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Abstract 

Long non-coding RNAs (lncRNAs) are a class of pervasively transcribed non-coding 

transcripts, regulating gene expression at both the transcriptional and post transcriptional 

levels. Many lncRNAs exhibit altered expression in diseases processes. Breast cancers show 

deregulated expression of lncRNAs, several of which contribute to breast cancer progression. 

The lncRNA of interest in this study is ZFAS1 that is differentially expressed in mouse 

mammary gland development and breast cancer. The primary objective of this thesis was to 

understand how ZFAS1 may contribute to regulation of cellular processes using breast cancer 

as a model. We have found ZFAS1 expressed in high abundance in all breast epithelial and 

cancer cell lines examined. It is expressed at least as five different isoforms, which are not 

restricted to either cytoplasm or nucleus. Surprisingly, given that ZFAS1 is not protein-

coding, it was found to be localised with polysomes. Treatment with ribosomal elongation 

inhibitors and strategies to induce growth arrest did not change the abundance of ZFAS1 

transcripts, suggesting that it does not regulate protein elongation. Induction of cell growth by 

serum starvation followed by refeeding increased the abundance of ZFAS1 and of 45S rRNA, 

a marker of ribosomal biogenesis. ZFAS1 knockdown abolished 45S rRNA induction after 

stimulation of cell growth and decreased phosphorylation of RPS6, a key ribosomal protein 

important for relaying extracellular signals to promote ribosome activity and biogenesis. 

Ribosome biogenesis, including in human muscle samples derived from participants after 

resistance exercise, and in hypertrophic mouse models were then investigated. ZFAS1 

expression was induced after exercise in human muscle cells. Its upregulation is concordant 

with that of 45S rRNA, suggesting it may function in ribosome biogenesis. In mouse 

hypertrophic models, ZFAS1 expression was correlated with increased muscle mass and total 

ribosome content. ZFAS1’s mechanism of action was further investigated by examining 

possible protein binding partners via RNA pulldown. These preliminary studies suggest that 

ZFAS1 may interact with proteins involved in ribosome structure, biogenesis and function. 

Our studies investigating the association of ZFAS1 with ribosomes and its possible functions 

could serve as a model for other ribosome associated lncRNAs.  
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Chapter 1. Introduction 

Cancer is a group of diseases characterised by uncontrolled growth of cells resulting from 

abnormal gene function and expression. It is driven by changes in the expression of genes, 

originating from mutations and epigenetic changes. These changes in expression drive the 

uncontrolled proliferation of cancer cells, as well as suppressing cell death and promoting 

invasion into other tissues and organs. These changes also underlie cancer’s resistance to 

treatment. Accounting for over 8.2 million deaths worldwide each year, cancer is an extremely 

devastating disease (1). Breast cancer in particular is one of the major health problems 

affecting women. It has been a major goal of cancer researchers to find more informative 

clinical and biological signatures that accurately depict cancer features. This would allow a 

more tailored approach to cancer diagnoses and treatment.  

The first part of this introduction will give a background on breast cancer, outlining its 

epidemiology and molecular subtypes. Mutations and epigenetic changes that contribute to 

breast cancer progression will also be briefly described. The second part will introduce 

epigenetic regulation of genes by long non-coding RNAs (lncRNAs), and will explore their 

functions and contributions to breast cancer. The third part of this chapter will introduce 

ribosomes as essential components of protein synthesis. Their biogenesis will be discussed, as 

well as their deregulation in cancer. The last section of the introduction will summarise the 

literature on the lncRNA of interest, ZFAS1, including its discovery as a factor in mammary 

gland development as well as its involvement in a number of different cancers and other 

disease systems. 

 Breast cancer 

 Breast cancer: a major health problem worldwide and in New Zealand 

Breast cancer is the most prevalent cancer in women worldwide with approximately 1.7 

million cases diagnosed in 2012 and over 500,000 related deaths worldwide (2). In New 

Zealand, breast cancer accounted for 30% of cancer registrations for women in 2014 (3) and 

15% of cancer deaths in 2008 (4). Breast cancer survival has improved over the years but New 

Zealand still ranks much lower compared to other developed nations (5, 6), with a 20% higher 

mortality rate than Australia (7). The incidence of breast cancer varies in different ethnic 

groups. Maori women display higher breast cancer incidence and mortality compared to 

women of other ethnicities (8). 
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While affluent countries exhibit the greatest incidence of breast cancer, mortality is rapidly 

declining in these countries due to increased early detection and improvements in treatment 

options (9). In fact, breast cancer is becoming an increasing problem in developing countries 

that historically have had low rates but now contribute to the burden of worldwide breast 

cancer deaths. The socioeconomic contribution to breast cancer mortality are also observed in 

New Zealand, with women of lower income status exhibiting increased mortality rates from 

this disease (10). 

These epidemiological studies highlight the magnitude of impact that breast cancer has on the 

health of women worldwide, demonstrating the need for better understanding of the disease 

and for the development of new biomarkers and therapeutics. 

 Breast cancer subtypes 

Breast cancer is a heterogeneous disease comprised of different subtypes, each requiring 

specialised treatment regimens. This is due to the breast being comprised of a number of 

different cell types. Epithelial cells which form the ductal structure of the breast are classified 

as two types: luminal and basal. The luminal cells form the breast alveoli and are responsible 

for milk production. These luminal cells are surrounded by the basal cells that function as 

contractile units (Figure 1-1) (11). This ductal structure is embedded in fatty tissue containing 

adipocytes, fibroblasts and immune cells and is nourished via blood vessels comprised of 

vascular endothelial cells, while fibroblasts provide growth signals (12). 

The steroid hormones estrogen and progesterone are crucial in breast development. Signalling 

through these hormones modulates the expression of genes that drive survival, proliferation, 

and activates stem cells. During different stages of mammary gland development (such as 

during puberty or pregnancy), estrogen binds to estrogen receptor (ER) in the epithelial cells 

and orchestrates the expression of genes that drive survival and proliferation of the ducts. This 

facilitates their rapid growth and expansion into the mammary fat pad. Signalling through the 

ER also promotes the expression of the progesterone receptor (PR). Following expansion of 

breast tissue, progesterone binds to the PR to mediate branching of the ducts and alveolar 

development (13). 

Both the ER and PR mediate their effects through similar molecular pathways. Each of these 

receptors binds its corresponding steroid hormone in the nucleus, causing receptors to 

dimerise. The dimerised receptor is then able to act as a transcription factor by binding to 

either estrogen or progesterone response elements in the promoters of target genes. This leads 
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to increased transcription and subsequent expression of a wide subset of genes necessary for 

mammary gland development (13). Binding of estrogen to the ER also activates growth related 

signalling pathways (14). Similarly, the PR, in addition to interacting with PR response 

elements, also functions as an activator of other protein signalling cascades (15). Endocrine 

signalling through these receptors promotes the proliferation and survival of cells. These 

signalling pathways are exploited by breast cancer cells to drive their uncontrolled growth and 

expansion (16).  

The role of estrogen and ER in breast cancer is well established. This link between breast 

cancer and estrogen has been known since the 19th century in which women with advanced 

breast cancer demonstrated regression of their tumours when subject to ovariectomy (17). The 

ER and PR are expressed in 75% and 55% of breast cancers respectively (18). The expression 

of these receptors affects therapeutic treatment and cancer prognosis. Targeting these receptors 

(using drug antagonists such as tamoxifen) or inhibiting estrogen synthesis using aromatase 

inhibitors has greatly improved patient outcomes. However, over 20% of patients treated with 

these endocrine therapies relapse, leading to treatment resistance (19). Targeting these 

hormonal pathways in conjunction with other signalling pathways is being researched as a 

strategy to overcome this resistance (19).  

Breast cancer cells exploit signalling through the ER and PR to drive their proliferation and 

tumourigenicity. Human epidermal growth factor receptor 2 (HER2) is another receptor which 

is also commonly implicated in breast cancer progression. Overexpression of these receptors, 

often with gene amplification, drives tumour cells to proliferate uncontrollably (20). 

HER2, a member of the epidermal growth factor receptor family, is a transmembrane growth 

factor receptor important for the transduction of signals necessary for cell proliferation and 

growth (21). Normally expressed at low levels in breast epithelial cells, it is overexpressed in 

many different types of malignancy, including breast cancer. Amplification of the HER2 gene 

increases the formation of homodimers or heterodimers with other members of the HER2 

family. This initiates a strong signalling cascade which promotes tumour proliferation and 

progression. The overexpression of HER2 serves as a negative prognostic marker and is 

usually due to gene amplification (22). HER2 overexpression is more prevalent in tumours of 

younger patients. These tumours have increased metastatic potential and are associated with 

worse prognosis than HER2 negative breast cancers (21). 
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Based on the expression of the described genes, breast cancer can be categorised into four 

broad categories: luminal A, luminal B, basal, and HER2 overexpressing. These subtypes 

express different gene expression patterns which are classified by their similarity to normal 

breast cells (outlined in Figure 1-1). This classification reflects the differences in breast cancer 

phenotype and disease presentation (23).  

Luminal-like tumours are the most common type of breast cancer, representing approximately 

60% breast cancers, and express hormone receptors. They exhibit expression profiles similar 

to the luminal epithelium of breast (24). They are further divided into two subtypes: Luminal 

A representing tumours with ER+/PR+/HER2- expression, and Luminal B expressing 

ER+/PR+/HER2+. In general, luminal tumours have good prognosis, with luminal B showing 

poorer prognosis than luminal A. They respond well to endocrine therapy but are less sensitive 

to traditional chemotherapy (25).  

Basal tumours are less common, contributing to 15% of breast cancer diagnoses and exhibiting 

expression profiles resembling those of basal epithelial cells as well as normal breast 

myoepithelial cells (26). Most basal tumours lack or express low levels of ER, PR or HER2 

and express high levels of basal and proliferative markers (27). Although similar to triple 

negative breast cancer, not all triple negative cancers express basal markers and are more 

heterogenous than basal tumours. Additionally, not all basal breast cancers lack expression of 

ER, PR and HER2. Basal tumours tend to be more aggressive in their progression and are of 

higher tumour grade than luminal tumours (28). Because the majority of basal tumours do not 

express hormone receptors, endocrine therapies are futile in treating this subtype of cancer and 

treatment instead relies on chemotherapy. The lack of targeted treatment options for this 

subtype contribute to their poor prognosis (25). 

HER2 overexpressing tumours are characterised by their high expression of the HER2 

receptor, occurring in approximately 15-30% of breast cancer (29). Similar to basal tumours, 

HER2 positive tumours are normally of higher grade and carry a poor prognosis (25). The 

HER2 receptor can be targeted by molecular targeted agents such as trastuzumab, although not 

all HER2 tumours are responsive to such therapy. This is thought to be due to the loss of other 

tumour suppressor genes such as PTEN (30) and upregulation of oncogenes such as CXCR4 

(25). 

These subtypes reflect the heterogeneity of breast cancer. By classifying them into particular 

subtypes, treatment regimens can be personalised for each patient’s tumour presentation. 
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However, as our understanding of the molecular contributions to breast cancer increases, 

additional subtypes based on proteomic and transcriptomic profiles may provide new insights 

into the biology of breast cancer as well as allowing even more focused personalised 

treatments.  

 

Figure 1-1: Schematic representation of the breast and the molecular subtypes of breast cancer.  

(A) The breast is comprised of different cell types. In the normal breast, the luminal epithelial cells are milk-
producing, while the basal cells function as contractile units. (B) Breast tumours can be categorised based on their 
gene expression patterns relative to the different cells within the breast. These tumours present different receptors 
and histological tumour grades. The clinical outcome and treatment of these subtypes also varies. Figure was 
produced by Herah Hansji for this thesis.  
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 Genetic and epigenetic contributions in breast cancer progression 

Mutations in tumour suppressor and oncogenes are known to cause breast cancer, leading to 

loss of function or increased function of typically tightly controlled genes. These mutations 

can be inherited or acquired. Perhaps the most well-known genes mutated or deleted in breast 

cancer are BRCA1 and BRCA2. These genes are involved in DNA repair and homologous 

recombination that protect the cell against mutations (31). It is estimated that these mutations 

account for 60% of inherited breast cancers (32). Additionally, mutations in the vital tumour 

suppressor gene TP53 are also very common in solid tumours, occurring in 30% of breast 

cancers. Such mutations abolish the function of TP53 in cell cycle regulation, repair and 

apoptosis (33). 

Along with mutations in protein coding genes, epigenetic changes also contribute to 

deregulating gene expression in breast cancer (34). Epigenetic changes are defined as changes 

that do not alter the DNA sequence of genes, but still affect expression in a heritable manner. 

Several molecular mechanisms mediate epigenetic phenomena, including histone 

modifications, DNA methylation and non-coding RNAs (ncRNAs) (35). These mechanisms 

drive changes in gene expression. In cancer, epigenetic deregulation leads to the upregulation 

of oncogenes and repression of tumour suppressor genes (36).  

Breast cancer genomes are frequently hypomethylated, suggesting increased gene activation. 

Despite this, the number of genes that are hypomethylated is small (37), as the majority of 

DNA hypomethylation in breast cancer occurs in gene poor and centromeric regions, 

contributing to genomic instability. Conversely, over 100 genes are reported to be 

hypermethylated in their CpG islands, leading to their transcriptional repression. Many of 

these genes are important in processes that suppress tumour cell proliferation, invasion and 

survival (38). As well as alterations in the methylation state of protein coding genes, many 

genes specifying ncRNAs possess aberrantly hypomethylated promoters. These methylation 

changes occur at higher rates compared to protein coding genes, suggesting that activation of a 

ncRNA network is important in driving cancer progression (39). 

Targeting epigenetic regulation is a relatively new avenue of designing therapeutic agents for 

breast cancer. Currently, few drugs to target epigenetic processes in cancer exist. These are 

currently limited to DNA methyltransferase (DNMT) and histone deacetylase (HDAC) 

inhibitors that lead to DNA hypomethylation and modulation of histone conformation 

respectively. Some of these epigenetic targeting drugs have been approved for treatment of 

blood cancers such as myelodysplastic syndromes, leukaemia and lymphomas (40). However, 
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their efficacy in breast cancer is unclear. Several HDAC and DNMT inhibitors have shown 

promising anti-tumour effects in breast cancer (41, 42), and are currently under investigation 

in Phase II clinical trials (43). These epigenetic inhibitors as well as traditional breast cancer 

treatments are postulated to be potential avenues to targeting multiple oncogenic signalling 

pathways. However, epigenetic regulation by HDACs and DNMT represent only two of many 

different epigenetic effectors that could be potential targets for cancer therapeutics. Over the 

past decade, the view of epigenetic regulation of genes has shifted from how protein coding 

genes are turned on or off at the DNA level to include RNA regulation of gene expression. 

The discovery of a novel class of epigenetic regulators known as ncRNAs has opened a new 

avenue of gene regulation that is being intensely studied as a source of new therapeutic targets 

and biomarkers. The focus of this thesis is to investigate how ncRNAs, particularly a specific 

class termed long non-coding RNAs (lncRNAs), contribute to breast cancer.  

 Pervasive transcription of the human genome 

For decades, part of the central dogma of gene regulation has been that DNA acts to store the 

cell’s genetic information that is transcribed into mRNA, followed by translation into 

functional proteins. RNA itself had not been considered to have an active role in gene 

regulation and had been assumed to act only as an intermediate product between genes and 

proteins. However, the transcriptional landscape of most genomes is more complex than 

previously thought. With the publication of the human genome sequence, it was revealed that 

less than 2% of the genome contributes to protein coding genes (44, 45). The number of genes 

in the human genome was estimated to be approximately 19-20,000 genes, similar to the 

number of protein coding genes for less complex organisms such as Caenorhabditis elegans. 

The remaining 98% of the human genome was inappropriately termed ‘junk DNA’, while the 

understanding of how organismal complexity related to genes remained a conundrum. 

With the advent of whole genome and high throughput technologies, it has been revealed that 

approximately 70–90% of the genome is transcribed but not translated into protein (46-50). 

Initially regarded as non-functional disorganised transcription, these transcripts now termed 

ncRNA have been found to possess many regulatory roles and represent a largely unexplored 

area of cell biology. They are divided into two broad classes based on their function: 

housekeeping and regulatory ncRNAs. Housekeeping ncRNAs include ribosomal, transfer, 

small nuclear, and small nucleolar RNAs. These ncRNAs are constitutively expressed and 

crucial to the operation of cellular functions. Regulatory ncRNAs are differentially expressed 

according to tissue and stage of development or disease. Regulatory ncRNAs are further 
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divided into two broad classes based on their size. The first class of regulatory ncRNAs 

comprises short transcripts of less than 200 nucleotides (nt) and includes microRNA 

(miRNA), small interfering RNA (siRNA), piwi interacting RNA (piRNA), transcription 

initiation RNA (tiRNA), and small cajal body-specific RNA (scaRNA)  (51). They control 

developmental and physiological pathways and have been shown to be deregulated in disease 

(52, 53). The second class of regulatory ncRNAs is long ncRNAs (lncRNA), which are 

defined as transcripts of a size >200 nt. Despite making up the majority of the human 

transcriptome, they were initially dismissed as products of leaky transcription or evolutionary 

noise due to their lack of open reading frames and poor sequence conservation. However, 

lncRNAs have now been found to display key characteristics that confirm their roles as 

functional molecules and they are of critical importance in breast cancer.  

 Long non coding RNAs (lncRNAs) 

LncRNAs were first described in the mouse genome through large scale sequencing of cDNA 

libraries (54). The number of lncRNAs in humans and other mammalian species have been 

estimated to be between 10,000-55,000, depending on the method of analysis (55, 56). 

LncRNAs are transcribed mainly by RNA polymerase II. The genomic loci of many lncRNAs 

contain chromatin marks at their promoters and gene bodies such as H3K9ac, H3K4me3, and 

H3K36me3 marks, consistent with marks associated with protein coding genes. LncRNAs are 

also frequently polyadenylated and undergo splicing of exons, demonstrating that they require 

post-transcriptional processing to form mature transcripts. Furthermore, lncRNA expression is 

regulated by well characterized transcription factors (57). Although lncRNAs generally show 

poor sequence conservation (due to their rapid evolution), they are often expressed in a tissue 

specific manner and display conserved functions (58). Recent work has provided information 

on the origin and evolution of lncRNAs, suggesting that lncRNA emerge de novo from 

transposable elements or non-exonic sequences (55, 59). Many lncRNAs display conserved 

structure between different species while having poorly conserved sequences (60). These 

features of lncRNAs support the hypothesis that they perform biologically robust functions.  

 Different classes of lncRNAs 

LncRNAs can be divided into several classes based on their disposition in the genome as 

depicted in Figure 1-2. They are classified as sense or antisense reflecting the orientation of 

their transcription relative to linked protein coding genes. LncRNAs can be derived from 

intronic regions of protein coding genes, or they may be derived from intergenic loci which do 
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not encode any other known genes (61). LncRNAs also form circular loops, caused by 

backsplicing of pre-mRNA or ncRNA. This atypical splicing is orchestrated by the 

spliceosomal machinery and results in a 3’ exon upstream of a 5’ exon at the junction site (62).  

 

Figure 1-2: Schematic showing genomic organisation of different lncRNAs. 

The DNA strands are shown in black and grey lines. The black and white boxes represent exons of protein coding 
and lncRNA genes, respectively. (A) LncRNAs are classified as sense or antisense, reflecting the way they 
overlap with protein coding genes in the same or opposite direction, respectively. The diagram shows that 
lncRNAs can be antisense to protein coding genes (antisense lncRNA) or originate from introns of protein coding 
genes either as by-products of mRNA or as independent transcripts (intronic lncRNA, sense lncRNA). LncRNA 
can be transcribed from intergenic regions of the genome (lincRNA). LncRNA genes can overlap with the 
protein-coding genes (overlapping transcript) (63). (B) LncRNAs can be derived from backsplicing of protein 
coding genes or ncRNAs to form circular RNAs. In this process, RNA is spliced and joined together to form a 
covalently closed loop with a 3’ exon upstream of a 5’ exon at the junction site. Figure was adapted from (63). 

 Function of lncRNA 

Despite the abundance of lncRNAs in the human transcriptome, the functions of many of these 

have yet to be elucidated. The functions of a small number of lncRNAs have been studied, and 

these transcripts exhibit extremely varied mechanisms of actions in the nucleus, as depicted in 

Figure 1-3.  
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One mechanism involves RNAs acting as transcriptional regulators, either in cis to regulate 

nearby genes, or in trans to regulate distal genes (64). The act of lncRNA transcription itself is 

able to regulate gene expression. Transcription of lncRNAs can have an inhibitory effect on 

transcription of protein coding genes if located in close proximity, an effect that is known as 

transcriptional interference. This may be a result of collision of two sets of transcription 

complexes that are processing adjacent sequences, leading to termination of transcription in cis 

(65). Conversely, transcription of lncRNAs can also enhance transcription of protein coding 

genes by relaxing chromatin structure (66). It is also proposed that the permissive chromatin 

structure formed by transcription of lncRNAs allows RNA polymerases and other components 

of the transcription machinery to access protein coding genes (67).  

LncRNAs can bind to other molecules within the cell to regulate their function. By directly 

binding to DNA (68) and proteins such as transcription factors (69) and other transcriptional 

modifiers (70, 71), lncRNAs exhibit diverse functions and reside in different locations in the 

cell. Many lncRNAs exert their transcriptional regulatory effects by interacting with chromatin 

modifying complexes such as polycomb repressor complexes (PRC) (72, 73). LncRNAs guide 

these complexes to target gene locations at which they modify gene expression. While this 

association of lncRNAs with PRC2 was thought to be the predominant mechanism of action, 

recent studies have shown that PRC2 binds indiscriminately to lncRNAs (74), suggesting that 

further investigation into the function of lncRNAs is required.  
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Figure 1-3: Schematic illustrating the functions of lncRNAs in the nucleus.  

(A) LncRNAs (e.g., HOTAIR) can suppress transcription by interacting with PRC1 and PRC2 complexes as well 
as with other chromatin modifying proteins, maintaining heterochromatin status and suppressing transcription 
(reviewed in (77); upper panel). Trithorax complexes can also interact with lncRNA (e.g., HOTTIP) and induce 
transcription (lower panel; reviewed in (78)). (B) LncRNAs are proposed to be transcribed at enhancer regions 
and can function in the establishment and maintenance of enhancer–promoter looping and activation of gene 
expression (79). (C) LncRNAs such as MALAT1 can regulate alternative splicing by interacting with the 
spliceosomal machinery (80). (D) Specific lncRNAs are transcribed and bind to and titrate away protein factors. 
Decoy lncRNAs can bind to protein factors such as transcription factors and chromatin modifiers. This leads to 
broad changes in transcriptomes. (E) Intronic regions of many lncRNAs host snoRNAs. The snoRNAs derived 
from these lncRNAs remain in the nucleus while the spliced transcript can move to the cytoplasm and bind either 
to polysomes or to other proteins (81). Figure adapted from (63). 

LncRNAs have a broader role in epigenetic control that goes beyond gene regulation at the 

transcriptional level. Most lncRNA species were previously thought to be restricted to the 

nucleus, but recent studies have found that a larger than expected proportion of lncRNAs are 

located in the cytoplasm (75). This suggests broader functions for lncRNAs as depicted in 

Figure 1-4, in which they regulate gene function post-transcriptionally via protein shuttling, 

modulate mRNA stability, act as miRNA sponges and guide protein modification (76). 
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Figure 1-4: Schematic illustrating the functions of lncRNAs in the cytoplasm. 

(A) LncRNAs can bind to miRNAs to sequester them and inactivate their repressive functions (77). (B) Many 
lncRNAs are associated with polysomes (75). While the mechanisms of many are yet to be identified, antisense 
lncRNAs such as UCHL1AS regulate the translation of associated mRNAs. (C) Decoy lncRNAs such as GAS5 
are present both in the cytoplasm and the nucleus: GAS5 translocates from the cytoplasm into the nucleus with 
glucocorticoid receptor in response to dexamethasone (82). (D) LncRNAs can bind to mRNA, thereby blocking 
miRNA binding sites and increasing mRNA stability (83). (E) LncRNAs recruit mRNA degradation machinery 
such as Staufen-1 to mRNA and mediate the decay of these mRNAs (84). TF, transcription factor; RP, RNA 
polymerase; E1, exon1. Figure adapted from (63). 

 LncRNAs in development and cancer 

Development of an organism is a complex process, requiring finely regulated gene expression 

to determine the precise function and architecture of differentiated tissues. The genetic 

programming during development is orchestrated by a complex network of proteins that 

modulate gene regulation and morphogenetic signalling. However, the widespread 

transcription of the human genome outside the boundaries of known genes and the emergence 

of lncRNAs as regulatory molecules suggest that development is not limited to regulation via 

proteins but includes an expanded regulatory network coordinated by RNAs (reviewed in (85, 

86)). Microarray analyses of embryonic stem cells that have been induced to differentiate into 

embryoid bodies have revealed many differentially expressed lncRNAs, confirming their key 

role in embryonic stem cell development (87). Several of these lncRNAs are transcribed from 

regions near protein coding genes crucial for development, indicating there may be a complex 

relationship between protein coding genes and non-protein coding genes in fine tuning 

development. The locations of these lncRNAs are conserved in humans and other mammals, 

providing further evidence that they perform functions in regulating developmental processes 

(87). In order to identify the functions of lncRNAs that are differentially expressed during 
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embryonic stem cell differentiation, Guttman et al. (88) have performed systematic 

knockdown of lncRNAs in mouse embryonic stem cells. Knockdown of these lncRNAs had 

major effects on gene expression patterns, with knockdown of several lncRNAs leading to loss 

of pluripotency and loss of repression of lineage commitment programs. They also 

demonstrated that the majority of lncRNAs examined interact with transcription factors that 

are associated with pluripotency and approximately 30% interact with chromatin. Such 

interactions suggest that lncRNAs act as components of networks that include established 

pluripotency factors and DNA to maintain the undifferentiated replicative state of embryonic 

stem cells. 

Chromosome architecture and epigenetic memory are also regulated by lncRNAs. The role of 

such transcripts in recruiting histone modifying complexes and DNA methyltransferases to 

certain loci is well established (reviewed in (85, 89)). One of the best studied chromatin 

modifying lncRNAs is XIST, the first lncRNA to be discovered. XIST is transcribed from the X 

inactivation centre (XIC) of the X chromosome and leads to the inactivation of that 

chromosome (Xi). It is involved in dosage compensation of the X chromosome in female 

mammals (90, 91). XIST coats the X chromosome in cis, followed by histone modification and 

methylation of CpG islands which are distinguishing features of inactive X chromatin (92, 93). 

These processes are crucial for development as they allow for correct levels of gene 

expression, and deregulation of these processes has been observed in human diseases. XIST 

itself is under regulation by several lncRNAs such as Tsix (94) and Jpx (95), further 

highlighting the network of lncRNAs that function to induce X chromosome inactivation. 

Other lncRNAs involved in imprinting include Antisense to Igfr2 RNA Non coding (AIRN) 

(96) and Kcnq1-overlapping transcript 1 (Kcnqt1ot1) (97). These lncRNAs are paternally 

expressed and silence neighbouring paternal genes, so that only maternal genes from the 

respective loci are expressed (96, 97).  

Many of these genes involved in embryogenesis continue to play important roles in cell 

growth and differentiation after embryogenesis and there is increasing evidence that mutations 

or deregulation of at least some of these genes can result in cancer (98). Deregulation of 

lncRNAs involved in cell homeostatic processes such as cell cycle, DNA damage response, 

survival, proliferation and migration has been identified in carcinogenesis (99). Multiple 

lncRNAs regulate or are regulated by key cancer pathways such as the p53 pathway, a master 

regulator of cell cycle and survival. These include lincRNA-p21 and PANDA, which are 

upregulated upon DNA damage in a p53-dependent manner. When activated, lincRNA-p21 
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binds to heterogeneous nuclear ribonucleoprotein K (hnRNP K) to recruit repressive 

chromatin complexes, thus aiding p53 in transcriptional repression (100). PANDA is also 

induced upon DNA damage and interacts with the transcription factor NF-YA to limit 

expression of proapoptotic genes (101). P53 not only induces the activity of lncRNAs to 

potentiate their effects, but is itself regulated by lncRNAs. MEG3 regulates the activity of p53 

by facilitating p53 binding to, and activation of, p53 target gene promoters (102), exerting 

potent antiproliferative effects (103). LncRNAs have been identified to play roles in every 

hallmark of cancer progression (reviewed in (104)), highlighting the shift from a solely 

proteomic view of tumour biology to one that includes an extensive network of lncRNAs. The 

roles of lncRNAs involved in mammary gland development and the nature of their 

deregulation in breast cancer development are discussed below. 

 LncRNAs in mammary gland development and breast cancer 

The mammary gland is a unique organ as it begins its development in the embryo and 

continues its growth and differentiation in puberty and adult life (105). Breast development in 

the embryo occurs during mid-gestation and remains quiescent until puberty at which there is 

further development of the ducts. During pregnancy, the breast epithelial tissue undergoes 

further expansion and branching. The luminal cells rapidly proliferate and differentiate to 

milk-secreting alveolar cells. These changes underlie the production of milk during lactation. 

