechanism. LINK-A is 

frequently up-regulated in triple-negative breast cancer (TNBC) and results in 

HIF1α signaling under normoxic conditions. Mechanistically, LINK-A first recruits 

BRK to the activated receptor complex EGFR:GPNMB. LINK-A binding can 
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further activate BRK kinase activity, which leads to HIF1α phosphorylation and 

subsequent stabilization. Importantly, activation of HIF1α under normoxic 

conditions enhances glycolysis and promotes tumorigenesis in TNBC (Lin et al., 

2016). This example demonstrates how lncRNAs can act as a modular scaffold 

to co-localize multiple different proteins and facilitate cellular signaling events.  

lncRNAs can also regulate cellular processes such as DNA replication. 

The cell cycle regulated lncRNA CONCR is required for cell cycle progression 

and DNA replication. CONCR loss results in defects in sister chromatid cohesion 

during cell division, and this function is mediated through interaction and 

regulation of the DNA-dependent helicase DDX11 (Marchese et al., 2016). 

Another example of this is seen with the lncRNA NORAD. Originally identified as 

DNA damage inducible, NORAD was found to be necessary for maintaining 

genomic stability (Lee et al., 2016). Additional mechanistic studies uncovered 

that NORAD regulates assembly of the topoisomerase complex, NARC1, through 

interaction with RBMX, and loss of NORAD results in chromosome segregation 

defects, decreased velocity of replication fork, and changes in cell cycle 

progression (Munschauer et al., 2018). 

Taken together, all of these examples reveal several unifying mechanisms 

by which lncRNAs can regulate cellular processes. (1) lncRNAs can guide 

regulatory proteins to specific RNA transcripts or genomic loci. (2) lncRNAs can 

act as molecular decoys through competitive binding of both proteins and RNA, 

which can inhibit other molecular interactions. (3) lncRNAs can act as modular 
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scaffolds to localize multiple components of regulatory complexes within close 

proximity of each other. (4) lncRNA binding can alter enzymatic activity.  

 

1.3e RNA sequence-independent lncRNA loci  

It is important to address the fact that functions associated with a lncRNA 

loci are not always RNA sequence-dependent. In fact, the act of transcription at 

lncRNA loci may be responsible for the associated functions rather than the RNA 

itself. An example of this is seen with Airn, which is an antisense lncRNA 

responsible for imprinted Igf2r silencing. Through the use of poly(A) signal 

induced truncations, Latose and colleagues demonstrated that the silencing 

function of Airn is only dependent on sequence that overlaps with the Igf2r 

promoter, and that this silencing is likely caused by transcriptional interference 

rather than the RNA transcript itself (Latose et al., 2012). Another example of this 

is seen in the mouse lncRNA upperhand (Uph). Uph is transcribed from a super 

enhancer region for the gene Hand2, a transcription factor critical for heart 

development. Anderson and colleagues found that transcription of Uph is 

necessary to maintain the super enhancer signature and elongation of Hand2, 

but again, this function is independent of the Uph transcript (Anderson et al., 

2016). Furthermore, Engreitz and colleagues genetically manipulated 12 lncRNA 

loci within mouse cell lines and found that 5 of these loci regulated nearby gene 

expression in cis. Surprisingly, none of these regulatory effects required the 

lncRNA transcripts themselves. Instead, these cis regulatory effects come from 
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general processes involved in lncRNA production such as enhancer activity of 

the lncRNA promoter, the act of transcription, and splicing of the transcript 

(Engreitz et al., 2016). This report demonstrates how embedded DNA regulatory 

elements and production of transcripts from lncRNA genomic loci can regulate 

nearby gene expression independent of the lncRNA transcript itself.  

 

1.3f Annotated lncRNAs can produce small functional peptides 

Recent studies have further challenged the idea of RNA-dependent 

functions for lncRNAs by demonstrating that genes originally annotated as non-

coding can actually produce small functional peptides. In fact, a majority of 

lncRNAs contain small open reading frames that are assumed to be 

nonfunctional. One of the first examples of this was seen for the micropeptide 

MLN. This micropeptide is encoded within a gene originally annotated as a 

lncRNA and is highly expressed in all skeletal muscle. MLN regulates Ca2+ 

uptake through direct interaction with SERCA. Importantly, loss of MLN in mice 

improved Ca2+ uptake in skeletal muscle and enhanced exercise performance 

(Anderson et al., 2015). Another example of this is seen for the conserved SPAR 

polypeptide encoded by the previously annotated lncRNA LINC00961. SPAR is 

down-regulated in skeletal muscle during acute injury and controls muscle 

regeneration through inhibition of mTORC1 (Matsumoto et al., 2017). Both of 

these examples serve as a reminder that protein-coding potential for all lncRNAs 

must be vigorously examined before assuming RNA-dependent functions. 
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1.4 lncRNAs in DNA damage response and cancer metastasis 

Emerging evidence continues to support the idea that lncRNAs are often 

dysregulated in cancer, and play important functional roles in both cancer 

initiation and disease progression (Huarte, 2015). Thus, lncRNAs provide 

potential therapeutic targets for treatment of specific cancers. Relevant to 

following chapters, I would like to highlight lncRNAs that function in two particular 

cellular processes critical for tumorigenesis, DNA damage response (DDR) and 

metastasis. 

 

1.4a DNA damage response and repair pathways 

Maintenance of genomic integrity is a challenge that every organism must 

face if they are to survive and reproduce. To combat environmental and 

endogenous insults to genetic information, organisms have evolved complex 

signal transduction pathways known as the DDR. Given that the main function of 

DDR is to maintain genomic integrity, dysregulation of this process can lead to 

genomic instability, a characteristic of most human tumors (Lord and Ashworth, 

2012). In general, DDR is first initiated through the sensing of damaged DNA or 

replication stress. DNA damage sensors can recruit and activate the kinases 

ATM or ATR, which can then phosphorylate and activate mediator proteins 

(Ciccia and Elledge, 2010). One important mediator of the DDR is the histone 

variant H2AX, which is phosphorylated at ser139 by ATM/ATR (Rogakou et al., 

1998). Activation of mediators such as H2AX can amplify the DDR signal through 
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recruitment of additional ATM/ATR substrates and repair factors (Harper and 

Elledge, 2007). Importantly, ATM/ATR kinase activity can lead to activation of 

effector proteins, such as the transcription factor p53, which can initiate 

transcriptional programs involved in the DDR. Activation of p53 can result in a 

number of different cellular outcomes such as temporary cell cycle arrest and 

subsequent repair of the damaged DNA, permanent cell cycle arrest 

(senescence), or programmed cell death (Apoptosis) if the damage is too severe 

(Vousden and Prives, 2009). 

Among many repair pathways, classic non-homologous end joining 

(NHEJ) is frequently used to repair double strand breaks (DSB) in cancer cells. 

During the initial steps of NHEJ the Ku70-Ku80 heterodimer quickly recognizes 

and binds to broken DNA ends. DNA binding of Ku70-Ku80 leads to recruitment 

DNA-PKcs, which results in the formation of a synaptic complex through 

interaction of two DNA-PKcs across a DSB. DNA-PKcs is further activated 

through autophosphorylation and can recruit additional factors that result in 

processing of the DNA ends. These factors can include the Artemis complex, 

which possesses nuclease activity, as well as the DNA polymerases µ and λ to 

fill in DNA gaps. Ultimately, the XRCC4-DNA ligase IV complex is recruited to the 

DSB and mediates ligation of the damaged DNA ends (Mahaney et al., 2009). 

Although the main goal of DNA damage repair is to maintain genomic integrity, 

NHEJ can actually promote genomic instability and tumorigenesis through error-

prone repair mechanisms and chromosomal translocations (Sishc and Davis, 
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2017). Furthermore, the efficacy of DNA damaging cancer therapies can be 

diminished by NHEJ, which can repair DNA lesions before they become toxic to 

the cancer cells (Helleday et al., 2008). 

While many of the proteins involved in the DDR are well characterized, the 

contribution of non-coding RNAs to this process remains poorly understood. As 

highlighted in the previous sections, lncRNAs have the ability to regulate cellular 

processes through a number of different molecular mechanisms. This opens the 

possibility for widespread regulation of the DDR by lncRNAs. 

 

1.4b Regulation of the DNA damage response by lncRNAs 

Interestingly, some lncRNAs have been reported to function in the DDR 

through multiple different mechanisms. A well-studied example is lincRNA-p21. 

Mentioned earlier, this lncRNA has also been reported to regulate the hypoxia 

response through HIF1α. LincRNA-p21 was first identified as a p53-regulated 

lncRNA that is required for proper induction of apoptosis. Huarte and colleagues 

originally reported that siRNA-mediated knockdown of lincRNA-p21 resulted in 

differential expression of hundreds of genes normally repressed by p53, and that 

this global gene repression is mediated through lincRNA-p21-hnRNP-K 

interaction (Huarte et al., 2010). These observations led the group to hypothesize 

that lincRNA-p21 regulates p53-dependent gene repression during the DNA 

damage response through regulation of repressive complexes. However, recent 

studies have presented conflicting evidence to this original report. Using a 
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conditional knockout mouse model, Dimitrova and colleagues found that 

lincRNA-p21 functions in cis to activate expression of its neighbor gene, p21. 

They also demonstrate how down-regulation of p21 can account for the 

phenotypes associated with loss of lincRNA-p21. Shockingly, gene expression 

altered by conditional lincRNA-p21 knockout showed no significant overlap with 

gene expression altered in the previous study using siRNA mediate knockdown 

(Dimitrova et al., 2014). Furthermore, others have reported embedded DNA 

regulatory elements within the lincRNA-p21 locus. Groff and colleagues found 

that deletion of the lincRNA-p21 locus in cell lines that previously displayed no 

detectable expression of the transcript still lead to changes in local gene 

expression. The group further confirmed the existence of DNA enhancer 

elements within the genomic locus and suggested that these elements were 

responsible for lincRNA-p21 associated phenotypes (Groff et al., 2016). In spite 

of the confusion over the mechanism of lincRNA-p21, it is clear that this non-

protein coding locus regulates the DNA damage response in some capacity. 

Importantly, lincRNA-p21 serves as an example of the need for careful functional 

and mechanistic interrogation of lncRNA loci. 

Several other lncRNAs have been reported as p53 transcriptional targets 

in response to DNA damage. Similar to lincRNA-p21, the lncRNA PANDA is 

expressed from approximately 5 kb upstream the p21 transcription start site and 

limits the expression of pro-apoptotic genes through interaction with the 

transcription factor NF-YA (Hung et al., 2011). Olivero and colleagues have 
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recently reported a p53-regulated isoform of the lncRNA Pvt1, Pvt1b. This 

isoform is specifically induced by p53 in response to either DNA damage or 

oncogenic activation, and functions in cis to down-regulate expression of the 

neighboring gene Myc. Importantly, loss of Pvt1b leads to increased tumor 

growth in vivo (Olivero et al., 2020). The precise mechanism by which Pvt1b 

regulates Myc expression remains unclear. Furthermore, other groups have 

made efforts to identify p53-regulated lncRNA loci genome wide (Sanchez et al., 

2014) 

lncRNAs can also directly regulate p53. The lncRNA RoR is able to 

suppress translation of p53 through interaction with hnRNP I and inhibits p53-

mediated cell cycle arrest and apoptosis (Zhang et al., 2013). Another example is 

seen in the lncRNA PURPL. Loss of PURPL leads to an increase in p53 levels in 

colorectal cancer cells, implicating PURPL as a negative regulator of p53 

expression. These effects are mediated through PURPL association with the 

protein MYBBP1A. MYBBP1A is known to bind and stabilize p53, and this 

interaction is disrupted by PURPLE-MYBBP1A association (Li et al., 2017a). 

Interestingly, both RoR and PURPL are p53 transcriptional targets, further 

suggesting that lncRNAs can form auto-regulatory feedback loops. 

p53 has also been reported to regulate transcription of enhancer RNAs 

(eRNAs). As the name suggests, eRNAs are lncRNAs that are produced from 

enhancer regions. Melo and colleagues reported that p53-bound enhancers can 

produce eRNAs, and production of these eRNAs are required for up-regulating 
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transcription of target genes. Although the mechanism behind this transcriptional 

enhancement is unclear, this provides yet another example of how lncRNAs can 

regulate local gene expression in cis (Melo et al., 2013). 

lncRNAs can regulate other aspects of the DNA damage response such 

as DNA damage repair. LINP1 regulates NHEJ repair pathway by acting as a 

modular scaffold for repair proteins. Specifically, LINP1 binds to both the NHEJ 

proteins Ku80 and DNP-PKcs and enhances their interaction during double 

strand break repair. Importantly, LINP1 expression is associated with TNBC, and 

loss of LINP1 sensitizes TNBC cells to ionizing radiation in vivo (Zhang et al., 

2016) 

 

1.4c The metastatic cascade 

Metastasis is a general term used to describe the process of primary 

tumor cell dissemination to local or distant tissues and is responsible for the 

majority of cancer related mortality (Chaffer and Weinberg, 2011). Primary tumor 

cell dissemination and development of metastatic lesions is a complex multistep 

process that has been termed the metastatic cascade (Fidler, 2003; Gupta and 

Massagué, 2006). The first step of this cascade involves local invasion of primary 

tumor cells into the surrounding tissue. To invade local tissue, metastatic 

carcinoma cells must pass through the basement membrane, which is often 

achieved through carcinoma cell-secreted proteases. Importantly, transit through 

the basement membrane can further lead to the acquisition of malignant traits 
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through release of extracellular matrix (ECM)-associated growth factors as well 

as integrin-ECM mediated signaling events (Bissell and Hines, 2011). Next, a 

metastatic carcinoma cell must enter the circulatory system through a process 

called intravasation. For this to occur, cancer cells must possess the ability to 

invade through the endothelial barrier that forms blood vessels. Once in the 

circulatory system, carcinoma cells must survive a number of different stresses 

including mechanical forces, ECM detachment, and immune detection. 

Circulating carcinoma cells must then exit the circulatory system in a process 

called extravasation. Finally, the carcinoma cells can colonize the distant tissues, 

resulting in metastatic lesions (Valastyan and Weinberg, 2011). 

One important process underlying many steps of the metastatic cascade 

is the epithelial-mesenchymal transition (EMT). EMT is a collection of 

developmental biological programs resulting in the loss of epithelial and gain of 

mesenchymal like characteristics. Expression of these developmental programs 

is controlled by master regulatory transcription factors such as Snali, Slug, Twist, 

and Zeb1. During tumor progression, EMT programs are often activated through 

growth factor signaling pathways such as TGF-β and Wnt, and activation of these 

programs confers malignant traits necessary for metastatic dissemination such 

as increased cellular motility and invasiveness. Furthermore, induction of EMT 

programs can equip cancer cells with tumor initiating capabilities, often 

necessary for colonization of distant tissues (Lambert et al., 2017).  
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In addition to EMT, cellular adhesion to the extracellular matrix (ECM) is 

another critical process underlying normal and cancer cell migration and 

regulates every step of the metastatic cascade (Friedl and Alexander, 2011; 

Pickup et al., 2014). It is through cell-ECM adhesion that the cell acquires the 

traction needed for cell migration. Integrins are a family of transmembrane 

glycoproteins that form heterodimeric receptors for ECM molecules and are 

recognized as important mediators of cell adhesion. Upon interaction with the 

ECM, integrins cluster into structures called focal adhesions, which recruit a 

number of scaffolding proteins that link to the actin cytoskeleton. In addition to 

linking the actin cytoskeleton with the ECM, integrins also recruit a number of 

signaling molecules that transduce information about the extracellular 

environment and can influence cellular processes such as migration, 

proliferation, and survival (Hood and Cheresh, 2002). Importantly, many studies 

have reported significant differences in integrin expression and distribution in 

malignant tumors (Mizejewski, 1999; Brooks et al., 1994; Serini et al., 1996). 

Furthermore, Proteomic studies have suggested that tumors of different 

metastatic potential differ in ECM composition (Naba et al., 2012), and other 

studies have associated ECM composition with breast cancer clinical outcome 

(Bergamaschi et al., 2008), highlighting the importance of cell-ECM interaction in 

cancer progression and metastasis. 
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1.4d Regulation of cancer metastasis by lncRNAs 

Interestingly, some lncRNAs have been reported to function in cancer 

metastasis. A well-established example of this is lncRNA-LET. This transcript is 

often down-regulated in hepatocellular carcinoma through hypoxia-induced 

histone deacetylase 3. Down-regulation of lncRNA-LET promotes stabilization of 

the NF90 protein, which results in hypoxia-induced cancer cell invasion (Yang et 

al., 2013). Others have reported that the lncRNA SLINCR mediates invasion of 

melanoma cells. SLINCR interacts with Bm3a and the androgen receptor to 

specifically activate transcription of MMP9, a protease well recognized for its 

ability to remodel the ECM and promote invasion (Schmidt et al., 2016). 

Furthermore, the lncRNA BCAR4 regulates breast cancer metastasis through 

binding the transcription factors SNIP1 and PNUTS in a chemokine-dependent 

manner. Importantly, knockdown of BCAR4 in mouse models strongly inhibited 

breast cancer metastasis (Xing et al., 2014). Although many others have 

reported association of lncRNA expression with metastasis (Hu et al., 2014; Li et 

al., 2017b; Lin et al., 2015; Liu et al., 2013; Piipponen et al., 2018), few have 

provided insight into their mechanism of action. Together, these reports suggest 

the possibility that lncRNAs are important players in regulating multiple steps of 

the metastatic cascade. 
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1.5 Initial reports for the function of LINC00662 

The following chapters will focus on the functions and mechanisms of one 

lncRNA in particular, LINC00662. Upon initiation of this work, LINC00662 was 

completely uncharacterized. However, within the past few years there have been 

a number of reports for possible functions and mechanisms of LINC00662. First, 

LINC00662 was found to be overexpressed in multiple cancers including lung 

cancer (Gong et al., 2018; Liu et al., 2017), colorectal cancer (Cheng et al., 2020; 

Wang et al., 2020), hepatocellular carcinoma (Guo et al., 2020; Tian et al., 2020), 

gastric cancer (Liu et al., 2018), prostate cancer (Li et al., 2019), and oral 

squamous cell carcinoma (Xu et al., 2019). In most reports, LINC00662 

expression has been positively correlated with poor patient survival. Functionally, 

RNAi mediated knockdown of LINC00662 has been consistently reported to 

decrease cancer cell proliferation, migration, and invasion, while increasing 

apoptosis (Cheng et al., 2020; Gong et al., 2018; Guo et al., 2020; Li et al., 2019; 

Liu et al., 2018; Tian et al., 2020; Wang et al., 2020; Xu et al., 2019). 

Overexpression of LINC00662 has occasionally resulted in the opposite 

phenotypes (Cheng et al., 2020; Gong et al., 2018; Guo et al., 2020; Tian et al., 

2020; Xu et al., 2019). Furthermore, knockdown of LINC00662 can inhibit tumor 

growth in vivo (Cheng et al., 2020; Guo et al., 2020; Tian et al., 2020; Wang et 

al., 2020). Together, these reports provide evidence that LINC00662 functions as 

an oncogenic lncRNA and promotes tumorigenesis.  
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Mechanistically, all previous reports suggest different models for how 

LINC00662 mediates these oncogenic effects. Several reports have proposed 

that LINC00662 regulates expression of other protein-coding genes through 

sequestration of miRNAs such as miR-340-5p (Cheng et al., 2020), miR-34a (Li 

et al., 2019), miR-497-5p (Liu et al., 2018; Wang et al., 2020), miR-15a, miR16, 

and miR-107 (Tian et al., 2020). Evidence for this mechanism is fairly weak, and 

the protein coding genes regulated in each report are variable. Others have 

suggested that LINC00662 functions through interaction with the protein Lin28 

(Gong et al., 2018). Furthermore, Guo and colleagues have recently suggested 

that loss of LINC00662 leads to genome-wide hypomethylation through RNA-

protein interactions with AHCY and RNA-RNA interactions with MAT1A (Guo et 

al., 2020). 

Notably, all functional analyses from initial reports were accomplished 

through either exogenous overexpression or RNAi mediated knockdown of 

LINC00662. As demonstrated for lincRNA-p21, RNAi knockdown can produce 

drastically different cellular effects compared to genetic knockout. Furthermore, 

lncRNAs that function in cis do not function properly when exogenously 

overexpressed. As detailed in the coming chapters, some of our findings for 

LINC00662 function are consistent with previous reports, while other findings are 

novel. 
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1.7 Figures 
 
Figure 1.1: Genomic architecture of lncRNA transcripts 

 
 
Legend: lncRNAs can be produced from multiple different locations within the 
genome including intergenic, antisense, divergent, intronic, and enhancer. 
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An alternatively spliced isoform of the long noncoding RNA 
LINC00662 regulates DNA damage repair in response to UV 

irradiation 
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2.1 Introduction 

The DNA damage response (DDR) is a set of complex signal transduction 

pathways that function to maintain genomic integrity. DDR is initiated through the 

sensing of damaged DNA or replication stress and results in different cellular 

outcomes including DNA repair, senescence, or apoptosis (Ciccia and Elledge, 

2010). Among many repair pathways, classic non-homologous end joining 

(NHEJ) is frequently used to repair double strand breaks (DSB). During the initial 

steps of classic NHEJ the Ku70-Ku80 heterodimer quickly recognizes and binds 

to broken DNA ends, leading to recruitment and activation of DNA-PKcs. Ku70-

Ku80/DNA-PK complex can further recruit additional factors that result in 

processing and ligation of the damaged DNA ends (Mahaney et al., 2009).  

While many of the proteins involved in the DDR are well characterized, the 

contribution of noncoding RNAs to this process remains poorly understood. 

Recently, it has become clear that one such class of noncoding RNAs, long 

noncoding RNAs (lncRNAs), play important regulatory roles in diverse cellular 

processes (Geisler and Coller, 2013). lncRNAs are defined as transcripts longer 

than 200 nucleotides and contain no functional open reading frame. Recent 

estimates suggest close to 20,000 potentially functional lncRNAs within the 

human genome (Hon et al. 2017). Interestingly, some lncRNAs have been 

reported to function in the DDR through multiple different mechanisms. Both 

lincRNA-p21 and Pvt1b function in cis to regulate nearby gene expression in a 

p53 dependent manner, while other lncRNAs such as PANDA and PURPL 
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antagonize p53 function (Dimitrova et al. 2014, Olivero et al. 2020, Hung et al. 

2011, Li et al. 2017). The triple-negative breast cancer associated lncRNA LINP1 

regulates DNA damage repair through interaction with NHEJ proteins Ku80 and 

DNA-PKcs (Zhang et al. 2016). 

In this study, we identify a poorly characterized lncRNA, LINC00662, 

which is induced following UV irradiation. We find that, in response to UV, 

LINC00662 undergoes alternative splicing through a mechanism dependent upon 

hnRNP C-mediated splicing repression of an Alu transposable element sequence 

within the third exon of LINC00662. Furthermore, this hnRNP C-mediated 

splicing mechanism appears to be regulated by N6-methyladenosine (m6A) RNA 

modification. Functional analysis revealed the role of the UV-induced LINC00662 

isoform in regulating DNA damage repair through interaction with the NHEJ 

proteins Ku70 and Ku80. Finally, our findings along with other previous reports 

suggest LINC00662 is overexpressed in a large percentage of tumors across 

multiple different cancer types (Gong et al., 2018; Liu et al., 2017; Cheng et al., 

2020; Wang et al., 2020; Guo et al., 2020; Tian et al., 2020; Liu et al., 2018; Li et 

al., 2019; Xu et al., 2019). Together, this study uncovers a novel UV induced 

splicing mechanism, implicates LINC00662 as a regulator of DNA damage repair, 

and further establishes the potential role of LINC00662 in cancer.  
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2.2 Results 

 

2.2a LINC00662 is induced following UV irradiation 

In an effort to identify human lncRNAs involved in DDR, we performed 

RNA-seq on mock and UV irradiated U2OS cells. RNA-seq reads were mapped 

to GENCODE v34 lncRNA transcript sequences. Differential expression analysis 

revealed 683 up-regulated and 848 down-regulated lncRNA transcripts 

(padj<0.05) in response to UV treatment (Figure 2.1A). Because many of these 

differentially expressed transcripts are expressed at low levels, we prioritized 

those with higher average expression and fold change. Using these criteria, we 

identified LINC00662 (ENST00000659422.1) as a lncRNA transcript that displays 

over 5-fold induction 8 hours post UV exposure (Figure 2.1B and 2.1C). UV 

induction of LINC00662 was confirmed in U2OS cells using RT-qPCR, and 

reached maximum expression approximately 4 hours post UV exposure (Figure 

2.1D). Furthermore, we observed UV induction of LINC00662 in H1299 lung 

cancer cells, indicating that this regulation is not cell type-specific (Figure 2.1E). 

Recent reports have demonstrated that lncRNAs can encode small 

functional peptides (Anderson et al., 2015; Matsumoto et al., 2017). In fact, 

LINC00662 contains 2 potential open reading frames (ORFs) that could encode 

peptides longer than 60 amino acids. To confirm that LINC00662 is a noncoding 

transcript, we first assessed its protein coding potential using CPC2 (Kang et al., 

2017). The longer of the 2 ORFs (98aa) was predicted as noncoding (Figure 
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2.2A), while the shorter ORF (63aa) was not detected by CPC2 due to size 

limitations. We further validated LINC00662 protein-coding potential through 

addition of a C-terminal FLAG-tag on each potential ORF. We detected no 

protein expression from these potential ORFs (Figure 2.2B), suggesting that 

LINC00662 contains no functional ORF. 

 

2.2b UV irradiation results in alternative splicing of LINC00662 

When analyzing LINC00662 mapped RNA-seq reads we noticed that 

reads in exon 3 displayed a noticeable change in response to UV, while reads 

within exon 1 and 2 remained relatively constant between conditions (Figure 

2.1B). This observation led us to hypothesize that LINC00662 is alternatively 

spliced in response to UV irradiation. To test this hypothesis, we first looked at 

expression of potential alternative isoforms of LINC00662. Upon further analysis 

of RNA-seq data we noticed that while LINC00662 (ENST00000659422.1) is 

significantly induced, many alternative isoforms of LINC00662 are significantly 

down-regulated in response to UV. Most notably, we observed a 2.9 fold 

decrease in LINC00662 isoform 230 (ENST00000657659.1) 8 hours post UV 

treatment (Figure 2.3A). Decrease of LINC00662-230 following UV treatment 

was confirmed using RT-qPCR. As with LINC00662 increase, LINC00662-230 

displayed lowest levels at 4 hours following UV treatment (Figure 2.3B). Although 

both of these isoforms share exon 1 and 2 in common, exon 3 is skipped in 

LINC00662-230, with exon 2 being spliced to a distant 3’ exon designated as 
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exon 4 (Figure 2.3C). To further explore UV induced-alternative splicing of 

LINC00662, we analyzed RNA-seq reads that spanned the 5’ splice site of exon 

2 and determined the target exon containing the 3’ splice site. Under normal 

conditions we observed approximately 86 percent of the reads spanning the exon 

2 splice junction mapping to exon 4, while only 14 percent mapped to exon 3. 

However, following UV treatment, we find that approximately 27 percent of exon 

2 spliced reads map to exon 4, while 73 percent of reads map to exon 3 (Figure 

2.3D). As the last line of evidence for alternative splicing of LINC00662, we 

performed differential exon usage (DEU) analysis using DEXseq (Anders et al., 

2012). Consistent with our previous findings, we observed a significant increase 

in exon 3 usage and a significant decrease in exon 4 usage following UV 

treatment (Figure 2.3C). Expectedly, we observed only a slight increase in exon 

1 usage while exon 2 remained unchanged. Together, these data lead us to 

conclude that LINC00662 is alternatively spliced in response to UV, and that the 

UV induced isoform of LINC00662 uniquely contains exon 3. 

 

2.2c hnRNP C regulates UV induced splicing of LINC00662 exon 3 

Next, we searched for specific factors that could regulate the UV induced 

splicing of LINC00662 exon 3. One feature we noticed about LINC00662 exon 3 

is that the 5’ region harbors an Alu transposable element sequence, and the 3’ 

splice site for the junction between exons 2 and 3 is contained within this Alu 

sequence (Figure 2.4A). Interestingly, others have reported that the RNA binding 
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protein hnRNP C represses exon inclusion of Alu sequences through direct 

competition with the splicing factor U2AF65 (Zarnack et al., 2013). To test the 

contribution of hnRNP C in LINC00662 exon 3 splicing we first analyzed public 

iCLIP data of hnRNP C, U2AF65, or U2AF65 under hnRNP C knockdown 

conditions performed in HeLa cells (Zarnack et al., 2013). From this analysis, we 

find that hnRNP C displays binding to the polypyrimidine tract within the 

LINC00662 Alu sequence, which is directly adjacent to the exon 3 splice site. 

Under normal conditions, U2AF65 shows no binding adjacent to the exon 3 

splice junction. However, upon knockdown of hnRNP C, U2AF65 displays 

increased binding to this region (Figure 2.4B). For LINC00662-230 exon 4, we 

see no evidence for binding of hnRNP C to this region, while U2AF65 displays 

binding under both normal and hnRNP C knockdown conditions (Figure 2.4C). 

These findings implicate hnRNP C as a potential regulator for UV induced 

splicing of LINC00662 exon 3.  