Cessation of lactation is accomplished by involution, in which the breast tissue undergoes 

extensive apoptosis to return to the quiescent pre-pregnancy state (12). 

Breast development is orchestrated by a series of genes that regulate these different cellular 

processes. During breast carcinogenesis, alterations within genes encoding growth factors, 

nuclear transcription factors, cell cycle regulatory proteins and tumour suppressor proteins 

create favourable conditions to allow the outgrowth of cells. A major focus in breast cancer 

research is to understand the genetic basis of regulatory changes that transform normal breast 

epithelium into malignant cells. Genome wide sequencing has made it apparent that it is not 

solely genetic changes that contribute to breast cancer. Epigenetic changes also play a major 

part in altering gene expression and have been shown to contribute to cancer (106). Large 

scale microarray analyses using mouse mammary gland RNA from different stages of 

mammary gland development (107), tiling arrays (108) and transcriptome profiling (109) of 

normal tissues compared to breast cancer tissues have revealed several lncRNAs which are 

aberrantly expressed in neoplastic tissues, suggesting their involvement in carcinogenesis. 
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I will describe several lncRNAs that have been implicated in mammary gland development 

and breast cancer, in order to categorize the molecular mechanisms by which they may exert 

their effects. 

 LncRNAs in mammary gland development 

Although many lncRNAs have been implicated in mammary gland development, only a few 

have been functionally characterised. These include PINC1, NEAT1, H19 and ZFAS1. These 

lncRNAs will be discussed below. ZFAS1, the major focus of this thesis, will be further 

described in section 1.4. While these lncRNAs are associated with mammary gland 

development, no molecular mechanisms for their action have yet been discovered. 

Pregnancy induced non-coding RNA (PINC) was initially studied in rat mammary gland and 

exhibits conserved synteny in the genomes of other mammals. It is highly expressed in the 

alveolar cells of the pregnant mouse mammary gland (110). PINC expression declines during 

the transition from late pregnancy to early lactation, during which stage the cells within the 

mammary gland undergo terminal differentiation to milk producing cells, and it is again 

elevated during involution. PINC blocks lactogenic differentiation of alveolar cells during 

pregnancy to prevent the premature expression of milk proteins until parturition (111). 

Mouse PINC (mPINC) may exert these effects on the mammary gland by playing a role in cell 

cycle progression. In mouse mammary epithelial cells, mPINC relocates from the nucleus to 

the cytoplasm during cell cycle progression (110), indicative of a role in nuclear-cytoplasmic 

signal transduction or shuttling. mPINC interacts with retinoblastoma associated protein 46 

(RbAp46), a component of PRC2, suggesting that mPINC may exert its role in differentiation 

through modification of chromatin, and thereby act to repress gene expression. Microarray 

analysis of mPINC knockdown and overexpression in mammary epithelial cells identified 

several mPINC target genes. Many of these target genes are involved in mammary gland 

development, such as members of the Wnt and Notch signalling pathways (111). mPINC may 

act as a guide for repressor complexes, as indicated by its differential subcellular localisation 

in the nucleus and cytoplasm during cell cycle progression. The role of PINC in human 

mammary gland development and breast cancer has yet to be elucidated. 

H19 is another lncRNA differentially regulated during mammary gland development. During 

fetal development, H19 is highly expressed in the mammary bud and adjacent tissues. This 

period of breast development is independent of hormonal regulation. However, H19 is 

abundantly expressed in all tissues except the thymus during embryonic development. In 
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mouse mammary glands, H19 expression is repressed during prepubertal development but is 

once again upregulated during both puberty and pregnancy, both periods associated with 

increased hormonal stimulation. Upon lactogenic differentiation of the mouse mammary 

gland, H19 expression is repressed, indicating that it is not necessary for terminal 

differentiation but may instead function in proliferation, migration and pre-terminal 

differentiation during expansion of the mammary gland under hormonal stimulation (112). 

Treatment of MCF7 cells with estradiol induced the expression of H19. Cotransfection of 

breast cancer cell lines with ERα also induced H19 transcription. However, in ovariectomized 

and adrenalectomized mice that were later treated with injections of estradiol or progesterone, 

upregulation of H19 in mammary epithelium was not observed. The lack of responsiveness 

may have reflected insufficient hormonal stimulation of the mammary gland, as the uterus, an 

organ more sensitive to hormonal stimulation, showed increased H19 expression upon 

treatment with estradiol (113). Further evidence that H19 is a target of estrogen signalling 

comes from experiments in luminal progenitor cells. Blocking the estrogen receptor in luminal 

progenitor cells decreases the expression of H19, and when H19 is knocked down, these 

luminal progenitor cells have a decreased ability to form colonies (114). 

NEAT1 is a well-studied lncRNA that is necessary for paraspeckle formation. In NEAT1 null 

mice, mammary glands expressed fewer alveoli and contained reduced numbers of epithelial 

cells during lactation. Their epithelial cells exhibited lower rates of proliferation compared to 

wild type mice. During early pubertal development, the mammary glands of NEAT1 null mice 

show aberrant branching and ductal expansion compared to wild type (115). These results 

suggest that NEAT1 is involved in regulation of correct ductal proliferation and branching, as 

well as alveolar development. 

 LncRNAs in breast cancer 

LncRNAs are deregulated in breast cancer compared to normal breast epithelium, suggesting 

that abnormalities in their expression may contribute to breast tumourigenesis (108, 109). 

LncRNAs are differentially expressed across different breast cancer subtypes. Using hierarchal 

clustering of lncRNAs across breast cancer samples identified through RNA-seq, it has been 

shown that specific lncRNAs cluster according to molecularly defined breast cancer subtypes, 

suggesting that lncRNAs contribute to their characteristic biological features (116, 117). Other 

researchers have also observed distinct lncRNA expression patterns in triple negative breast 

cancer (118) and HER2 positive breast cancer (119).  
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Because of this subtype specificity, lncRNAs may be useful as diagnostic biomarkers or 

targets for therapeutic treatment. Despite the fact that thousands of lncRNAs have been found 

to be associated with breast cancer, very few have been functionally characterised. The roles 

of these lncRNAs in breast cancer progression are diverse, with some acting as oncoRNAs 

while others as tumour suppressors (120). Examples of each category will be given below 

along with their roles in breast cancer. LncRNAs implicated in breast cancer are summarised 

in Table 1-1. 

Oncogenic lncRNA: HOTAIR  

HOX transcript antisense RNA (HOTAIR) is upregulated in a number of different cancers, 

including breast (121), colorectal (122), hepatic (123), and gastrointestinal stromal tumours 

(124). In breast cancer, HOTAIR expression is upregulated in both primary and metastatic 

tumours, and its expression in primary tumours is strongly correlated with later metastases, 

patient prognosis, and shorter survival (121). 

HOTAIR is transcribed in an antisense orientation from the HOXC locus. It acts in trans as a 

repressor of the HOXD locus by recruiting PRC2, leading to trimethylation of H3K27 and 

subsequent transcriptional silencing. The bordering regions of the HOXD gene are bound by 

CoREST/REST repressor complexes, which contain the H3K4me2-specific LSD1 

demethylase and also maintain appropriate silencing of HOXD. HOTAIR binds to LSD1 at its 

3′ domain, whereas the 5′ domain binds to EZH2 or SUZ12, components of the PRC2. It acts 

bifunctionally as a scaffold that bridges these two repressor complexes. This results in 

coordinate binding to their target genes for coupled chromatin remodelling (125). 

Upregulation of HOTAIR leads to genome-wide reprogramming of the PRC2 occupancy 

pattern, from that of breast epithelial cells to that resembling embryonic and neonatal 

fibroblasts, as well as to altered gene expression that includes the silencing of the tumour 

suppressor genes JAM2 and PCDH (121). 

The promoter of HOTAIR contains multiple functional estrogen response elements and is 

transcriptionally induced by estrogen, while being repressed by tamoxifen. A number of 

estrogen receptor coregulators also bind to the HOTAIR promoter region upon treatment with 

estrogen, and these include CBP/p300 and histone methyltransferases MLL1 and MLL3. In 

the basal state, HOTAIR is repressed, but estradiol treatment causes exchange of repressive 

molecules for transcriptional activators and coregulators, leading to gene activation (126). An 

alternative mechanism for HOTAIR’s function in breast cancer is through competitive binding 
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with tumour suppressor genes. BRCA1 is an important breast cancer tumour suppressor gene 

that functions in DNA damage responses. BRCA1 binds to EZH2, a component of the PRC2 

in mouse and human mammary epithelial cells, acting as a competitive inhibitor of HOTAIR. 

Reduced BRCA1 expression, which is often observed in cancer, allows HOTAIR to bind to 

PRC2, promoting reprogramming of breast epithelial cells to aggressive cancer cells (127). 

Tumour suppressor lncRNA: GAS5 

LncRNA growth arrest-specific 5 (GAS5) containing up to 12 exons was first isolated from 

growth arrested NIH-3T3 cells and is induced upon serum starvation of cells (128, 129). GAS5 

contains a stem-loop structure at its 3’ end that resembles the double stranded glucocorticoid 

response element (GRE) and is able to act as a decoy for the glucocorticoid receptor (GR), 

binding to it and sequestering it from its DNA response element. GAS5 suppresses the 

transcription of GR target genes such as cIAP2, PEPCK, and G6Pase. These genes are crucial 

for glucose metabolism, and thus GAS5 may function to conserve energy resources in response 

to starvation (82) 

GAS5 acts as a tumour suppressor gene in breast cancer as its expression is significantly 

reduced compared to that in normal breast epithelium. It is a regulator of apoptosis as forced 

overexpression in breast cancer lines induced apoptosis, sensitized cells to apoptotic inducers 

and repressed proliferation (130). GAS5’s function as a tumour suppressor gene is a 

combination of its two mechanisms of action. GAS5 is host to several snoRNAs that may 

facilitate its functions as a tumour suppressor gene. It has been observed that decreased 

expression of the snoRNA RNU44 derived from the GAS5 transcript is associated with more 

aggressive tumours in breast cancer and head and neck squamous cell carcinoma (131). 

Additionally, many GR target genes are anti-apoptotic (82) and through the suppression of GR 

target gene transcription, GAS5 promotes apoptosis. Down regulation of GAS5 also induces 

trastuzumab resistance in breast cancer cells, raising implications for lncRNA deregulation in 

efficacy of clinical treatment (132).  

Table 1-1: LncRNAs involved in breast cancer and their roles in breast cancer progression. For more 
detailed review of these lncRNAs, refer to (120). 

LncRNA Expression in 
breast cancer 

Mechanism of action Effect on breast cancer 
progression 

ARA Upregulated in 
doxorubicin 
resistant breast 
cancer cells 

Unknown, but it may initiate 
doxorubicin resistance, 
perhaps through MAPK, 
PPAR, focal adhesion and 

Silencing of ARA increases 
sensitivity to doxorubicin, 
inhibits cellular proliferation, 
induces apoptosis, reduces 



 

     
19 

 

metabolism signalling 
pathways 

cell motility 

BC200 Upregulated Sequesters poly(A)-binding 
protein, preventing protein 
synthesis 

Promotes aggressive cell 
behaviour, as expressed only 
in invasive tumours 

GAS5 Downregulated •Acts as a decoy for 
glucocorticoid response 
element and sequesters 
glucocorticoid receptor 

•Host for several snoRNAs 

Resistance to apoptosis 

H19 Upregulated Unknown, but may be 
involved in cell cycle 
progression as it is induced by 
E2F1 and c-Myc 

•Promotes tumour growth 
when transfected cells are 
injected into mice 

•Increases entry into S phase 
of cell cycle 

HOTAIR Upregulated •Trimethylation of H3K27 by 
recruiting PRC2 
to HOXD locus 

•Demethylation of H3K4 by 
binding to LSD1 
at HOXD locus 

•Competitive inhibitor of 
BRCA1 binding to EZH2 

•Silences PTEN through 
methylation 

•Increased invasion in vitro 
•Increased metastasis in vivo 

•Predictor of poor prognosis 

LSINCT5 Upregulated Localizes with NEAT1 and 
regulates nuclear paraspeckles 

Increases cellular 
proliferation in response to 
stress 

MALAT1 Upregulated •Regulates active transcription 

•Recruits splicing factors 

•Regulates expression of cell 
cycle genes 

•Modulates cellular location 
of polycomb 2 protein 

Unknown, but in other 
cancers, overexpression 
increases cell motility and 
migration, and acts as a 
predictor for metastasis 

SOX2OT Upregulated Induces SOX2 expression Unknown, but may promote 
EMT through induction 
of SOX2 

SRA1 Upregulated Binds to corepressors and 
coactivators to modulate 
activity of estrogen receptor 

Increases proliferation by 
activating estrogen receptor 
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TreRNA Upregulated •Nuclear treRNA acts an 
enhancer for Snail 
transcription 

•Cytoplasmic treRNA inhibits 
the translation of E-cadherin, 
possibly through formation of 
a ribonucleoprotein complex 
with hnRNP K, FXR1, FXR2, 
PUF60 and SF3B 

Promotes invasion and 
metastasis, through 
regulation of Snail and E-
cadherin, may promote EMT 

UCA1 Upregulated Competes with p27 for 
binding to hnRNP-1, 
preventing p27 translation 

Increases breast cancer 
growth by promoting cell 
cycle progression 

XIST Downregulated •X chromosome inactivation 
to form Barr body 

•May interact with BRCA1 
but mechanism unknown 

Loss of XIST could be a 
result of genetic instability, 
tumours that lose XIST are 
highly aggressive 

 

 Ribosomes 

 LncRNAs are possible regulators of ribosome function 

As discussed in the previous section, lncRNAs have diverse roles that extend past chromatin 

modification in the nucleus. LncRNAs are abundantly localised to the cytoplasm, with recent 

high throughput studies revealing that a large proportion of lncRNAs associates with 

ribosomes. Ingolia et al. (133) performed genome wide ribosome profiling in mouse 

embryonic stem cells and found a large set of intergenic lncRNAs bound to ribosomes. To 

verify whether these lncRNAs are truly non-coding, new ribosome profiling methods have 

been developed to differentiate between transcripts which are actively translated and those 

which are bound but are not translated, via ribosome dissociation after translation (134). These 

studies have confirmed the widespread association of intergenic lncRNAs with ribosomes that 

are not actively translated. Further independent studies have also found lncRNAs abundantly 

bound to actively translating ribosomes (75, 135). As these lncRNAs are not translated, it 

raises the question as to why so many of them are bound to ribosomes and whether they could 

represent a new class of regulatory molecule.  

This widespread association of lncRNAs to the complex essential for protein production 

within the cell suggests that they may have regulatory roles in ribosome biogenesis and 

function. Ribosome function and biogenesis are driven by multiple complex networks of genes 
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and signalling pathways, and this balance in their function is often deregulated in cancer. 

Cancer cells exploit the ribosomal machinery to increase protein production, thereby driving 

their proliferation. 

As of yet, only a few ribosome-associated lncRNAs have been functionally characterised. One 

such lncRNA is UCHL1-antisense (UCHL1-AS1), a lncRNA transcribed in the opposite 

direction to the UCHL1 gene. UCHL1-AS1 guides UCHL1 mRNA to actively translating 

ribosomes, upregulating protein synthesis under stress conditions (136). A group of lncRNAs 

found in yeast, known as mlonRNAs, have the opposite effect on protein translation. Under 

glucose starvation, mlonRNAs associate with polysomes to inhibit global translation (137). 

Another lncRNA, tts-1, is found in C. elegans. It is involved in regulating ribosome biogenesis 

and is associated with a decrease in ribosome number. This lncRNA associates with ribosomes 

in nematodes carrying a mutation in the insulin receptor daf-2. This mutation in daf-2 is 

known to extend lifespan. The action of tts-1 may thus involve regulating the production of 

ribosomes in a manner that extends lifespan (138). 

The following section will describe how ribosomes, the protein factories of the cell, are 

synthesised as well as the multiple signalling pathways that regulate their production and 

function. Deregulation of ribosome biogenesis and activity in cancer will also be described. 

This brief background into ribosome biogenesis and deregulation in cancer will explain some 

of the complexities surrounding ribosomes and provide context for considering the possible 

ways by which lncRNAs may be able to regulate ribosome function.  

 Ribosome biogenesis 

Deregulated ribosome production and function is one of the defining features of cancer cells 

(139), with enlarged or more numerous nucleoli serving as markers of aggressive tumours 

(140). As protein translation is mediated by ribosomes, ribosome biogenesis is very tightly 

coordinated with cell proliferation and cell cycle progression (141, 142). The increased 

ribosome biogenesis rates exhibited by cancer cells sustain increased cell proliferation, 

contributing to their malignant behaviour (143).  

Ribosome biogenesis is enormously energy demanding, and is a highly complex process, 

requiring the participation of over 200 proteins and accessory factors (144). Ribosome 

biogenesis requires specific temporal and spatial organisation. Several control checkpoints 

regulate the quality of ribosome synthesis and assembly at different stages of biogenesis (145). 

Ribosome biogenesis is summarised in Figure 1-5. The synthesis of new ribosomes requires 
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all three RNA polymerases that transcribe RNAs contributing to the structural and catalytic 

components, as well as factors necessary for ribosome assembly (146). In eukaryotes, the 

biogenesis of ribosomes begins in the nucleolus with the transcription of long primary rRNA 

from rDNA genes, which are arrayed in tandem repeats on the short arms of acrocentric 

chromosomes. This is initiated by a number of transcription factors, of which three basal 

factors are known in humans. These are TIF1-A (147), Selectivity factor 1 (SL1) and 

Upstream binding factor 1 (UBF1) (148). The precursor rRNA is transcribed by RNA pol I 

yielding the polycistronic 45S transcript. This precursor rRNA undergoes several nucleolytic 

cleavages in the nucleolus and nucleus to yield the mature 18S, 28S and 5.8S rRNAs (149). 

The 5S rRNA precursor is transcribed from a separate gene region in the nucleus on 

chromosome 1 by RNA pol III then imported into the nucleolus (150). rRNAs are subject to 

further post transcriptional modifications at specific residues. These modifications are directed 

by a group of small nucleolar RNAs (snoRNAs) of two main families: the box C/D snoRNAs 

which direct 2’-O-ribose methylation and box H/ACA snoRNAs which guide 

pseudouridinylation of rRNAs. Although the precise function of snoRNA-guided 

modifications is not clear, the modification of these rRNA bases may contribute to rRNA 

folding and interaction with ribosomal proteins (151).  

Ribosomal protein genes are transcribed by RNA pol II in the nucleus and translated in the 

cytoplasm. The ribosomal proteins are shuttled into the nucleus where they associate with 

mature rRNA to form the mature ribosomal subunits (152). In eukaryotes, the large 60S 

subunit contains the 28S, 5.8S and 5S rRNAs as well as 47 proteins, while the small subunit 

consists of the 18S rRNA and 32 ribosomal proteins. The ribosomal subunits are transported 

into the cytoplasm to make up the 80S ribosome, where translation of mRNA into protein 

occurs (153). 
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Figure 1-5: Schematic of ribosome biogenesis.  

The rDNA genes are present as tandem repeats. They are transcribed by RNA polymerase I yielding a 
polycistronic 45S rRNA precursor. This precursor undergoes several sequential cleavages producing the mature 
18S, 28S and 5.8S species. The 5S rRNA is transcribed independently by RNA polymerase III in the nucleus. 
During transcription and processing, the rRNA molecules associate with a number of accessory factors and 
ribosomal proteins to ensure correct cleavage, folding and modification of the rRNA. The mature rRNA 
associates with ribosomal proteins in the nucleus to form the immature ribosomal subunits. Subunits are exported 
into the cytoplasm. In the cytoplasm, subunits undergo final maturation in which they associate with remaining 
ribosomal proteins, and associate to form mature ribosomes that can translate mRNA into proteins. Figure 
produced by Herah Hansji for this thesis.  

The initiation and regulation of ribosome biogenesis requires the coordination of many 

components and enzymatic processes. In order for this complex process to respond efficiently 

to cellular demands, ribosome biogenesis relies on the coordination of several molecular 

signalling pathways which communicate extracellular signals to the cell (154). Signal 

transduction pathways that induce ribosome biogenesis via PI3K-Akt, Myc and Ras signalling 

are upregulated in cancer cells (155, 156). The majority of these pathways converge onto 

mTOR (Mammalian Target of Rapamycin). 

mTOR is a core component of two protein complexes, mTORC1 and mTORC2. mTOR is a 

central regulator of cell growth and regulates several growth dependent pathways including 

those that regulate ribosome biogenesis. It does this in two ways: by regulating the synthesis 

of ribosomal proteins and rRNA. It is activated by nutritional and environmental signals such 
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as growth factors, amino acids, cellular ATP, oxygen levels and cellular stress. These factors 

act through several signalling pathways that converge on mTOR. Activated mTOR activates 

downstream effectors such as a protein kinase (S6K1) and a regulator of initiation of 

translation (4E-BP1) via phosphorylation. Activated S6K1 in turn phosphorylates ribosomal 

protein S6, a component of the 40S ribosomal subunit thereby enhancing the translation of 

specific mRNAs. Interaction of 4E-BP1 with eIF4E inhibits translation initiation but when 

phosphorylated, 4E-BP1 dissociates from eIF4E. Free eIF4E coordinates with several other 

initiation factors to enable cap-dependent translation (157). mTOR has also been implicated in 

the regulation of RNA polymerase III. One of the targets of mTOR is Maf1, which suppresses 

RNA pol III-mediated transcription. When phosphorylated by mTOR, this suppression is lifted 

enabling transcription by RNA pol III (158). By mediating these processes of ribosome 

biogenesis, it is evident that mTOR is a crucial component in regulating protein synthesis and 

is often exploited by cancers to sustain their proliferation (159).  

 Ribosome deregulation in cancer 

Ribosome biogenesis and function are often deregulated in cancer. The nucleolus, where most 

steps of ribosome biogenesis occur, has been observed to exhibit abnormal morphology in 

cancer cells (160). Deregulation of oncogenes and tumour suppressor genes occurs frequently 

in a wide range of cancers. The majority of these drives cell proliferation and cell cycle 

progression as well as ribosome biogenesis, promoting malignant transformation (161).  

TP53 is a tumour suppressor gene that is mutated frequently in cancer (162). p53 is activated 

during cell stress and directly regulates ribosome biogenesis. In normal tissues, p53 blocks 

rDNA transcription by inhibiting the formation of transcriptional activation complexes at 

rDNA gene promoters, thereby negatively regulating RNA pol I. Mutations which inactivate 

TP53 result in increased rDNA transcription and hence increased ribosome biogenesis, 

enhancing mRNA translation (163). 

Conversely, deregulated ribosome biogenesis can in turn modulate the function of p53. 

Inhibition of ribosome biogenesis through disrupting rRNA processing and transcription 

induces p53-mediated growth arrest (164-166). This is due to the binding of several ribosomal 

proteins such as RPL5, RPL11 and RPL23 to MDM2, an ubiquitin ligase that functions as a 

negative regulator of p53. The ribosomal proteins inactivate MDM2, thus preventing p53 

degradation. During cancer progression in which ribosome biogenesis is elevated, ribosomal 

proteins are recruited to form mature ribosomes and are no longer available to bind to MDM2, 
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leading to increased p53 degradation which contributes to loss of checkpoint control and DNA 

repair (167).  

RB1 is another tumour suppressor gene that is frequently inactivated in cancer. In addition to 

regulating the cell cycle, pRB also regulates ribosome biogenesis through direct interactions 

with UBF. This prevents UBF from associating with other cofactors necessary for RNA pol I 

recruitment (168). Like p53, when inactivated in cancer, pRB is no longer able to repress 

rDNA transcription, leading to enhanced ribosome biogenesis. Both p53 and pRb also regulate 

the function of RNA pol III by similarly regulating the binding of activator complexes 

responsible for RNA pol III transcription (169, 170). pRB mutations often occur in cancers 

that are also mutated in p53 (171) leading to synergistic promotion of ribosomal biogenesis.  

The cell cycle regulators cyclin-dependent kinase (CDK) 2/4 and casein kinase II (CKII) 

phosphorylate UBF thereby enhancing its transcriptional activity (172, 173). UBF can also be 

directly phosphorylated by the mitogen activated kinase ERK (extracellular signal related 

kinase) leading to rapid activation of rRNA transcription (174). CDK, CKII and ERK 

activities are upregulated in many cancers, promoting increased protein synthesis and driving 

their malignant progression (175, 176). 

Multiple mitogenic pathways that induce cell proliferation have been demonstrated to 

coordinate with ribosome biogenesis and these pathways are often deregulated in cancer (177). 

Two of the most studied examples, the Myc and PI3K/AKT signalling pathways, regulate 

proliferation and ribosome biogenesis (143) by increasing ribosomal protein synthesis in 

cancer cells (178, 179). These pathways facilitate initiation of ribosome biogenesis by driving 

transcription of rRNA transcription factors such as UBF-1 and TIF-1A, promoting the 

formation of the RNA pol I initiation complexes and subsequently rRNA synthesis (180-182). 

These pathways converge on mTOR, which in turn activates S6K1, leading to phosphorylation 

of RPS6 and activation of translation (159).  

Breast cancer, the focus of this thesis, exhibits deregulated ribosome function (183). More 

aggressive breast cancers display increased ribosome biogenesis. This is attributed to 

increased synthesis of ribosomal components, alterations in rRNA processing pathways, 

impairment of cap independent translation of tumour suppressor genes such as TP53 and 

deregulation of translational fidelity (184). Tumour suppressor genes TP53 and RB1 are often 

mutated in breast cancer (185, 186), and these genetic changes specifically increase ribosome 

biogenesis (187). Estrogen signalling which is often deregulated in breast cancer also increases 
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rDNA synthesis through enhancing RNA pol I transcription (188). These studies highlight the 

hypothesis that targeting ribosome deregulation in breast cancer may be relevant to cancer 

treatment, but better understanding of these signalling pathways and the discovery of putative 

targets needs to be achieved. 

 snoRNA host genes may regulate ribosome function 

Regulation of ribosome activity is not restricted to proteins, with numerous RNA species 

known to participate in the biogenesis and function of ribosomes (189). Because production of 

RNA is less energetically demanding and faster than protein production, regulation of 

ribosome activity and biosynthesis by RNA molecules would be rapid and direct (189). 

As of yet, only a few lncRNAs have been found to exert functional regulation on the 

ribosome. These lncRNAs represent only a tiny fraction of the total ribosome-associated 

lncRNAs but distinguishing what is actually functional and what is noise is a major challenge. 

Some protein coding genes host snoRNAs within their introns, and these genes are often 

involved in ribosome and translational regulation (190). In humans, over 90% of snoRNA host 

genes originate from introns (190). As snoRNAs participate in ribosome biogenesis, it is 

physiologically relevant that they are localised within genes required for ribosome synthesis 

and translation. This link between gene products involved in similar biological processes 

suggests that those lncRNAs that are host to snoRNAs may also participate in ribosome 

regulation. 

The next section will describe our lncRNA of interest, ZFAS1. This lncRNA is expressed in 

both the cytoplasm and the nucleus. It is host to three snoRNAs that are spliced and retained in 

the nucleus, but functional characterisation of the cytoplasmic transcript has not yet been 

performed. We propose that ZFAS1 has functions in addition to being a snoRNA host and that 

it regulates the protein synthesising machinery. As of yet, this potential ribosome regulatory 

role has not been explored, but the literature surrounding its role in various cancers and 

disease systems will be discussed below. 

 Zfas1: a mammary lncRNA with unknown function 

Zinc finger NFX-1-type containing antisense transcript 1 (Zfas1) is a lncRNA that was 

discovered in microarray screens that were designed to identify lncRNAs active in post-

pubertal mammary gland development in mice. This microarray screen investigated lncRNA 

expression in primary epithelial cells derived from mouse mammary glands during pregnancy 

at 15 days, lactation at 7 days and involution at 2 days. Analysis of these data revealed 97 
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lncRNAs which were significantly differentially expressed. These data were further ranked to 

identify lncRNAs that were located near protein coding genes, as these lncRNAs could have 

functional relationships with them. From these lncRNAs, this list of candidates was further 

refined for those transcripts for which related genes occupied syntenic regions in the human 

genome (107). 

Zfas1 was selected as it was highly and differentially expressed during different stages of 

mouse mammary gland development. Transcription of Zfas1 occurs antisense to a protein 

coding gene, Znfx1, a putative zinc finger protein of unknown function. These two genes are 

closely positioned and overlap at the 5’ends, possibly sharing a bidirectional promoter. The 

Zfas1 locus is also host to three C/D box snoRNA genes that are located within its introns 

(Figure 1-6). To investigate whether Zfas1 and Znfx1 were coregulated, the expression profiles 

of both genes were analysed in multiple experiments. Zfas1 was highly expressed during 

pregnancy, then downregulated in lactation and expressed abundantly once more during 

involution. Znfx1 in comparison did not show any appreciable changes in expression during 

these different stages. Interestingly, although most lncRNAs are expressed at low levels, Zfas1 

showed markedly higher expression than Znfx1, with a ratio of Zfas1 to Znfx1 varying from 

63:1 in pregnancy to 6:1 in lactation. Zfas1 and Znfx1 were both ubiquitously expressed across 

different tissues, but did not exhibit correlation. Given the shared promoter regions of these 

two genes, the lack of correlation between Zfas1 and Znfx1 expression suggests that they are 

independently regulated (107). 