 To confirm the role of hnRNP C in regulating LINC00662 splicing, we 

generated U2OS cells lines that stably expressed either control or hnRNP C 

targeted shRNAs. Under normal conditions, knockdown of hnRNP C in U2OS 

cells lead to a significant increase in LINC00662 expression, while LINC00662-

230 displayed a significant decrease (Figure 2.5A). These results were also 

observed in H1299 cells, suggesting that this regulation is not cell type-specific. 

Next, we tested the effect of hnRNP C knockdown on the UV induction of 

LINC00662. Although hnRNP C knockdown cells still displayed a slightly 
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significant increase of LINC00662 following UV treatment, this response was 

severely attenuated in U2OS cells (Figure 2.5C). Furthermore, knockdown of 

hnRNP C eliminates the down-regulation of LINC00662-230 in response to UV 

treatment (Figure 2.5D). We further validated this regulation using hnRNP C RNA 

immunoprecipitation (RIP). For this analysis we assessed binding of hnRNP C to 

the nascent LINC00662 transcript (LINC00662 hnRNA). RIP analysis revealed a 

significant enrichment of LINC00662 hnRNA in hnRNP C IP samples compared 

to IgG controls under normal conditions, and a significant decrease in 

LINC00662 hnRNA binding following UV treatment (Figure 2.5E). These results 

indicate that hnRNP C regulates both basal expression and UV induction of 

LINC00662, likely through Alu-mediated repression of exon 3 splicing. 

 

2.2d hnRNPC-mediated regulation of LINC00662 splicing is dependent on 

m6A RNA methylation 

Recently, others have reported that hnRNP C binding can be regulated by 

m6A RNA methylation (Liu et al., 2015). To understand the contribution of m6A 

RNA methylation in regulating LINC00662, we first determined the m6A levels of 

LINC00662 hnRNA using RIP analysis. We found that compared to IgG control 

samples, m6A IP samples displayed significant enrichment of LINC00662 hnRNA 

in U2OS cells (Figure 2.6A). Because hnRNP C binding decreases in response 

to UV treatment, we suspected that m6A levels of LINC00662 hnRNA would also 

decrease in response to UV. RIP analysis revealed a significant decrease in m6A 
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levels for both LINC00662 hnRNA and Malat1, another lncRNA regulated by 

m6A-dependent hnRNP C binding (Figure 2.6A). This result could suggest that 

m6A levels are decreased across the transcriptome following UV exposure. Next, 

we acquired HEK293T cells with knockout of METTL3, the catalytic subunit of the 

major m6A methyltransferase complex. Compared to control HEK293T cells, 

METTL3 knockout cells displayed up-regulation of LINC00662, and attenuated 

the induction of LINC00662 following UV treatment (Figure 2.6B). Furthermore, 

RIP analysis revealed that METTL3 knockout severely reduces hnRNPC binding 

of LINC00662 hnRNA (Figure 2.6C and 2.6D). Based on this evidence, we 

suggest the potential for m6A RNA methylation to regulate hnRNP C-mediated 

splicing of LINC00662 during the UV response. 

 

2.2e LINC00662 regulates DNA damage repair efficiency 

We next looked to establish the function of LINC00662 in the UV DDR. 

Because LINC00662 is induced during the UV DDR, we reasoned that it might be 

involved in regulating DNA damage repair. To investigate this possibility, we 

utilized CRISPR-Cas9 to generate a LINC00662 knockout U2OS cell line. Only 

LINC00662 exon 3 was specifically targeted for genetic knockout for several 

reasons. First, exon 3 is uniquely contained within the UV-induced isoform of 

LINC00662 while exon 1 and 2 are included in other isoforms not induced upon 

DNA damage. Second, exon 1 of LINC00662 overlaps with another 

uncharacterized transcript that initiates from the opposite strand. Last, exon 3 
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makes up a majority (approximately 70 percent) of LINC00662. For knockout of 

LINC00662 exon 3 we designed two different guide RNAs that flank exon 3 

(Figure 2.7A). Knockout of LINC00662 exon 3 (LINC00662-/-) was confirmed 

using RT-PCR (Figure 2.7B).  

To establish a regulatory role for LINC00662 in DNA damage repair, we 

first examined the effect of LINC00662 exon 3 knockout on H2AX 

phosphorylation levels (γH2AX) following UV DNA damage. Western blot 

analysis of γH2AX revealed higher phosphorylation levels in LINC00662-/- cells, 

compared to control cells, at all timepoints post UV treatment (Figure 2.7C). 

While control cells displayed maximum γH2AX signal at 12 hours post UV 

treatment, LINC00662-/- cells exhibited sustained γH2AX levels at 24 hours. This 

result could indicate less efficient DNA damage repair in LINC00662-/- cells. 

Immunofluorescent staining and counting of γH2AX foci following UV treatment 

further confirmed these results. Consistent with western blot analysis, more 

γH2AX foci were observed in LINC00662-/- cells, compared to control cells, 12 

hours post UV treatment (Figure 2.7D). Furthermore, we performed ectopic 

overexpression of LINC00662 in LINC00662-/- cells and observed a rescue of 

γH2AX levels (Figure 2.7E). We also tested the role of LINC00662 in regulating 

repair of double strand breaks in response to bleomycin treatment. Although 

LINC00662 is not induced to the same extent as with UV treatment, LINC00662 

exon 3 knockout still resulted in higher γH2AX levels at all time points following 

bleomycin treatment (Figure 2.7F). This observation suggests that while 
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induction of LINC00662 may be specific to the UV DNA damage response, basal 

levels of LINC00662 could be sufficient to regulate DNA damage repair in 

specific cell lines. 

To address the possibility of Cas9 off target effects, we also examined the 

effect of shRNA-mediated knockdown of LINC00662 on γH2AX in response to 

DNA damage. To specifically knockdown the UV induced isoform of LINC00662, 

we generated a U2OS cell line that stably expressed an shRNA targeted to exon 

3 of LINC00662. Knockdown of LINC00662 was confirmed using RT-qPCR 

(Figure 2.8A). Consistent with knockout experiments, LINC00662 knockdown 

displayed higher γH2AX levels at all time points following bleomycin treatment, 

compared to control shRNA treated U2OS cells (Figure 2.8B). These results 

were also observed in LINC00662 knockdown H1299 cells (Figure 2.8C and 

2.8D). Taken together, these results lead us to conclude that LINC00662 

regulates repair of damaged DNA. 

 

2.2f LINC00662 interacts with the non-homologous end joining proteins 

Ku70 and Ku80 

As many lncRNAs are known to function through RNA-protein interactions, 

we performed in vitro RNA pull down followed by mass spectrometry (MS) to 

identify LINC00662 associated proteins (Figure 2.9A). MS analysis revealed 

interaction of the non-homologous end joining proteins Ku70 and Ku80 with 

LINC00662, but not control samples (Table 2.1). This in vitro interaction was 
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verified using western blotting following RNA pull-down. Ku70 and Ku80 both 

display signals in LINC00662, but not in antisense RNA pull-down samples, while 

GAPDH negative control displayed no signal for all samples (Figure 2.9B). To 

map the binding location of Ku70 and Ku80 on LINC00662, we performed in vitro 

RNA pull down with three different deletion constructs. The first construct 

contained both exon 1 and exon 2 of LINC00662, while the other two constructs 

contained the 5’ region of exon 3 and the 3’ region of exon 3. Although we still 

detected a weak signal for Ku70 and Ku80 binding for the exon 1 and 2 

construct, the strongest signal was observed within each region of exon 3 (Figure 

2.9B). Given the in vitro nature of this experiment, we next looked to confirm this 

RNA-protein interaction within cells using RIP. Using this method, we found 

enrichment of LINC00662 in both Ku70 and Ku80 RIP samples compared to IgG 

control in both U2OS and H1299 cells (Figure2.9C).  

Since Ku70 and Ku80 have established roles in NHEJ, we hypothesized 

that LINC00662 could regulate DNA damage repair through this pathway. To test 

this hypothesis we utilized a previously constructed NHEJ reporter assay 

(Seluanov et al., 2004) (Figure 2.10A). NHEJ reporter assay revealed a 

significant decrease in NHEJ efficiency in LINC00662-/- cells compared to control 

U2OS cells. The same decrease in efficiency was seen for reporter constructs 

with compatible (HindIII digested) and incompatible (I-SceI digested) ends, 

suggesting that LINC00662 does not regulate DNA end processing during NHEJ. 

Together, these results lead us to establish a mechanism where in response to 
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DNA damage, LINC00662 regulates DNA damage repair through interaction with 

proteins of the NHEJ pathway.  

 

2.2g LINC00662 localizes to DNA damage sites 

Based on our finding that LINC00662 regulates DNA damage repair, we 

reasoned that it would be localized within the nucleus, and more specifically, 

recruited to sites of DNA damage. To address this, we first performed subcellular 

fractionation followed by RT-PCR. Although we observed both cytoplasmic and 

nuclear localization, the nuclear LINC00662 signal is stronger both before and 

after UV treatment (Figure 2.11A). MALAT1 is used as a nuclear-localized 

control, while DANCR is used as a cytoplasmic localized control (Jin et al., 2019). 

Next, we used live cell imaging to track dynamic localization of LINC00662, and 

other repair proteins, following UV laser microirradiation. For tracking of 

LINC00662 we engineered 12 repeats of the MS2 binding site (LINC00662-

MS2bs) to the 5’ end of the RNA and fused GFP to the c-terminal of the MS2 

coat protein (MS2cp-GFP). Ku80-GFP was used as a positive control, and 

MS2cp-GFP alone was used as a negative control for microirradiation 

experiments (Figure 2.11B). Binding of MS2cp-GFP with LINC00662-MS2bs was 

confirmed using RIP (Figure 2.11C). Following UV microirradiation, LINC00662 

signal accumulated at DNA damage sites, while no signal accumulation was 

observed in MS2cp-GFP control samples (Figure 2.11D). Recruitment of 

LINC00662 to DNA damage sites appears to happen quickly after irradiation and 
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coincides with recruitment of Ku80, albeit with much lower signal intensity. These 

experiments together demonstrate that the majority of LINC00662 is found within 

the nucleus, and is recruited to sites of DNA damage where it regulates repair. 

 

2.2h Loss of LINC00662 sensitizes U2OS cells to UV irradiation 

Because LINC00662 regulates efficiency of DNA damage repair, we 

hypothesized that loss of LINC00662 would sensitize cancer cells to DNA 

damage. To test this possibility we examined both cell survival and apoptosis of 

control and LINC00662-/- cells following UV treatment. We observed a slight but 

significant decrease in cell survival for LINC00662-/- cells compared to control 

cells (Figure 2.12A). Furthermore, compared to control cells, LINC00662-/- cells 

displayed significantly increased caspase-3 activity, indicating an increased 

number of apoptotic cells (Figure 2.12B). From these results, we propose that 

due to decreased DNA damage repair efficiency, LINC00662-/- cells are 

sensitized to UV irradiation. 

 

2.2i LINC00662 expression is frequently up-regulated in cancer 

Given that DNA damage response pathways are often dysregulated 

during tumorigenesis (Helleday et al., 2008; Lord and Ashworth, 2012), we 

speculated that LINC00662 plays a role in this processes. To explore this 

possibility, we analyzed cancer specific expression data for LINC00662 using 

The Cancer Genome Atlas (TCGA) (Cerami et al.,2012; Gao et al., 2013). We 



 52 

found that LINC00662 is frequently overexpressed and amplified in many 

different cancers compared to adjacent noncancerous tissue (Figure 2.13A and 

2.13B). Consistent with this finding, others have also reported overexpression if 

LINC00662 in multiple cancers including lung cancer (Gong et al., 2018; Liu et 

al., 2017), colorectal cancer (Cheng et al., 2020; Wang et al., 2020), 

hepatocellular carcinoma (Guo et al., 2020; Tian et al., 2020), gastric cancer (Liu 

et al., 2018), prostate cancer (Li et al., 2019), and oral squamous cell carcinoma 

(Xu et al., 2019). Interestingly, altered LINC00662 expression resulted in a 

significant reduction in overall survival for ovarian serous cystadenocarcinoma 

(p=0.021) and skin cutaneous melanoma (p=0.017), as well as a reduction in 

disease free survival for lung adenocarcinoma (p=0.016) and adrenocortical 

carcinoma (p=0.022) (Figure 2.14A, 2.14B, 2.14C, and 2.14D). 

We further used TCGA database to investigate clinical attributes 

correlated with altered LINC00662 expression. Surprisingly, we found that altered 

LINC00662 expression was significantly correlated with the fraction of genome 

altered in lung adenocarcinoma, uterine carcinosarcoma, invasive breast 

carcinoma, stomach adenocarcinoma, head and neck squamous cell carcinoma, 

and kidney renal clear cell carcinoma (Table 2.2). These findings could support 

the hypothesis that LINC00662 increases genomic instability in cancer through 

promoting error-prone NHEJ repair pathway. 
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2.3 Discussion 

 

Based on all of our results we propose a model where under normal 

conditions, LINC00662 has higher levels of m6A RNA methylation, resulting in 

increased interaction with hnRNP C within the Alu sequence of exon 3. This 

hnRNP C-LINC00662 interaction represses exon 3 splicing, while promoting 

splicing of exon 2 to exon 4. Interestingly, others have reported that the METTL3 

is recruited to sites of DNA damage following UV exposure (Xiang et al., 2017; 

Zhang et al., 2020). We suspect that recruitment of METTL3 to DNA damage 

sites could result in decreased methylation of nascent LINC00662 at its genomic 

loci, thus decreasing interaction with hnRNP C and increasing splicing of 

LINC00662 exon 3. Once fully spliced, the exon 3 containing isoform of 

LINC00662 interacts with the NHEJ proteins Ku70 and Ku80 to promote DNA 

damage repair (Figure 2.15). 

 Importantly, this study provides new mechanistic insight of alternative 

splicing regulation in the UV DDR. Others have reported widespread changes in 

alternative splicing following UV exposure through different mechanisms such as 

regulation of RNA polymerase II elongation (Munoz et al., 2009) and depletion of 

the Ewing sarcoma (EWS) protein (Paronetto et al., 2011). It is reasonable to 

assume that hnRNP C could regulate splicing and processing of many other 

RNAs in response to UV irradiation through a similar mechanism as with 

LINC00662. The overall contribution of hnRNP C to this process must be 
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explored in greater detail. Additionally, this study further highlights the role of 

transposable elements in regulating alternative splicing. Others have reported 

regulation of mRNA stability and translation efficiency through functional 

transposable elements within lncRNAs such as Antisense-Uchl1 (Carrieri et al., 

2012) and ½sbsRNAs (Gong and Maquat, 2011). Here we find that the Alu 

sequence within LINC00662 provides the splice site for exon 3, and regulates 

alternative splicing of LINC00662 during the UV DNA damage response. 

Importantly, the exon 3 containing isoform of LINC00662 is involved in DNA 

damage repair, giving functional significance to this Alu-mediated regulation of 

alternative splicing. Because lncRNAs do not contain a functional open reading 

frame, they are likely subject to less selective pressure of their primary RNA 

sequences. Furthermore, retrotransposable elements such as antisense oriented 

Alu sequences are predisposed for exonization since they contain a preexisting 

polypyrimidine tract and a cryptic AG splice site (Schmitz and Brosius, 2011). 

With this in mind, we speculate that transposable elements could act as a 

substrate for the evolution of new regulatory functions for lncRNAs through the 

creation of novel alternative splice variants. The evolutionary implications of 

transposable elements within lncRNAs must be further investigated. 

The precise mechanism by which LINC00662 regulates DNA damage 

repair efficiency requires further investigation. Others have suggested that the 

lncRNA LINP1 can act as modular scaffolds within the NHEJ pathway through 

interaction with Ku80 and DNA-PKcs (Zhang et al., 2016). For this mechanism, 
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LINP1 stabilizes the Ku80-DNA-PKcs complex, thus enhancing NHEJ. Although 

mass spec analysis did not detect binding of DNA-PKcs with LINC00662, it is 

possible that LINC00662 also stabilizes protein complexes involved in NHEJ. We 

also consider the possibility that LINC00662-Ku interaction could lead to 

increased recruitment of downstream repair factors such as the ligase complex. 

Additionally, since LINP1 expression is specific to triple negative breast cancer, 

LINC00662 may perform a similar function in cells that lack LINP1 expression. 

 We recognize that the majority of UV induced lesions are repaired by 

pathways other than NHEJ, such as nucleotide excision repair (NER) and base 

excision repair (BER) (Sinha and Hader, 2002; Houtgraaf et al., 2006; Scharer, 

2013). Although not the predominant form of damage, others have found that 

unrepaired UV induced lesions can result in double strand breaks later in the UV 

DDR (Garinis et al., 2005; Yajima et al., 2009). This could explain why loss of 

LINC00662 appears to have greater effect on γH2AX levels at later time points 

(Figure 2.7C). Furthermore, LINC00662 has a noticeably stronger effect on repair 

of bleomycin-induced damage, compared to UV (Figure 2.7C and 2.7F). This is 

likely due to the fact that bleomycin can efficiently induce DSBs (Povirk, 1996; 

Chen et al., 2008). 

Finally, this study further implicates LINC00662 as a regulator of 

tumorigenesis. We note that previous reports have suggested several different 

mechanisms for how LINC00662 regulates tumorigenesis including sequestration 

of micro RNAs (Cheng et al., 2020; Li et al., 2019; Liu et al., 2018; Wang et al., 
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2020; Tian et al., 2020), Interaction with Lin28 (Gong et al., 2018), and regulation 

of DNA methylation (Guo et al., 2020). Based on the evidence from this study, 

we propose a new model for how LINC00662 may promote tumorigenesis. By 

enhancing NHEJ, an intrinsically error prone pathway, LINC00662 could promote 

genomic instability, and thus cancer. Although DNA damage repair is traditionally 

thought to protect genomic stability, recent evidence has suggested that NHEJ 

and actually drive genomic instability through error prone repair mechanisms and 

chromosomal translocations (Sishc and Davis, 2017). This model is supported by 

our observation that LINC00662 expression is significantly correlated with 

fraction of genome altered for several different cancers (Table 2.2). Since we 

observed both cytoplasmic and nuclear localization of LINC00662, we present 

the possibility that previously reported cancer-promoting functions could be 

carried out within the cytoplasm, while our suggested model is carried out within 

the nucleus. Combined with our observation that LINC00662 can promote 

radiation resistance (Figure 2.12A and 2.12B), we suggest LINC00662 as a 

potential therapeutic target for several different cancers.  

 

2.4 Materials and Methods 

 

Cell culture, Treatments, and Reagents 

U2OS cells were cultured in McCoys 5A media supplemented with 10% 

FBS and pen/strep. H1299 cells were cultured in RPMI1640 media 
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supplemented with 10% FBS and pen/strep. HEK293T cells were cultured in 

DMEM media supplemented with 10% heat inactivated FBS and pen/strep. 

METTL3 knockout cells were a gift from Dr. Yinsheng Wang’s lab. For DNA 

damage, cells were irradiated with 20 J/m2 255nm UV light and recovered for the 

indicated time period. To induce double strand breaks, cells were treated with 30 

µg/mL bleomycin for 2 hours. Following 2 hour incubation, cell media was 

changed to allow cells to recover from bleomycin treatment for the indicated 

amount of time. Antibodies used in western blot analysis were anti-Ku70 (N3H10, 

Thermo), anti-Ku80 (111, Thermo), anti-ser139-phos H2AX (2577, Cell Signaling 

Technologies), anti-hnRNPC1/C2 (4F4, Santa Cruz), anti-GAPDH (0411, Santa 

Cruz), anti-m6A (SYSY 202 003), and anti-FLAG (F1804, Sigma). For LINC00662 

overexpression, LINC00662 was cloned into pcDNA3.1 using EcoRI and XhoI. 

To test LINC00662 ORF potential, LINC00662 ORFs were cloned into pcDNA3.1 

directly 5’ of FLAG sequence. Cell transfection was performed using 

Lipofectamine 3000 Transfection Reagent according to the manufacturers 

protocol (Invitrogen). 

  

RNA isolation and RT-qPCR 

RNA was isolated from cells using TRIzol according to the manufacturer’s 

protocol (Invitrogen).  cDNA was generated using iScript Reverse Transcription 

Supermix (BIORAD). qPCR was performed using iQ SYBR Green Supermix 
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(BIORAD). All RT-qPCR relative expression data was normalized to βActin. 

Primers used for qPCR are listed in Table 2.3. 

 

Subcellular fractionation 

 Subcellular fractionation was performed as previously described 

(Topisirovic et al., 2002). Briefly, U2OS cells were washed and harvested in PBS 

by centrifugation at 3000rpm for 5 minutes at 4°C. Cell pellets were resuspended 

in lysis buffer (10 mM Tris pH 8.4, 140 mM NaCl, 1.5 mM MgCl2, 0.5% NP-40, 1 

mM DTT, and murine RNase inhibitor) and incubated on ice for 5 minutes. Nuclei 

were pelleted by centrifugation at 3000rpm for 5 minutes at 4°C. Supernatant 

was saved as cytoplasmic fraction and 1mL TRIzol reagent was added per 200µl 

supernatant. Nuclear pellet was resuspended with lysis buffer supplemented with 

3.3% wt/vol sodium deoxycholate and 6.6% vol/vol Tween 40, and incubated on 

ice for 5 minutes. Following incubation, nuclei were collected by centrifugation at 

3000rpm for 5 minutes at 4°C. Pellets containing intact nuclei were resuspended 

directly in TRIzol reagent.  

 

CRISPR/Cas9-mediated LINC00662 exon 3 knockout 

For knockout of LINC00662 exon 3 we designed 2 guide RNAs that 

flanked exon 3. Guide RNAs were cloned into pSpCas9-2A-Puro vector (Ran et 

al., 2013). To increase homozygous knockout efficiency we designed an HDR 

template to replace LINC00662 exon 3 with a neomycin selection cassette. For 
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the HDR template we cloned homology arms directly adjacent to guide RNA 

target sites into pGolden-Neo vector (Luo et al., 2014). Cas9 and guide RNA 

expression vectors, along with HDR vector, were cotransfected into U2OS cells. 

5 days after transfection, edited cells were selected using 500µg/mL Geneticin 

(Gibco). Homozygous knockout cell line was established through clonal selection 

in 96 well plates. LINC00662 knockout was confirmed at both the DNA and RNA 

level using PCR and RT-PCR. Primers used for construction of guide RNA and 

repair template vectors are listed in Table 2.3. 

 

shRNA-mediated knockdown 

Control, LINC00662, and hnRNP C targeting shRNAs were cloned into 

pLKO.1 puro TRC vector (Moffat et al., 2006). Lentiviral particles were produced 

for each shRNA in HEK293T cells. For stable transduction of shRNAs, U2OS 

cells were incubated with media containing lentiviral particles in the presence of 

5µg/mL polybrene (Sigma). Stably transduced cells were selected using 1µg/mL 

puromycin. LINC00662 and hnRNP C knockdown was confirmed using RT-

qPCR. shRNA target sequences are listed in Table 2.3. 

 

RNA-seq data analysis 

 Total RNA was isolated and purified from control and UV treated U2OS 

cells in biological duplicates using Direct-zol RNA Miniprep Plus Kit (Zymo 

Research) according to the manufacturer’s protocol. On column DNase I 
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digestion was performed during RNA purification. Poly(A) enriched RNA library 

was prepared using NEBNext Ultra II Directional RNA Library Prep Kit for 

Illumina (New England BioLabs). RNA library was sequenced on Illumina 

NextSeq using single end 75bp read length. For data analysis adaptors were 

trimmed and RNA-seq reads were mapped to human lncRNAs (GENCODE v34) 

using Salmon (Patro et al., 2017). DESeq2 (Love et al., 2014) was used for 

differential expression analysis. For Differential Exon Usage analysis, RNA-seq 

reads were aligned to the human reference genome (GRCh37) and exon usage 

was determined using DEXseq (Anders et al., 2012). 

 

In-vitro RNA pull down, mass spectrometry  

Full length, fragment, and antisense LINC00662 were cloned into 

pcDNA3.1 using EcoRI and XhoI restriction enzymes. These constructs were in-

vitro transcribed using TranscriptAid T7 High Yield Transcription Kit (Thermo 

Scientific). LINC00662 and control RNA were 3’ biotin labeled using Pierce RNA 

3’ End Desthiobiotinylation Kit (Pierce). 50pmol biotin labeled RNA was bound to 

streptavidin beads, incubated with U2OS full cell lysate, washed, and eluted. 

RNA bound proteins were purified by SDS-PAGE and excised bands were 

subject to in-gel digestion. Samples were prepared in triplicates for LC-MS/MS 

analysis on a Q Exactive Plus quadrupole-Orbitrap mass spectrometer (Thermo 

Fisher Scientific). 
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RNA immunoprecipitation 

RIP experiments were performed as previously described (Rinn et al., 

2007; Khalil et al., 2009). Briefly, cells were harvested in PBS and collected by 

centrifugation at 3000rpm for 5 minutes at 4°C. Cell pellets were resuspended in 

lysis buffer (50mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40) supplemented 

with protease and RNase inhibitors. To complete lysis, cells were briefly 

sonicated using Qsonica Q800R sonicator (20sec on, 20 sec off, 50% power, 3 

cycles). Next, cellular debris was cleared by centrifugation at 14,000rpm for 10 

minutes at 4°C. Cleared cell lysate was incubated with 10 µg anti-Ku70, Ku80, 

hnRNP C, m6A, or IgG control antibody overnight at 4°C. RNA-protein-antibody 

complexes were immunoprecipitated using protein-G magnetic beads (Pierce). 

For protein analysis, beads were boiled directly in SDS loading buffer for 5 

minutes and immunoprecipitated proteins were detected by western blotting. For 

RNA analysis, beads were resuspended in TRIzol and purified according to the 

manufacturer’s protocol. Immunoprecipitated RNA was detected using RT-PCR 

and RT-qPCR. 

 

Non-homologous end joining assay 

NHEJ assay was carried out as previously described (Seluanov et al., 

2004). NHEJ reporter construct a gift from Dr. Vera Gorbunova. The reporter 

construct was digested with either HindIII or I-SceI restriction enzymes. 

Linearized reporter constructs were transfected into either control or LINC00662-/- 
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U2OS cells along with mCherry expressing vector as transfection control. Cells 

were analyzed 48 hours post transfection using ACEA Novocyte Flow Cytometer. 

Repair efficiency was determined as the percent of GFP positive cells relative to 

mCherry transfection control.  

  

γ-H2AX Immunofluorescence 

Control or LINC00662-/- cell lines were seeded on glass coverslips. Cells 

were either left untreated, or treated with UV and allowed 12 hours to recover. 

Cells were fixed with 100% methanol, blocked with 1% BSA, and incubated with 

1µg/mL anti-γH2AX antibody for 1 hour at room temperature. Following primary 

antibody incubation cells were washed and then incubated with Alexa Fluor 568 

anti-rabbit IgG secondary antibody (Invitrogen) for 1 hour at room temperature. 

Prior to imaging, cells were washed 3 times and counterstained with hoechst 

33258 (Invitrogen). Cells were imaged using Zeiss 880 inverted confocal 

microscope under 40x objective lens. γH2AX foci were counted using ImageJ 

(NIH, Bethesda).  

 

UV laser microirradiation 

For UV laser microirradiation, LINC00662 containing 12x MS2bs on the 5’ 

end was cloned into pLJM1 lentiviral vector using AgeI. U2OS cells were stably 

transduced with lentiviral particles containing LINC00662-MS2bs and selected 

using puromycin. Ku80 and MS2CP were cloned into pcDNA3.1-GFP vector to 
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produce Ku80-GFP and MS2CP-GFP. U2OS cells expressing Ku80-GFP, 

LINC00662-MS2bs/MS2CP-GFP, or MS2CP-GFP were seeded on a 35mm 

glass bottom dish. 10 minutes prior to microirradiation, cells were incubated with 

media containing 10ug/mL hoechst 33258 (Invitrogen) to sensitize cells to DNA 

damage. Cells were microirradiated using 355nm laser line on inverted Zeiss 880 

confocal microscope (50% power, 16µs pixel dwell time). Recruitment of GFP 

tagged proteins was determined by confocal fluorescent microscopy immediately 

following microirradiation. 

 

Caspase-3 activity assay 

Caspase-3 activity was measured using EnzChek Caspase-3 Assay Kit, 

Z-DEVD-R110 substrate (Invitrogen). Briefly, cells were treated with 20J/m2 UV 

to induce apoptosis. Cell lysate was collected 16 hours following UV treatment 

and incubated with Z-DEVD-R110 substrate for 1 hour with and without caspase-

3 inhibitor. Fluorescence at 490nm was measured using glomax multi detection 

system (Promega). 