 

Figure 1-6: Genomic orientation of ZFAS1 in relation to ZNFX1.  

Derived from the UCSC Genome Browser genome assembly. (A) Orientation of mouse Zfas1 relative to Znfx1, 
derived from Mouse Feb. 2006 (NCBI36/mm8) assembly. (B) Orientation of human ZFAS1 relative to ZNFX1 
derived from Human Mar 2006 (NCBI36/hg18) assembly. The enlarged figure of human ZFAS1 shows the 
location of the three snoRNAs in three consecutive introns. 
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Zfas1 is extraordinarily stable, with a half-life exceeding 16 h and is located in both the 

nucleus and cytoplasm (107). These two features of Zfas1 contrast with previous studies of 

lncRNAs, in which the majority exhibit short half-lives (191, 192) and are restricted to the 

nucleus (55). 

Further analysis of Zfas1 expression by in situ hybridisation of pregnant mouse mammary 

glands demonstrated that Zfas1 is selectively expressed in the epithelial cells of the duct and 

alveoli. In functional studies, siRNA knockdown of Zfas1 in HC11 cells resulted in increased 

cellular proliferation and differentiation, suggesting that Zfas1 may regulate these two cell 

functions (107).  

As Zfas1 is host to three snoRNA genes, their expression was analysed in parallel. They were 

all expressed most abundantly in pregnancy, but in contrast to the increased expression of 

Zfas1 at involution compared to lactation, snoRNAs expression did not change in these two 

developmental stages. These snoRNAs were localised to the nucleus and siRNA knockdown 

of Zfas1, which targets cytoplasmic transcripts, resulted in only minor differences in their 

expression (107).  

ZFAS1 was further studied in human and was shown to exhibit a similar genomic orientation 

to that in mouse. Similar to expression in mouse, ZFAS1 is expressed in a number of different 

human tissues and this has been independently shown in RNA-seq tissue analysis available in 

the GTEx database (Figure 1-7). As Zfas1 knockdown was found to change differentiation and 

proliferation of mouse mammary epithelial cells, two properties deregulated in cancer 

progression (193), ZFAS1 was also examined in human ductal carcinoma samples. Compared 

to matched normal tissue, ZFAS1 was downregulated. However, this particular study 

examined only 5 samples and the results were not statistically significant suggesting that more 

investigation into the role of ZFAS1 in breast cancer was required (107). In summary, Zfas1 is 

a highly upregulated lncRNA in mouse mammary gland development and could potentially be 

deregulated in breast cancer. 
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Figure 1-7: ZFAS1 is ubiquitously expressed in a wide range of tissues.  

ZFAS1 gene expression was derived from GTEx Analysis Release V6p (dbGaP Accession phs000424.v6.p1). 
Expression was measured by RNA-seq and is represented by Reads Per Kilobase of transcript per Million 
mapped reads of ZFAS1 (RPMK) measured in different tissues. 

Since its discovery in breast tissue, ZFAS1 has been studied in a number of different tissues 

and disease systems, summarised in Table 1-2. Li et al. (194) examined its role in human 

hepatocellular carcinoma (HCC) using cancer tissues and hepatoma cell lines. ZFAS1 is 

upregulated in metastatic samples compared to primary HCC samples and normal liver, and 

patients whose tumours showed higher ZFAS1 expression exhibited shorter overall survival 

times and higher tumour recurrence rates. HCC cells in vitro with ZFAS1 knockdown by 

siRNA demonstrate reduced invasion. Nude mice with tail vein injections of HCC cells with 

ectopic overexpression of ZFAS1 exhibited increased lung metastases compared to controls. Li 

et al identified miR-150 as a binding partner, a microRNA known to function as a tumour 

suppressor (195). MiR-150 has several target genes including ZEB1, MMP14 and MMP16 that 

are important regulators of tumour invasion and metastasis. Overexpression of ZFAS1 

upregulates ZEB1, MMP14 and MMP16. Forced expression of miR-150 abolishes the increase 

in invasion that results from ZFAS1 overexpression. This study demonstrated that ZFAS1 may 

bind to mir-150 and may promote tumour metastasis by competitively binding to mir-150 

thereby inhibiting its functions in suppressing metastatic genes.  

ZFAS1 has been studied in colorectal cancer (CRC), where several studies have found that 

ZFAS1 expression is increased in CRC tissues compared to matched normal tissues, and is 

associated with increased invasion, migration and metastasis (196-198). Thorenoor et al. (196) 
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performed siRNA knockdown of ZFAS1 and found that knockdown inhibits proliferation and 

colony formation through G1 arrest of the cell cycle. To identify potential binding partners, 

Thorenoor et al. (196) performed in vitro biotin-avidin pulldown using protein lysates from 

CRC cell lines and found ZFAS1 to interact with cyclin dependent kinase 1 (CDK1). Levels of 

CDK1 did not change when ZFAS1 expression was silenced, but its binding partner cyclin B1 

decreased in abundance. Knockdown of ZFAS1 also increased p53 expression and increased 

apoptotic markers. These results suggest ZFAS1 may be a potential oncogene in CRC, in 

which it destabilises p53 and interacts with CDK1/cyclin B1 complexes to induce cell cycle 

progression and inhibit apoptosis. Fang et al. (198) have also performed knockdown of 

ZFAS1, and observed increased rates of apoptosis, decreased ZEB1 expression, and increased 

expression of epithelial markers, while levels of mesenchymal markers decreased. They also 

found that ZFAS1 was expressed in plasma samples of colon cancer patients at levels greater 

than were observed in healthy controls. This suggests that ZFAS1 acts to promote epithelial to 

mesenchymal transition (EMT) in colonic cancer and may also function as a circulatory 

biomarker of colon cancer. Interestingly, Karlsson et al. (199) were also able to detect ZFAS1 

in extracellular vesicles in human breast milk, suggesting that ZFAS1 may have additional 

functions as a circulatory RNA in both disease and normal physiological processes. 

ZFAS1 is overexpressed in gastric cancer compared to normal gastric tissues. The 

overexpression of ZFAS1 is correlated with shorter overall survival and progression-free 

survival in patients with gastric cancer (200, 201). Nie et al. (200) performed knockdown of 

ZFAS1 by shRNA and siRNA in gastric cancer cell lines, and decreased proliferation, 

decreased colony formation and increased apoptosis were then observed. Nude mice injected 

with gastric cancer cells transfected with shRNA targeting ZFAS1 demonstrated smaller 

tumours compared to the controls. RNA immunoprecipitation revealed that ZFAS1 binds to 

EZH2, LSD1 and CoRest. By analysing The Cancer Genome Atlas (TCGA) data, they 

constructed gene co-expression networks and identified several genes regulating cell 

apoptosis. They tested expression of several of these genes in ZFAS1 knockdown cells and 

found that the expression of KLF2 and NKD2, which function as tumour suppressors, 

increased compared to control cells, suggesting co-regulation of ZFAS1, KLF2 and NKD2. By 

performing ChIP-seq, they established that EZH2 and LSD1 bind to the promoter region of 

these two genes and knockdown of ZFAS1 decreased this binding. Their experiments suggest 

an oncogenic function of ZFAS1, perhaps by repressing the expression of KLF2 and NKD2 

(200). Zhou et al. (201) also studied ZFAS1 in gastric cancer and detected higher levels of 

ZFAS1 in the plasma of gastric cancer patients compared to healthy controls. They explored 
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the role of ZFAS1 by mixing tumour cells with peripheral blood as a simulation of circulating 

tumour cells. Cells were sorted based on expression levels of EpCAM, a cell adhesion 

molecule expressed in epithelial tumours and not circulating haematological cells. ZFAS1 was 

downregulated in cells expressing high levels of EpCAM. ZFAS1 expression correlated 

positively with the expression of mesenchymal markers and negatively with epithelial 

markers. Circulating ZFAS1 has been observed in another independent study of gastric cancer, 

in which its expression was elevated in the exosomes of gastric cancer patients. Its knockdown 

also decreased proliferation, migration as well as increasing epithelial markers (202). These 

gastric cancer studies support previous work in which ZFAS1 was shown to have an oncogenic 

role and suggests it may be involved in EMT to promote tumour invasion, and have a role of 

ZFAS1 as a secreted signalling molecule.  

ZFAS1 was also overexpressed in non-small cell lung cancer with higher expression in more 

advanced tumours. Its expression was correlated with poorer survival and increased lymph 

node metastases, suggesting it is has an oncogenic role (203).  

Gao et al. (204) and Lv et al. (205) have studied ZFAS1 in glioma tissues and cell lines. 

ZFAS1 expression was upregulated in glioma compared to normal brain tissue. High ZFAS1 

expression was associated with poor tumour grade and decreased overall survival. Knockdown 

of ZFAS1 in glioma cell lines decreased cell proliferation, increased apoptosis and decreased 

migration and invasion. Additionally, knockdown of ZFAS1 reduced the expression of EMT-

associated proteins and Notch signalling proteins.  

Xia et al. (206) demonstrated that ZFAS1 was upregulated in ovarian cancer tissues compared 

to normal matched epithelial tissues, with even greater expression in metastatic tumours 

compared to primary tumours. Knockdown of ZFAS1 in ovarian cancer cell lines reduced cell 

growth, and inhibited migration and invasion. To investigate whether it plays a role in 

chemoresistance, ovarian cancer cells were treated with cisplatin or paclitaxel and 

demonstrated increased expression ZFAS1 6 h after treatment. Knockdown of ZFAS1 

sensitised the cells to these chemotherapeutic drugs, decreasing cell growth and reducing 

colony formation compared to cells treated with scrambled controls. They established that 

ZFAS1 is a target for mir-150-5p and that expression of ZFAS1 was negatively correlated with 

that of mir-150-5p in ovarian cancer tissues. Mir-150-5p functions to inhibit cell proliferation, 

invasion, and metastasis and sensitises cells to chemotherapy. Mir-150-5p was predicted by 

bioinformatics approaches to bind to specificity protein 1 (Sp1) and this prediction was 

confirmed in vitro using luciferase reporter vectors. In cells transfected with mir-150-5p,  
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mRNA and protein levels of Sp1 decreased suggesting mir150-5p inhibits Sp1 expression. 

Knockdown of ZFAS1 decreases Sp1 mRNA and protein expression. Additional knockdown 

of mir150-5p was able to partially rescue Sp1 expression as well as rescuing cell malignancy 

phenotypes and abolishing sensitivity to chemotherapy (206). These results suggest that 

ZFAS1 interacts with mir-150-5p, preventing its functions to inhibit Sp1 and thus promoting 

cancer progression.  

ZFAS1 may have implications for cancer therapy. Bioinformatic analysis of ovarian cancer 

data from TCGA and GEO shows that ZFAS1 is correlated with lower platinum sensitivity. 

These researchers also investigated forty-six ovarian cancer cell lines and found upregulation 

of ZFAS1 after treatment with cisplatin in three of those cell lines (207). Despite observing a 

response in only a small number of cell lines, they postulated that ZFAS1 may be involved in 

platinum drug resistance.  

ZFAS1 has also been studied in non-cancer systems. Zhang et al. (208) examined whole blood 

samples from patients with acute myocardial infarction (AMI) and found ZFAS1 to be at 

significantly lower concentrations compared to non-AMI blood samples. Similar changes were 

observed in AMI mouse models suggesting that ZFAS1 from whole blood could act as a 

biomarker for myocardial infarction. Conversely, ZFAS1 was upregulated in infarcted tissue of 

rat models of AMI (209). Chen et al. (210) have found that ZFAS1 was upregulated in the 

plaque of atherosclerotic patients compared to normal patients, suggesting a role for ZFAS1 in 

cardiovascular disease. ZFAS1 was similarly elevated in rat hippocampus after traumatic brain 

injury (211). 

These studies have demonstrated that ZFAS1 is expressed in a number of different cancer 

types and diseases, as well as demonstrating a wide range of functions. While ZFAS1 has not 

been studied functionally in breast cancer, in situ hybridisation of breast cancer tissues has 

found ZFAS1 to be weakly expressed in breast cancer tissues (212). Most of the research on 

ZFAS1 suggests that it has an oncogenic role in various cancers, contrasting with previous 

work on ZFAS1 in a limited number of breast cancer samples, which implicates it as a tumour 

suppressor gene (107). Thus, more research is required to identify the role of ZFAS1 in breast 

cancer. 
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Table 1-2: Summary of literature on ZFAS1 highlighting its expression in different tissues, effects of gene 
knockdown and putative mechanisms of action. 

Model Expression pattern  Effect of knockdown Mechanism of 
action 

Reference 

Breast 
(human 
and 
mouse) 

Upregulated during 
pregnancy, 
downregulated 
during lactation and 
increased again in 
involution (mouse) 

 

Downregulated in 
breast cancer 
compared to 
matched normal 

 

Weakly expressed in 
breast cancer tissues 

Increased 
proliferation, 
induction of 
differentiation  

 

 

 

 

 

 

 

- 

- 

 

 

 

 

 

 

 

 

 

- 

Askarian-
Amiri et 
al. (107). 

 

 

 

 

 

 

 

Zhang et 
al. (212). 

Hepatocel
lular 
carcinoma 

Upregulated in HCC 
samples  

Reduced invasion and 
migration 

Binds to miR-150, 
leading to loss of 
repression of mir-
150 target genes 
ZEB1, MMP14 and 
MMP16 

Li et al. 
(194). 

Colorectal 
cancer 

Increased in CRC 
tissues and cell lines 

 

 

 

 

 

 

 

Increased expression 
in CRC tissues as 
well as plasma 
samples of CRC 
patients 

Decreased 
proliferation, colony 
formation and G1-
arrest 

 

 

 

Reduced migration 
and invasion 

 

Decreased cell 
viability, decreased 
colony formation, 
decreased migration 
and invasion, 
increased apoptosis, 
decreased expression 
of mesenchymal 
markers 

Interacts with 
CDK1/cyclin B1 
complex through 
destabilisation of 
p53 

 

 

- 

 

 

Promote EMT  

Thorenoor 
et al. (196) 

 

 

 

 

Wang et 
al. (197) 

 

Fang et al. 
(198) 

Gastric Overexpressed in Decreased Binds to EZH2, Nie et al. 
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cancer 

 

 

 

 

 

 

 
 

gastric cancer tissues 
and cells 

 

 

 

 

 

 
Downregulated in 
cells expressing high 
levels of EpCAM 

 

Overexpressed in 
gastric cancer tissue 
and exosomes of 
gastric cancer 
patients 

proliferation, 
decreased colony 
formation, increased 
apoptosis 

 

 

 

 
- 

 

 

 

Decreased 
proliferation, 
migration and 
decreased expression 
of EMT markers 

LSD1 and CoRest 
and facilitates 
binding to KLF2 
and NKD2 to 
repress their 
expression. 
Correlates with 
EMT markers. 
- 

 

 

 

- 

(200) 

 

 

 

 

 

 

 
Zhou et al 
(201) 

 

 

Pan et al. 
(202) 

Non- 

small cell 
lung 
cancer 

Upregulated in 
NSCLC 

- - Tian et al. 
(203) 

Glioma Upregulated in 
glioma, higher 
expression correlated 
with increased 
tumour 
aggressiveness and 
poor patient outcome 

Decreased 
proliferation, 
migration and 
invasion. Increased 
apoptosis. 

Increased expression 
of mesenchymal 
markers N-cadherin 
and Snail. 

- Gao et al. 
(204) 

Lv et al. 
(205) 

Ovarian 
cancer 

Upregulated in 
ovarian cancer 
tissues, greater 
expression in 
metastatic ovarian 
cancers compared to 
primary ovarian 
cancer 

 

Higher expression in 
patients with lower 
platinum drug 
sensitivity 

Reduced cell growth, 
inhibits migration and 
invasion, sensitises 
cells to 
chemotherapeutic 
drugs. 

 

 

 

- 

Binds to miR-150-
5p, in turn 
inhibiting its ability 
to function as a 
tumour suppressor 
which it exerts 
through inhibiting 
Sp1. 

 

 

- 

Xia et al. 
(206) 

 

 

 

 

 

Liu et al. 
(207) 

Acute Decreased - - Zhang et 
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Myocardi
al 
infarction 

abundance in whole 
blood of patients 
with AMI 
 
 
Increased expression 
in cardiac tissue in 
rat models of AMI 

 
 
 
 
 
Decreased apoptosis 
and reduced AMI 
injury 
 

 
 
 
 
 
Binds to miR-150 
to inhibit its 
activity as a 
protector of AMI 
injury 

al. (208) 
 
 
 
 
Wu et al. 
(209) 

Atheroscl
erosis 

Upregulated in the 
plaque of 
atherosclerotic 
patients compared to 
normal patients 

- - Chen et al. 
(210) 

Traumatic 
brain 
injury 

Upregulated in 
hippocampus after 
traumatic brain 
injury 

- - Wang et 
al. (211) 

Breast 
milk 

Expression in 
extracellular vesicles  

- - Karlsson 
et al. (199) 

 

 Thesis objectives 

Review of the literature has demonstrated that lncRNAs are important regulators of gene 

function. They play important roles in development and are often deregulated in disease. The 

lncRNA of interest to this thesis is ZFAS1. Originally discovered in mouse mammary gland 

development, it has since been examined in a number of different tissues and disease systems. 

Developmental genes are often involved in cancer progression and previous observations of 

significant downregulation of ZFAS1 from pregnancy to lactation suggested important 

developmental roles. The focus of this thesis is to examine the expression and activity of 

ZFAS1 in breast cancer. Many lncRNAs are associated with ribosomes and ZFAS1 was 

investigated to see whether it is present in the cytoplasm and co-localises with ribosomes.  

The main objectives of this thesis are: 

• To investigate ZFAS1 expression in breast cancer cell lines. Using both breast cancer 

and immortalised breast epithelial cell lines, the expression of ZFAS1 will be profiled 

using quantitative PCR techniques. Databases of gene expression in cancer such as 

TCGA will also be queried to determine ZFAS1 expression in a larger cohort of 

samples (Chapter 3). 
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• To characterise the expression of ZFAS1 isoforms in breast cancer cell lines as well as 

in specific cellular compartments (Chapter 3). 

• To investigate, using sucrose gradient sedimentation, whether ZFAS1 function is 

related to possible interactions with macromolecular complexes (Chapter 4). The 

results from this investigation, in which ZFAS1 associates with ribosomes, informed 

the direction of the following chapters. 

• To characterise structural motifs of ZFAS1 by 5’rapid amplification of cDNA ends 

(5’RACE) and explore whether they contribute to function (Chapter 5). 

• To knock down ZFAS1 by shRNA to explore possible phenotypic effects and gain 

insight into the function of ZFAS1 (Chapter 6). 

• To further characterise the role of ZFAS1 in ribosome function by investigating its 

expression in human and mouse muscle tissues and muscle cell line models (Chapter 

7). 

• To identify protein binding partners of ZFAS1 by RNA pulldown using biotin-labelled 

probes and mass spectrometry, as a further step to gain more insight into its function 

(Chapter 8). 
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Chapter 2. Materials and Methods 

 Materials 
Table 2-1: Reagents, manufacturers/suppliers, and catalogue numbers. 

Material/Equipment Source Catalogue 
number 

1 Kb+ DNA ladder Invitrogen Life Technologies - Carlsbad CA, 
USA 

10787018 

12-well tissue culture plates Corning Life Sciences - Tewksbury MA, 
USA 

353043 

175 cm2 tissue culture flasks  ThermoFisher Scientific - Waltham MA, 
USA 

159910 

25 cm2 tissue culture flasks  ThermoFisher Scientific - Waltham MA, 
USA 

156367 

384-well clear optical 
reaction plate 

Applied Biosystems - Foster City, CA, USA 4309849 

6-well tissue culture plates Corning Life Sciences - Tewksbury MA, 
USA 

3516 

75 cm2 tissue culture flasks  ThermoFisher Scientific - Waltham MA, 
USA 

156499 

8-strip PCR tubes and lid (0.2 
ml) 

Axygen - Union City, CA USA 14-222-252 

96-well plate (qPCR 
preparation plate) 

Applied Biosystems - Carlsbad CA, USA 4316813 

96-well plate (Tissue culture) Corning Life Sciences - Tewksbury MA, 
USA 

3596 

Anti-Actin Antibody Merck Millipore -Billerica MA, USA MAB1501R 

Antibiotics: penicillin-
streptomycin 

Invitrogen Life Technologies - Carlsbad CA, 
USA 

15140122 

Biotin probes Biosearch Technologies - Novato CA, United 
States 

- 

Bovine Serum Albumin 
(BSA) 

MP Biomedicals NZ Ltd – Auckland, NZ 9048-46-8 

C-Chip Disposable 
Haemocytometer 

Global Science - Auckland, NZ DHC-N01 

Cell scraper Falcon, Corning Life Sciences - Tewksbury 
MA, USA 

08-771-1A 

Clear round bottom tubes (14 
ml)  

Falcon, Corning Life Sciences - Tewksbury 
MA, USA 

14-959-7 
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Clear round bottom tubes (4 
ml)  

Falcon, Corning Life Sciences - Tewksbury 
MA, USA 

14-959-1A 

Custom oligonucleotides Integrated DNA Technologies - Singapore - 

Cycloheximide Sigma-Aldrich - St. Louis, MO USA C-7698 

Deoxynucleoside 
Triphosphate (dNTP) set 

Roche Diagnostics - Mannheim, GER 11969064001 

Disposable Serological 
pipettes (10ml) 

Costar Inc. - Corning NY, USA CLS4101 

Disposable Serological 
pipettes (25ml) 

Costar Inc. - Corning NY, USA CLS4489 

Disposable Serological 
pipettes (2ml) 

Costar Inc. - Corning NY, USA CLS4486 

Disposable Serological 
pipettes (5ml) 

Costar Inc. - Corning NY, USA CLS4487 

D-MEM (Dulbecco’s 
Modified Eagle Medium) 
high glucose 

Gibco NZ Ltd - Auckland, NZ  11965092 

D-MEM (Dulbecco’s 
Modified Eagle Medium) low 
glucose 

Gibco NZ Ltd - Auckland, NZ  31600-083 

DMSO (Dimethyl Sulfoxide) ECP Ltd – Auckland, NZ  67-68-5 

DNase I kit (enzyme and 
buffer) 

Invitrogen Life Technologies - Carlsbad CA, 
USA 

AM2222 

Dynabeads® MyOne™ 
Streptavidin C1 

Invitrogen Life Technologies - Carlsbad CA, 
USA 

65001 

Ethanol (EtOH) 100% Fisher Scientific - Lawnview NJ, USA 64-17-
5,7732-18-5 

Falcon tubes (15 ml) Falcon, Corning Life Sciences - Tewksbury 
MA, USA 

352196 

Falcon tubes (50 ml) Falcon, Corning Life Sciences - Tewksbury 
MA, USA 

352070 

Fetal Calf Serum (FCS) Gibco NZ Ltd - Auckland, NZ 10091148 

Glycerol 100% Fisher Scientific - Lawnview NJ, USA 56-81-5 

Glycine Sigma-Aldrich - St. Louis, MO USA G8898 

Goat anti-mouse IgG-HRP Santa Cruz Biotechnology Inc - Santa Cruz 
CA, USA 

sc-2055 

Goat anti-rabbit IgG-HRP Santa Cruz Biotechnology Inc - Santa Cruz 
CA, USA 

sc-2054 

Heparin sodium salt Sigma-Aldrich - St. Louis, MO USA H-3125 

Immobilon®-P PVDF 
Membrane 

Merck Millipore -Billerica MA, USA IPVH00010 
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InstantBlue Protein Stain Expedeon - San Diego, CA ISB1L 

Lipofectamine™ 3000 kit ThermoFisher Scientific - Waltham MA, 
USA 

L3000001 

Luria broth Invitrogen Life Technologies - Carlsbad CA, 
USA 

L-7658 

Luria broth agar Invitrogen Life Technologies - Carlsbad CA, 
USA 

22700-025 

Magnesium Chloride 
Hexahydrate 

Merck and Co- Kenilworth, New Jersey, 
United States 

1058331000 

MicroAmp® Optical 
Adhesive Film 

Applied Biosystems - Foster City, CA, USA 4311971 

Microcentrifuge tubes (1.7 
ml) 

Axygen - Union City, CA USA MCT-175-C 

M-MLV reverse transcriptase 
system 

Sigma-Aldrich - St. Louis, MO USA M1302-40KU 

Anti-MYH Polyclonal 
Antibody 

Santa Cruz Biotechnology Inc - Santa Cruz 
CA, USA 

sc-20641 

Anti-MYOD Monoclonal 
Antibody 

ThermoFisher Scientific - Waltham MA, 
USA 

ma5-12902 

Anti-Myogenin Polyclonal 
Antibody 

Santa Cruz Biotechnology Inc - Santa Cruz 
CA, USA 

sc-576 

Nunc Cryotubes Nunc - Roskilde, DK V7634 

Nunc® petri dishes Sigma-Aldrich - St. Louis, MO USA D9054  

NuPage Bis Tris Protein Gel 
(1mm x 15 wells) 

Invitrogen Life Technologies - Carlsbad CA, 
USA 

NP0323BOX 

NuPAGE MES SDS Running 
Buffer (20X) 

Invitrogen Life Technologies - Carlsbad CA, 
USA 

NP0002 

NuPAGE® LDS Sample 
Buffer (4X) 

Invitrogen Life Technologies - Carlsbad CA, 
USA 

NP0007 

OPTI-MEM medium  Gibco NZ Ltd - Auckland, NZ 11058-021 

Anti-Phospho-S6 Ribosomal 
Protein Polyclonal Antibody 
(Ser240/244) 

Cell Signalling Technology - Danvers MA, 
USA 

2215 

Anti-Phospho-UBF 
polyclonal antibody (Ser 388) 

Santa Cruz Biotechnology Inc - Santa Cruz 
CA, USA 

sc-21637 

Anti-Phospho-UBF 
polyclonal antibody (Ser 484) 

Santa Cruz Biotechnology Inc - Santa Cruz 
CA, USA 

sc-21638 

Phenylmethyl sulfonyl 
fluroride 

Sigma-Aldrich - St. Louis, MO USA P7626 

Pierce™ BCA BCA Reagent 
A 

ThermoFisher Scientific - Waltham MA, 
USA 

23223 
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Pierce™ Bovine Serum 
Albumin Standard Ampules, 
2 mg/mL 

ThermoFisher Scientific - Waltham MA, 
USA 

23209 

Pierce™ ECL Plus Western 
Blotting Substrate 

ThermoFisher Scientific - Waltham MA, 
USA 

32132 

Precision Plus Protein™ 
Kaleidoscope™ Prestained 
Protein Standard  

Bio-Rad Laboratories - Hercules, 
California, U.S.A. 

1610375 

Propan-2-ol (isopropanol) 
100% 

Fisher Scientific - Lawnview NJ, USA 67-63-0 

Protease inhibitor cocktail Sigma-Aldrich - St. Louis, MO USA P8340 

PureLink® Quick Plasmid 
Miniprep Kit 

ThermoFisher Scientific - Waltham MA, 
USA 

K210010 

Puromycin ThermoFisher Scientific - Waltham MA, 
USA 

A1113802 

QIAGEN® Plasmid Plus 
Maxi Kit 

QIAGEN Plasmid Plus Maxi Kit 12945 

Quick-DNA™ Universal Kit Zymo Research - Irvine CA, USA D4068 

Random Hexamer primers Integrated DNA Technologies - Singapore, 
SG 

51-01-18-26 

RNase inhibitor Sigma-Aldrich - St. Louis, MO USA 3335399001 

RNase/DNase free pipette tips 
with filters (1 ml) 

Axygen - Union City, CA USA TF-1000-L-
R-S 

RNase/DNase free pipette tips 
with filters (10 μl) 

Axygen - Union City, CA USA TF-10-L-R-S 

RNase/DNase free pipette tips 
with filters (20 μl) 

Axygen - Union City, CA USA TF-20-L-R-S 

RNase/DNase free pipette tips 
with filters (200 μl) 

Axygen - Union City, CA USA T-200-C-L-R-
S 

Anti-S6 Ribosomal Protein 
monoclonal antibody 

Cell Signalling Technology - Danvers MA, 
USA 

2217 

Sodium Acetate Merck and Co- Kenilworth, NJ, USA 6268 

SuperSignal™ West Pico 
Chemiluminescent Substrate 

ThermoFisher Scientific - Waltham MA, 
USA 

34078 

SYBR Green PCR master 
mix 

Applied Biosystems – Foster City, CA, USA 4309155 

Taq polymerase Purchased from the laboratory group of Prof. 
John Fraser, University of Auckland 

- 

TriZol Reagent Ambion - Carlsbad, CA USA 15596018 

Trypan blue stain 0.4% (w/v) Invitrogen Life Technologies - Carlsbad CA, 
USA 

15250061 
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Trypsin/EDTA Invitrogen Life Technologies - Carlsbad CA, 
USA 

R001100 

Anti-UBF 
monoclonal antibody  

Santa Cruz Biotechnology Inc - Santa Cruz 
CA, USA 

sc-13125 

Ultrapure Agarose powder Invitrogen Life Technologies - Carlsbad CA, 
USA 

16500500 

UltraPure™ Ethidium 
Bromide 

Invitrogen Life Technologies - Carlsbad CA, 
USA 

15585011 

UltraPure™ Ethidium 
Bromide, 10 mg/mL 

Invitrogen Life Technologies - Carlsbad CA, 
USA 

15585011 

Whatman™ Grade 3MM Chr 
Cellulose Chromatography 
Paper 

GE Health Care - Chicago IL, USA 3030-917  

 

Table 2-2: Major equipment and supplier/manufacturer. 

Name Supplier 

ABI 7900HT Fast Real-Time PCR 
system 

Applied Biosystems - Foster City, CA, USA 

CoolCell® Cell Freezing Containers BioCision LLC - Menlo Park, CA, USA 

Dounce Homogeniser  Wheaton Biopharmaceutical & Life Science Products - 
Millville NJ, USA 

Gel casting tray and comb BioRad - Hercules CA, USA 

Gel Doc EZ Imager BioRad - Hercules CA, USA 

Gel Doc XR+ System BioRad - Hercules CA, USA 

MagStrip magnetic stand (1.5 mL x 
10) 

MagBio Genomics Gaithersburg MD, USA 

LAS-3000 phosphoimager FujiFilm - Minato, Tokyo, Japan 

NanoDrop™ 2000 
spectrophotometer 

ThermoFisher Scientific - Waltham MA, USA 

PCR Mastercycler Nexus X2 Eppendorf - Hamburg, Germany 

QuantStudio 6 Flex Real-Time PCR 
System 

ThermoFisher Scientific - Waltham MA, USA 

QuantStudio™ 6K Flex Real-Time 
PCR System 

ThermoFisher Scientific - Waltham MA, USA 

Sorvall WX100 Ultracentrifuge ThermoFisher Scientific - Waltham MA, USA 

SureSpin™ 630 (17mL) Swinging 
Bucket Rotor 

ThermoFisher Scientific - Waltham MA, USA 
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Table 2-3: Software used with version number and manufacturer.  

Software name Version Manufacturer 

Adobe 
Illustrator CS6 

16.0.3 Adobe Systems Incorporated - San Jose CA, USA 

Adobe 
Photoshop CS6 

13.0.1 Adobe Systems Incorporated - San Jose CA, USA 

GraphPad Prism 7 GraphPad Software, Inc. La Jolla, CA, USA 

ImageJ 1.46r Wayne Rasband, National Institutes of Health, 
Bethesda, MA, USA http://imagej.nih.govt/ij  

Microsoft Excel 14.0.7180.5002 Microsoft Corporation - Redmond WA, USA 

 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 7. Data were analysed using Student 

t-test, where p < 0.05 denotes a statistically significant difference. Pearson correlation test was 

used for correlation analysis. 

 Cell culture 

 Source of cell lines 

Human breast cancer cell lines, human breast epithelial cell lines, and human non-breast 

cancer cell lines used in this research were gifted by Dr. Chanel Smart (University of 

Queensland). The characterisation of all cell lines were tested and confirmed according to 

American Type Culture Collection data (ATCC, Manassas, VA, USA) prior to their import to 

New Zealand.. The mouse myoblast cell line C2C12 was gifted by Dr. Troy Merry (University 

of Auckland). 

 Maintenance of cell lines 

Cell culture was performed in sterile conditions to avoid bacterial and fungal contamination of 

cell lines. Experiments were performed in a laminar flow tissue culture hood and surfaces 

disinfected with 80% (v/v) ethanol prior to use. Waste generated from tissue culture 

experiments was treated with hypochlorite before disposal. 

Cell lines were grown in specific growth media as detailed in Table 2-4 in 25 cm2 tissue 

culture flasks at 37 °C in a 5% CO2 humidified incubator. Growth media were changed every 

2-3 days until cells reached 80% confluence. These cells were dissociated from the tissue 

culture flask by trypsinisation. To trypsinise cells, the growth media were removed and cells 

washed with 5 mL of PBS (Section 10.9.1.1). Trypsin (2mL of 0.05% w/v in PBS) was added 

http://imagej.nih.govt/ij
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to the cells and incubated at 37 °C for 3-5 min or until cells had detached from the flasks. 

Growth media (5mL) was then added to neutralise the trypsin and cell suspensions were 

transferred to 15 mL centrifuge tubes. Volumes were scaled up appropriately for larger tissue 

culture flasks. Cells were pelleted by centrifugation at 209 × g for 5 min. The media was 

removed and cells were resuspended in appropriate volumes of growth media before transfer 

into tissue culture dishes. 

Table 2-4: Culture media for breast cancer, breast epithelial and non-breast cancer cell lines.  

All cell lines were supplemented with 100 U/mL penicillin + 100 µg/mL streptomycin. 

Cell line Medium 

8701BC RPMI+10%FCS 

Bre-80-hTERT MEBM + 100 ng/mL cholera toxin + MEGM Single Quots (52 μg/mL 
bovine pituitary extract + 0.5 μg/mL hydrocortisone + 10 ng/mL human 
epidermal growth factor +5 μg/mL insulin) 

BT-20 DMEM+10% FCS 

HaCaT DMEM+10% FCS 

HBL-100 DMEM+10% FCS 

HCC1143 RPMI-1640+10% FCS 

HCC1937 RPMI-1640+10% FCS 

HCC1954 RPMI-1640+10% FCS 

HCC70 RPMI-1640+10% FCS 

KPL1 DMEM+10% FCS 

MCF 10A MEBM + 100 ng/mL cholera toxin + MEGM Single Quots (52 μg/mL 
bovine pituitary extract + 0.5 μg/mL hydrocortisone + 10 ng/mL human 
epidermal growth factor + 5 μg/mL insulin) 

MCF-7 DMEM+10% FCS 

MDA-MB-231 DMEM+10% FCS 

MDA-MB-435 DMEM+10% FCS 

MDA-MB-436 DMEM+10% FCS 

MDA-MB-453 DMEM+10% FCS 

MDA-MB-468 DMEM+10% FCS 

P7731 RPMI-1640+10% FCS 

PMC42ET RPMI-1640+10% FCS 

SK-BR-3 DMEM + 10% FCS + 10 μg/mL bovine insulin  

T-47D RPMI-1640 + 10% FCS + 20 μg/mL bovine insulin  

ZR-75-1 RPMI-1640+10% FCS 
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 Cryopreservation and revival of cell lines from liquid nitrogen storage 

Cells were grown in 75 cm2
 tissue culture dishes till 80% confluent. Cells were trypsinised and 

pelleted as previously described. Media were removed and cells resuspended in 10 mL of 20% 

DMSO (v/v), 30% FCS (v/v) and 50% (v/v) of unsupplemented media. Aliquots (1 mL) of the 

cell suspension were transferred to cryotubes, placed in a Mr. Frosty™ Freezing Container and 

stored at -80 °C for gradual cooling overnight. The cryotubes were then transferred to liquid 

nitrogen at -196 °C for long term storage.  

When cells were required for use from long-term storage, cryotubes were removed from liquid 

nitrogen and thawed in a 37 °C water bath. Growth media (5mL) were added to the cell 

suspensions in 15 mL tubes and centrifuged at 209 × g for 5 min to pellet the cells. Media 

were removed to remove residual DMSO. Cell pellets were resuspended in 5 mL growth 

media and cell suspensions transferred to 25 cm2 tissue culture flasks and grown at 37 °C in a 

5% CO2 humidified tissue culture incubator. 

 Cell counting 

Cells were trypsinised and pelleted as described above, and resuspended in 1 mL of PBS. 10 

µl of the cell suspension was mixed with 10 µL of trypan blue stain (0.4% w/v) in a 

microcentrifuge tube. The cell mixture was pipetted into haemocytometer chamber. Viable 

cells in the large squares (each large square contained 9 small squares) were counted. Viability 

was determined by exclusion of trypan blue. This was repeated twice to obtain an average of 

three counts. Cell concentrations were determined using the formula below: 

Cell concentration (number of cells/mL) = Cell count average × dilution factor × 10,000 

 Molecular biology techniques 

 RNA isolation 

Growth media were removed from cells and 1 mL of TRIzol™ reagent was added to tissue 

culture flasks. Cells were scraped using a cell scraper and collected in 1.7 mL microcentrifuge 

tubes. Chloroform (0.2 mL) was added and vortexed to homogenise samples. The samples 

were centrifuged for 15 min at 12,000 × g at 4 °C to separate the aqueous phase from the 

phenol-chloroform phase. The upper clear aqueous phase was removed and added to 0.5 mL 

isopropanol, taking care to avoid transferring any of the interphase or organic phenol phase. 

Samples were incubated for 10 min at room temperature and then centrifuged for 30 min at 

12,000 × g at 4 °C to pellet the RNA. The supernatant was decanted and discarded. Ice-cold 
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75% (v/v) ethanol (1mL) was added to the tube and the sample was vortexed to completely 

wash the RNA pellet. The samples were centrifuged for a further 10 min at 12,000 × g at 4 °C 

to collect the RNA pellet. The supernatant was removed using a vacuum pipette and the 

contents of the tube left to air dry for approximately 10-15 min. Once samples were dry, the 

pellet was resuspended in 20 µL RNase free water and RNA placed on ice or frozen at -80 °C 

for long term storage. 

 DNase treatment of RNA 

To eliminate residual genomic DNA from RNA, samples were treated with DNase using 

Ambion®'s RNase-free DNase I system. 1× DNase buffer and 1 µL of DNAse (2 U/µL) were 

added to the RNA and incubated at 37 °C for 30 min. To denature DNase, samples were 

heated at 75 °C for 10 min and reprecipitated to remove residual buffer.  

 Reprecipitation of samples 

RNA or DNA was reprecipitated by 3 mM sodium acetate at 10% of the sample volume and 

100% absolute ethanol at 2.5 times the sample volume and stored at -80°C overnight. Samples 

were centrifuged for 30 min at 12,000 × g at 4°C. The supernatant was discarded and the RNA 

pellet was washed in 75% (v/v) ethanol as described previously, air dried and resuspended in 

20 µL RNase free water. RNA was stored at -80 °C; DNA was stored at -20 °C, till further 

use.  

 Quantification of nucleic acids 

After RNA or DNA had been reprecipitated and resuspended in water, concentration and 

purity were measured using a Nanodrop 2000 UV-Vis spectrophotometer. The pedestal of the 

Nanodrop was cleaned with Milli-Q water and blanked with the appropriate buffer or water 

before concentration of nucleic acid was measured. The ratios at wavelengths 260 nm to 230 

nm, and of 260 nm to 280 nm were assessed to measure the purity of nucleic acids. Those 

samples with a 260/230 and 260/280 ratio of ~2.0 were deemed high purity, while those with 

lower ratios were reprecipitated again to remove any residual phenols or proteins. 

 Complementary DNA (cDNA) strand synthesis 

In order to utilise RNA to measure gene expression, it was first converted into cDNA. Reverse 

transcription was performed using Sigma M-MLV Reverse Transcriptase System. 1 µg of total 

RNA was placed in a 0.2 mL microcentrifuge tube, along with 5 µM of random hexamers or 

oligo(dT), 1 µM dNTP mix, and sterile water was added to a final volume of 10 µL. This was 
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repeated in duplicate for each sample, as one replicate was used for the positive control and 

one for the negative control. Samples were mixed and centrifuged briefly to collect 

components at the bottom of the tube. These samples were incubated at 70 °C for 10 min and 

placed directly on ice for a few minutes. To the positive control tubes, 200 units of M-MLV 

reverse transcriptase, and 1x M-MLV reverse transcriptase buffer was added, along with water 

to bring the final volume to 20 µL. This was repeated for the negative control tubes, except for 

the exclusion of reverse transcriptase. The samples were incubated at 37 °C for 50 min 

followed by heating at 85 °C for 10 min to denature the M-MLV reverse transcriptase. 

Samples were diluted 1:20 with water for use in downstream PCR reactions. 

 DNA isolation 

DNA was isolated from cells using Zymo Quick-DNA™ Miniprep Plus Kit according to kit 

instructions. Cells were trypsinised, pelleted by centrifugation and resuspended in 200 µL of 

PBS in a microcentrifuge tube. BioFluid and Cell Buffer (200 µL) and Proteinase K (20 µL) 

were added to the cell extract. The sample was vortexed thoroughly and incubated at 55 °C for 

10 min to digest the sample. Genomic Binding Buffer (200 µL) was added to the digested 

sample and vortexed again. The mixture was transferred to a Zymo-Spin™ IIC-XL Column in 

a collection tube and centrifuged at 12,000 × g for 1 minute. The flowthrough was discarded 

from the collection tube. DNA Pre-Wash Buffer (400 µL) was added to the spin column and 

the sample was further centrifuged at 12,000 × g for 1 minute. The flowthrough was 

discarded. g-DNA wash buffer (700 µL) was added to the spin column, centrifuged at 12,000 

× g for 1 minute, and the flow-through discarded. This step was repeated using 200 µL of g-

DNA Wash Buffer. The spin column was transferred to a microcentrifuge tube and DNA 

Elution Buffer (20 µL) was added to the column. The column was incubated at room 

temperature for 10 min and centrifuged again at 12,000 × g for 1 minute. The eluted DNA was 

stored at -20 °C prior to further use.  

 Primer design 

Primers were designed to allow for amplification of target transcripts by PCR and qPCR. 

Forward and reverse primers were designed using the Primer3 (v. 0.4.0) programme based on 

DNA sequences of target genes derived from the UCSC Genome Browser. Primers were 

designed so that forward and reverse primers were targeted to different exons, which would 

allow detection of genomic DNA contamination based on product size. Parameters were set in 

Primer3 to allow design of primers of 20 nucleotides, melting temperature of 60 °C and GC 

content of 50%. The quality of primers was initially tested using in silico PCR to determine 



 

     
47 

 

that the primers targeted specifically to the gene of interest. Once primers were designed, 

DNA oligo sequences (25 nanomoles) were synthesised by Integrated DNA Technologies. 

Primers were dissolved to 500 µM using sterile water as a stock solution and further diluted to 

appropriate concentrations for PCR or qPCR. Primers for mouse 45S were donated by Dr. 

Cameron-Smith, which had been designed by Qiagen using RT2
 Profiler PCR Arrays. 

 Polymerase Chain Reaction (PCR) 

For standard PCR reactions, cDNA was amplified using Taq polymerase obtained from the 

Fraser Lab at the University of Auckland. Reaction components were added as described in 

Table 2-5. For negative controls, reactions were carried out using cDNA made without reverse 

transcriptase. 

Table 2-5: Components and volumes of reagents used for standard PCR reactions. 

Ingredient Volumes (µL) 

10x PCR buffer (Section 10.9.1.2) 2 

25 mM MgCl2 2 

10 mM dNTPs 0.5 

Forward primer (10 µM in milli-Q water) 0.75 

Reverse primer (10 µM in milli-Q water) 0.75 

Template cDNA (1:20 dilution) 3 

Taq polymerase (5 U/µL) 0.1 

Sterile water 10.9 

 

Samples were transferred to a PCR thermocycler and amplified with the following 

temperatures: 95 °C for 5 min, followed by 30 cycles of 95 °C for 30 s, 60 °C for 30 s, 72 °C 

for 1 min/kb, followed by 72 °C for 5 min. 

For PCR of exon 1, Kapa Hifi Taq was used according to the manufacturer’s instructions. This 

kit was used because of its improved ability to amplify regions of high GC content compared 

to the Taq used for standard PCR reactions. 

Table 2-6: Components and volumes of reagents used for amplification of exon 1. 

Ingredient Volumes (µL) 

5x High Fidelity Buffer 5 

10 mM dNTPs 0.75 

Forward primer (10 µM) 0.75 
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Reverse primer (10 µM) 0.75 

Template cDNA (1:20 dilution) 3 

Taq polymerase (5 U/µL) 0.5 

Sterile water 14.25 
 

PCR components are listed in Table 2-6. The reaction was amplified with a touch down 

procedure (213) (98 °C for 5 min, followed by 10 cycles of 98 °C for 20 s, 75 °C for 15 s and 

72 °C for 30 s in which annealing temperature was decreased by 1 °C each cycle). After this, 

PCR products were amplified by 30 cycles of 98 °C for 20 s, 65 °C for 15 s and 72 °C for 30 s. 

 Visualisation on agarose gels 

2% (w/v) agarose gels were prepared by measuring 2 g of agarose and adding 100 mL of 1x 

TBE buffer (Section 10.9.1.3). The mixture was heated in a microwave with frequent swirling 

until fully dissolved and cooled till just tolerable to hold. Ethidium bromide solution (2 µL of 

10 mg/Ml) was added to the liquid agarose and swirled till completely mixed. The agarose was 

poured into a gel mould sealed with masking tape with comb inserted and left at room 

temperature till set, approximately 30 min. When the gel was set, the comb and masking tape 

were carefully removed and the gel placed into a gel tank and covered with TBE buffer. To 

each 10 µL of PCR reaction, 3 µL of loading dye were added and mixed thoroughly. The PCR 

reaction was pipetted into the wells of the gel, as well as 3 µL of 1 kB ladder into one of the 

wells. The samples were electrophoresed at 100 V for 45 min. The gel was removed from the 

tank and visualised by UV trans-illumination using Gel Doc XR+ System. 

 Quantitative PCR 

cDNA that had been diluted 1:20 in milli-Q water was used to measure the abundance of all 

transcripts studied except for the 18S and 28S rRNAs. In the latter cases, 1:1000 dilutions of 

cDNA were used. When testing primer efficiency, cDNA was serially diluted from 1:20 to 

1:160. Each PCR reaction was performed in 10 µL reaction volumes containing 5 µL SYBR™ 

Green Master Mix, 4.5 µL cDNA and 0.5 µL primer pair mixture (8 µM) in triplicate. These 

reaction mixtures were pipetted into a 384 well plate and sealed with optical adhesive film. 

The plate was placed in an AB1 7900 Fast Real-Time PCR System or QuantStudio 6 Flex 

Real-Time PCR System. The PCR procedure was as follows: 50 °C for 2 min, 95 °C for 2 min 

followed by 40 amplification cycles consisting of 15 seconds at 90 °C for denaturation and 

then 1 minute at 60 °C to allow primers to bind to the targeted sequences and elongation of 

PCR product. Dissociation curve analysis was also included to ensure that the desired 
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amplicon was detected by denaturing the PCR products at 95 °C followed by reannealing at 60 

°C for 15 seconds. CT threshold was set manually to ensure CT values were obtained during the 

exponential phase of amplification.  

 Analysis of PCR data  

As qPCR reactions were carried out in triplicate, the CT values of these replicates were 

averaged before analysis of primer efficiency, relative expression of target genes or fold 

change.  

To calculate primer efficiency, CT values of PCR reactions with serially diluted RNA were 

plotted against the log value of the cDNA dilution factor. The slope of the graph was 

calculated using Microsoft Excel 2010. Efficiency was calculated using the formula below. 

Primers with efficiency of approximately 2 were deemed suitable for further use.  

Efficiency= 10(− 1
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) 

To calculate relative expression of target genes to reference genes, CT values of target genes 

were analysed using the efficiency correction method (214). CT values were normalised 

relative to primer efficiency, previously determined to have an efficiency of 2, and the ratio 

between target genes and average of reference genes was calculated using the formula below. 

Relative expression = 2(𝐶𝐶𝐶𝐶 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑆𝑆𝑡𝑡 𝑡𝑡𝑆𝑆𝑔𝑔𝑆𝑆)

2 (𝐶𝐶𝐶𝐶 𝑡𝑡𝑆𝑆𝑟𝑟𝑆𝑆𝑡𝑡𝑆𝑆𝑔𝑔𝑟𝑟𝑆𝑆 𝑡𝑡𝑆𝑆𝑔𝑔𝑆𝑆) 

Fold change in gene expression between different samples was calculated using the 

comparative CT method (215). Fold change was calculated relative to multiple reference genes 

under the assumption that these reference genes had a fold change of 1 using the formulae 

below.  

∆CT = CT (target gene) - CT (reference gene) 

∆∆CT = ∆CT (treated sample) - ∆CT (Control) 

Fold change= 2 -∆∆CT  
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 Western blot analysis 

 Protein extraction 

Cells were cultured in either 6 well plates or 25 cm2
 tissue culture flasks till approximately 

80% confluent. Media were removed and cells were washed with ice-cold PBS. SDS lysis 

buffer (Section 10.9.2.1), either 50 µL for a 6 well plate or 100 µL for a 25 cm2
 tissue culture 

flask was added. Cells were collected using a cell scraper and the lysate was transferred into a 

clean 1.7 mL microcentrifuge tube. Samples were placed on ice to prevent degradation and 

stored at -80 °C until required.  

 Protein quantification 

To ensure that the same amount of protein was analysed, protein concentration was quantified 

using the bicinchoninic acid (BCA) assay. In a 96 well plate, 2 mg/mL bovine serum albumin 

(BSA) was pipetted in 1 µL increments from 0 to 9 µL, in duplicate. BCA working reagent 

consisting of 50:1 BCA Reagent A to 4% (w/v) CuSO4 (100 µL) was added to the BSA. This 

was performed in order to generate a standard calibration curve of protein concentration.  

Protein samples were thawed on ice and pipetted into the same 96 well plate at volumes of 1, 2 

and 5 µL. This was also performed in duplicate. 100 µL of BCA working solution was added 

to each well containing protein and the plate was incubated at 37 °C for 30 min. 

The plate was measured for absorbance at 550 nM using a plate reader, and protein 

concentrations of samples were determined through analysis of absorbance compared to the 

standard curve of BSA concentration. 

 Separation of protein by sodium dodecyl sulphate (SDS) polyacrylamide gel 

electrophoresis (SDS-PAGE) 

In order to separate proteins in the cell lysate by size, SDS-PAGE was performed. 25 μg of 

protein sample was combined with 4 µL NuPAGE® LDS Sample Buffer and 1 µL of 1 M 

dithiothreitol. This mixture was heated for 3 min at 95 °C to denature the protein. 1mm x 15 

wells NuPage Bis Tris Gels (4-12% gels) were used for separating proteins by electrophoresis. 

The comb was removed from the gel and the wells rinsed in water. The gel was placed in an 

electrophoresis tank and filled with MES buffer (Section 10.9.2.2). Extra MES buffer was 

pipetted over the wells to ensure complete submersion of the gel. Protein samples with loading 

buffer were loaded into the wells. In a separate well, 5 µL of the molecular weight marker, 

Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standard, was added. 
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Electrophoresis was performed at 150 V for 60-90 min until the dye front had reached the 

bottom of the gel. 

 Transfer of proteins 

After proteins have been separated by size using electrophoresis, they were transferred from 

the gel to a polyvinylidene difluoride (PVDF) membrane. This membrane was initially soaked 

in 100% methanol for 5 min, and then incubated in ice-cold transfer buffer (Section 10.9.2.3) 

for 15 min. The gel and membrane were sandwiched between sponge and Whatman paper that 

had been pre-soaked in ice-cold transfer buffer. Air bubbles were removed from the sandwich 

using a roller and the sandwich clamped tightly in a transfer cassette. The transfer cassette was 

placed in a transfer tank with a coolant block, filled with ice-cold transfer buffer, and proteins 

transferred at 100 V for 1 h.  

 Incubating with antibody 

When the protein transfer was complete, the PVDF membrane was submerged in 5% (w/v) 

milk in Tris-Buffered Saline Tween 20 (TBST) buffer (Section 10.9.2.4) and incubated for 30 

min at room temperature. In the case of anti-phosphoprotein antibodies, membranes were 

incubated in 3% (w/v) BSA in TBST buffer. The membrane was rinsed in TBST buffer for 5 

seconds and incubated with appropriate concentrations of primary antibody diluted in 3% 

(w/v) BSA in TBST buffer as detailed in Table 2-7. The membranes were incubated at 4 °C 

overnight with gentle rocking. The next day, primary antibody was removed and the 

membrane washed for 30 min in TBST buffer to remove primary antibody completely. During 

these 30 min, the buffer was changed 2-3 times. Membranes were washed in water 5 times and 

then incubated with peroxidase-conjugated secondary antibody diluted in 3% (w/v) BSA in 

TBST buffer for 1 h at room temperature. Secondary antibody was removed and the 

membrane was washed for 30 min in TBST buffer, changing the buffer 2-3 times. 

Table 2-7: List of antibodies and concentrations used for western blotting experiments. 

Primary antibody target 
protein Source Concentration  

Secondary 
antibody Concentration 

S6 Ribosomal Protein Rabbit 1:1000 Goat anti rabbit 1:2000 
Phospho-S6 Ribosomal 
Protein Ser240/244 Rabbit 1:1000 Goat anti rabbit 1:2000 
Total UBF Mouse 1:1000 Goat anti mouse 1:2000 
UBF ser388  Rabbit 1:1000 Goat anti rabbit 1:2000 
UBF ser484 Rabbit 1:1000 Goat anti rabbit 1:2000 
Myogenin Rabbit 1:200  Goat anti rabbit 1:2000 
MyoD Mouse 1:500 Goat anti mouse 1:1000 
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Myosin heavy chain Rabbit 1:2000 Goat anti rabbit 1:2000 
β-Actin Mouse 1:10,000  Goat anti mouse 1:5000 

 Development 

PVDF membranes were placed between transparent cellulose acetate sheets. The membranes 

were treated with either ECL or West Pico Chemiluminescent substrate and imaged using a 

LAS-3000 phosphoimager equipped with MultiGauge software. 

 Western blot quantification 

Western blot images were analysed using ImageJ software to quantify band intensity. Image 

files were opened in ImageJ and bands corresponding to the protein of interest were selected 

and density of the bands calculated. This was also repeated using the loading control, actin. 

Band intensity relative to actin was calculated and graphed using GraphPad Prism version 7.  

 Subcellular fractionation 

Three 175 cm2 flasks of MDA-MB-468 or MDA-MB-231 cells were grown to 80% 

confluence, trypsinised and the cells pelleted at 209 × g for 5 min. The cell pellet was washed 

with ice-cold PBS and pelleted again by centrifugation. The pellet was resuspended in 5 mL of 

ice-cold fractionation hypotonic lysis buffer (Section 10.9.2.5) and incubated on ice for 5 min. 

A small aliquot of the cell suspension (500 µL) was removed and resuspended in Trizol for the 

whole cell unfractionated extract. The remaining cell suspension was lysed with 20 strokes of 

a Dounce homogeniser using a tight pestle. The lysate was centrifuged at 209 × g for 5 min at 

4 °C. 

The supernatant was retained as the cytoplasmic fraction. Total cytoplasmic RNA was 

extracted from this fraction using Trizol. The pellet was resuspended in 3 mL of resuspension 

buffer (Section 10.9.2.6) and the extract layered over a 3 mL sucrose cushion (Section 

10.9.2.7) followed by centrifugation at 808 × g for 10 min at 4 °C. The supernatant was 

discarded and the pellet was designated the nuclear fraction, which was suspended in 1 mL 

Trizol for RNA isolation. Experiments were performed at least twice for biological replicates. 

 Rapid Amplification of cDNA Ends (5’RACE) 

 PolyG tail addition to cDNA 

cDNA was synthesised using either random hexamers, oligo(dT) or gene-specific primers as 

detailed above. cDNA was tailed using terminal transferase according to the manufacturer’s 
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directions. In detail, 5.0 µL 10X TdT buffer, 5.0 µL 2.5 mM CoCl2, 5 µL cDNA (non-diluted), 

0.5 µL 10 mM dGTP and 0.5 µL terminal transferase at 20 units/ µL were added, as well as 

milliQ water to a final volume of 50 µL. The mixture was incubated at 37 °C for 30 min. The 

tailing reaction was stopped by heating the mixture to 70 °C for 10 min. This polyG-tailed 

cDNA was diluted to 100 µL for use in amplifying 5’ end of ZFAS1. 

 PCR amplification of 5’ends 

The PCR was performed using anchor (AN) primers AN polyC + E2R2 for 10 cycles. The 

PCR procedure was performed with an initial denaturation temperature of 94 °C for 10 min, 

followed by 10 cycles of denaturation of 94 °C for 1 minute, annealing of 65 °C for 1 minute 

and elongation at 72 °C for 1 minute using 0.25 mM dNTP, 0.375 µM each of forward and 

reverse primers, 2.5 mM MgCl2, 1×PCR buffer, 0.5 U of Taq polymerase and 3 µL of polyG-

tailed cDNA brought to 20 μL using water. 1 μL of this PCR reaction was used as a template 

for subsequent PCR, using AN F and E2R1 primers for 30 cycles using the PCR cycling 

protocol and PCR reaction mixture as above. 