 

Cell survival assay 

Cell survival following UV irradiation was performed as previously 

described (Buch et al., 2012). Control and UV irradiated cells were plated in 96 

well plates and cell number was assessed daily using CCK8. Surviving cell 
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fraction was calculated using the following equation: Survival=2^-

(tDelay/tDoubling) 

 

TCGA Analysis 

To discover cancers with altered LINC00662 expression we searched all 

available TCGA Firehouse Legacy datasets using cBioPortal (Cerami et al., 

2012; Gao et al., 2013). Only tumors with RNA Seq V2 data were used for 

analysis of LINC00662 expression. To determine up-regulation and down-

regulation of LINC00662 in each tumor sample, we selected a z-score threshold 

of ±2.0. Clinical attribute, overall, and disease free survival analysis were also 

performed on each TCGA Firehouse Legacy cancer dataset using cBioPortal. 
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2.6 Figures and Tables 
 
Figure 2.1: LINC00662 is up-regulated in response to UV irradiation 

 
Legend: (A) Expression heat map for significantly differentially expressed 
GENCODE v34 lncRNA transcripts before and 8 hours post UV treatment 
determined from RNA-seq. Red indicates up-regulation, while blue indicates 
down-regulation. (B) Genome browser shot displaying RNA-seq reads mapping 
to LINC00662. (C) Normalized read counts and relative expression of LINC00662 
determined by RNA-seq in mock and UV treated U2OS cells. (D and E) Relative 
expression of LINC00662 across a UV time course in U2OS cells (D) or H1299 
cells (E) determined by RT-qPCR. Data show mean ±SEM (n=3 technical 
replicates). Time course represents before, 2, 4, and 8 hours post UV treatment 
(D and E). 
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Figure 2.2: LINC00662 does not contain a functional open reading frame 
 

 
 
Legend: (A) Putative peptide length and Fickett testcode score from CPC2 
analysis. (B) Western blot analysis of FLAG tagged LINC00662 potential ORFs. 
FLAG tagged MS2 coat protein is used as a control. 
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Figure 2.3: UV irradiation leads to alternative splicing of LINC00662 

 
Legend: (A) Relative expression (log2 fold change) of LINC00662 and 
LINC00662 isoform 230 from mock to UV treated U2OS cells determined by 
RNA-seq. (B) Relative expression of LINC00662 and LINC00662-230 across a 
UV time course in U2OS cells determined by RT-qPCR. Data show mean ±SEM 
(n=3 technical replicates). (C) Graphical representation of LINC00662 and 
LINC00662-230 gene model. Reads spanning the exon 2 splice junction are 
labeled for each transcript under mock and UV conditions. (D) Percentage of 
reads that span the exon 2 splice junction under mock and UV conditions. Reads 
that splice from exon 2 to exon 3 are indicated in blue, while reads that splice 
from exon 2 to exon 4 are indicated in pink. (E) Relative exon usage (log2 fold 
change) for LINC00662 exons from mock to UV treatment determined by 
DEXseq analysis. 
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Figure 2.4: hnRNP C binds to LINC00662 within the Alu transposable element 
sequence directly adjacent to the exon 3 splice site 

 
Legend: (A) Graphical representation of LINC00662 gene model displaying 
location of Alu sequence within exon 3. (B and C) Genome browser shot 
displaying clustered crosslinking events from hnRNP C, U2AF65, and 
U2AF65_hnRNP C knockdown iCLIP experiments. Lower section displays 
hnRNP C and U2AF65 bound sequences for LINC00662 exon 3 splice junction 
(B) and LINC00662-230 exon 4 splice junction (C). 
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Figure 2.5: hnRNP C regulates UV induced splicing of LINC00662 

 
Legend: (A-D) Relative expression of hnRNP C, LINC00662, or LINC00662-230 
determined by RT-qPCR in control or hnRNP C knockdown U2OS cells (A), 
control or hnRNP C knockdown H1299 cells (B), U2OS cells before and 4 hours 
post UV treatment (C and D). Data show mean ±SEM, (n=3 technical replicates) 
(A-D). (E) Western blot analysis of hnRNP C following RIP with antibodies 
against either hnRNP C and IgG control in U2OS cells before and 4 hours post 
UV treatment (left). Enrichment of LINC00662 hnRNA in hnRNP C RIP samples 
relative to IgG control RIP samples for mock treated U2OS cells determined by 
RT-qPCR (middle). Relative binding of hnRNP C to LINC00662 hnRNA in mock 
or UV treated U2OS RIP samples determined by RT-qPCR (right). Data show 
mean ±SEM, (n=3 technical replicates) (E, middle and right) 
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Figure 2.6: m6A RNA modification regulates hnRNP C-mediated splicing of 
LINC00662 

 
Legend: (A) Enrichment of LINC00662 hnRNA in either IgG control or m6A 
specific IP samples from U2OS cells (left). Relative m6A levels of LINC00662 
hnRNA (middle) or Malat1 (right) in control or m6A IP samples from U2OS cells 
before and 4 hours post UV irradiation. (B) Relative expression of LINC00662 in 
control and METTL3 -/- 293T cells (left), 293T cells before and 4 hours post UV 
treatment (middle), and METTL3 -/- 293T cells before and 4 hours post UV 
treatment (right). (C) Western blot analysis of hnRNP C or IgG RIP samples from 
control or METTL3 -/- 293T cells. (D) LINC00662 hnRNA enrichment in hnRNP C 
RIP compared to IgG samples for control (left) and METTL3 -/- (middle) 293T 
cells determined by RT-qPCR. (C, right) Relative binding of hnRNPC to 
LINC00662 hnRNA in control and METTL3 -/- 293T RIP samples determined by 
RT-qPCR. Data show mean ±SEM, (n=3 technical replicates) (A, B, and D) 
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Figure 2.7: Knockout of LINC00662 in U2OS cells alters DNA damage induced 
γH2AX levels  

 
Legend: (A) Graphical representation of LINC00662 exon 3 knockout using 
CRISPR/Cas9. (B) Confirmation of LINC00662 knockout determined by RT-PCR. 
(C) Western blot analysis of γH2AX across a UV time course in control or 
LINC00662-/- U2OS cells. (D) Representative images from γH2AX IF in control or 
LINC00662-/- U2OS cells before and 12 hours post UV treatment (top). Number 
of γH2AX foci per nucleus determined by ImageJ (bottom). Data show mean 
±STDEV, (n=44 U2OS and n=39 LINC00662 -/- nuclei). (E) Western blot analysis 
of γH2AX across a UV time course in control, LINC00662-/-, and rescue 
(LINC00662-/- with LINC00662 overexpression) U2OS cells. (F) RT-PCR of 
LINC00662 expression (top), or western blot analysis of γH2AX (bottom) across 
a bleomycin treatment time course.  
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Figure 2.8: Knockdown of LINC00662 alters γH2AX levels in response to 
bleomycin treatment 

 
Legend: (A) Relative expression of LINC00662 in control or LINC00662 shRNA 
treated U2OS cells. Data show mean ±SEM, (n=3 technical replicates). (B) 
Western blot analysis of γH2AX in control or LINC00662 shRNA treated U2OS 
cells across a belomycin treatment time course. (C) RT-PCR of LINC00662 
expression in control or LINC00662 shRNA treated H1299 cells. (D) Western blot 
analysis of γH2AX in control or LINC00662 shRNA treated H1299 cells across a 
belomycin treatment time course. 
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Figure 2.9: LINC00662 interacts with the non-homologous end joining proteins 
Ku70 and Ku80 

 
Legend: (A) Graphical representation of in vitro RNA pull down experiment. (B) 
Diagram displaying location of RNA constructs used for in vitro pull down 
experiments (top). In vitro RNA pull down followed by western blot analysis of 
Ku70, Ku80, and GAPDH. RNA used for pull down is full length and antisense 
LINC00662 (bottom left), or LINC00662 deletion constructs (bottom right). (C) 
Enrichment of LINC00662 in either Ku70 or Ku80 RIP samples compared to IgG 
control for U2OS cells (left), or H1299 cells (right). 
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Figure 2.10: LINC00662 knockout decreases NHEJ efficiency 

 
Legend: (A) Diagram depicting NHEJ reporter assay. (B) Repair efficiency of 
NHEJ reporter construct in control of LINC00662-/- U2OS cells determined by 
flow cytometry. Repair efficiency represents the percentage of GFP positive cells 
normalized to mCherry positive cells (transfection control). Data show mean 
±STDEV, (n=3 biological replicates). 
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Figure 2.11: LINC00662 localizes to sites of DNA damage 

 
Legend: (A) RT-PCR of LINC00662, MALAT1, and DANCER following 
subcellular fractionation in U2OS cells before and 4 hours post UV treatment. (B) 
Graphical representation of constructs used for UV laser microirradiation 
experiments. (C) RIP of FLAG tagged MS2CP-GFP followed by RT-PCR of 
LINC00662-MS2bs. (D) Recruitment of GFP tagged constructs to sites of DNA 
damage determined by fluorescent confocal microscopy before and immediately 
following UV microirradiation. Yellow arrow indicates the plane of UV laser 
microirradiation. 
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Figure 2.12: LINC00662 knockout sensitizes U2OS cells to UV irradiation 
 

 
 
Legend: (A) CCK8 Cell survival assay of control and LINC00662-/- U2OS cells 
treated with UV. Surviving %=2^-(tdelay/tdoubling). Data show mean ±STDEV, 
n=3 biological replicates. (B) Caspase 3 activity of control and LINC00662-/- 
U2OS cells before or 16 hours post UV irradiation. Data show mean ±STDEV, 
n=3 biological replicates.  
 
 
  



 83 

Figure 2.13: LINC00662 is overexpressed and amplified in tumors from multiple 
different cancer types 

 
Legend: (A) Percentage of tumors with altered LINC00662 expression for 
multiple different cancer types indicated on the X-axis. Tumors with up-regulated 
expression are represented in pink while tumors with down-regulated LINC00662 
expression are represented in blue. (B) Percentage of tumors with altered 
LINC00662 copy number for multiple different cancer types indicated on the X-
axis. Tumors with amplification of LINC00662 are represented in red, while 
tumors with deep (homozygous) deletion of LINC00662 are represented in blue. 
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Figure 2.14: Altered LINC00662 expression is correlated with decreased overall 
and disease free survival 

 
Legend: Kaplan-Meier curves displaying overall survival (A and B) or disease 
free survival (C and D) for tumors with either altered or unaltered expression of 
LINC00662. Cancer types include ovarian serous cystadenocarcinoma (A), skin 
cutaneous melanoma (B), lung adenocarcinoma (C), and adrenocortical 
carcinoma (D). Logrank test p-value is included for each respective cancer type. 
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Figure 2.15: Proposed model for LINC00662 induction and function during UV 
DDR 

 
Legend: Under normal conditions, LINC00662 has higher levels of m6A 
modification, resulting in increased interaction with hnRNP C within the Alu 
sequence of exon 3. This hnRNP C-LINC00662 interaction represses exon 3 
splicing, while promoting splicing of exon 2 to exon 4. Upon exposure to UV, 
RNA methylation machinery is recruited to sites of DNA damage resulting in 
decreased methylation of nascent LINC00662, thus decreasing interaction with 
hnRNP C and increasing splicing of LINC00662 exon 2 to exon 3. Once fully 
spliced, the exon 3 containing isoform of LINC00662 interacts with the NHEJ 
proteins Ku70 and Ku80 to promote DNA damage repair through enhanced 
NHEJ. 
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Table 2.1:  Mass spec analysis of LINC00662 interacting proteins 
 
Gene Name Intensity A Intensity B Intensity C 
XRCC6 324270000 290220000 378430000 
XRCC5 217660000 195740000 253630000 
DHX9 174450000 168940000 205080000 
HNRNPA3 113880000 98097000 143970000 
DDX17 111950000 96991000 122270000 
RPS10 88316000 59065000 3925300 
RRBP1 87938000 16062000 31703000 
RANP1 81178000 66113000 4104100 
KTN1 76236000 69373000 82650000 
RPS19 73560000 61087000 3969900 
DHRS2 69971000 65178000 17900000 
H2AFZ 64462000 75813000 9790800 
SLC25A5 58654000 47778000 41841000 
HIST1H2BF 56690000 96117000 10162000 
FUS 53746000 46636000 30986000 
FXR1 50333000 48409000 50278000 
TUBA1B 43982000 43114000 47616000 
PARP1 43552000 46687000 60023000 
PTRF 37479000 42830000 40239000 
MAP4 36462000 32087000 39119000 

 
Legend: Spectral counts for top 20 candidate proteins that uniquely interacted 
with LINC00662 but not control RNA determined by MS analysis. 
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Table 2.2: TCGA clinical attributes correlated with altered LINC00662 expression 
in cancer 
Cancer Clinical 

Attribute 
Attribute 
Type 

Statistical 
Test 

p-
Value 

q-
Value 

Lung 
adenocarcinoma 

Fraction 
Genome 
Altered 

Sample Kruskal 
Wallis 
Test 

2.93e-7 1.961e-
5 

Uterine 
carcinosarcoma 

Fraction 
Genome 
Altered 

Sample Kruskal 
Wallis 
Test 

1.135e-
3 

0.0307 

Invasive breast 
carcinoma 

Fraction 
Genome 
Altered 

Sample Kruskal 
Wallis 
Test 

3.33e-9 3.07e-7 

Stomach 
adenocarcinoma 

Fraction 
Genome 
Altered 

Sample Kruskal 
Wallis 
Test 

<10-10 <10-10 

Head and neck 
squamous cell 
carcinoma 

Fraction 
Genome 
Altered 

Sample Kruskal 
Wallis 
Test 

1.187e-
6 

8.426e-
5 

Kidney renal 
clear cell 
carcinoma 

Fraction 
Genome 
Altered 

Sample Kruskal 
Wallis 
Test 

7.281e-
4 

0.0141 

 
Legend: Clinical attributes correlated with altered LINC00662 expression 
determined by Kruskal Wallis Test for 6 different cancer types from TCGA. 
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Table 2.3: Oligonucleotides used in this study 

 Sequence (5' -> 3') 

RT-PCR   

LINC00662 F TCTCCGTGGACATCTGTCTG 

LINC00662 R GAATCTCAAGGGACCCCAAT 

GAPDH F AGGTGAAGGTCGGAGTCAAC 

GAPDH R GACAAGCTTCCCGTTCTCAG 

MALAT1 F TGTGTGCCAATGTTTCGTTT 

MALAT1 R AGGAGAAAGTGCCATGGTTG 

DANCR F GTGCAGCTGCCTCAGTTCTT 

DANCR R GCTCTAGCTCCTGTGGCACT 

RT-qPCR  

βActin F CACCAACTGGGACGACAT 

βActin R ACAGCCTGGATAGCAACG 

LINC00662-q F CACGCTTCTGAAACTGGTGT 

LINC00662-q R TGTACAGCCTGGTGACAGAG 

LINC00662-230 F TGCCTACACGCTTCTGAAACT 

LINC00662-230 R GAAGGAAGCGCGATGGACAC 

LINC00662 hnRNA F TACCGGAAGCCAGAACTTCA 

LINC00662 hnRNA R TGTACAGCCTGGTGACAGAG 

hnRNPC F CCCTTCTCCGTCCCCTCTAC 

hnRNPC R CCCGAGCAATAGGAGGAGGA 

RNAi  

Control shRNA (sense) GCGTACATCACTCGTTAATAT 

LINC00662 shRNA (sense) TCCCTTGAGATTCCATATGAA 

hnRNPC shRNA (sense) GCGCTTGTCTAAGATCAAATT 

CRISPR/Cas9 LINC00662 Knockout  

LINC00662 sgRNA 1 ATAATTATCTTCCCTACGGT 

LINC00662 sgRNA 2 CTTTTTTGTGATTACGATCA 

5' Homology Arm F ATCTACCCAAGCTTACCTCAGTTCTGTGAAAGGCG 

5' Homology Arm R ACTTTCGCGGATCCGTTTGAATTCAGCCACATTTACCCC 

3' Homology Arm F ATAAGAATGCGGCCGCGGGATGACATTTAACACCTGAGT 
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3' Homology Arm R ATTTGCCGCTCGAGAGCACTCTCATTTATCGCGG 