 Cloning and sequencing of PCR products 

Luria Broth (LB) agar plates were prepared by adding 500 mL of milli-Q water to 17.5 g of 

LB agar followed by autoclaving to sterilise the solution. The solution was cooled to 52 °C 

and 75 µg/mL of ampicillin was added. The LB agar was poured into 100 mm × 15 mm plates, 

approximately 30 mL of agar per plate. Plates were left to set. Once solid, 200 µL of 50 mM 

IPTG and 5 mg/mL X-Gal were pipetted onto each plate and spread using a cell spreader. 

Plates were left to dry. 

PCR samples were purified using GenepHlow Gel/PCR kit according to the manufacturer’s 

directions. The concentration of the purified PCR product was measured using the Nanodrop 

2000 spectrophotometer and ligated into pGEM®-T Easy Vector at a 1:1 or 3:1 molar ratio. 

To calculate the appropriate amount of PCR product to include in the ligation reaction, the 

following formula was used: 

ng of vector ×  kb size of insert
kb size of vector

 ×  insert: vector molar ratio = ng of insert 

The pGEM®-T Easy Vector is 3 kb in length and is supplied at 50 ng/µL. The PCR product 

was approximately 150 bp. Thus when calculated, 2.5 ng of PCR product was required for 1:1 

ratio, and 7.5 ng of PCR product was required for a 3:1 ratio. 
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50 ng of vector ×  0.15 kb of insert
3 kb vector

× 1: 1 = 2.5 ng of insert 

Ligation was performed according to the manufacturer’s recommendations with minor 

modifications. For each ligation reaction, 5 µL of 2X Rapid Ligation Buffer, 0.5 µL pGEM®-

T Easy Vector, 2.5 ng of insert, and 1 µL of T4 DNA Ligase were combined with nuclease-

free water to a volume of 10 µL and incubated overnight at 4 °C. 

Ligation mix was transformed into E. coli cells. 50 µL of competent TOP10 E. coli cells was 

combined with ligation mix and incubated for 30 min on ice. The mixture was heat-shocked 

for 50 seconds at 42 °C and placed on ice for 2 min. SOC medium (300 µL) was added to the 

transformed cells and incubated at 37 °C for 60-90 min with shaking at 160 rpm. Cells were 

collected by centrifugation for 15 seconds at 12,000 × g. Supernatant was discarded and the 

pellet was resuspended in 150 µL SOC medium. The cell suspension was pipetted onto a LB 

agar plate, distributed evenly using a cell spreader and incubated overnight at 37 °C. 

Colonies positive for the insert were selected on the basis of their white colour as opposed to 

blue and were used as a template for PCR with M13 Forward and M13 Reverse primers in a 

10 µL reaction. This primer set generates a 230 bp product if no DNA has been inserted into 

the plasmid, and a larger product if there has been a successful insertion. A sample of PCR 

reaction (2 µL) was run on a 2% (w/v) agarose gel and visualised for positive insertion. The 

remaining PCR reaction product of those colonies showing positive insertion was purified and 

selected for sequencing. PCR product was cleaned using GenepHlow Gel/PCR kit according 

to the manufacturer’s directions. The concentration of the DNA was measured using the 

Nanodrop 2000 spectrophotometer. DNA (10 ng) was used for sequencing using M13 R 

primer by Genetic Analysis Services at the University of Otago. 

 Sequence analysis 

Sequence files were opened using Geneious version 10.0.7 software and sequence data were 

extracted. These sequence data were aligned to ZFAS1 sequence as given in the UCSC 

genome browser using MultAlin software (216) to detect whether the 5’ end of reported 

sequences matched with experimental results.  

 Serum starvation and refeeding 

Cells were grown to 80% confluence in normal growth media and washed twice with PBS to 

remove residual growth media. Media were replaced with growth media containing 0.5 % 

(v/v) fetal calf serum as opposed to the normal growth media which contains 10% (v/v) fetal 



 

     
55 

 

calf serum. Cells were harvested 0, 24, 48 and 72 h after induction of serum starvation using 

TriZol for later RNA isolation. 

For experiments in which cells were refed, the same procedure was carried out, in which cells 

were starved for 48 h. After 2 days of serum starvation, the growth media were replaced with 

normal growth media containing 10% (v/v) fetal calf serum and collected 24 and 48 h later.  

 Inhibition of ribosome activity using ribosome inhibitor drugs 

Cells were grown to 70-80% confluence in normal growth media. Translation was inhibited 

using either 20 μg/mL of cycloheximide or 50 μg/mL of puromycin, both of which were 

diluted in normal growth media. Cells were cultured in this media for 0 to 16 h. Cells were 

collected using TriZol for later RNA isolation. 

 Density-gradient centrifugation 

 Preparation of sucrose gradients 

To prepare sucrose gradients, two different sucrose solutions of 7% and 47% w/v were 

prepared in sucrose gradient buffer (Section 10.9.3.1). Combinations of these stock solutions 

in different proportions was performed to obtain sucrose solutions ranging from 7% to 47%. 

Sucrose gradients (12 mL) were prepared by first pipetting 2.4 mL of 47% sucrose solution 

into the bottom of a 16x76 mm polyallomer tube. The solution was frozen at -80 °C for 15 min 

or until solid. The next dense sucrose solution (2.4 mL) was pipetted on top of the initial 

frozen solution and frozen again at -80 °C till solid. This was repeated until the least dense 

solution had been pipetted onto the gradient. The entire gradient was kept frozen until 

required. For use in polysome separation, the frozen gradient was thawed at 4 °C overnight to 

allow the components of the gradient to equilibrate and become continuous.  

 Polysome fractionation 

Polysome fractionations were performed with minor modifications as described (217). In 

detail, twelve 175 cm2 flasks of MDA-MB-468 breast cancer cells were grown to 80% 

confluence and incubated with 100 μg/mL cycloheximide in PBS for 15 min at 37 °C. Cells 

were harvested by trypsinisation and centrifuged at 110 × g for 5 min to collect the cell pellet. 

The cell pellet was resuspended in 2 mL polysome lysis buffer (Section 10.9.3.2) and lysed 

with 20 strokes of a Dounce homogeniser using a tight pestle. Lysate was cleared by 

centrifugation at 14,000 x g for 5 min at 4 °C. Supernatant representing the cleared cell lysate 

was retained by pipette and the pellet containing cell debris was discarded. Cleared cell lysate 
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was layered upon 7–47% (w/v) sucrose gradients in polyallomer tubes, placed in a SureSpin™ 

630 rotor and centrifuged in a Sorvall Ultracentrifuge at 100,000 × g for 4 h at 4 °C. After 

centrifugation, the ultracentrifuge tubes were secured in a clamp stand and the bottom of the 

tube piercedwith a 21G needle. Drops of the sucrose gradients were collected in equal volumes 

(approximately 300 μL per fraction) in the wells of a 96 well plate, and absorbance measured 

at 260 nm using a Nanodrop 2000 spectrophotometer. RNA from every third fraction was 

purified using Trizol according to the manufacturer’s instructions and used as a template for 

cDNA synthesis. 

 Polysome dissociation gradients 

For polysome release experiments, the above protocol was followed, except that MgCl2 was 

not present in the lysis buffer or the sucrose gradient, and was replaced with 15 mM EDTA 

(Section 10.9.3.2). 

 Puromycin sucrose gradients 

For polysome release experiments, the above protocol was followed, except that cells were 

incubated in 50 μg/mL puromycin in PBS for 15 min at 37 °C instead of cycloheximide prior 

to being lysed.  

 Ribosome subunit separation 

Eight 175 cm2 flasks of MDA-MB-468 cells were grown to 80% confluence. Cells were 

harvested by trypsinisation followed by centrifugation at 110 g for 5 min to collect the cell 

pellet. The cell pellet was resuspended in 2 mL ribosome subunit dissociation lysis buffer 

(Section 10.9.4.1). Cells were lysed with 20 strokes of a Dounce homogeniser and cell lysate 

was cleared by centrifugation at 12000 x g for 20 min. One-tenth of the cell lysate volume of 

10% (w/v) sodium deoxycholate was added to release ribosomes from microsomal 

membranes. Cleared cell lysate was layered on a 50 mL 1 M sucrose cushion (Section 

10.9.4.2) and centrifuged for 16 h at 100,000 x g in a JA-30.50Ti ultracentrifuge rotor at 4 °C. 

Supernatant was removed, and the ribosome pellet was resuspended in 1 mL ribosome subunit 

separation incubation buffer (Section 10.9.4.3). This was incubated on ice for 30 min, 

followed by incubation at 37 °C for 15 min. The ribosome suspension was clarified by 

centrifugation for 5 min at 10,000 × g. The cleared ribosome suspension was layered on a 15–

30% (w/v) sucrose gradient in subunit sucrose buffer (Section 10.9.4.4) and centrifuged at 

30,000 x rpm in a SureSpin™ 630 rotor for 14 h. Samples were collected as detailed in 

‘Polysome analysis’. 
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 Culture of C2C12 muscle cells 

Mouse myoblast cell line C2C12 was obtained from Dr. Troy Merry. These cells were grown 

in DMEM with 10% (v/v) fetal calf serum at low confluence of approximately 30% to prevent 

spontaneous differentiation. To differentiate myoblasts into myotubes, cells were grown to 

100% confluence and the medium replaced with medium consisting of high glucose DMEM + 

2% (v/v) horse serum. Cells were harvested as undifferentiated on D0, early differentiation at 

D2 and complete differentiation at D5. 

To induce hypertrophy in C2C12 cells, IGF-1 was added to the culture medium. C2C12 cells 

were induced to differentiate for 2 days, and non-differentiated proliferating cells were 

removed by culturing cells in 10 nM arabinosylcytosine for 24 h. On day 3, culture medium 

was replaced with differentiation medium containing 10 ng/mL IGF-1. Cells were cultured for 

a further 2 days and harvested on D5. 

 Development of ZFAS1 shRNA knockdown cell lines 

 Preparation of plasmid DNA 

shRNA constructs to knock down ZFAS1, and control empty plasmid (vector) were purchased 

from GeneCopoeia. This shRNA clone set targeted all 5 transcript variants of ZFAS1 in psi-

H1 vector with H1 promoter, eGFP reporter and puromycin resistance genes.  

Table 2-8: List of shRNA sequences used to target exon 5 of ZFAS1. 

shRNA construct  Target sequence(DNA) 
BC1 GCTTTCATGAAAGTGAAGATC 
BC2 GAACCAGTTCCACAAGGTTAC 
BC3 GGCTGTGCCCACTTCAAGAAT 
BC4 GCCCACTTCAAGAATGTCATT  

The shRNA plasmid DNA (5 ng) was transfected into E. coli TOP10 cells as described in 

Section 2.7.3, except for the exclusion of IPTG and X-Gal from the LB plates. Plates were 

cultured overnight at 37 °C. The next day, a single colony from each plate was selected and 

inoculated into 20 mL of LB medium supplemented with 100 µg/mL of ampicillin, and 

cultured overnight at 37 °C with shaking. A portion of the inoculate (10 mL) was used to 

purify plasmid DNA using an Invitrogen MiniPrep kit. The remaining 10 mL was added to an 

extra 250 mL LB medium and supplemented with 100 µg/mL of ampicillin. This was 

incubated overnight at 37 °C with shaking. Plasmid DNA was isolated using Qiagen Maxiprep 

Kit according to the manufacturer’s instructions.  
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 Transfection of MDA-MB-468 cells with plasmid 

MDA-MB-468 cells were grown in 12 well plates till approximately 80% confluent. Plasmid 

DNA (5 µg) was transfected into the MDA-MB-468 cells using Lipofectamine® 3000 

transfection reagent. In detail, 1.5 µL of Lipofectamine® 3000 was diluted with 50 µL Opti-

MEM and mixed well. Plasmid DNA (5 µg) was diluted in 50 µL Opti-MEM with 10 µL of 

P3000™ Reagent. The diluted DNA was added to the diluted Lipofectamine® 3000 and 

incubated at room temperature for 5 min. The DNA-lipid complex was gently mixed with 

normal growth medium. Old growth medium from the MDA-MB-468 cells was removed and 

replaced with the new growth medium supplemented with DNA-lipid complex and the cells 

were incubated for 4 days at 37 °C. Cells were visualised under green light to detect the GFP 

signal. Medium was removed and replaced with growth medium containing 1.25 µg/mL 

puromycin to remove non-transfected cells. The medium was replaced every two days 

alternating between medium with and without puromycin. Cells were allowed to grow till 80% 

confluence in a 75 cm2
 tissue culture flask was achieved. Cells were trypsinised, collected by 

centrifugation and resuspended in PBS. Successfully transfected cells were selected on the 

basis of GFP expression by fluorescence activated cell sorting (FACS) which was performed 

by Stephen Edgar. 

 Measurement of cell proliferation using sulforhodamine B (SRB) 

assay 

MDA-MB-468 transfected knockdown and scrambled control cells were plated in 96 well 

plates using 12 fold-replication. Cells were left to adhere to the plate in normal culture 

medium overnight, after which they were subject to experimental treatment at days 1, 3, 5 and 

7 after cell seeding. Cells were fixed in ice-cold 10% (w/v) trichloroacetic acid for 1 h at 4 °C 

and washed in running tap water, after which excess water was removed by tapping plates on 

incontinence sheets. Cells were stained under subdued light with 40% (w/v) sulforhodamine B 

(SRB) in 1% (v/v) acetic acid for 30 min. Excess SRB was flicked off and the plates were 

washed 4 times in 1% (v/v) acetic acid to remove unbound dye. Unbuffered 10 mM Tris (100 

µL) was added to each well to solubilise stain. Plates were covered in foil and left on a shaker 

for 30 min. Bound dye was measured by absorbance at 490 nm using a 96-well plate 

spectrophotometer.  
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 Measuring protein synthesis 

Synthesis of nascent polypeptides was measured using Click-iT® Metabolic Labelling with L-

azidohomoalanine (AHA). MDA-MB-468 transfected knockdown and scrambled control cells 

were grown in 25 cm2 tissue culture dishes till 70-80% confluent. Cells were washed with 

warm PBS, and the medium replaced with methionine free DMEM + 10% FCS and incubated 

at 37 °C for 1 h to deplete methionine reserves. Cells were further incubated with 40 μM of 

Click-iT® AHA at 37 °C for 1 h in the dark. The cells were trypsinised and 1 million cells 

each of MDA-MB-468 transfected knockdown and scrambled control cells were counted, 

washed in PBS and collected by centrifugation. Cells were fixed in 4% (w/v) 

paraformaldehyde in PBS for 10 min, permeabilised with 0.25% (v/v) Triton® X-100 for 15 

min and washed in 3% (w/v) BSA in PBS. Cells were then ready for the detection reaction 

with alkyne tagged detection molecule. For this, cells were incubated in the dark with 10 mM 

TBS, 1 mM CuSO4, 100 mM sodium ascorbate and 10 μM Alexa Fluor®647 alkyne for 30 

min. Nascent protein synthesis was determined by the fluorescence of Alexa 647 using a BD 

FACS Vantage Cytometer. 

 Cell size determination 

MDA-MB-468 cells were grown in 25 cm2 tissue culture flasks at 70-80% confluence. 

Adherent cells were trypsinised, collected by centrifugation, resuspended in 1 mL of PBS and 

diluted 100x in saline. Cells were counted and the size distribution determined using a Coulter 

Particle Count and Size Analyser (Beckman Coulter model Z2). 

 RNA pulldown 

RNA pulldown protocol was adapted from Chu et al. (218) and McHugh et al. (219). This 

method of using biotinylated probes to identify RNA interactions with proteins is well 

established and similar protocols have been published (220-222).  

 Preparation of probes 

Biotinylated probes were designed to cover ZFAS1 exons 2, 3 and 4, ranging from 62 to 91 bp. 

To ensure that the probes were not hybridising with off-target sequences, potential probe 

sequences were analysed using BLAST to remove sequences that contained a perfect 30 base 

pair match or an imperfect (90%) identity 60 base pair match with another genomic region. 

The sequences were also compared to RepeatMasker annotations and probes that contained 

more than 30 bases that overlapped with a repeat annotation were removed. To generate the 
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scrambled probe, the sequence for ZFAS1 exon 2 probe was scrambled using 

http://www.genscript.com/tools/create-scrambled-sequence. Probes targeting exon 5 were not 

used due to off-target sequence similarity. Probes were ordered from Biosearch Technologies 

with 5’ biotin standard modification. The probes were resuspended in sterile water to 10 

µg/µL, and stored at -20 °C till further use.  

Table 2-9: Biotinylated probe sequences used for ZFAS1 RNA pulldown. 

Name Probe sequence (5’-3’) Length (bp) GC content 
ZFAS1 exon2  GAGATCGAAGGTTGTAGATGTCTGC

ACGTGGCTTCCTTGGAGGTCCAGTG
GTGACTCCCTCTTCCAAAATCCATTC
TGTACCCGCTGGCTG 

91 53.8% 

ZFAS1 exon3  CAATTTTATATGTATATATATATTCT
ACTTCCAACACCCGCATTCATCCTG
GTTCAATCAAAGCCTGGTTTTGGCC
AACAATAAAC 

86 34.9% 

ZFAS1 exon4  CTGTTACAAGGCAGACTGAATCAAG
CCAAGATCAACACACACTGGTACAC
GTGGCTCCCAAC 

62 50% 

ZFAS1 scrambled TGCGTTACTGAGTTGTTGGTAGGTA
GGCTCCCCACGAAGGCGCCTTGCTC
GTCTGGGACTCTAGCTCCCTATTATG
TCGAACCAATGGATC 

91 53.8% 

 Lysate preparation 

MDA-MB-468 cells were grown in ten 150 cm2
 tissue culture treated dishes till 80% 

confluent. Medium was removed and replaced with 10 mL of 0.75% (w/v) paraformaldehyde 

in PBS (Section 10.9.6.1) to fix the cells. The cells were incubated for 10 min at room 

temperature with gentle agitation. 500 µL of 2.5 M glycine was added to a final concentration 

of 125 mM to quench the formaldehyde and terminate the crosslinking reaction. The cells 

were incubated for a further 5 min at room temperature and medium was removed. The cells 

were rinsed twice with ice-cold PBS. PBS (5 mL) was added to each plate and dishes were 

scraped thoroughly using a cell scraper and transferred to a 50 mL tube. Cells were pelleted by 

centrifugation at 209 × g for 5 min at 4 °C and supernatant was removed. Cells were counted 

as described above to obtain 100 million cells. Pulldown lysis buffer (Section 10.9.6.2) was 

added to these cells (1 mL) and incubated on ice for 10 min. During this time, the cells were 

passed through a 26 G needle 5 times and sonicated for 30 seconds. The lysate was then 

DNase treated using 10 µL DNase and 1× DNase buffer at 37 °C for 30 min. To stop the 

DNase reaction, the sample was placed on ice and 10 mM EDTA (10 µL), 5 mM EGTA (9.8 

µL) and 10 mM β-mercaptoethanol (4.9 µL) was added. 20 µL of the cell lysate was isolated 

http://www.genscript.com/tools/create-scrambled-sequence
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and kept aside as the input sample. The cell lysate was cleared by centrifugation at 16,000 × g 

for 10 min at 4 °C. The supernatant was removed and the volume made up to 1 mL with lysis 

buffer. The cell lysate was separated equally into two microfuge tubes. 

 Probe hybridisation to RNA 

Pulldown hybridisation buffer (1 mL) (Section 10.9.6.3) and 100 pmol of probe was added per 

tube. The cell lysate was incubated at 80 °C for 30 min with gentle agitation. The incubation 

temperature was decreased by 5 °C and incubated for another 30 min with gentle agitation. 

This was repeated till the incubation temperature reached 40 °C, after which the lysate was 

incubated for another 30 min. The incubation temperature was decreased to 37 °C and the 

lysate was incubated overnight for approximately 16 h. The next day, 20 µL of the cell lysate 

was isolated and kept aside as the input + probe sample.  

 Isolation of bound protein 

Dynabeads® MyOne™ Streptavidin C1 magnetic beads were resuspended using a revolving 

tube rotator for approximately 15 min. 100 µL of the beads was transferred to a tube and 1 mL 

of lysis buffer added to wash beads. The tube was placed in a magnetic tube rack for 5 min to 

separate the beads from the lysis buffer after which the lysis buffer was removed. This was 

repeated for a total of three times. 900 µL of the lysis buffer was removed from the beads and 

beads were resuspended in the remaining 100 µL. Beads (50 µL) were added to each tube of 

cell lysate and incubated at 37 °C for 30 min with gentle agitation. 20 µL of the cell lysate was 

isolated and kept aside as the input + probe + beads sample. The beads were washed for 5 

times with pulldown wash buffer (Section 10.9.6.4) using a magnetic rack as previously 

described. After the final wash, the beads were resuspended in 50 µL wash buffer and heated 

at 95 °C for 10 min to elute RNA and protein from the beads. The heated beads were separated 

from the output using the magnetic rack as described above.  

 Mass spectrometry sample preparation 

Before samples were prepared, all work surfaces and equipment were washed thoroughly and 

wiped with methanol to minimise keratin contamination. Samples were separated by 

electrophoresis as described in Section 2.5.3. Gels were removed from the plastic cassette and 

stained using 10 mL of InstantBlue™ Ultrafast Protein Stain for 30 min. Gels were imaged 

using BioRad ChemiDoc™ XRS+ System. The lane corresponding to the output sample was 

cut out, transferred to a microcentifuge tube and chopped carefully with a clean surgical blade. 

The sample was analysed by mass spectrometry using the Sciex Triple TOF 6600 LC-MS/MS 



 

     
62 

 

Instrument by the Mass Spectrometry Centre at the School of Biological Sciences, University 

of Auckland. 
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Chapter 3. Expression analysis of ZFAS1 and ZNFX1 

 Introduction 

Transcription of lncRNAs that are antisense relative to protein coding genes commonly occurs 

in human and other eukaryotic cells. More than 63% of protein coding transcripts have 

antisense partners, most of which do not encode for protein (47, 223, 224). The majority of 

lncRNAs originate predominantly from the vicinity of protein-coding genes (225). These 

antisense lncRNAs can regulate expression of overlapping genes in cis, in which case they 

interact with genes transcribed from the same DNA region, or in trans, in which case they 

interact with distal genes. They can act as versatile positive or negative modulators of gene 

function (224) by interacting with DNA, RNA and protein to exert a number of regulatory 

functions (94, 121, 136, 226, 227).  

ZFAS1 is orientated antisense to a protein coding gene, ZNFX1, as described in the UCSC 

Genome Browser (228). The location of ZFAS1 suggests that it may act to regulate the 

expression or function of ZNFX1, in which case their expression levels should be correlated. 

Previous experiments in mouse samples have shown that ZFAS1 and Znfx1 are independently 

regulated (107). This has not been investigated in human samples. We explored the 

relationship between these genes by measuring their expression in a number of cell lines, as 

well as by analysis of The Cancer Genome Atlas (TCGA) dataset to determine if potential co-

regulation existed. 

The dysregulation of lncRNAs has been linked to many diseases, including cancer (229). 

Additionally, some lncRNAs are expressed selectively in different breast cancer subtypes 

(230). Askarian-Amiri et al. (107) demonstrated that ZFAS1 is expressed at lower 

concentrations in a small cohort of invasive ductal carcinoma samples compared to matched 

normal tissue.  

Gene expression was determined by using quantitative PCR (qPCR). qPCR offers several 

advantages over other gene expression techniques in that it is highly sensitive, able to detect 

amplification of PCR products in real time, detects the expression of weakly expressed genes 

accurately, requires only a small amount of RNA as a template for cDNA synthesis and 

provides quantitative expression levels of specific genes of interest. qPCR is based on the 

principle of normal PCR, in which Taq polymerase amplifies a specific product from a cDNA 

or genomic DNA template (depending on the primers used) after a series of heating and 
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cooling cycles. For gene expression quantification, qPCR utilises fluorescent markers that are 

detected upon the accumulation of amplified DNA (231). Based on this background, qPCR 

was selected as an accurate detector to quantitate ZFAS1 and ZNFX1 gene expression. SYBR 

was used as a fluorescent marker as it binds directly to double stranded DNA. 

Expression analysis of ZFAS1 and ZNFX1 was further studied by using the publically 

available database, TCGA. This database is a collaborative effort between the National Cancer 

Institute (NCI) and National Human Genome Research Institute (NHGRI) aimed to generate a 

comprehensive collection of cancer genomic profiles of over 30 different tumour types. Data 

from these samples are derived from several cooperating centres that collect and process 

samples, after which genomic DNA and cDNA are prepared and subject to high throughput 

sequencing and bioinformatics data analysis. Several platforms are utilised to provide global 

information on cancer genomics, of which we analysed RNA sequencing (RNA-seq) data, 

based on the Illumina system. RNA-seq is a high throughput technology for transcriptome 

profiling, and is able to rapidly identify and quantify rare and common transcripts, multiple 

isoforms, novel transcripts and ncRNA (232). This method of genomic analysis is ideal for 

examining lncRNA expression of ZFAS1 as well as that of the protein coding counterpart 

ZNFX1. Breast cancer data sets were analysed to determine a possible link with cell line data 

as well as to determine possible differences in gene expression in different breast cancer 

subtypes. 

Previous experiments in mice have found that ZFAS1 transcripts are present in both the 

cytoplasm and the nucleus, whereas ZNFX1 is restricted to the nucleus (107). LncRNAs are 

often transcribed as multiple isoforms (55) and these multiple isoforms may have distinct 

functions (233). Additionally, distribution of lncRNA in specific cellular compartments is 

related to their functions. For example, the nuclear restricted lncRNA NEAT1 regulates 

paraspeckle formation (234) whereas UCHL1AS functions in the cytoplasm to regulate the 

translation of its protein coding counterpart mRNA (136). To determine whether there may be 

an isoform- or cellular compartment-dependent manner in which ZFAS1 functions, expression 

of ZFAS1 isoforms was analysed by PCR in multiple cell lines and in different cellular 

compartments.  

This chapter investigates the expression of ZFAS1 and ZNFX1 in both cell lines and human 

tumour derived data sets, with a focus on breast cancer. The expression of these genes was 

analysed to determine whether they are coregulated, and whether they are differentially 
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expressed in breast cancer, breast cancer subtypes and normal tissue, to give further insight 

into potential function. 

 Results 

 Protein coding potential of ZFAS1 

Alternative splicing of pre-mature RNA is an important process that increases the repertoire of 

mRNA isoforms. Five different isoforms have been reported for ZFAS1 according to the Mar 

2006 NCBI36.1/hg18 genome assembly. To ensure that the human variants of ZFAS1 are 

non-protein-coding as demonstrated in mice (107), predicted open reading frames (ORFs) 

generated from ExPASy for each isoform were aligned against Riboseq data derived from 

GWIPS-viz (235) to determine whether predicted peptides matched those identified by 

ribosomal occupancy (Figure 3-1). The majority of the peaks corresponding to ribosomal 

occupancy overlapped with genomic regions of intron-derived snoRNAs. These peaks are a 

source of background RNA in profiling experiments, similar to that of GAS5, another 

lncRNA that is host to several snoRNAs as described by Ingolia et al. (236). A peak in 

ribosomal occupancy was observed in exon 2 of the ZFAS1 isoforms, which corresponded to 

an open reading frame (ORF) that predicted a peptide of 25 amino acids (M D F G R G S H H 

W T S K E A T C R H L Q P S I S Stop). A query of PeptideAtlas, a database of peptide 

sequences deduced from proteomic analyses (237), showed that no peptides have been 

identified that correspond to this particular ORF. Together, these observations led us to 

conclude that the human isoforms of ZFAS1 are unlikely to encode a peptide. 
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Figure 3-1: ZFAS1 is unlikely to encode a protein.  

Ribosome occupancy derived from multiple ribosome profiling studies according to the GWIPS database is 
mapped to ZFAS1. Red peaks from ribosome profile indicate the level of ribosome occupancy whereas green 
peaks from mRNA seq coverage indicate the level of transcription of a particular gene region. ZFAS1 is indicated 
in blue, with numbers indicating nucleotide number for each exon above the gene layout. Potential ORFs, shown 
in pink, were predicted using ExPASy and mapped to the genomic layout of ZFAS1. Peaks corresponding to 
ribosome occupancy were then overlaid with ORFs, with the peaks mapping to snoRNAs in the intronic regions 
of ZFAS1 (238). 

 Expression of ZFAS1 in cell lines 

ZFAS1 is expressed in mouse mammary gland tissues, and was previously found to be 

downregulated in human invasive ductal breast carcinoma, as compared to normal breast 

tissue (107). To further analyse ZFAS1 expression and to characterise its function, we have 

used breast cancer as our model system. We performed qPCR on cDNA prepared from 17 

breast cancer cell lines, a keratinocyte cell line (HaCat), a melanoma cell line (MDA-MB-435) 

and two breast epithelial cell lines, Bre80hTert and MCF10A. Different levels of expression of 

ZFAS1 were detected in these cell lines, as shown in Figure 3-2. ZNFX1 was also expressed in 

these cell lines, and as with previous results (107), was approximately 25 fold less abundant 

than ZFAS1 (Figure 3-2). The expression levels of ZFAS1 and ZNFX1 were not significantly 

correlated (Pearson correlation coefficient, R = −0.021, p = 0.93), further suggesting that 

ZFAS1 and ZNFX1 are independently regulated (Figure 3-2B). ER+ and ER- cell lines did not 

show any significant difference in ZFAS1 or ZFNX1 expression (Figure 3-2C). Many lncRNAs 
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regulate protein-coding genes in cis. If this were the case with ZFAS1 and ZNFX1, it would be 

expected that the abundance of their transcripts should be correlated. The lack of any 

correlation is evidence that cis regulation involving this pair of genes does not apply, and 

provides a basis for seeking alternative ZFAS1 activities. 

 

Figure 3-2: Expression analysis of ZFAS1 relative to ZNFX1. 

(A) Expression of ZFAS1 (left panel) and ZNFX1 (right panel) in cell lines relative to that of housekeeping genes 
HPRT and GAPDH as analysed by RT-PCR. Dark blue and dark red bars indicate normal breast epithelial cell 
lines, light blue and light red coloured bars indicate breast cancer cell lines. Green and grey coloured bars 
indicate non-breast cancer cell lines (MDA-MB-435 and HaCat are melanoma and keratinocyte cell lines 
respectively). Expression levels were analysed in 3 biological replicates, error bars represent SEM. (B) 
Correlation of ZFAS1 and ZNFX1 expression in cell lines. Axis values represent gene expression relative to 
housekeeping genes HPRT and GAPDH as analysed by qPCR, n=21. Correlation was calculated using Pearson’s 
correlation. (C) Comparison of ZFAS1 expression in ER+ (n = 9) and ER- (n = 5) cell lines. P values were 
calculated using Student’s t-test (238). 

 Expression analysis of ZFAS1 from The Cancer Genome Atlas 

The genome-wide RNA transcript profile from TCGA (breast invasive carcinoma expression) 

by RNAseq data set (HiSeqV2-2015-02-24) including 1069 samples from primary breast 

cancers and 113 samples from normal breast tissue was analysed. The expression of ZFAS1 
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was not significantly different in breast cancer patients as compared to healthy controls 

(Figure 3-3Ai). Nevertheless, ZFAS1 expression was significantly reduced in basal and HER2 

breast cancer subtypes compared to normal breast tissue (Figure 3-3Aii). ER+ breast tumours 

also displayed higher expression of ZFAS1 compared to ER- breast tumours (Figure 3-3A(iii)). 

A previous study of ZFAS1 (107) in breast cancer using a limited number of samples, 

suggested that ZFAS1 expression was down-regulated in breast cancer cells relative to normal 

breast epithelial cells. This was investigated more thoroughly using TCGA datasets. No 

differences between unselected neoplastic and normal breast samples were observed. The 

possible subtle differences between ZFAS1 expression in certain subtypes of breast cancer and 

normal cells (Figure 3-3A(ii-iii)) could reflect the large number of samples examined, and thus 

be of minimal clinical impact. Whether ZFAS1 contributes to cancer progression was further 

investigated by examining patient survival time and their corresponding levels of ZFAS1 

expression. Figure 3-3B displays a Kaplan-Meier plot generated from http://www.oncolnc.org 

of TCGA breast cancer data set. High expressers are those 50% of patients with the highest 

ZFAS1 expression, and low expressers are those 50% of patients with the lowest ZFAS1 

expression. These groups do not show significant differences in survival up to 6000 days. 

Further dividing these patients by their ER status also did not show significant differences in 

survival (Supplementary Figure 10-1) 
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Figure 3-3: Analyses of ZFAS1 in breast cancer samples derived from TCGA. 

(A)(i) Expression of ZFAS1 in normal breast (n = 113) and breast cancer (n = 1069) samples. (ii) Expression of 
ZFAS1 by tumour subtype based on PAM50 classification. ZFAS1 is more highly expressed in normal tissues 
compared to basal and HER2 breast cancer subtypes. (iii) Expression of ZFAS1 in ER+ (n = 601) and ER- 
(n = 179) breast cancer samples. Unpaired Student’s t-test showed that ZFAS1 was differentially expressed 
according to estrogen status. Box plots extend from the 25th to 75th percentile. Whiskers represent minimum and 
maximum values for each plot. (B) Kaplan-Meier plot generated from http://www.oncolnc.org/ of TCGA breast 
cancer data set showing overall survival of breast cancer patients relative to the expression of tumour ZFAS1. 
High expressers are those 50 % of patients with the highest ZFAS1 expression, and low expressers are those 50 % 
of patients with the lowest ZFAS1 expression. High expressers of ZFAS1 do not show altered survival up to 6000 
days. Unpaired Student’s t-test relative to normal tissue samples was used to calculate P values (238). 

 Isoform detection by RT-PCR  

Primers were designed to differentiate between various isoforms in ZFAS1 (Figure 3-4) in 

order to determine which isoforms are expressed. Predicted product sizes to determine what 

specific isoforms are amplified are detailed in Table 3-1. 

http://www.oncolnc.org/
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Figure 3-4: Orientation of primers used in RT-PCR in relation to a schematic of ZFAS1 genomic 
arrangement. Primers were designed to cover all isoforms (238). 

Table 3-1: Primer pairs used to amplify different isoforms of ZFAS1 and expected product sizes (238). 

 Expected product size 

Primer Var 1 Var 2 Var 3 Var 4 Var 5 

E1F3-E5R1 - 428 366 388 280 

E1F3-E2R2 - 117 117 139 117 

E1F1-E2R2 295 - - - - 

E1F2-E2R1 93 - - - - 

Breast epithelial, breast cancer and non-breast cancer cell lines were tested for the presence of 

multiple isoforms (Figure 3-5). Every cell line tested using primer set ZFAS1 E1F3-E5R1 

confirmed the presence of at least 3 isoforms, showing that the presence of ZFAS1 isoforms is 

not cell line specific. The isoforms appear to be the same size across different cell lines except 

for 8701BC, which contains an isoform slightly larger than 388bp. 

 

Figure 3-5: Detection of ZFAS1 isoforms in various cell lines. 

Breast epithelial (MCF10A), breast cancer (BT20, KPL1, PMC42ET, MDA-MB-468, MCF7, MDA-MB-453, 
MDA-MB-436, HBL100, ZR751, P7731, SKBR3, HCC1143, MDA-MB-231, HCC1954, 8701BC and HCC70) 
and non-breast cancer cell lines (MDA-MB-435 and HaCat) were investigated for different isoforms of ZFAS1 
using primer set ZFAS1 E1F3-E5R1. Arrowheads indicate the multiple isoforms and their sizes detected in cell 
lines examined (238). 
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Previous experiments had been performed to amplify the entire transcript of ZFAS1 from exon 

1 to exon 5 but were unsuccessful. In order to determine why primers at the beginning of the 

first exon were unable to amplify ZFAS1, the GC content of exon 1 was analysed using 

BitGene 2010 (http://www.bitgene.com/cgi/gene_analysis.cgi) (Figure 3-6). The 5’ end of 

ZFAS1 has a GC content of approximately 80%. This high level of GC content, in addition to 

the length of the template to be amplified, may have resulted in failure of amplification of the 

5’ end of ZFAS1. 

 

Figure 3-6: Analysis of GC content of exon 1 of ZFAS1. 

Primers covering regions binding nearer to the 5’ end of exon1 as represented by primers E1F1 and E1F2 lie in 
GC-rich regions whereas primer E1F3 lies in an approximately 50% GC region. 

Previous experiments in mice showed that Zfas1 was located in both cytoplasm and nucleus, 

whereas Znfx1 mRNA was restricted to the nucleus (107). Since cellular location will provide 

an indication of the function of lncRNA, cellular fractionation was performed to identify the 

subcellular localisation of ZFAS1 in MDA-MB-468 and MDA-MB-231 breast cancer cells. 

Cell lysates were separated into cytoplasmic and nuclear fractions, total RNA extracted and 

cDNA analysed by RT-PCR. For the purpose of validating the effectiveness of the 

fractionation procedure, we used NEAT1, a nuclear lncRNA, as a nuclear marker, and GAPDH 

as a positive control as it is found in both the cytoplasm and nucleus (Figure 3-7).  

 

http://www.bitgene.com/cgi/gene_analysis.cgi
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Figure 3-7: Confirmation of effectiveness of cell fractionation in MDA-MB-231 and MDA-MB-468 cell 
lines.  

(A) Expression of GAPDH in cellular compartments in MDA-MB-231 and MDA-MB-468 cells. GAPDH is 
found in both cytoplasm and nucleus. (B) Expression of NEAT1 in cellular compartments in MDA-MB-231 and 
MDA-MB-468 cells. NEAT1 is present in whole cell fractions and nucleus in both cell lines. The expression of 
these two genes was detected by RT-PCR and visualised on an agarose gel stained with ethidium bromide. 
Extracts are from whole cell (W), cytoplasm (C), and nucleus (N); n, biological replicate. 

Primers E1F3-E5R1 amplify ZFAS1 from exons 1 to 5, var2 to var5. At least 3 of the 4 

isoforms are present in both cytoplasm and nucleus as indicated by the number of distinct 

bands in PCR products in both cell lines (Figure 3-8).  

 

Figure 3-8: Localisation of ZFAS1 in cellular compartments in MDA-MB-231 and MDA-MB-468 cells.  

ZFAS1 was amplified using the primer set ZFAS1 E1F3-E5R1, amplifying at least 3 of the 4 isoforms. These 
isoforms are present in both cytoplasm and nucleus. Arrowheads point to the PCR products and indicate the 
expected sizes. n, biological replicate (238). 

To differentiate between variants 3 and 4 that are 366 and 388 bp in length respectively but 

appeared as a single band on previous gels, an internal PCR was performed using primers 

E1F3-E2R2 (Figure 3-9), yielding 2 products also present in both the cytoplasm and nucleus, 

confirming the presence of both variants. 
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Figure 3-9: Localisation of ZFAS1 in cellular compartments in MDA-MB-231 and MDA-MB-468 cells.  

ZFAS1 was amplified first with PCR using the primer set ZFAS1 E1F3-E5R1, then an internal PCR was 
performed using primer set E1F3-E2R2 to differentiate between variants 3 and 4. Both isoforms are present in 
both the cytoplasm and nucleus. n, biological replicate (238). 

To identify the remaining isoform of ZFAS1, variant 1, KapaHifi taq was used as it is designed 

to amplify GC rich regions. An initial PCR was performed using primers E1F1-E2R2, yielding 

a faint product of 295 bp (Figure 3-10). Due to the faint signal, a second internal PCR was 

performed to confirm that variant 1 was present. Using primers E1F2-E2R1, a 93 bp product 

was amplified (Figure 3-10). This isoform of ZFAS1 was present in both the cytoplasm and 

nucleus leading us to conclude that the functions of the isoforms are not distinguishable by 

their separation into different cellular compartments.  
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Figure 3-10: Localisation of ZFAS1 in cellular compartments in MDA-MB-231 and MDA-MB-468 cells. 

ZFAS1 was amplified first with PCR using the primer set ZFAS1 EIF1-E2R2, and then an internal PCR was 
performed using primer set E1F2-E2R1 to amplify isoform 1. Red boxes indicate the faint 295 bp PCR product. 
Blue boxes around bands indicate genomic contamination. n, biological replicate (238).  

To quantify the abundance of ZFAS1 in each cellular fraction, qPCR was performed in MDA-

MB-231, MCF7 and MDA-MB-468 cellular fractions (Figure 3-11). Analyses were performed 

relative to whole cell fraction without subtracting CT values from housekeeping genes as 

suitable housekeeping genes that remain constant upon fractionation could not be found after 

testing several well used housekeeping genes. ZFAS1 is expressed in both cytoplasm and 

nucleus, with all cell lines showing enrichment of ZFAS1 in the nucleus. ZNFX1 is also more 
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abundant in the nucleus compared to the cytoplasm. Expression of NEAT1 in all cell lines is 

more abundant in the nucleus than the cytoplasm, confirming that cells have been fractionated 

effectively. GAPDH is present in both cytoplasm and nucleus in varying amounts in each cell 

line. 

 

Figure 3-11: Expression of ZFAS1, ZNFX1, NEAT1 and GAPDH in MDA-MB-468 (n=2), MDA-MB-231 
(n=2) and MCF7 (n=3) cell fractions as analysed by qPCR. Error bars are SEM. 

 Discussion 

Zfas1 was discovered as a lncRNA that is differentially expressed during mouse mammary 

gland development (107). Many antisense lncRNAs regulate their associated protein-coding 

genes in cis. The lack of correlation between ZFAS1 and ZNFX1 expression indicates that 

there is no apparent cis regulatory effect between them, and provides a basis for seeking 

alternative ZFAS1 activities. In this study, we have shown that ZFAS1 is expressed in all cell 

lines tested, although the abundance varies among cell lines (Figure 3-2A). ZFAS1 expression 
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is not correlated with that of its protein coding counterpart, ZNFX1 (Figure 3-2B). Lack of 

correlation with ZNFX1 suggests that ZFAS1 may have other functions. ZFAS1 could be acting 

in trans to regulate distal genes. LncRNAs also exhibit a wide variety of functions by 

interacting with proteins, DNA or RNA (239). Thus, ZFAS1 could be regulating the functions 

of molecules other than ZNFX1.  

ZFAS1 also showed no difference in expression in normal tissue compared to breast cancer 

tissue as per TCGA data (Figure 3-3), although a previous study in ductal carcinoma showed 

greater expression of ZFAS1 in normal tissue compared to cancerous tissue (107). 

Additionally, the expression of ZFAS1 was greater in two normal breast epithelial cell lines 

compared to the majority of breast cancer cell lines studied (Figure 3-2). This discrepancy may 

be due to the large number of samples provided by the TCGA database, or to differences in 

gene expression in cultured cells compared to tissue samples. The data reported in the previous 

paper were derived using RNA from microdissected samples from matched normal and 

invasive ductal carcinoma tissue that excluded stroma from RNA preparations. Only five 

samples were used and while ZFAS1 was downregulated in invasive ductal carcinoma, this 

was not statistically significant. Analyses on different breast cancer subtypes from TCGA 

depicted in Figure 3-3 show that ZFAS1 is expressed at higher levels in normal tissue 

compared to basal and HER2+ subtypes, as well as in ER+ compared to ER- breast cancer 

tissues. Although these results are statistically significant, the difference in expression between 

the samples is not large enough to draw the conclusion that it is functionally relevant and may 

instead be a consequence of large sample number. Whether these differences have clinical 

impact remains to be investigated.  

Studies in hepatocellular carcinoma and colorectal cancer have found that ZFAS1 is more 

highly expressed in these cancers as compared to normal tissues (194, 198, 200, 240), and that 

higher expression of ZFAS1 is associated with tumour metastasis and poor patient prognosis. 

No difference in patient outcome based on levels of ZFAS1 expression was observed in our 

investigation in breast cancer, suggesting that ZFAS1 may show different expression profiles 

and exert different effects in specific cancers. 

In all cell lines tested, ZFAS1 was expressed as multiple isoforms. The different isoforms were 

expressed across all cell lines non-specifically. 8701BC was an exception, in that the middle 

band was of a higher molecular weight than the other cell lines suggesting that this cell line 

may have a novel isoform of ZFAS1 (Figure 3-5). ZFAS1 was localised in both the cytoplasm 

and nucleus in a non-isoform specific manner (Figure 3-8 to Figure 3-11). The expression of 
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ZFAS1 was greater in the nucleus than the cytoplasm, suggesting that the functions of ZFAS1 

may be dictated by its cellular location. The distribution of ZFAS1 is consistent with the 

previous study (107), in which ZFAS1 was expressed in both the cytoplasm and the nucleus in 

mouse mammary epithelial cells, although only one isoform was present in mouse. These 

results indicate that the mechanism of ZFAS1 function is not restricted to a specific isoform or 

a specific cellular location. Whether different isoforms in human have different functions 

remain to be elucidated. 

 Summary 

In conclusion, the results demonstrate that ZFAS1 is expressed in all cell lines tested, with varying 

levels of abundance among the cell lines. ZFAS1 expression is not correlated with that of its 

protein coding counterpart, ZNFX1, suggesting they are regulated independently. Analyses of 

large databases show that ZFAS1 is not differentially expressed in cancer and normal tissues, 

but may show subtle differences in particular cancer subtypes and whether it contributes to 

cancer progression is indeterminable by its level of expression. The two normal breast 

epithelial cell lines tested showed the highest expression of ZFAS1 in the panel of cell lines 

studies, but further study of normal breast tissue is needed to determine whether it is truly 

downregulated in breast cancer cell lines. ZFAS1 has multiple isoforms but their expression is 

not differentiated by cellular compartment or cell line suggesting dual function of ZFAS1 that 

is not isoform dependent.  
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Chapter 4. Ribosome association of ZFAS1  

 Introduction 

In the previous chapter, ZFAS1 was identified as being located in both the cytoplasm and 

nucleus. Understanding the cellular location of lncRNAs is important to determine their 

functional roles. The majority of lncRNAs for which functions have been described are found 

in the nucleus where they interact with chromatin modifying complexes (241). RNA-seq has 

also been performed to study the differences in localisation of cytoplasmic and nuclear 

lncRNAs, (50) with the majority of lncRNAs localised in the nucleus (55). Cytoplasmic 

located lncRNAs are less studied, although a few have been functionally characterised and 

shown to interact with various proteins and RNA species (76).  

ZFAS1 is highly expressed and extremely stable (107), suggesting it is a functional molecule. 

Considering that many lncRNAs interact with proteins, we hypothesised that ZFAS1 may be 

interacting with a protein complex. An experiment was designed to separate ZFAS1 and its 

putative associated protein binding partners on a sucrose gradient by the principle of rate zonal 

density-gradient centrifugation. Density gradient centrifugation is commonly used to separate 

macromolecules from whole cell lysate preparations. This method employs the use of 

ultracentrifugation to separate particles based on their size. Cell lysate is layered atop a 

gradient of dense non-ionic substance such as sucrose or glycerol, then centrifuged at high 

speeds to allow particles to migrate through the gradient (which stabilises the medium) at a 

rate which depends on particle size (242). If ZFAS1 were associated with large protein 

complexes such as ribosomes and/or spliceosomes, it would migrate further down the sucrose 

gradient. Conversely, if ZFAS1 were associated with small protein complexes, it would remain 

near the top of the gradient. Gradients and centrifugation speeds used to separate ribosomal 

particles were used as the absorbance profile at 260 nm profile indicates peaks corresponding 

to key ribosomal components, allowing validation that the separation has been successful. 

This chapter explores the subcellular localisation of ZFAS1 through separation by sucrose 

density fractionation, to identify whether ZFAS1 has protein binding partners. 
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 Results 

 ZFAS1 is associated with polysomes 

The functions of numerous lncRNAs have been deduced by identifying their binding partners. 

To infer possible ZFAS1 functions, we explored whether ZFAS1 was associated with 

macromolecular complexes. Total cell lysate was separated on a sucrose gradient by the 

principle of density-gradient centrifugation. Representative peaks corresponding to key 

ribosomal complexes and components including polysomes, 80S monosomes, and 60S and 

40S subunits, are indicated in Figure 4-2A, confirming that separation of cell lysate 

components on the sucrose gradient was successful. RNA was extracted from every third 

fraction. This RNA was then used as a template for cDNA synthesis that was amplified by 

PCR. qPCR was also performed for 18S and 28S rRNA but their distributions were too broad 

in the gradient to accurately identify the 40S and 60S peaks. Primers used to amplify ZFAS1 

are detailed in Figure 4-1. 

 

Figure 4-1: Orientation of primers used in RT-PCR in relation to a schematic of ZFAS1 genomic 
arrangement for analysis of polysome fractions.  

Primers E2F and E2R were used to amplify the majority of ZFAS1 isoforms yielding a single PCR product and 
were also used for qPCR. Primer set E1F3 and E5R1 was used to amplify ZFAS1 isoforms and differentiate 
between them based on product size as detailed in Chapter 3.  

RT-PCR (Figure 4-2B) using primer set E2F-E2R which amplifies 4 of the 5 ZFAS1 isoforms 

shows that ZFAS1 is located in fractions 13-25, which correspond to the 60S, 80S and 

polysome peaks. Primer set E1F3 and E5R1 was used to determine the presence of ZFAS1 

isoforms as detailed in Chapter 3. PCR of the polysomal fractions using this primer set 

confirmed the presence of at least 3 isoforms in fractions 16-28, showing that the presence of 

ZFAS1 in polysomes is isoform independent (Figure 4-2B). The distribution of GAPDH 

transcript was used to identify fractions with actively translating ribosomes, as it is a 

constitutively translated mRNA. GAPDH is located in fractions 16-34, corresponding to 80S 

and polysome peaks. qPCR analysis of these fractions as shown in Figure 4-2C shows that 

ZFAS1 is predominantly expressed in the fractions corresponding to the 80s and polysome 
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peaks with fewer ribosomes, while GAPDH is predominantly expressed with the heavier 

polysomes.  

 

Figure 4-2: ZFAS1 is associated with actively translating ribosomes.  

(A) Polysome distribution of MDA-MB-468 cell lysates as separated on a 7-47% sucrose gradient. Absorbance at 
260 nm is shown on the Y axis. Fractions from the top of the gradient to the bottom are shown from left to right 
on the X axis. Peaks corresponding to ribosomal features are indicated by arrows. (B) Gel electrophoresis of RT-
PCR products of fractions from gradients. Fractions were collected in 36 equal volumes, of which every third was 
used for RNA extraction, and cDNA synthesised for PCR. The presence of ZFAS1 was assessed using primer set 
E2F-E3R as well as primer set E1F3-E5R1 to show the presence of multiple ZFAS1 isoforms, with GAPDH 
acting as a positive control. (C) Quantitative expression of ZFAS1 and GAPDH in gradient fractions measured by 
qPCR. Figure depicts data of one biological replicate, representative of n=2 experiments (238). 
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To distinguish ZFAS1 interactions with ribosomal components from those with similar 

molecular weight non-ribosomal RNA-protein complexes, the sedimentation profile of ZFAS1 

was analysed by RT-PCR after sucrose density centrifugation in the presence of 15 mM 

EDTA. The addition of EDTA sequesters Mg2+, leading to the dissociation of ribosomes from 

mRNAs without disrupting non-ribosomal RNA-protein complexes (243). Figure 4-3A shows 

that the addition of EDTA disrupts the ribosomal profile, leading to a leftward shift of the 

A260 nm absorbing species, indicative of dissociated ribosomes and free mRNAs. It also leads 

to the loss of the mRNA GAPDH and of the lncRNA ZFAS1 from the lower polysome 

fractions and a concomitant shift of their distribution to the upper fractions of the gradient 

(Figure 4-3B). This was also confirmed by qPCR, which shows that both ZFAS1 and GAPDH 

are no longer localised in the lower polysome fractions and that their location has shifted to 

the upper fractions of the gradient (Figure 4-3C). These results indicate that the loss of ZFAS1 

from the lower fractions is due to its dissociation from ribosomes, and not from other non-

ribosomal protein and/or RNA complexes suggesting that ZFAS1 is a ribosome-bound 

lncRNA. 
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Figure 4-3: Polysome disruption dissociates ZFAS1 from ribosomes.  

(A) Polysome distribution of MDA-MB-468 cell lysate separated on a 7–47% sucrose gradient containing EDTA 
instead MgCl2. Absorbance at 260 nm is shown on the Y axis. Fractions from the top of the gradient to the 
bottom are shown from left to right on the X axis. Loss of the polysome peak is observed, together with a 
leftward shift of the ribosome subunits. (B) RT-PCR analysis of cDNA prepared from fractions of the gradients. 
Fractions were collected in 36 equal volumes, of which every third was used for RNA extraction, and cDNA 
synthesised for PCR. The presence of ZFAS1 expression was assessed, with GAPDH acting to indicate the 
distribution of dissociated mRNA molecules. (C) Quantitative expression of ZFAS1 and GAPDH in gradient 
fractions as measured by qPCR. Figure depicts data of one biological replicate, representative of n=2 experiments 
(238). 
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Further analysis of polysomal fractions by qPCR was performed using samples from polysome 

separation and the abundance of ZFAS1 relative to 18S and 28S was calculated. Dilution 

factors for cDNA used to measure ZFAS1 and 18S and 28S rRNA transcripts were accounted 

for to calculate the ratios. For each ZFAS1 transcript, there are approximately 500-20,000 

transcripts of 18S, and 1000-50,000 transcripts of 28S rRNA depending on the fraction (Figure 

4-4). The data suggest that ZFAS1 is associated with only a small fraction of the polysomes 

and differentially with respect to the ribosome subunits.  

 

Figure 4-4: Ratio of ZFAS1 to 18S and 28S in fractions from MDA-MB-468 polysome gradients.  

ZFAS1 was detected in fractions 16-34 and showed greatest abundance in fraction 22, corresponding to light 
polysomes. The ratio of ZFAS1: 18S is also greater than that of ZFAS1:28S for all fractions (238). 

Polysome gradients were also performed after MDA-MB-468 cells were treated with 50 

µg/mL puromycin for 30 min (Figure 4-5). Puromycin serves as an acceptor of the growing 

peptide chain from the peptidyl-transferase site, forming polypeptide-puromycin derivatives, 

and subsequently leading to premature termination and subunit dissociation (244). The A260 

nm absorbance profile of fractions confirmed the shift of the polysome peak toward the lighter 

fractions (Figure 4-5A). These conditions resulted in a partial redistribution of ZFAS1 from 

heavier fractions to lighter ones (Figure 4-5B). The shift of GAPDH was more pronounced 

than that for ZFAS1 (Figure 4-5C). 
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Figure 4-5: Polysome gradients after treatment with puromycin. 

(A) Polysome distribution of MDA-MB-468 cell lysates as separated on a 7-47% sucrose gradient containing 50 
µg/mL puromycin to disrupt the peptidyl transfer site (red line) compared to control polysome gradient (blue 
line). Absorbance at 260 nm is shown on the Y axis. Fractions from the top of the gradient to the bottom are 
shown from left to right on the X axis. Fractions were collected in 40 equal volumes, of which every third was 
used for RNA extraction, and cDNA synthesised for PCR (B) Quantitative expression of ZFAS1 measured by 
qPCR from fractions collected from 7–47 % sucrose gradient. The results present the abundance of ZFAS1 in 
control (untreated) and cells treated with puromycin treated cells for 30 min. The ZFAS1 peak is marginally 
shifted towards the left in puromycin treated cells. (C) Quantitative expression of GAPDH measured by qPCR, 
from fractions collected from 7–47 % sucrose gradient. The result presents the abundance of GAPDH in control 
(untreated) cells and cells treated with puromycin for 30 min. The GAPDH peak is shifted towards the left in 
puromycin-treated cells. Figure depicts data from one biological replicate, representative of n=2 experiments 
(238). 
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 ZFAS1 is associated with the small ribosomal subunit 

To elucidate how ribosome-associated ZFAS1 may contribute towards ribosome function, we 

sought to identify the subunit with which ZFAS1 was associated. Crude ribosome pellets from 

MDA-MB-468 cells were incubated in buffer containing a high concentration of salt to 

dissociate the ribosomal subunits, and were separated in 15-30% sucrose gradients. The A260 

nm absorbance profile shows 2 peaks that represent the 40S and 60S subunits (Figure 4-6A). 

RNA from fractions corresponding to 40S and 60S subunits was isolated. Extracted RNA was 

used for cDNA synthesis and further analysis by RT-PCR (Figure 4-6B). The 18S and 28S 

rRNA molecules were used as controls to confirm the identity of the ribosomal subunit that 

was present in particular fractions, with 18S rRNA corresponding to the 40S subunit and 28S 

rRNA corresponding to the 60S subunit. PCR analysis shows that the 18S and 28S rRNA 

transcripts are localised in the upper and lower fractions of the gradient respectively. ZFAS1 is 

present predominantly in the upper fractions, similarly to GAPDH mRNA, in an isoform-

independent manner (Figure 4-6B). This suggests that ZFAS1 is associated with the small 

ribosomal subunit. This was quantified by analysing these fractions by qPCR, which show 

ZFAS1 expression in fractions derived from the gradient. 18S rRNA is distributed mainly near 

the top half of the gradient, while 28S rRNA is distributed near the bottom half. Peaks 

corresponding to the 40S and 60S subunits are highlighted in red. ZFAS1 is mainly expressed 

in those fractions corresponding with the 18S rRNA (Figure 4-6C). 
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Figure 4-6: ZFAS1 is predominantly associated with the small ribosomal subunit. 

(A) Dissociated ribosomal subunit profile of MDA-MB-468 cells. The Y and X axes represent the A260 and 
fraction numbers respectively. Sample 1 is from the top of the gradient while 50 is the bottom fraction. (B) 
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ZFAS1 RT-PCR products from cDNA derived from each peak, fractions 22 and 34. The three or four different 
isoforms of ZFAS1 are associated with the 40S subunit using primer set ZFAS1 E1F3-E5R1. 18S and 28S rRNA 
indicate the small and large subunit distribution in the gradient. GAPDH was used as a positive control. (C) The 
presence of ZFAS1, 18S and 28S rRNA species was assessed by qPCR using fractions derived from dissociated 
ribosomes. Red bars show the samples derived from the peak of the graph in (A) for the 40S and 60S subunits 
(238). 