Plasmid Construction  

LINC00661 Exon 1+2 (EcoRI) F: CAAGTTACCGGAATTCACCACCCCAGCCAGCATGGC 

LINC00661 Exon 1+2 (XhoI) R: AGAATAGCCGCTCGAGCTTGGAAATCAATTAAATTT 

LINC00661 Exon 3-5' (EcoRI) F: CAAGTTACCGGAATTCTTATTTGAGACAGAGTCTCG 

LINC00661 Exon 3-5' (XhoI) F: AGAATAGCCGCTCGAGGGAATCTCAAGGGACCCCAA 

LINC00661 Exon 3-3' (EcoRI) F: CAAGTTACCGGAATTCATATGAAATTTAGGTAGGAT 

LINC00661 Exon 3-3' (XhoI) F: AGAATAGCCGCTCGAGTCACCACGACCAAGTGCAAT 

Full Length LINC00662 (EcoRI) F: CAAGTTACCGGAATTCACCACCCCAGCCAGCATGGC 

Full Length LINC00662 (XhoI) R: AGAATAGCCGCTCGAGTCACCACGACCAAGTGCAATT 

Antisense LINC00662 (XhoI) F AGAATAGCCGCTCGAGACCACCCCAGCCAGCATGGC 

Antisense LINC00662 (EcoRI) R CAAGTTACCGGAATTCTCACCACGACCAAGTGCAATT 

GFP (BamHI) F ATACGCGGATCCATGGTGAGCAAGGGCGAGGA 

GFP (EcoRI) R ATACCGGAATTCCTACTTGTACAGCTCGTCCA 

MS2CP (NheI) F CGCCTAGCTAGCGCCACCATGGACTACAAAGACCATGA 

MS2CP (Acc65I-linker) R AACGTAGGTACCTCCAGAACCTGAACCGACTCGAGTGTACAAAGCGT 

LINC00662 pLJM1-MS2bs (AgeI) F: CAAGTTACCGACCGGTACCACCCCAGCCAGCATGGC 

LINC00662 pLJM1-MS2bs (AgeI) R: AGAATAGCCGACCGGTTCACCACGACCAAGTGCAAT 
 
Legend: List of oligonucleotide sequences used for RT-PCR, RT-qPCR, RNA 
interference, CRISPR/Cas9-mediated knockout of LINC00662, and cloning. All 
sequences are listed in the 5’ to 3’ direction. 
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Chapter 3: 
 

LINC00662 alters cancer cell migration through regulation of 
gene expression 
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3.1 Introduction: 

Metastasis is a general term used to describe the process of primary 

tumor cell dissemination to local or distant tissues and is responsible for the 

majority of cancer related mortality (Chaffer and Weinberg, 2011). Primary tumor 

cell dissemination and development of metastatic lesions is a complex multistep 

process that has been termed the metastatic cascade. The events of the 

metastatic cascade include local invasion of primary tumor cells into surrounding 

tissue, intravasation, survival during circulation, extravasation, and colonization 

of distant tissues (Fidler, 2003; Gupta and Massagué, 2006). One important 

process underlying many steps of the cascade is the epithelial-mesenchymal 

transition (EMT). The EMT is a collection of developmental biological programs 

resulting in the loss of epithelial and gain of mesenchymal like characteristics. 

During tumor progression, EMT programs are often activated to confer malignant 

traits necessary for metastatic dissemination such as increased cellular motility 

and invasiveness (Lambert et al., 2017).  

In addition to EMT, cellular adhesion to the extracellular matrix (ECM) is 

another critical process underlying normal and cancer cell migration and 

regulates every step of the metastatic cascade (Pickup et al., 2014). It is through 

cell-ECM adhesion that the cell acquires the traction required for cell migration. 

Integrins are a family of transmembrane glyocproteins that form hetrodimeric 

receptors for ECM molecules and are recognized as important mediators of cell 

adhesion. Upon interaction with the ECM, integrins cluster into structures called 
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focal adhesions, which recruit a number of scaffolding proteins that link to the 

actin cytoskeleton. In addition to linking the actin cytoskeleton with the ECM, 

integrins also recruit a number of signaling molecules that transduce information 

about the extracellular environment and can influence cellular processes such as 

migration, proliferation, and survival (Hood and Cheresh, 2002). Importantly, 

many studies have reported significant differences in integrin expression and 

distribution in malignant tumors (Mizejewski, 1999; Brooks et al., 1994; Serini et 

al., 1996). Furthermore, Proteomic studies have suggested that tumors of 

different metastatic potential differ in ECM composition (Naba et al., 2012), and 

other studies have associated ECM composition with breast cancer clinical 

outcome (Bergamaschi et al., 2008), highlighting the importance of cell-ECM 

interactions in cancer progression and metastasis.  

Although many protein-coding genes involved in the metastatic cascade 

have been characterized, the contribution of non-coding RNA to this process is 

poorly understood. Recently, it has become clear that one such class of non-

coding RNAs, long non-coding RNAs (lncRNAs), play important regulatory roles 

in diverse cellular processes. lncRNAs are defined as transcripts longer than 200 

nucleotides and contain no functional open reading frame. Recent estimates 

suggest close to 20,000 potentially functional lncRNAs within the human genome 

(Hon et al. 2017). However, the function and mechanism of these transcripts 

remain largely unexplored. Interestingly, some lncRNAs have been reported to 

function in cancer metastasis. For example, MALAT1 has been associated with 
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lung cancer metastasis to the brain by inducing EMT (Shen et al. 2015); down-

regulation of lncRNA-LET stabilizes NF90 protein resulting in hypoxia-induced 

cancer cell invasion (Yang et al., 2013); SLNCR1 mediates melanoma invasion 

through transcriptional regulation of MMP9 (Schmidt et al., 2016); BCAR4 

regulates metastasis of breast cancer by binding the transcription factors SNIP1 

and PNUTS (Xing et al., 2014). Although many others have reported association 

of lncRNA expression with metastasis (Hu et al., 2014; Li et al., 2017b; Lin et al., 

2015; Liu et al., 2013; Piipponen et al., 2018), much is still unknown about their 

mechanism of action. 

As discussed in chapter 2, we identified a previously uncharacterized 

human lncRNA, LINC00662, which is induced in response to UV irradiation 

(Figure 2.1) and often overexpressed in many different cancers (Figure 2.13). 

Our findings establish the function of LINC00662 in regulating DNA damage 

repair through RNA-protein interactions. However, we also find that LINC00662 

has alternative functions independent of the DNA damage response.  Here, we 

report that loss of LINC00662 results in decreased in vitro cancer cell migration 

determined by in vitro scratch assay and transwell migration assay. Furthermore, 

RNA sequencing analysis revealed the possibility of LINC00662 to regulate 

expression of genes involved in cellular processes such as ECM organization 

and eukaryotic translation elongation. Together, these findings uncover a 

potential function for LINC00662 as a regulator of cell migration, and thus, cancer 

metastasis.  
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3.2 Results 

3.2a Loss of LINC00662 decreases in vitro cancer cell migration 

Based on the observation that LINC00662 is often overexpressed in 

cancer, we hypothesized that LINC00662 could regulate cellular functions 

involved in cancer initiation and disease progression. To test this hypothesis we 

performed loss of function experiments by first designing a LINC00662 targeting 

shRNA and a scrambled control shRNA. LINC00662 knockdown and control 

U2OS cell lines were generated through lentiviral-mediated stable expression of 

each shRNA respectively. Knockdown of LINC00662 following lentiviral 

transduction was confirmed using RT-qPCR (Figure 3.1A). Surprisingly, upon 

LINC00662 knockdown we immediately noticed a change in cell morphology 

(Figure 3.1B). Compared to control U2OS cells, LINC00662 knockdown cells 

appeared to be more round in shape and less spread out.  

To account for potential shRNA off target effects, we utilized CRISPR-

Cas9 to generate a clonal LINC00662 knockout U2OS cell line. Because 

LINC00662’s first two exons overlap with another uncharacterized transcript that 

initiates transcription from the opposite strand, only LINC00662 exon 3 was 

targeted for genetic knockout. Given that LINC00662 exon 3 makes up 

approximately 70 percent of the RNA transcript, we assumed that this approach 

would be sufficient for LINC00662 loss of function. To knockout LINC00662 exon 

3 we designed two different guide RNAs that flank Exon 3 (Figure 3.1C). 

Constructs containing guide RNAs, Cas9, and a repair template with a neomycin 
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selection cassette, were transiently expressed in U2OS cells. Following 

neomycin selection, clonal cell lines were screened for loss of LINC00662 exon 

3.  Successful CRISPR/Cas9-mediated knockout of LINC00662 exon 3 was 

confirmed using RT-PCR (Figure 3.1D). Consistent with shRNA knockdown, we 

noticed a similar change in cell morphology following LINC00662 knockout 

(Figure 3.1E).  

Based on the observed morphology phenotype from both shRNA-

mediated knockdown and CRISPR/Cas9-mediated knockout of LINC00662, we 

reasoned that LINC00662 might regulate cancer cell migration. To test this 

hypothesis we performed in vitro scratch assay, which revealed a decrease in 

cancer cell migration for both LINC00662 knockdown and knockout cells (Figure 

3.2A and 3.2B). To validate decreased cancer cell migration following loss of 

LINC00662 we utilized in vitro transwell migration assay. Consistent with in vitro 

scratch assay, we observed decreased transwell migration for LINC00662 

knockout cells compared to control U2OS cells (Figure 3.3A and 3.3B). We 

considered the possibility that the results obtained from both in vitro scratch 

assay and transwell migration assay could be dependent upon cellular 

proliferation, and not a direct result from a change in migratory potential. To 

account for this possibility we performed a cell growth assay using CCK8 and 

detected no significant difference in doubling time for LINC00662 knockout cells 

compared to control U2OS cells (Figure 3.3C). This suggests that the results 

from both in vitro scratch assay and transwell migration assays are likely due to a 
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change in migratory potential, rather than a change in cell growth. Together, 

these findings implicate LINC00662 as a regulator of U2OS cell migration in vitro, 

but not cell proliferation.  

 

3.2b LINC00662 regulates expression of genes involved in ECM 

organization and eukaryotic translation elongation 

Many recent studies have described the roles of lncRNAs in regulating 

gene expression through a number of different molecular mechanisms (Geisler 

and Coller, 2013; Rinn and Chang, 2012). Thus, we reasoned that LINC00662 

promotes in vitro cancer cell migration by regulating expression of genes 

involved in this cellular process. To test this hypothesis we performed two 

different RNA sequencing experiments. The first experiment looked for changes 

in gene expression between U2OS cells transfected with either a control or 

LINC00662 targeting siRNAs. The second experiment examined the changes in 

gene expression between control and LINC00662 knockout U2OS cells. After 

filtering genes with low read counts, RNA-seq analysis revealed differential 

expression (padj<0.05) of 4518 genes following siRNA-mediated LINC00662 

knockdown, and 3489 genes following LINC00662 knockout. Of the differentially 

expressed genes resulting from siRNA LINC00662 knockdown, 2490 were up-

regulated, while 2028 were down-regulated. For LINC00662 knockout cells 

compared to control U2OS cells, 1678 genes were up-regulated, and 1811 genes 

down-regulated. 
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To find the most functionally significant genes regulated by LINC00662 we 

further filtered the data using two different criteria. First, we filtered out genes that 

displayed lower average expression across all samples (Basemean<100 CPM). 

For siRNA LINC00662 knockdown cells this resulted in 2412 increased, and 

1912 decreased genes. For LINC00662 knockout cells this resulted in 1678 

increased and 1811 decreased genes. Finally, we identified differentially 

expressed genes with the highest fold change (log2 fold change >1 or <-1). Using 

these criteria we were left with 311 increased, and 335 decreased genes 

following LINC00662 siRNA knockdown. For LINC00662 knockout we were left 

with 65 increased and 70 decreased genes. A summary of differentially 

expressed genes for each filtering criteria is presented in Figure 3.4A. 

Next, we looked to generate a high confidence list of potential LINC00662 

regulated genes by overlapping increased or decreased differentially expressed 

genes from both LINC00662 siRNA knockdown and knockout experiments. 

Surprisingly, we observed very little overlap of differentially expressed genes 

between these two experiments. Using all of the significantly differentially 

expressed genes (Basemean >100CPM) we observed a 5.9% overlap of 

increased genes, and 5% overlap of decreased genes (Figure 3.4B). Using our 

most stringent criteria we found a 0.8% overlap of increased genes and 1.2% 

overlap of decreased genes between knockdown and knockout experiments 

(Figure 3.4C). The lack of overlapping genes between these two experiments is 

further confirmed when considering variance between samples using both a 
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sample-to-sample distance matrix and principal component analysis. 

Unexpectedly, we find less variance between control U2OS cells and LINC00662 

knockout cells than between control U2OS cells and control siRNA treated U2OS 

cells (Figure 3.4D and 3.4E). We speculate that the variance in control samples 

from both experiments is likely the result of transfection-dependent effects from 

the siRNA treated cells.  

To identify cellular pathways associated with differentially expressed 

genes, we performed statistical overrepresentation test of reactome pathways 

using PANTHER Gene List Analysis tool (Mi et al., 2019; Thomas et al., 2006). 

Because of the potential transfection-dependent effects, we decided to limit this 

analysis to all differentially expressed genes (Basemean>100) between control 

and LINC00662 knockout U2OS cells. We identified 104 and 94 significantly 

enriched reactome pathways for up-regulated and downreagulated genes 

respectively. Surprisingly, we found that genes up-regulated by LINC00662 

knockout displayed significant enrichment for several cellular pathways related to 

cell migration such as ECM organization (R-HSA-1474244), non-integrin 

membrane-ECM interactions (R-HSA-3000171), and Collagen formation (R-HSA-

1474290) (Figure 3.5A). Representative genes from these pathways are 

displayed in Table3.1. For genes down-regulated by LINC00662 knockout we 

found significant enrichment of cellular pathways involved in eukaryotic 

translation elongation, and RNA metabolism (Figure 3.5B). Furthermore, 

enrichment in eukaryotic translation elongation was confirmed using Gene Set 
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Enrichment Analysis (GSEA) (Figure 3.5C). Eukaryotic translation elongation 

reactome pathway gene set displayed a normalized gene set enrichment score of 

2.30, with a FDR corrected p-value <0.001. Surprisingly, from this analysis we 

find that a majority of ribosomal associated proteins are down-regulated in 

response to LINC00662 knockout (Figure 3.5C).  