 ZFAS1 expression is correlated with expression of genes encoding proteins 

involved in ribosome biogenesis 

Zfas1 is differentially expressed during successive stages of mammary gland development 

(107). The original microarray data of mouse mammary gland transcriptomes was revisited 

(107) and it was found that the expression of several ribosomal protein genes showed similar 

fold changes to Zfas1 expression during mammary gland development (Table 4-1).  

Table 4-1: Genes encoding ribosomal proteins, expressed differentially during successive stages of mouse 
mammary gland development and concordantly with Zfas1 (238). 

Target uniGene symbol Target uniGene name Log2 fold change 
(lactating/pregnant) 

Zfas1 AK005231,BC042795 −5.106 

Rpl22 Ribosomal protein L22 −6.18 

Rps24 Ribosomal protein S24 −6.007 

Rps3 Ribosomal protein S3 −5.665 

Rps21 Ribosomal protein S21 −5.435 

Rpl28 Ribosomal protein L28 −4.577 

 

These transcripts were selected for further analysis of RNA seq data available from TCGA 

dataset of breast invasive carcinoma (HiSeqV2-2015-02-24) including 1049 samples from 

primary breast cancers and 113 samples from normal breast tissue. The expression of RPS3 

was not significantly different in breast cancer patients as compared to healthy controls 

(P = 0.14). The other ribosomal protein gene transcripts i.e. RPS21, RPS24, RPL22 and 

RPL28, showed significant expression differences between normal and tumour samples 

(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). However, the actual differences in 

expression between cancer and normal tissue are negligible and the significance reflects the 

large sample size (Figure 4-7). The expression of these ribosomal protein genes was also 

analysed based on their ER status. The expression of RPL22 and RPL28 were not significantly 

different in these two groups. RPS3, RPS21 and RPS24 expression were statistically 

significantly elevated in ER- patients compared to ER+ patients but the magnitude of 
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difference was small and the significance reflects the large sample size (Supplementary Figure 

10-7). 

 

Figure 4-7: Expression of ribosomal protein genes in breast cancer tissue derived from TCGA.  

(A-E) Expression of concordantly regulated ribosomal protein genes in breast cancer and normal breast tissue 
(TCGA data). Student’s t test was used to determine the significance of differences in expression between tumour 
(T) and non-tumour (N) samples, *, **, *** represent p values of >0.05, >0.005 and >0.001 respectively (238). 

The expression of these ribosomal protein genes was correlated with that of ZFAS1 in breast 

cancer samples, showing moderate positive correlations (r = 0.41–0.60). To confirm that this 

was not a random phenomenon, a mitochondrial ribosomal protein gene (MRPL16) was 

selected and possible correlations with ZFAS1 investigated. MRPL16 exhibited no correlation 

with ZFAS1 in normal breast tissue and a weak correlation with ZFAS1 in breast tumour 

tissue. This indicates that ZFAS1 is specifically correlated with genes encoding cytoplasmic 

ribosomal proteins (Table 4-2). 

Table 4-2: ZFAS1 expression is correlated with the expression of several ribosomal protein genes. 

Correlation of ZFAS1 expression with that of ribosomal protein genes in human (i) non-tumour and (ii) breast 
cancer samples (TCGA data) (238). 

 ZFAS1 
vs. 
RPS3 

ZFAS1 
vs. 
RPS21 

ZFAS1 
vs. 
RPS24 

ZFAS1 
vs. 
RPL11 

ZFAS1 
vs. 
RPL22 

ZFAS1 
vs. 
RPL28 

ZFAS1 
vs. 
MRPL16 

i) Normal Tissue  

 Pearson r 0.7495 0.7498 0.8053 0.8 0.849 0.6846 −0.1178 



 

     
89 

 

  P value 

  P (two-
tailed) 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.214 

  P value 
summary 

**** **** **** **** **** **** ns 

 Significant? 
(alpha = 0.05) 

Yes Yes Yes Yes Yes Yes No 

 Number of 
XY Pairs 

113 113 113 113 113 113 113 

ii) Breast tumour tissue      

 Pearson r 0.4639 0.6017 0.5429 0.5654 0.4913 0.4988 0.2074 

  P value 

  P (two-
tailed) 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

  P value 
summary 

**** **** **** **** **** **** **** 

 Significant? 
(alpha = 0.05) 

Yes Yes Yes Yes Yes Yes Yes 

 Number of 
XY Pairs 

1049 1049 1049 1049 1049 1049 1049 

 

Further analysis of genes correlated with ZFAS1 expression was performed using cBioPortal, a 

data visualisation tool of TCGA data (245). Invasive breast carcinoma, TCGA Nature 2012 

data set was queried for the co-expression of genes correlated to ZFAS1. The top 40 genes 

were selected based on their Pearson correlation, all of which are greater than 0.28, exhibiting 

moderate correlation to ZFAS1 (Table 4-3).  

Table 4-3: List of top 40 genes exhibiting positive correlation to ZFAS1 expression in breast invasive 
carcinoma according to TCGA database.  

Data from this table were generated using cBioPortal, a data visualisation tool of TCGA data. Data set used for 
analysis was Breast Invasive Carcinoma, TCGA Nature 2012, n=825. Asterisks next to gene symbols indicate 
those genes that function as structural constituents of ribosomes.  

Gene Symbol Gene name Cytoband Pearson 
Score 

EPB41L4A-AS1 EPB41L4A Antisense RNA 1 5q22.2 0.51 
C6ORF48 Protein G8 6p21.3 0.43 
RPL34* 60S ribosomal protein L34 4q25 0.41 
RPL31* 60S ribosomal protein L31 2q11.2 0.39 
RPS21* 40S ribosomal protein S21 20q13.3 0.38 
SLC9A8 Sodium/hydrogen exchanger 8 20q13.13 0.38 
RPL37A* 60S ribosomal protein L37a 2q35 0.36 
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RPS24* 40S ribosomal protein S24 10q22 0.35 
STKLD1 Serine/threonine kinase-like domain-containing 

protein STKLD1 
9q34.2 0.33 

RPL9* 60S ribosomal protein L9 4p13 0.33 
RPL36* 60S ribosomal protein L36 19p13.3 0.33 
PFDN4 Prefoldin subunit 4 20q13.2 0.32 
RPL27A* 60S ribosomal protein L27a 11p15 0.32 
RPL29* 60S ribosomal protein L29 3p21.3-

p21.2 
0.32 

RPL36A* 60S ribosomal protein L36a Xq22.1 0.32 
RPLP2* 60S acidic ribosomal protein P2 11p15.5 0.32 
RPS18* 40S ribosomal protein S18 6p21.3 0.32 
RPS28* 40S ribosomal protein S28 19p13.2 0.32 
TAF4 Transcription initiation factor TFIID subunit 4 20q13.33 0.32 
MGEA5 Protein O-GlcNAcase 10q24.1-

q24.3 
0.32 

PARD6B Partitioning defective 6 homolog beta 20q13.13 0.32 
SNHG12 Putative uncharacterized protein SNHG12 1p35.3 0.32 
RPL13A* 60S ribosomal protein L13a 19q13.3 0.32 
TIMM9 Mitochondrial import inner membrane 

translocase subunit Tim9 
14q21 0.32 

RPL27AP6* Ribosomal Protein L27a Pseudogene 6 6q25.2 0.32 
RPS13* 40S ribosomal protein S13 11p15 0.31 
NACAP1 Putative nascent polypeptide-associated complex 

subunit alpha-like protein 
8q22.3 0.31 

CETN3 Centrin-3 5q14.3 0.3 
RPL37* 60S ribosomal protein L37a 5p13 0.3 
RPS9* 40S ribosomal protein S9 19q13.4 0.3 
RPS29* 40S ribosomal protein S29 14q 0.3 
STAU1 Double-stranded RNA-binding protein Staufen 

homolog 1 
20q13.1 0.3 

LCOR Ligand-dependent corepressor 10q24 0.3 
OR10A7 Olfactory receptor 10A7 12q13.2 0.3 
PREX1 Phosphatidylinositol 3,4,5-trisphosphate-

dependent Rac exchanger 1 protein 
20q13.13 0.3 

SNHG11 Small Nucleolar RNA Host Gene 11 20q11.23 0.3 
RPL24* 60S ribosomal protein L24 3q12 0.29 
RPL32* 60S ribosomal protein L32 3p25-p24 0.29 
CCL24 C-C motif chemokine 24 7q11.23 0.29 
ZNF14 Zinc finger protein 14 19p13.11 0.29 

 

The molecular function of these correlated genes was queried by enrichment analysis using 

Gene Ontology (http://www.geneontology.org/). These correlated genes exhibited a number of 

different functions, with 50% of them being enriched for structural constituents of the 

http://www.geneontology.org/
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ribosome. 12.5% of these correlated genes were enriched for rRNA binding and 47.5% 

enriched for RNA binding (Table 4-4). 

 

Table 4-4: Enrichment analysis of genes correlated with ZFAS1 by gene ontology analysis, demonstrating 
possible molecular functions. 

GO molecular 
function 

Homo sapiens 
- REF LIST  

Number Expected +/- Fold 
enrichment 

P value 

structural 
constituent of 
ribosome  

174 20 0.31 + 65.15 8.60E-29 

rRNA binding  55 5 0.1 + 51.53 1.31E-04 
structural molecule 
activity  

727 20 1.28 + 15.59 1.46E-16 

RNA binding  1602 19 2.83 + 6.72 7.08E-09 
nucleic acid 
binding  

4009 22 7.07 + 3.11 1.84E-04 

heterocyclic 
compound binding  

5930 23 10.46 + 2.2 4.69E-02 

 Discussion 

This chapter examines the cytoplasmic distribution of ZFAS1. Despite lacking protein coding 

potential, ZFAS1 is associated with the 80S monosomes and polysomes (Figure 4-2). Addition 

of EDTA disrupts polysomes, leading to a collapse of the polysome peak and its replacement 

by a dissociated subunit and monosome peak. This results in a concomitant shift in ZFAS1 

distribution in ribosomal fractions (Figure 4-3). This confirms that ZFAS1 is associated with 

ribosomes, with monosome and light polysomes showing the greatest concentration of ZFAS1.  

Calculation of the ratios of ZFAS1 to rRNAs suggests that ZFAS1 is associated with only a 

small proportion of ribosomes at any given time, with a larger proportion associating with the 

small subunit (Figure 4-4). As ZFAS1 is not translated but is associated with ribosomes, 

gradients were treated with puromycin (Figure 4-5). Puromycin serves as an acceptor of the 

growing peptide chain from the P-site, forming polypeptide-puromycin derivatives, and 

subsequently leads to premature termination and subunit dissociation (244). GAPDH and other 

translated mRNAs are expected to be ejected from polysomes and shift into the free RNA pool 

of the gradient. If ZFAS1 is indeed a ribosome-bound lncRNA, one would expect it not to be 

removed from the ribosome by puromycin treatment. Puromycin treatment did not lead to a 

shift of ZFAS1 distribution, while GAPDH shifted towards the top of the gradient confirming 

that ZFAS1, although ribosome associated, is not translated. 
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Ribosome dissociation experiments demonstrated that ZFAS1 is predominantly associated with 

the 40S subunit in an isoform independent manner (Figure 4-6), suggesting it may not be 

involved in regulating translation, but may instead be involved in initiation or ribosome 

assembly (246).  

Although many lncRNAs are found to be associated with ribosomes, their function is still 

unclear. It has been proposed that lncRNAs associate with ribosomes for degradation, 

although a study that examined 637 ribosome-associated lncRNAs found only 5 to be 

stabilised upon ribosome elongation inhibition (247). GAS5 is one such lncRNA that has been 

found to be associated with ribosomes where it is degraded by nonsense mediated decay (81, 

248). This could represent a possible breakdown route of lncRNAs that will be discussed in 

the subsequent chapter. 

Microarray data from mouse mammary glands at different stages of development have shown 

that Zfas1 and genes encoding several ribosomal proteins show similar changes in expression 

level during pregnancy and lactation (Table 4-1). These transcripts for ribosomal proteins, like 

ZFAS1, do not exhibit appreciable differences in expression between human breast cancer and 

normal breast tissue samples (Figure 4-7). These transcripts exhibit moderate correlations with 

ZFAS1, with stronger correlations exhibited in normal tissue than breast cancer (Table 4-2). 

This may be a reflection of deregulated ribosome function and synthesis that occur in 

neoplastic cells (183). Interestingly, the respective ribosomal proteins have been found to 

participate in ribosome synthesis as regulators of ribosomal structure (144, 249, 250) and in 

formation of mature rRNA (251, 252). Analysing transcripts correlated with ZFAS1 from 

TCGA (Table 4-3) has also confirmed that those genes exhibiting correlation with ZFAS1 are 

mainly involved in ribosome structure and rRNA binding (Table 4-4) further supporting a 

potential ribosomal regulatory role.  

ZFAS1 is associated with ribosomes and may regulate their function. Compared to the high 

abundance of ribosomes, ZFAS1 exhibits low stoichiometry and may contribute to the fine 

tuning and to the selectivity of ribosomes for mRNAs which will undergo translation.  

 Summary 

ZFAS1 is associated with actively translating ribosomes, and in particular, with the 40S 

subunit. ZFAS1 exhibits low stoichiometry and its association with highly abundant ribosomes 

may confer selectivity to their function or synthesis. ZFAS1 expression is correlated with the 

expression of many genes involved in ribosome function and structure, highlighting a possible 
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regulatory role in ribosome function. The possible functions of ZFAS1 and its association with 

the ribosome will be explored in further chapters. 
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Chapter 5. Characterising 5’TOP function of ZFAS1 

 Introduction 

Nonsense mediated decay (NMD) is an RNA surveillance programme that eliminates 

potentially harmful transcripts containing premature termination codons. However, NMD not 

only targets mRNAs with premature termination codons, but also normal and functional wild 

type mRNAs (253), as well as lncRNAs (81, 248, 254). NMD serves multiple roles, regulating 

the quality of mRNAs that are translated as well as serving as a post transcriptional 

mechanism that contributes to the regulation of gene expression.  

NMD is a translation dependent procedure that is triggered by the detection of a premature 

stop codon in the A site of the elongating ribosome. These transcripts often have long 3’ 

UTRs, which recruit Up-frameshift 1 (UPF1) (255) and form a secondary structure which 

ineffectively recruits ribosome release factors eRF1 and eRF2. This triggers the formation of 

the premature termination complex containing UPF1, 2 and 3 which bind to the premature 

terminating ribosome. They activate the termination process, releasing the transcript, and 

causing the dissociation and subsequent recycling of ribosome subunits. The prematurely 

terminated transcript is then degraded by endonucleases and decapping complexes (256, 257).  

NMD also targets subsets of transcripts that contain snoRNAs within their introns. As a result 

of snoRNA biogenesis, the cleaved by-products of the host transcript are degraded by NMD 

(258). One such transcript is GAS5, a lncRNA that contains ten snoRNAs within its introns 

(81). It contains an oligopyrimidine tract at its 5’ end (5’ tract of pyrimidines, 5’TOP), 

exemplifying a class of transcripts that often encodes ribosomal proteins and other regulators 

of protein synthesis (259). 5’ TOP RNAs are defined as those transcripts which comprise a 

cytidine residue at the cap site followed by an uninterrupted stretch of up to 13 pyrimidines 

(260). GAS5 shares similarities to other members of the 5’TOP family of transcripts in that it 

is subject to growth-dependent translation control, as evidenced by their accumulation in 

growth-arrested cells or cells treated with various ribosomal inhibitors. Because of its small 

open reading frame and termination in an early exon, it has been postulated that GAS5 is 

targeted by NMD when translated into a peptide comprised of 23 amino acids in mice, or a 50 

amino acid length peptide in humans, although these have not been observed in vitro (81). 

Inhibition of NMD by depletion of UPF1 also stabilised GAS5, supporting the conclusion that 

it is indeed degraded through the NMD pathway (248). Other lncRNA transcripts which are 
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host to several snoRNAs and are targeted for degradation include UHG (254) and U17HG 

(261) suggesting that this mechanism of RNA degradation is not solely restricted to GAS5. 

ZFAS1 shares several similarities to GAS5, in that it also contains a tract of pyrimidines at its 

5’ end in isoform 4 as determined from genome sequence data as hosted on the UCSC Human 

Genome Assembly. Additionally, ZFAS1 is host to several snoRNAs (107). In the previous 

chapter, we also presented evidence that ZFAS1 is associated with ribosomes. These parallels 

led us to investigate whether ZFAS1 is regulated in a manner similar to GAS5 by NMD.  

To confirm whether isoform 4 of ZFAS1 contained a 5’TOP, we investigated its sequences 

using 5’ rapid amplification of cDNA ends (5’ RACE). Additionally, confirmation of the 

sequence of the 5’ end would allow us to clone the full sequence length of ZFAS1 for 

downstream applications. In this technique, cDNA is synthesised and a homopolymeric tail is 

added to the 3’ end of the newly synthesised cDNA using terminal transferase. This provides a 

known upstream primer binding site that, in addition to using a reverse primer from a 

downstream gene region, allows PCR amplification of the 5’ end. This PCR product is then 

cloned into a plasmid, transfected into E. coli and subsequently sequenced (262).  

The role of NMD in ZFAS1 regulation was experimentally tested using growth inhibition by 

serum starvation that has been shown to inhibit NMD and increase transcript levels of GAS5 

(81). The ribosomal elongation inhibitors cycloheximide (81) and puromycin (261) have also 

been used to induce growth arrest in cells, so as to inhibit NMD and trigger subsequent GAS5 

accumulation.  

 Results 

 Identifying the 5’ end sequence of ZFAS1 

cDNA was synthesised using either random hexamers, oligo(dT) or gene specific primers 

targeting exon 5, then G-tailed using 3’ terminal transferase, and then used for subsequent 

PCR reactions. cDNA was initially synthesised using M-MLV Reverse Transcriptase but 

attempts to amplify the 5’ end were unsuccessful. cDNA synthesis was repeated using the 

SuperScript® III First-Strand Synthesis System. Compared to the M-MLV Reverse 

Transcriptase which requires a temperature of 37 °C for cDNA synthesis, the SuperScript® III 

First-Strand Synthesis System can synthesise cDNA at temperatures between 50-55 °C. As 

described in the previous chapters, the 5’ end of ZFAS1 is GC rich, leading to increased 

stability of duplexes and therefore a higher melting point. For each template, different primers 
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(oligo(dT), random hexamers and gene-specific primer ZFAS1 E5R1) were used to identify 

any primer that was more efficient at synthesising the entire transcript.  

Attempts to amplify the entire ZFAS1 transcript from the last exon were unsuccessful, so 

primers closer to the 5’ end were designed to increase PCR efficiency. Primers were designed 

to amplify ZFAS1 from exon 2 and exon 1 as detailed in Figure 5-1.  

 

Figure 5-1: Schematic of primer orientation used for 5’ RACE covering the first two exons of ZFAS1.  

(A) Primers were initally designed according to ZFAS1 genomic orientation using Human Feb. 2009 
(GRCh37/hg19 ) assembly as a reference. (B) The same primers were mapped onto ZFAS1 orientation according 
to Human Mar. 2006 (NCBI36/hg18) assembly as work in identifying ZFAS1 isoforms detailed in Chapter 3 
suggests that this assembly matched with our data. Red boxes represent the poly(G) tail added by terminal 
transferase at the 5’ end. 

After tailing cDNA with poly(G), an anchor (AN) primer with a poly(C) tail and reverse 

primer E2R2 as detailed in Figure 5-1 were used to amplify ZFAS1. An internal PCR was then 

performed using an internal reverse primer, either E2R1, E1R2 or E1R1 with the AN forward 

primer to amplify ZFAS1. This nested PCR strategy was used because it has higher specificity 

as well as sensitivity to amplify expressed transcripts that are difficult to amplify, due either to 

low expression or strong secondary structure. PCR products are shown in Figure 5-2, in which 

the first 10 cycles were performed with AN poly(C) + E2R2, and then for another 30 cycles 

using AN + E2R1, E1R1 or E1R2. These PCR reactions were able to amplify a 118 bp 

product, corresponding to exon 1 of isoform 4. Despite using different primers that should 

have resulted in different PCR product sizes, only the 118 bp product was observed. As E1R2 

lies within the intronic region of the Human Mar. 2006 assembly, this primer set was not 
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expected to give a distinct PCR product. E1R1 was expected to yield a 80 bp product. 

Sequencing results showed that despite performing a nested PCR using reverse primers in 

exon 1, sequences of exon 2 were present. This suggests that in the nested PCR, exon 1 of 

isoforms 1-3 and 5 could not be amplified under the detailed experimental conditions, and that 

the reaction preferentially used reverse primers targeting exon 2 from the initial PCR. From 

these PCR reactions, oligo(dT) consistently produced the greatest amplification as determined 

by band intensity, with gene-specific primers and random hexamers showing lower band 

intensity. Therefore, oligo(dT) was subsequently used for further experiments. 

 

Figure 5-2: Optimisation of cDNA synthesis for 5’RACE.  

cDNA was synthesised using oligo(dT) (dT) random hexamers (RH) or gene specific primer ZFAS1 E5R1 (GS) 
at 50°C or 55°C. A poly(G) tail was then added using terminal transferase. PCR reactions were performed using 
AN-poly(C) (F) and ZFAS1 E2R2 for 10 cycles. 1 µL was used as a template using AN F and ZFAS1 E2R1 for a 
further 30 cycles. 

Using G-tailed cDNA synthesis with oligo(dT), these PCRs were repeated, products purified 

and cloned into pGEM-T Easy vector with the lacZ gene, disruption of which is an indicator of 

successful cloning. Competent TOP10 E. coli cells were transformed with these plasmids, and 

colonies that were white in colour were selected, indicating gene insertion at the lacZ site. 

These clones were PCR amplified using plasmid-specific primers M13F 20 and M13R, and 

the products were then visualised by gel electrophoresis (Figure 5-3). PCR products of vectors 

without insert are 230 bp, while PCR products of vectors with insert were approximately 350 

bp long. The plasmids showing positive incorporation of the inserts were then purified for 

sequencing. Other bands were disregarded as either empty vector or non-specific 

amplification. As shown below, bands boxed in red corresponded to cloned inserts of the 

expected size and were sequenced (Figure 5-3). Sequences were aligned to ZFAS1 isoform 4 

from the UCSC Genome Assembly NCBI136/hg138, showing similarity to the reported 

sequence with variable numbers of T at the 5’ end, confirming that ZFAS1 isoform 4 contains 

a 5’TOP motif (Figure 5-4). 
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Figure 5-3: Colony PCR on transformed clones by pGEM-T Easy vector carrying ZFAS1 5’ RACE 
products.  

Primers used for the initial 5’ RACE PCR step are detailed above the gel electrophoresis images. Numbers above 
lanes indicate colony number. PCR products (ng) were incubated with pGEMT vector in a 1:1 ratio unless 
otherwise noted.  

 

Figure 5-4: ZFAS1 is a member of the 5’TOP gene family. 

Sequencing of PCR products of the 5’ region of ZFAS1 as determined by 5’ RACE was performed using RNA 
isolated from MDA-MB-468 cells. The first 80 bp from the sequencing results are shown aligned against ZFAS1 
isoform 4 from the NCBI136/hg138 assembly. Blue coloured nucleotides are those nucleotides that show 
variation in the different sequences. Highlighted nucleotides represent the tract of pyrimidines at the 5’end. 
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 Comparison of regulation of ZFAS1 and other 5’TOP transcripts 

To determine whether ZFAS1 was targeted for NMD in a similar way to previously described 

5’TOP lncRNAs, cell lines were subject to serum starvation, or treated with the translational 

inhibitors puromycin or cycloheximide as in previously described studies (81, 248). 

Concentrations and duration of treatment were adopted from published experiments. (81, 248). 

GAS5 was used as a positive control for these experiments as this lncRNA is known to be 

targeted by NMD and the amount of its transcript increases during growth inhibition (81, 248).  

For serum-starved cells, total RNA from cell lines was analysed by qPCR to determine the 

relative abundance of ZFAS1 and GAS5, but only HEK293 and MDA-MB-231 cells showed 

significant upregulation of GAS5, with HEK293 cells showing greater accumulation (15 fold 

increase) than MDA-MB-231 cells (3 fold increase) at 72 and 48 h respectively. These cells, 

as well as 8701BC cells also showed a significant increase in ZFAS1. MCF7 and MDA-MB-

468 showed similar trends but did not reach statistical significance (Figure 5-5). Thus, our 

results suggest that the accumulation of ZFAS1 and GAS5 during serum starvation is cell line-

specific. 

Treatment of cells with puromycin (Figure 5-6) and cycloheximide (Figure 5-7) did not 

increase GAS5 or ZFAS1 transcript abundance in every cell line. Puromycin induced a 

significant increase of ZFAS1 abundance in MDA-MB-231, HeLa and MDA-MB-468 cells, 

but no significant differences in the abundance of ZFAS1 following treatment with 

cycloheximide were detected. However, only two cell lines were tested for the effects of 

cycloheximide and a change in ZFAS1 transcript abundance may be apparent in other cell 

lines. These results suggest that inhibiting ribosomes at specific sites induces the accumulation 

of ZFAS1 RNA in particular cases.  
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Figure 5-5: Effect of serum starvation on the abundance of ZFAS1 and GAS5 transcripts.  

Eight cell lines were incubated with media containing 0.5% FCS for up to 72 h to examine the effect of serum 
starvation on transcript abundance. qPCR was performed using total RNA to measure the level of GAS5 and 
ZFAS1. 18S and 28S rRNA transcripts were used to normalise the expression of GAS5 and ZFAS1. Fold change 
relative to time 0 is shown on the Y axis, and treatment time (h) shown on the X axis. Error bars are SEM of three 
biological replicates, p values were calculated using Student’s t-test. 
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Figure 5-6: Effect of puromycin, a translational inhibitor, on the abundance of ZFAS1 and GAS5 
transcripts. 

Four cell lines were incubated in normal media containing 50 µg/mL puromycin for up to 16 h. Relative gene 
expression was measured by qPCR using total RNA. 18S and 28S rRNA transcripts were used to normalise the 
expression of ZFAS1 and GAS5. The Y axis represents the fold change relative to time 0. The X axis shows 
treatment time. Error bars are SEM of three biological replicates, p values were calculated using Student’s t-test. 

 

Figure 5-7: Effect of cycloheximide, a translational inhibitor, on the abundance of ZFAS1 and GAS5 
transcripts. 

Cell lines were incubated in normal media containing 20 µg/mL cycloheximide for up to 16 h. Relative gene 
expression was measured by qPCR using total RNA extracted. 18S and 28S rRNA transcripts were used to 
normalise the expression of GAS5 and ZFAS1. The Y axis represents the fold change relative to time 0. The X 
axis shows treatment time. Error bars are SEM of three biological replicates, p values were calculated using 
Student’s t-test. 
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 Discussion 

The 5’TOP gene family consists of genes encoding ribosomal proteins, protein synthesis 

elongation factors as well as several genes that do not have apparent ribosomal function (263). 

We were able to identify the 5’ sequence of ZFAS1 isoform 4. The other isoforms could not be 

amplified, due to their high GC content. Mapping the 5’ end of ZFAS1 isoform 4 demonstrates 

that it commences with four to eight pyrimidines, and in one clone this is preceded by a G. 

Since ZFAS1 contains sequence characteristics of a 5’TOP RNA and is associated with 

ribosomes, we investigated whether its stability was regulated similarly to other members of 

the 5’TOP gene family. 

To investigate whether ZFAS1 was regulated similarly to other 5’TOP lncRNAs, GAS5 was 

tested alongside ZFAS1 in our experiments. Previous studies have shown that GAS5 

abundance increases during growth arrest using serum starvation and ribosome inhibitory 

drugs such as cycloheximide and puromycin in HEK293 cells (248). Another lncRNA, UHG 

also showed increases in abundance after treatment with cycloheximide and puromycin in 

HeLa cells (261). Based on these studies, these cell lines were included in our experiments. In 

agreement with published data, HEK293 cells showed an increase in GAS5 abundance after 

serum starvation. Under puromycin treatment, HeLa cells also showed a significant increase in 

GAS5 abundance. HEK293 cells treated with puromycin also exhibited elevated GAS5 

abundance although it did not reach statistical significance. ZFAS1 also showed a significant 

increase in HEK293 cells under serum starvation and in HeLa cells under puromycin 

treatment, confirming that GAS5 and ZFAS1 display similar patterns of expression under 

conditions of growth arrest. In cycloheximide-treated cells, HeLa cells showed an increase in 

both GAS5 and ZFAS1, although both changes were not significant.  

Several cell lines were tested under conditions of serum starvation for inhibition of NMD. 