 

3.3 Discussion 

Several other groups have recently reported decreased cell migration 

following loss of LINC00662 expression (Cheng et al., 2020; Gong et al., 2018; 

Guo et al., 2020; Li et al., 2019; Liu et al., 2018; Tian et al., 2020; Wang et al., 

2020; Xu et al., 2019). Our study provides novel insight as to how LINC00662 

might mediate these effects. Through transcriptome wide profiling following 

genetic deletion of LINC00662, we have uncovered several potential cellular 

pathways that could regulate cancer cell migration such as ECM organization 

and eukaryotic translation elongation. Although no other group has performed 

unbiased sequencing analysis following genetic deletion of LINC00662, previous 

reports have suggested several potential target genes for LINC00662, none of 

which are seen in our sequencing datasets. Furthermore, loss of LINC00662 

have been reported to decrease cell proliferation by a number of different groups 

(Cheng et al., 2020; Guo et al., 2020; Li et al., 2019; Liu et al., 2018; Tian et al., 

2020; Wang et al., 2020; Xu et al., 2019). This phenotype is not consistent with 

our results (Figure 5C). This inconsistency could be the result of cell type specific 
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effects, or due the fact that all other groups have used RNAi-mediated methods 

for LINC00662 knockdown, rather than genetic deletion. 

It is important to note that differentially expressed genes associated with 

ECM organization and translation elongation display only a small, but still 

significant fold change in our dataset. Even with a small fold change, we consider 

the possibility that the combined regulation of many genes involved in these 

cellular processes could reprogram cancer cells, resulting in the observed 

migration phenotype. While the role of ECM proteins in regulating cancer cell 

migration, invasion, and metastasis has been well established (Pickup et al., 

2014), the connection between eukaryotic translation elongation and cell 

migration is much less obvious. Although seemingly unrelated, it is possible that 

genes associated with translation elongation could regulate expression of genes 

involved in cancer cell migration at the post-transcriptional level. In fact, other 

groups have reported direct and indirect regulation of cell migration and 

metastasis through ribosomal associated proteins (Liu et al., 2007; McDonald et 

al., 2008; Yang et al., 2013; Peng et al., 2013; Shi et al., 2012; Shen et al., 

2013). 

 The exact mechanism by which LINC00662 regulates expression of genes 

involved in ECM organization and translation elongation still remains unclear. 

Based on our results, we speculate that through RNA-protein interactions, 

LINC00662 may regulate signal transduction pathways that control expression of 

many genes involved in these cellular processes. For example, mTOR signaling 
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is known to control expression of many ribosomal associated proteins (Cardenas 

et al., 1999; Xiao and Grove 2009). It is possible that LINC00662 regulates the 

mTOR signaling pathway, leading to increased ribosomal associated protein 

expression observed in cells with higher LINC00662 expression. All previous 

reports for LINC00662 have presented a wide range of different mechanisms for 

how LINC00662 might regulate gene expression including sequestration of micro 

RNAs (Cheng et al., 2020; Li et al., 2019; Liu et al., 2018; Wang et al., 2020; Tian 

et al., 2020), Interaction with Lin28 (Gong et al., 2018), and through regulation of 

DNA methylation (Guo et al., 2020). Further studies must be completed in order 

to build a more comprehensive mechanism for how LINC00662 regulates gene 

expression. 

Last, it is important to address the fact that there is very little overlap 

between differentially expressed genes from our siRNA-mediated knockdown 

and CRISPR/Cas9-mediated knockout RNA sequencing datasets. Other groups 

studying the lncRNA lincRNA-p21 have observed this same phenomenon. 

Original studies reported differential expression of many genes following siRNA-

mediated knockdown of lincRNA-p21 (Huarte et al., 2010). Later studies that 

performed genetic deletion of lincRNA-p21 displayed only a 1.9% overlap of 

decreased genes, and 1.5% overlap of increased genes compared to siRNA 

knockdown methods (Dimitrova et al., 2014). As with lincRNA-p21, it is likely that 

the discrepancies in overlapped genes from our two datasets is the result of the 

different loss-of-function methods. Given that both control and LINC00662 
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knockdown cells are transfected with their respective siRNAs, it is possible that 

there are many transfection-dependent effects within this dataset. Furthermore, 

compared to the transient nature of siRNA-mediated knockdown, genetic 

analysis provides that advantage of being able to assess long term loss-of-

function effects. These observations highlight the importance of careful genetic 

analysis when probing the function of lncRNAs. 

 

3.4 Materials and Methods: 

 

Cell Culture and Transfection 

U2OS cells were cultured in McCoys 5A media supplemented with 10% 

FBS and pen/strep in 37˚C incubator with 5% CO2. Cells were transfected using 

Lipofectamine 3000 Transfection Reagent according to the manufacturer’s 

protocol (Invitrogen). 

 

RNA Isolation and RT-qPCR 

RNA was isolated from U2OS cells using TRIzol according to the 

manufacturer’s protocol (Invitrogen).  cDNA was generated using iScript Reverse 

Transcription Supermix (BIORAD). qPCR was performed using iQ SYBR Green 

Supermix (BIORAD). Primers used for qPCR are listed in Table 3.2. 
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TCGA Analysis 

To discover cancers with altered LINC00662 expression we searched all 

available TCGA Firehouse Legacy datasets using cBioPortal (Cerami et al.,2012; 

Gao et al., 2013). Only tumors with RNA Seq V2 data were used for analysis of 

LINC00662 expression. To determine up-regulation and down-regulation of 

LINC00662 in each tumor sample, we selected a z-score threshold of ±2.0. 

Overall and disease free survival analysis was also performed on each TCGA 

Firehouse Legacy cancer dataset using cBioPortal. 

 

CRISPR/Cas9-mediated LINC00662 Knockout 

For knockout of LINC00662 we designed 2 guide RNAs that flanked exon 

3. Guide RNAs were cloned into pSpCas9-2A-Puro vector (Ran et al., 2013). To 

increase homozygous knockout efficiency we designed an HDR template to 

replace LINC00662 exon 3 with a neomycin selection cassette. For the HDR 

template we cloned homology arms directly adjacent to guide RNA target sites 

into pGolden-Neo vector (Luo et al., 2014). Cas9 and guide RNA expression 

vectors, along with HDR vector, were cotransfected into U2OS cells. 5 days after 

transfection edited cells were selected using 500µg/mL Geneticin (Gibco). 

Homozygous knockout cell line was established through clonal selection in 96 

well plates. LINC00662 knockout was confirmed at both the DNA and RNA level 

using PCR and RT-PCR. Primers used for construction of guide RNA and repair 

template vectors are listed in Table 3.2. 
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Lentiviral-mediated shRNA LINC00662 Knockdown 

Scrambled control and LINC00662 targeting shRNAs were cloned into pLKO.1 

puro TRC vector (Moffat et al., 2006). Lentiviral particles were produced for each 

shRNA in HEK293T cells. For stable transduction of shRNAs, U2OS cells were 

incubated with media containing lentiviral particles in the presence of 5µg/mL 

polybrene. Stably transduced cells were selected using 1µg/mL puromycin. 

LINC00662 knockdown was confirmed using RT-PCR. Scrambled control and 

LINC00662 targeting shRNA sequences are listed in Table 3.2. 

 

In Vitro Scratch Assay 

For in vitro scratch assay U2OS cells stably expressing scrambled or 

LINC00662 targeting shRNA were plated on 60 mm plates and allowed to attach 

overnight. Plates were scratched with a pipette tip the following day when cells 

are 70-90% confluent. Images of the plates were taken immediately after the 

scratch using multiple different fields of a bright field microscope. Plates were 

incubated for 24 hours to allow for wound closure. After 24-hour incubation, 

images were taken from multiple different fields. Wound area was determined 

using ImageJ software (NIH, Bethesda). Wound closure percentage was 

calculated using the following equation: percent wound closure = 1-(wound area 

at 24h/wound area at 0h) x100%. Experimental procedures were repeated for 

control and LINC00662 knockout U2OS cells. 
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Trans Well Migration Assay 

Control or LINC00662 knockout U2OS cells were serum starved for 24 

hours. Following serum starvation, cells were plated on the upper half of the 

trans well permeable support in serum free media. Complete media was added 

to the bottom half of the permeable support as a chemoattractant. Cells were 

incubated for 10 hours to allow trans well migration. Cells that migrated to the 

bottom half of the permeable insert were stained with crystal violet and counted.  

 

Cell proliferation assay 

Cell proliferation assay was performed using CCK8 (Dojindo) according to 

the manufacturers protocol. Briefly, 1000 cells were seeded in 96 well plates. To 

determine cell number, CCK8 reagent was added to each well, incubated at 37°C 

for 2 hours, and O.D. at 450nm was measured. Measurements were taken daily 

for a total of 5 days. 

 

RNA-seq Library Preparation and Data Analysis 

For LINC00662 knockdown RNA sequencing experiment, total RNA was 

extracted from either control or LINC00662 targeting siRNA treated cells in 

biological duplicates using Direct-zol RNA Miniprep Plus Kit (Zymo Research). 

Silencer select negative control 1 siRNA (Invitrogen) was used for as a negative 

control. Target sequence for LINC00662 siRNA is listed in Table 3.2. For 
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knockout RNA sequencing experiment, total RNA was extracted from control or 

LINC00662 knockout U2OS cells in biological triplicates using Direct-zol RNA 

Miniprep Plus Kit. On column DNase I digestion was performed during RNA 

purification. Poly(A) enriched RNA library was prepared using NEBNext Ultra II 

Directional RNA Library Prep Kit for Illumina (New England BioLabs). RNA library 

was sequenced on Illumina NextSeq using single end 75bp read length. For data 

analysis adaptors were trimmed and RNA-seq reads were mapped to human 

reference transcriptome (Ensembl) using Salmon (Patro et al., 2017). DESeq2 

(Love et al., 2014) was used for differential expression analysis.  

 

PANTHER Overrepresentation Test and Gene Set Enrichment Analysis 

For statistical overrepresentation test of reactome pathways we utilized 

PANTHER gene list analysis tool (Mi et al., 2019; Thomas et al., 2006). Up-

regulated and down-regulated differentially expressed gene lists between control 

and LINC00662 knockout samples were loaded into PANTHER gene list analysis 

tool and statistical overrepresentation test was selected with reactome pathway 

annotation set. Reactome pathway results were ranked by either highest fold 

enrichment or lowest false discovery rate. Gene set enrichment analysis was 

performed as previously described (Mootha et al., 2003; Subramanian et al., 

2005). Briefly, normalized RNA sequencing read counts for each sample along 

with phenotype labels were loaded into GSEA tool. Reactome pathway gene set 

was selected from the Molecular Signature Database for enrichment analysis. To 
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obtain enrichment scores and FDR corrected p-values, gene sets went through 

1000 permutations.   
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3.6 Figure and Tables 

Figure 3.1: Loss of LINC00662 expression alters morphology of U2OS cells 

 
Legend: (A) Relative expression of LINC00662 in U2OS cells stably expressing 
either control or LINC00662 targeting shRNAs. Data show mean ±SEM, n=3 
technical replicates. (B) Bright field microscopy images of U2OS cells stably 
expressing either control or LINC00662 targeting shRNAs. (C) Graphical 
representation of CRISPR/Cas9-mediated knockout of LINC00662 exon 3. (D) 
RT-PCR confirming clonal homozygous deletion of LINC00662 exon 3. (E) Bright 
field microscopy of either control or LINC00662 knockout U2OS cells. 
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Figure 3.2: Loss of LINC00662 decreases in vitro cell migration 
 

Legend: (A) In vitro scratch assay of U2OS cells stably expressing either control 
or LINC00662 targeting shRNAs. (B) In vitro scratch assay of control or 
LINC00662 knockout U2OS cells. Images were captured immediately and 24 
hours following initial scratch. 



 116 

Figure 3.3: Knockout of LINC00662 exon 3 results in decreased transwell 
migration 

 
Legend: (A) Bright field microscopy images of transwell migration assay for 
control of LINC00662 knockout U2OS cells. (B) Quantification of transwell 
migration. Data show mean ±STDEV, n=5 biological replicates. (C) Doubling time 
for control and LINC00662 knockout U2OS cells determined from cell 
proliferation assay. Data shows mean with 95% CI, n=3 technical replicates. 
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Figure 3.4: Summary of LINC00662 loss-of-function RNA sequencing 
experiments. 

 
Legend: (A) Summary of differentially expressed genes between either control 
siRNA vs LINC00662 siRNA treated U2OS cells, or Control vs LINC00662 
knockout U2OS cells. Genes shaded in grey were used for downstream 
statistical overrepresentation test or GSEA. (B) Overlap of all significant 
differentially expressed genes between both sequencing experiments. (C) 
Overlap of significant differentially expressed genes with fold change greater 
than 2 between both sequencing experiments. Red boxes highlight relevant 
overlapping regions. (D) Sample-to-sample distance matrix for all sequenced 
samples. (E) Principal component analysis for all sequenced samples. 
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Figure 3.5: LINC00662 regulates expression of genes involved in ECM 
organization and eukaryotic translation elongation 

 
Legend: (A and B) PANTHER statistical overrepresentation test of reactome 
pathways for either up-regulated (A) or down-regulated (B) genes between 
control and LINC00662 knockout U2OS cells. Reactome pathways are ranked by 
either false discovery rate (top) or fold enrichment (bottom). (C) Enrichment plot 
from GSEA for eukaryotic translation elongation reactome pathway (left), and 
heatmap of RNA-seq read counts for ribosomal associated proteins (right). 
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Table 3.1: ECM associated genes potentially regulated by LINC00662 
 
Gene baseMean log2FoldChange padj 
ADAM10 8099.3512 0.304627878 3.09E-05 
ADAM17 2297.140623 0.307656742 8.28E-07 
ADAM23 853.4049099 0.451871556 4.48E-05 
ADAM9 14077.52509 0.378088497 4.32E-13 
ADAMTS15 618.1172181 0.503782438 5.27E-05 
ADAMTS16 681.7801313 1.735737791 3.70E-15 
CAPN5 1209.611243 0.312012942 0.001536045 
CD47 1116.028176 0.314765697 0.00208529 
COL11A1 3496.934735 0.382756582 1.29E-07 
COL22A1 988.8941398 0.454593284 0.000561833 
COL4A1 13732.60697 0.202004529 8.01E-07 
COL4A2 23665.27417 0.14848214 0.001209948 
COL5A2 5036.36486 0.422534146 8.19E-13 
COL6A1 8082.385613 0.758091729 3.07E-59 
COL6A2 11160.79973 0.549396245 1.21E-39 
COL6A3 8725.396247 0.225284058 0.021656344 
COLGALT1 7381.631614 0.406260676 1.70E-13 
CRTAP 6955.158365 0.186963493 0.001527608 
CTSB 17042.20454 0.493889889 1.26E-24 
CTSL 5834.534553 0.203632797 0.003125832 
DMD 342.9644667 0.340729087 0.037819058 
EFEMP1 5926.856414 0.58024922 5.64E-23 
EMILIN2 1103.520363 0.269196671 0.004433466 
FGF2 1299.108063 0.371001544 1.45E-05 
FN1 29528.21319 0.178454531 0.002247449 
FURIN 6745.666539 0.365107135 1.94E-12 
HAPLN1 13721.43632 0.366511521 4.86E-16 
ITGA2 857.7763738 0.663896073 3.13E-08 
ITGA3 15606.26691 0.180367799 0.041263912 
ITGA4 514.972685 0.474112042 0.000282617 
ITGA5 6367.021039 0.510208032 1.58E-11 
ITGA6 4104.422403 0.734883853 2.55E-32 
ITGB1 100039.9247 0.405661444 5.09E-28 
ITGB3 347.8105537 0.696812291 0.001974549 
ITGB5 11258.88961 0.30924038 1.35E-12 
ITGB8 1901.94866 0.297407846 0.000904028 
JAM2 308.5809651 0.574714275 0.014163452 
JAM3 2085.803313 0.465772394 6.34E-09 
LAMA1 4338.312434 0.44788686 7.99E-06 
LAMA2 382.8582341 0.618887719 0.000673874 
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LAMA4 228.3271041 0.660510782 0.026206402 
LAMC1 13564.15904 0.348549679 9.42E-05 
LAMC2 3346.649006 0.58083041 3.79E-19 
LAMC3 1007.292451 0.36694682 0.000766834 
LOX 2317.769035 0.405869556 1.54E-08 
LOXL2 8384.12031 0.671498686 1.96E-35 
LOXL3 644.8294498 0.841309596 1.42E-07 
LRP10 4438.036437 0.204122075 0.013804287 
LTBP1 3319.543836 0.263812865 4.80E-06 
MMP14 5477.203094 0.50450031 2.40E-12 
MMP16 2358.089955 0.459406527 8.70E-05 
MMP2 11923.1371 0.642270945 6.54E-13 
MMP3 253.0983865 1.267093152 1.47E-12 
MMP9 681.0757554 1.436619113 2.51E-24 
NID1 5038.278228 0.789531583 1.29E-39 
NTN4 1015.706897 0.532713624 5.50E-05 
P4HA1 3448.271709 0.128290225 0.033193783 
PCOLCE 3305.463942 0.283800447 0.011751575 
PCOLCE2 1029.916398 0.447567747 4.49E-05 
PDGFA 2535.696708 0.542484117 9.76E-17 
PLOD1 9884.274718 0.396568316 3.51E-11 
PPIB 22047.1348 0.160706535 0.008067335 
PRKCA 8514.36862 0.496434118 6.81E-21 
PSEN1 4069.27859 0.2635122 0.001014375 
PXDN 8782.897357 0.269005155 0.004114016 
SDC1 5918.410569 0.695856583 1.99E-19 
SDC3 4302.951069 0.783329905 2.83E-42 
SERPINA1 1779.479593 0.661873405 9.95E-19 
SERPINB7 543.2521855 0.864019522 1.24E-09 
SERPINE2 4653.775419 0.433079609 3.11E-07 
SERPINF1 760.9301655 1.03080658 3.88E-22 
SERPING1 1324.802573 0.213163339 0.042777337 
SERPINH1 15139.00468 0.384162326 3.98E-12 
SPP1 109.1987636 1.016598612 5.88E-05 
TGFB3 516.398131 0.901575587 0.001650305 
TIMP1 12629.28706 0.265616575 0.000200905 
TNC 8842.530828 0.440670251 1.33E-09 
TNXB 152.2491678 0.667063009 0.012765014 

 
Legend: Table of ECM associated genes displaying average read counts across 
all samples (Basemean), log2 fold change in expression from control to 
LINC00662 knockout U2OS cells, and adjusted p-values for each log2 fold 
change. 
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Table 3.2: Oligonucleotide sequences used in this study 
 Sequence (5' -> 3') 

RT-PCR   
LINC00662 F TCTCCGTGGACATCTGTCTG 

LINC00662 R GAATCTCAAGGGACCCCAAT 

GAPDH F AGGTGAAGGTCGGAGTCAAC 

GAPDH R GACAAGCTTCCCGTTCTCAG 

RT-qPCR  
LINC00662 F: CACGCTTCTGAAACTGGTGT 

LINC00662 R: TGTACAGCCTGGTGACAGAG 

βActin F CACCAACTGGGACGACAT 

βActin R ACAGCCTGGATAGCAACG 

RNAi  
LINC00662 siRNA (sense) TCCCTTGAGATTCCATATGAA 

LINC00662 shRNA (sense) TCCCTTGAGATTCCATATGAA 

Control shRNA (sense) GCGTACATCACTCGTTAATAT 
CRISPR/Cas9 LINC00662 
Knockout  
LINC00662 sgRNA 1 ATAATTATCTTCCCTACGGT 

LINC00662 sgRNA 2 CTTTTTTGTGATTACGATCA 

5' Homology Arm F: ATCTACCCAAGCTTACCTCAGTTCTGTGAAAGGCG 

5' Homology Arm R: ACTTTCGCGGATCCGTTTGAATTCAGCCACATTTACCCC 

3' Homology Arm F: ATAAGAATGCGGCCGCGGGATGACATTTAACACCTGAGT 

3' Homology Arm R: ATTTGCCGCTCGAGAGCACTCTCATTTATCGCGG 
 
Legend: List of oligonucleotide sequences used for RT-PCR, RT-qPCR, RNA 
interference, and CRISPR/Cas9-mediated knockout of LINC00662. All 
sequences are listed in the 5’ to 3’ direction.  
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4.1 Conclusion 

While recent estimates have suggested close to 20,000 potentially 

functional long noncoding RNAs (lncRNAs) within the human genome (Hon et al., 

2017), the functions and mechanisms of these transcripts remain largely 

unexplored. In the studies presented here, we have demonstrated novel 

functions and molecular mechanisms for the lncRNA, LINC00662, in 2 different 

cellular processes: DNA damage repair and cancer cell migration. We found that 

in response to UV irradiation, LINC00662 is up-regulated through a splicing 

mechanism dependent upon hnRNP C binding to an Alu sequence within 

LINC00662 exon 3. Surprisingly, we also found that this UV-induced splicing 

mechanism is likely regulated by m6A RNA methylation. We provide evidence 

that LINC00662 enhances non-homologous end joining (NHEJ) through 

interaction with Ku70 and Ku80, leading to more efficient DNA damage repair. 

We also found that loss of LINC00662 alters cell morphology and migratory 

potential for cancer cells, likely through regulation of genes involved in 

extracellular matrix (ECM) organization and eukaryotic translation elongation.  

In addition to uncovering novel functions for LINC00662, our studies also 

provide new mechanistic insights of alternative splicing regulation during the UV 

DNA damage response. Others have reported widespread changes in alternative 

splicing following UV exposure through different mechanisms such as regulation 

of RNA polymerase II elongation (Muñoz et al., 2009) and depletion of the Ewing 

sarcoma (EWS) protein (Paronetto et al., 2011). Based on our studies, we 
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present a new model for UV-induced alternative splicing of LINC00662. Under 

normal conditions, LINC00662 has higher levels of m6A RNA methylation, 

resulting in increased interaction with hnRNP C within the Alu sequence of exon 

3. This hnRNP C-LINC00662 interaction leads to repression of exon 3 splicing. 

Interestingly, others have reported that the N6-methyltransferase machinery is 

recruited to sites of DNA damage (Xiang et al., 2017; Zhang et al., 2020). We 

suspect that recruitment of the N6-methyltransferase machinery to DNA damage 

sites could result in decreased methylation of nascent LINC00662 at its genomic 

loci, thus decreasing interaction with hnRNP C and increasing splicing of 

LINC00662 exon 3. Because hnRNP C has been shown to repress exon 

inclusion of Alu sequences genome wide (Zarnack et al., 2013), and hnRNP C 

binding can be altered by m6A RNA methylation (Liu et al., 2015), It is reasonable 

to assume that hnRNP C could regulate splicing and processing of many other 

RNAs in response to UV irradiation through a similar mechanism as with 

LINC00662. The overall contribution of hnRNP C to UV-induced splicing must be 

explored in greater detail.  

Our studies also highlight the functional role of transposable elements 

within lncRNAs. Previous studies have reported that Antisense-Uchl1 controls 

translation of the Uchl1 gene through an embedded SINEB2 transposable 

element (Carrieri et al., 2012), while ½sbsRNAs can regulate RNA stability 

through Alu-Alu RNA base pairing (Gong and Maquat, 2011). Here we find that 

the Alu sequence within LINC00662 provides the splice site for exon 3, and 
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regulates alternative splicing of LINC00662 during the UV DNA damage 

response. Importantly, the exon 3 containing isoform of LINC00662 is involved in 

DNA damage repair, giving functional significance to this Alu-mediated regulation 

of alternative splicing. Because lncRNAs do not contain a functional open 

reading frame, they are likely subject to less selective pressure of their primary 

RNA sequences. Furthermore, retrotransposable elements such as antisense 

oriented Alu sequences are predisposed for exonization since they contain a 

preexisting polypyrimidine tract and a cryptic AG splice site (Schmitz and 

Brosius, 2011). With this in mind, we speculate that transposable elements could 

act as a substrate for the evolution of new regulatory functions for lncRNAs 

through the creation of novel alternative splice variants. The evolutionary 

implications of transposable elements within lncRNAs must be further 

investigated.  

While our finding that LINC00662 regulates DNA damage repair is novel, 

several other groups have reported that LINC00662 can regulate both cancer cell 

migration and proliferation (Cheng et al., 2020; Gong et al., 2018; Guo et al., 

2020; Li et al., 2019; Liu et al., 2018; Tian et al., 2020; Wang et al., 2020; Xu et 

al., 2019). However, these studies have all proposed a wide range of molecular 

mechanism for how LINC00662 regulates cell migration and other oncogenic 

effects such as sequestration of micro RNAs (Cheng et al., 2020; Li et al., 2019; 

Liu et al., 2018; Wang et al., 2020; Tian et al., 2020), Interaction with Lin28 

(Gong et al., 2018), and regulation of DNA methylation (Guo et al., 2020). 
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Because previous studies have focused on the exon 3 containing isoform of 

LINC00662, our findings demonstrate the importance of hnRNP C-mediated 

exon 3 inclusion for these potential mechanisms. Although, data from our RNA-

seq experiments following genetic deletion of LINC00662 provides little support 

for previously proposed mechanisms. Instead, our analysis reveals that 

LINC00662 regulates expression of genes involved in processes such as ECM 

organization and translation elongation, both of which could result in altered cell 

migration. Although the exact mechanism still remains unclear, our studies 

provide novel insights into how LINC00662 could regulate cancer cell migration. 

Finally, I would like to speculate on future directions of work within the field 

of lncRNA biology. Although our work has demonstrated novel functions and 

mechanisms for LINC00662, I suspect that the overall contribution of lncRNAs in 

regulating cellular processes might be vastly overestimated. Several lines of 

evidence support this potentially controversial claim. First, the majority of 

lncRNAs are expressed at levels far lower than protein coding genes and display 

little primary sequence conservation across species (Cabili et al., 2011; Derrien 

et al., 2012; Ulitsky et al., 2011). In fact, many lncRNAs may not even be 

expressed at high enough levels to achieve the stoichiometric requirements for 

their proposed mechanism of action. An example of this is seen with the lncRNA 

lincRNA-p21. Original studies reported that lincRNA-p21 regulate p53-mediated 

repression of hundreds of genes in trans (Huarte et al., 2010). However, 

lincRNA-p21 is expressed at levels too low for this mechanism to be possible, 
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and further investigation revealed that lincRNA-p21 regulates expression of only 

neighboring gene p21 in cis (Dimitrova et al., 2014). Additional studies knocked 

out the lincRNA-p21 locus in cells that had no detectable expression of the 

lncRNA and observed similar cis regulation of p21 gene expression (Groff et al., 

2016). This evidence led to the conclusion that lincRNA-p21 was contained 

within a DNA regulatory element that controls expression of p21, and that the 

lncRNA produced from this locus does not perform a sequence specific function.  

Consistent with findings for lincRNA-p21, many other groups have also 

reported RNA sequence independent functions for lncRNA loci (Latose et al., 

2012; Anderson et al., 2016; Engreitz et al., 2016). Given the imperfect nature of 

the transcription machinery (Struhl 2007), and the fact that transcription can 

initiate bi-directionally and from both promoter and enhancer regions (Core et al., 

2008; Li et al., 2016), it is likely that many lncRNAs represent transcriptional 

noise, rather than perform sequence specific functions. In fact, a recent 

comprehensive study of lncRNA transcription and processing has revealed that a 

majority of lncRNAs display weak co-transcriptional splicing, poly(A) signal 

independent transcription termination, are restricted to chromatin fractions, and 

are rapidly degraded by the RNA exosome (Schlackow et al., 2017). These 

observations point to a possible nuclear surveillance mechanism for 

nonfunctional RNA transcripts produced by sloppy transcription. Moreover, the 

discovery that annotated noncoding loci can produce small function peptides 
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further complicates the study of lncRNAs (Anderson et al., 2015; Matsumoto et 

al., 2017). 

Studies of lincRNA-p21 also demonstrate the importance of careful 

genetic analysis when probing the functions and mechanisms of lncRNAs. 

Surprisingly, gene expression analysis of conditional lincRNA-p21 knockout 

displayed very little overlap with previous studies using siRNA-mediated 

knockdown (Huarte et al., 2010; dimitrova et al., 2014). Consistent with these 

findings, we also observe very little overlap in gene expression profiles for 

CRISPR/Cas9-mediated knockout and siRNA-mediated knockdown of 

LINC00662. It is likely that this discrepancy in gene expression profiles is 

dependent upon the method used for loss-of-function. We suspect that siRNA 

knockdown methods could lead to unintended transfection-dependent functional 

consequences. Given that RNAi methods are widely used to explore the 

functions and mechanisms of lncRNAs, we present the possibility that studies 

using genetic deletion methods may lead to alternative conclusions. As 

researchers continue to develop more precise methods for gene perturbation, our 

understanding of the regulatory functions for lncRNAs will continue to grow. 
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