Some cell lines, such as HCC1954, 8701BC, HCC70 and MDA-MB-231 were selected as they 

had low expression of ZFAS1. As inhibition of NMD should lead to an increase of 5’TOP 

transcripts, we hypothesised that if ZFAS1 was normally expressed at high levels, further 

elevation might be difficult to demonstrate. Any increase in ZFAS1 abundance would be more 

apparent in cell lines that normally express ZFAS1 weakly. 8701BC and MDA-MB-231 cells 

both showed significant increases in ZFAS1 abundance, while HCC70 displayed no change 

and HCC1954 showed a decrease in ZFAS1 abundance. This leads us to conclude that under 

conditions which might be expected to lead to NMD inhibition, its effects are not noticeable in 

all cell lines, even those with low expression of ZFAS1. 
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Previous experiments undertaken to investigate the role of GAS5 in breast cancer cell lines 

showed that the increase in GAS5 transcript abundance upon growth arrest is cell specific 

(264). In our experiments, serum starvation failed to increase GAS5 concentrations in cell 

lines, except for MDA-MB-231 and HEK293 cells. These cell lines as well as 8701BC cells 

also increased ZFAS1 transcript. While MCF7 showed an increase in GAS5 of approximately 

2-fold, this was non-significant. This shows that accumulation of 5’TOP transcripts such as 

ZFAS1 under growth arrest is cell type specific.  

As GAS5 transcript abundance did not increase in all cell lines under conditions expected to 

inhibit NMD, additional controls could have been performed to ensure that NMD was actually 

being inhibited. To ensure that changes in transcript abundance was not due to experimental 

artefact, negative controls such as transcripts which are not expected to change under NMD 

inhibition could have also been utilised. Tani et al. (248) have performed similar experiments 

in which the effects of NMD on GAS5 transcript was investigated. They utilised MALAT1, a 

nuclear restricted lncRNA as a negative control which did not show changes in transcript 

abundance upon NMD inhibition, which occurs in the cytoplasm. To confirm that NMD was 

occurring, more directly involved molecules in this process could have been investigated. A 

positive control that could have been measured is the abundance of UPF1, an RNA helicase 

which is a critical protein in mediating NMD (255). Quantification of this protein by Western 

blot or other experimental means would enable confirmation as to whether these cell lines are 

resistant to NMD. 

5’TOP lncRNAs are not always targeted for NMD. Like ZFAS1, the lncRNA U87HG is very 

stable, ineffectively degraded by NMD and shows mildly increased abundance during growth 

inhibition by cycloheximide and puromycin treatment in HeLa cells (265). The difference in 

susceptibility of ZFAS1 and U87HG, compared to GAS5 and UHG, to NMD may be due to the 

ability of ZFAS1 and U87HG to escape NMD. This may be due to secondary structure 

elements, or to the possibility that these transcripts do produce small peptides that slow 

translation and prevent termination. However, this is unlikely to be the case for ZFAS1 as 

discussed previously; ZFAS1 open reading frames do not overlap with ribosomal occupancy. 

Cancer cells experience cellular stresses, which inhibit NMD resulting in the upregulation of 

NMD-targeted mRNAs (266). NMD impacts cancer in different ways, depending on the 

targeted transcripts. It can have a protective role, as is the case with BRCA1, in which it 

degrades mutant BRCA1 mRNAs (267). Conversely, NMD can also promote cancer 

progression by degrading mRNA from tumour suppressor genes that encode a protein that 
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retains some or all beneficial activity (268). In our results, we demonstrate that the NMD 

response in breast cancer cells differs from that of normal epithelial cells. HEK293 cells, 

which are derived from human embryonic kidney cells, showed the strongest upregulation of 

both GAS5 and ZFAS1 when serum starved. There was also a trend for upregulation of ZFAS1 

and GAS5 when incubated with puromycin although it did not reach significance. However at 

16 h, the fold change of ZFAS1 in 3 biological replicates were 3.5, 47.9 and 2.1 fold relative to 

housekeeping genes, and GAS5 expression in 3 biological replicates were 2.7, 71.8 and 2.4 

relative to housekeeping genes. Examining each individual replicate does show an increase in 

the abundance of these transcripts after puromycin treatment, but in a very variable manner.  

 Summary 
Through 5’ RACE experiments, we have confirmed that at least 1 of 5 ZFAS1 isoforms 

contains a tract of pyrimidines at its 5’ end with a variable number of pyrimidines ranging 

from 4-8 ribonucleotides. We have shown that the ZFAS1 response to inhibition of NMD by 

serum starvation, puromycin and cycloheximide treatment is variable in different cell lines. 

Other 5’TOP lncRNAs such as GAS5 also exhibit variable response in different cell lines, 

indicating that lncRNAs respond differently to NMD in a cell specific manner. The NMD 

effect on ZFAS1 in some cell lines indicates that ZFAS1 transcript abundance is partially 

regulated via the ribosome in a cell specific manner but because the basal levels of ZFAS1 are 

normally high, it is unlikely to be the main mechanism of regulating transcript quantity. 

Overall, ZFAS1 appears to be resistant to NMD in most cell lines, indicating escape of 

degradation after splicing for other cellular functions. 
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Chapter 6. Functional studies of ZFAS1 using short 

hairpin RNA 

 Introduction 

Many thousands of lncRNAs have been discovered through high throughput technology. Next 

generation sequencing (55, 269, 270), tiling arrays (121, 271, 272), analyses of chromatin 

signatures (273) (72) and computational analyses of cDNA libraries (274, 275) have revealed 

that lncRNAs are differentially expressed depending on the cell type, developmental stage or 

disease phenotype. Although thousands of lncRNAs have been identified, functional 

characterisation has lagged behind, with only a small percentage further explored.  

An important step in identifying lncRNA function is to determine whether expression has 

biological consequence. Many groups have attempted to answer this question through loss 

and/or gain of function studies, and have discovered several lncRNAs that, when either 

overexpressed or knocked down, are involved in biological processes (88, 276, 277).  

ZFAS1 is highly expressed as detailed in (107) and Chapter 3. Although other researchers have 

observed phenotypic changes following ectopic overexpression of their lncRNA of interest, 

most lncRNAs have very low levels of expression. Because the basal level of ZFAS1 

expression is already high, we anticipated that further overexpressing it would not lead to an 

effect, and instead focussed on gene knockdown. 

RNA interference is a process that uses either siRNA or shRNA to reduce gene expression by 

targeting the specific RNA to be degraded. These two methods both utilise double stranded 

RNA molecules and have similar mechanisms of action of degrading RNA; namely, targeting 

specific RNA for degradation by the RNA-induced silencing complex (RISC) or other Dicer-

mediated processes. shRNA was selected for our study. siRNAs effect transient knockdowns: 

they are introduced into the cells through transfection, after which their expression peaks at 

around 4 h. However their knockdown effects last only for 2-4 days, and these reagents are not 

suitable for rapidly proliferating cells. shRNAs are stably transfected into cells using plasmid 

vectors, in which they integrate into the host genome. The shRNA is then synthesised in the 

nucleus, processed and transported into the cytoplasm, where it incorporates into the RISC for 

targeted knockdown (278). We selected a shRNA strategy because expression constructs are 
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stably transfected, and we were utilising breast cancer cell lines which show moderate to rapid 

rates of proliferation. 

ZFAS1 has previously been knocked down by siRNA, as discussed in Introduction. 

Knockdown of Zfas1 in HC11 mouse breast epithelial cells increased proliferation and 

induction of differentiation (107). Several other authors (as discussed in Introduction) have 

also used various RNAi techniques to study the role of ZFAS1 in different cell lines with 

varied effects. In this chapter, we have knocked down ZFAS1 using shRNA and studied the 

consequences for various biological processes.  

 Results 

 Generating ZFAS1-shRNA knockdown cell lines 

The MDA-MB-468 cell line was selected for knock down of ZFAS1 by shRNA as this cell line 

has moderately high expression of the gene. Four different shRNAs targeting ZFAS1 as well as 

a control scrambled shRNA were used. These shRNAs were designed by GeneCopoeia to 

target a common exon within all isoforms of ZFAS1, with four shRNAs designed to target 

exon 5 (Figure 6-1). shRNA sequences targeting ZFAS1 are shown in Table 6-1. shRNA 

sequences were inserted into commercially purchased plasmid vectors which contained a GFP 

expressing gene.  

 

Figure 6-1: Genomic positioning of ZFAS1 and four shRNAs used in these experiments. 

Table 6-1: List of sequences of shRNA used to target exon 5 of ZFAS1. 

Name Target Sequence (DNA) 
BC1 GCTTTCATGAAAGTGAAGATC 
BC2 GAACCAGTTCCACAAGGTTAC 
BC3 GGCTGTGCCCACTTCAAGAAT 
BC4 GCCCACTTCAAGAATGTCATT 
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Once GFP positive cells were selected (Figure 6-2), each cell line was cultured and harvested 

for RNA. Expression of ZFAS1 in shRNA-containing cells relative to that in scrambled control 

shRNA-containing cells was then measured through quantitative PCR. ShRNA BC2 had the 

greatest effect on ZFAS1 knockdown at 50% reduction, followed by shRNA BC1 with ZFAS1 

knockdown at 40% reduction. shRNAs BC3 and BC4 did not appear to knock down ZFAS1. 

Combinations of shRNAs BC1, BC2, BC3 and BC4 did not appear to knock down ZFAS1 

expression; neither did combination of BC1 and BC2. ZNFX1 expression was also measured 

in these knockdown cells, and did not appear to change in expression, with the exception of 

BC1-2 in which there was no ZFAS1 knockdown but ZNFX1 was upregulated (Figure 6-3). 

These experiments were repeated as three biological replicates. Based on the level of ZFAS1 

knockdown, BC1 and BC2 ZFAS1 knockdown cells were used for examining phenotypic 

changes.  

 

Figure 6-2: Flow cytometry graphs of MDA-MB-468 cells transfected with ZFAS1 shRNA BC2. 

(A-D) Light scatter plots of cells. Cells were gated to select for those particles which were likely to be single cells 
based on their side scattered and forward scattered (FSC) light patterns. (F) Cells that had incorporated the 
shRNA plasmid were sorted by Fluorescence-activated cell sorting, in which GFP fluorescence (trans GFP peak) 
was detected as a distinct population from non-transfected cells. 
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Figure 6-3: Effect of different shRNAs on ZFAS1 knockdown.  

Four different shRNA constructs (BC1-4) designed to target ZFAS1 were transfected into MDA-MB-468 cells. 
Combinations of different shRNAs were also used. BC1-4 were sorted into two populations of high GFP signal 
and low GFP signal, whereas the other shRNA transfected cell lines were derived from a single population of 
cells with similar GFP signal. The efficiency of shRNA knockdown was analysed by qPCR in relation to a 
scrambled shRNA control. ZFAS1 transcripts were knocked down to the greatest extent by shRNA BC1 and BC2, 
which were used for further analysis. Error bars are SEM, n=3. P-values are calculated using Student’s t-test 
relative to scrambled shRNA.  

As we were able to obtain only a partial knockdown of ZFAS1, we investigated if different 

cellular compartments had different levels of ZFAS1 knockdown. Extracts from scrambled 

shRNA and BC2 expressing cell lines were fractionated into cytoplasmic and nuclear 

compartments, and levels of ZFAS1 expression were analysed. When compared to ZFAS1 

expression in scrambled shRNA cells, BC2 expressing cells demonstrated a greater level of 

knockdown of ZFAS1 in the cytoplasm (66%) compared to the nucleus (15%), which did not 

show appreciable levels of ZFAS1 knockdown (Figure 6-4).  
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Figure 6-4: Effect of different shRNAs on ZFAS1 knockdown in different cellular compartments.  

Extracts from MDA-MB-468 cells transfected with scrambled shRNA or ZFAS1 BC2 shRNA were fractionated 
into cytoplasm and nucleus, and levels of ZFAS1 knockdown in these two fractions were compared to those in 
scrambled shRNA controls by qPCR. Error bars are SEM, n=2. P values were calculated using student’s t-test. 

 ZFAS1 knockdown does not regulate proliferation or cell size in breast cancer 

cells 

Knockdown of ZFAS1 in mouse mammary epithelial cell lines by siRNA has previously been 

demonstrated to increase cell proliferation and differentiation (107). To demonstrate whether 

this was also true for breast cancer cells, we measured cell proliferation rates using the SRB 

cell proliferation assay in BC2 and BC3-expressing cell lines and compared them to rates in 

cells expressing scrambled shRNA control. There was no noticeable difference in these cell 

lines. We also investigated cell size of BC2-expressing cells and scrambled shRNA-expressing 

cells, and also saw no noticeable increase (Figure 6-5).  
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Figure 6-5: Effect of ZFAS1 knockdown on cell phenotype. 

(A) Proliferation rates of cells transfected with vectors expressing control (scrambled RNA) and ZFAS1-specific 
BC2 and BC3 shRNA as determined by SRB assay. Error bars are SEM, n =2. (B) Size of cells (diameter) 
expressing control (scrambled) and ZFAS1-specific BC2 shRNA was determined using a Coulter electronic 
particle counter. 

 ZFAS1 does not regulate global translation 

As ZFAS1 had been found to be associated with actively translating ribosomes (Chapter 4), we 

investigated whether it was regulating protein translation. To do this, we measured nascent 

protein synthesis in the scrambled shRNA- and ZFAS1 BC2 shRNA-expressing cell lines with 

Click-iT® Metabolic Labelling with L-azidohomoalanine (AHA) (ThermoFisher). AHA is a 

methionine analogue that contains an azide moiety. When introduced into cells, it becomes 

incorporated into polypeptides during protein synthesis. Incorporation is then detected by 

reaction with an alkyne-tagged molecule. Cells were then analysed by flow cytometry for the 

fluorescence of Alexa 647. Although there was a slight reduction in global protein synthesis 

for ZFAS1 shRNA-transfected cell lines compared to cells expressing scrambled shRNA, this 

was not significant, reflecting similar levels of nascent protein synthesis (Figure 6-6).  
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Figure 6-6: Nascent protein synthesis as quantified by uptake of the fluorescent amino acid analogue, 
Click-iT® AHA.  

MDA-MB-468 cells expressing BC2 and scrambled control shRNA were grown in 25 cm2
 tissue culture flasks till 

70-80% confluent. Cells were depleted of methionine reserves then metabolically labelled with 40 µM of Click-
iT® AHA for 1 hour. 1,000,000 cells from each flask were harvested by trypsinisation, fixed with 4% 
paraformaldehyde then permeablised with 0.25% Triton X-100. Cells were then incubated with 10 mM TBS, 1 
mM CuSO4, 100 mM sodium ascorbate and 10 μM Alexa Fluor®647 alkyne for 30 min to detect labelled cells. 
Cells were then analysed by BD FACS Vantage Cytometer to determine nascent protein synthesis. n = 2. 

We also investigated the role of ZFAS1 in translation through examining polysome profiles. 

The same experimental procedure as described in Chapter 4 was repeated using scrambled 

shRNA and BC2 expressing cell lines. As shown in Figure 6-7, polysome gradient profiles of 

these two cell lines appear unchanged at the monosome and polysome peaks, indicating that 

global translational efficiency has been unperturbed by ZFAS1 knockdown. We also examined 

the abundance of GAPDH, an actively translated mRNA from fractions in these gradients 

through qPCR. GAPDH abundance in the polysome peaks appears similar in BC2 expressing 

cells compared to scrambled controls, but GAPDH appeared to be present in greater levels in 

the lighter polysomes and monosomes than in extracts from scrambled control-expressing 

cells. While global translational efficiency had not changed, translation of a specific mRNA, 

GAPDH, appears to be stalled based on its increase in abundance in the fractions containing 

light polysomes and monosomes.  
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Figure 6-7: ZFAS1 induces minor changes in mRNA distribution in polysome gradients.  

(A) Polysome distribution in lysates of MDA-MB-468 cells transfected with either ZFAS1 shRNA or scrambled 
RNA as separated on 7–47% sucrose gradients. Absorbance at 260 nm is shown on the Y axis. Fractions from the 
top of the gradient to the bottom are shown from left to right on the X axis. Fractions were collected in 37 equal 
volumes, of which every third was used for RNA extraction, and cDNA synthesised for qPCR. (B) The presence 
of GAPDH, an actively translated mRNA, was assessed in both cell lysates showing similar distribution. 

 ZFAS1 knockdown results in a subtle phenotype with a ribosomal connection 

As ZFAS1 was found associated with the small ribosomal subunit, we postulated that ZFAS1 

may affect ribosome activity through interactions with components of the 40S subunit. We 

chose to examine ribosomal protein S6 (RPS6), one of the major proteins of the small 

ribosomal subunit. It undergoes inducible phosphorylation mediated through TORC1 and 

promotes protein synthesis (279). To examine whether ZFAS1 affects the phosphorylation 
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state of RPS6 we performed Western blot analysis by using total protein from cells containing 

ZFAS1 BC1 and BC2 shRNA and scrambled control shRNA, investigating the relative 

abundance of phosphorylated RPS6 (the functionally active form) and total RPS6 (Figure 

6-8A). Knockdown of ZFAS1 decreased the phosphorylation level of RPS6 in ZFAS1 BC1 and 

BC2 shRNA-transfected cells by 36 and 35% respectively (Figure 6-8B). Total RPS6 also 

decreased in ZFAS1 BC2 shRNA-transfected cells (28%), although to a lesser extent than 

phospho-RPS6. By comparison BC3, which did not decrease ZFAS1 abundance, did not cause 

any change in either phospho-RPS6 or total RPS6 protein abundance (Figure 6-8B). The 

decrease in abundance and phosphorylation state of RPS6 supports the hypothesis of 

functional interactions between ZFAS1 and the 40S subunit. 

 

Figure 6-8: ZFAS1 affects RPS6 phosphorylation. 

(A) Western blot analysis of phosphorylated RPS6 and total RPS6 in ZFAS1 knockdown and scrambled control 
cells in three biological replicates. Actin was used as an internal control. (B) Semiquantitatve analysis of Western 
blot results using densitometry comparison to actin. BC1–BC3 shRNA-transfected cells and scrambled shRNA 
were used. Error bars are SEM of three biological replicates; p values were calculated using Student’s t-test. 
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As ZFAS1 did not appear to regulate translation, we further investigated whether it was 

involved in ribosomal biogenesis. We first examined basal levels of 45S rRNA transcript in 

shRNA-transfected cells grown to 80% confluence in normal growth media and were not 

exposed to anabolic stimuli. Cells expressing scrambled shRNA and ZFAS1 BC2 shRNA had 

similar levels of 45S rRNA abundance (Figure 6-9A). Ribosome biogenesis was then induced 

in non-transfected MDA-MB-468 cells to demonstrate that our experimental procedure could 

induce 45S transcription. To do this, MDA-MB-468 cells were starved for 48 h in medium 

containing 0.5% serum, followed by refeeding with medium containing 10% serum (Figure 

6-9B). During starvation, expression of ZFAS1 and 45S remained the same as in untreated 

cells. At 48 h after refeeding with serum-supplemented medium, the abundance of ZFAS1 

increased by 46% (p = 0.048), and 45S increased by 97% (p < 0.0001). This experiment was 

then repeated in scrambled shRNA-, ZFAS1 BC1- and BC2-shRNA expressing cells and 45S 

abundance measured (Figure 6-9C). After serum starvation and refeeding, cells expressing 

scrambled shRNA showed a 2 fold increase in 45S rRNA at 48 h; whereas those cells 

transfected with shRNA BC1 and BC2 did not demonstrate induction of 45S rRNA after 

serum starvation followed by refeeding.  
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Figure 6-9: ZFAS1 is upregulated during ribosome biogenesis.  

(A) Basal levels of ZFAS1 and 45S rRNA abundance in cells transfected with scrambled shRNA and ZFAS1 BC2 
shRNA in normal growth medium containing 10% fetal calf serum. (B) Wild type MDA-MB-468 cells were 
maintained for 48 h in medium containing low serum concentration of 0.5% (SS), and then refed (RF) for 24 h or 
48 h in medium containing serum at 10 %. T0 represents cells that were cultured in normal growth medium and 
harvested before induction of serum starvation. qPCR was then performed to measure the expression of 45S 
rRNA at 24h or 48h compared to T0. (C) This was repeated using cells expressing (i) scrambled shRNA, (ii) 
ZFAS1 BC1 shRNA and (iii) ZFAS1 BC2 shRNA. Expression is relative to three housekeeping genes (3HK) 
EMC7, CHMP2A and C1ORF43. Error bars are SEM of three biological replicates; p values were calculated 
using Student’s t-test. 

As serum failed to induce 45S rRNA when ZFAS1 was knocked down, we investigated 

whether this regulation was due to changes in the activity of transcription factors. We 
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performed Western blot analyses for UBF1 in extracts from ZFAS1 BC2-shRNA and 

scrambled shRNA-expressing cells (Figure 6-10). UBF1 is a transcription factor that facilitates 

the transcription of precursor rRNA, as described in the introduction of this thesis. We 

examined two phosphorylation sites necessary for the activation of UBF1, ser388 and ser488. 

We did not observe any difference in the abundance of these phosphoproteins between the two 

cell lines, nor was there any difference in total UBF1. 

 

Figure 6-10: Knockdown of ZFAS1 does not affect UBF1 phosphorylation in MDA-MB-468 cells. 

Western blot analysis of UBF1 using antibodies specific for two phosphorylation sites ser388 and ser484, and for 
total UBF1 in ZFAS1 BC2 knockdown and scrambled control cells in three biological replicates each of different 
passage number (p). Actin was used as an internal control. 

 Discussion 

We sought to identify possible functions of ZFAS1 through shRNA knockdown. We tested 

several shRNAs designed to target common exon 5 (Figure 6-1) and sorted transfected cells 

that contained a GFP signal using flow cytometry. We were able to achieve 40 and 50% 

knockdown using different shRNAs BC1 and BC2 (Figure 6-3). As the knockdown of ZFAS1 

was only partial, we then analysed the expression of ZFAS1 in different cellular compartments 

in our scrambled shRNA and ZFAS1 knockdown cell lines. We observed that ZFAS1 showed 

the greatest knockdown in the cytoplasm whereas the abundance of nuclear ZFAS1 remained 

largely unchanged (Figure 6-4). Lennox et al. studied the efficiency of gene knockdown of a 

variety of lncRNAs with different RNA silencing mechanisms, namely siRNA and antisense 
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oligonucleotides (ASOs). These techniques use different strategies, in which siRNA utilises 

the RNAi machinery in the cytoplasm whereas ASOs utilise RNAse H in the nucleus for gene 

knockdown. They found that siRNAs were more effective at reducing the abundance of 

cytoplasmic lncRNAs than nuclear lncRNAs. ASOs on the other hand were much more 

effective at knocking down nuclear lncRNAs compared to cytoplasmic lncRNAs (280). This 

aligns with our knockdown results, in which shRNAs led to greater cytoplasmic knockdown 

than nuclear knockdown of ZFAS1. As ZFAS1 is located in the cytoplasm and nucleus 

(Chapter 3), both strategies may need to be used simultaneously to achieve greater 

knockdown.  

Askarian-Amiri et al. (107) previously demonstrated increased proliferation in mouse breast 

epithelial cells when ZFAS1 was knocked down by siRNA. We tested cell proliferation in our 

shRNA knockdown cell lines and did not demonstrate any difference in cell proliferation. We 

also investigated cell size, as cell hypertrophy is another marker of cell growth. Again, we did 

not observe any change in cell size when ZFAS1 was knocked down (Figure 6-5). ZFAS1 may 

therefore have different functions in breast cancer cells compared to breast epithelial cells, or 

distinct functions in different species. We had been interested in studying ZFAS1 in human 

immortalised breast epithelial cells MCF10A, but this was not pursued due to the difficulty of 

growing this cell line in culture. It may also be that the level of ZFAS1 knockdown was not 

enough to exert a noticeable effect in cell proliferation or size. 

We have also shown that ZFAS1 is associated with ribosomes (Chapter 4). As the main 

function of ribosomes is to translate mRNA into protein, we investigated the role of ZFAS1 in 

protein production. We examined global nascent protein synthesis in our scrambled shRNA 

cells and compared it to ZFAS1 BC2 shRNA cells. We did not observe any difference in 

protein production (Figure 6-6). We also examined the translational efficiency in our 

knockdown cells through polysome profiling. Both scrambled and ZFAS1 shRNA BC2 cells 

had similar ribosome profiles. While the distribution of GAPDH is similar along the polysome 

region, it appeared to be present in greater levels in the lighter polysomes in BC2 expressing 

cells than in extracts from scrambled control-expressing cells (Figure 6-7). This indicates that 

global translational efficiency has not changed between the two cell lines. The distribution of 

GAPDH did not change in the heavy polysomes, suggesting increased translation initiation of 

GAPDH that becomes stalled at the light polysomes.  

Upon reduced expression of ZFAS1, phosphorylation of RPS6 decreased (Figure 6-8). RPS6 is 

a component of the 40S small subunit, and undergoes phosphorylation induced by anabolic 
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signals. The molecular mechanisms underlying the diverse effects of RPS6 phosphorylation on 

cellular and organismal physiology are still poorly understood (279). RPS6 is thought to 

regulate translation, proliferation and cell size, but we did not observe appreciable differences 

in ZFAS1 knockdown cells (Figure 6-5B). However, S6 kinases, responsible for RPS6 

phosphorylation, have been implicated as regulators of ribosome biogenesis factors (281). 

RPS6 also has distinct functions in the cytoplasm and nucleus. In the cytoplasm, 

phosphorylation of RPS6 promotes translation of specific transcripts (282) whereas in the 

nucleus it binds to the pre-rRNA after transcription as part of the small subunit processing for 

generation of mature 18S rRNA (283, 284). Knockdown of ZFAS1 may interfere with this 

ribosome biogenesis programme reflected in reduced phosphorylation and abundance of 

RPS6. 

Knockdown of ZFAS1 abolishes increases in 45S abundance after ribosome induction through 

serum refeeding after starvation compared to scrambled control shRNAs (Figure 6-9). This 

supports a role of ZFAS1 in ribosome biogenesis and may suggest that ZFAS1 functions to 

promote 45S transcription or processing. However, serum starvation affects a plethora of 

responses, and ZFAS1 may modulate several divergent pathways. We also investigated 

whether ZFAS1 knockdown led to changes in UBF1 activity (Figure 6-10). UBF1 is a member 

of high mobility group (HMG) proteins that acts a transcription factor for RNA Pol 1 (285). 

There are two variants of UBF: UBF1 and UBF2, of which UBF1 is more active (286). Both 

function as transcription factors for RNA Pol I (287), and are therefore crucial to initiation of 

ribosome biogenesis. We did not observe any difference in UBF1 phosphorylation, which 

dictates its activity, in our ZFAS1 BC2 shRNA or scrambled control cells. However, ZFAS1 

knockdown was not effective in the nucleus. As ribosome biogenesis occurs within the 

nucleolus, we cannot determine whether ZFAS1 is having an effect on the activity of nuclear 

ribosomal biogenesis factors. As we did observe an effect of ZFAS1 knockdown on induction 

of ribosome biogenesis, this suggests that ZFAS1 may regulate cytoplasmic factors rather than 

nuclear factors in ribosome biogenesis. Further study in which ZFAS1 is knocked down more 

efficiently in both cell compartments will need to be performed to reach a conclusion on the 

function of ZFAS1 in the nucleus.  

 Summary 

Using shRNA, we knocked down ZFAS1 and investigated its role in a breast cancer cell line. 

ZFAS1 is not directly involved in regulation of global translation, but ZFAS1 is induced in 

parallel with ribosome biogenesis, suggesting a role in synthesis or assembly of ribosomes. 
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ZFAS1 knockdown decreases both RPS6 phosphorylation and ribosome biogenesis induction, 

suggesting that ZFAS1, in its association with the 40S subunit, may not regulate translation 

directly and instead may be involved in ribosome production and assembly. 
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Chapter 7. Association of ZFAS1 in muscle models of 

ribosome biogenesis 

 Introduction 

In the previous chapters, we demonstrated that ZFAS1 is associated with ribosomes, and when 

knocked down, abolishes the induction of ribosome biogenesis. Given the association of 

ZFAS1 with ribosomes in breast cancer and correlations with the induction of ribosome 

biogenesis, the function of ZFAS1 was explored in muscle as a model system of ribosome 

biogenesis. 

Ribosome biogenesis has been studied in skeletal muscle following a programme of resistance 

training (288-291). This leads to muscle hypertrophy, part of which is due to an increase in 

protein synthesis, which in turn may reflect translational activity. The number of ribosomes 

has been thought to be the primary determinant of the translational capacity of a cell, and 

therefore ribosome biogenesis may have an essential role in the control of increased protein 

synthesis contributing to muscle hypertrophy (292). Increased ribosome biogenesis has been 

observed in rodent models of muscle hypertrophy by synergistic ablation of the soleus and 

gastrocnemius muscles, in which these muscles are removed to overload the plantaris muscle 

(290) as well as in humans after resistance training (288). In the work described in this 

chapter, the role of ZFAS1 was investigated in human muscle biopsies after resistance training. 

These samples have previously been analysed for ribosome biogenesis, and it was found that 

the 45S pre-ribosomal RNA transcript was induced significantly 24 h after resistance training 

(289).  

Several signalling pathways regulate muscle mass, one of which is the IGF-1/PI3K/mTOR 

pathway. PI3K is a lipid kinase that is activated by a number of stimuli, such as insulin, amino 

acids and exercise to promote muscle remodelling (293). This kinase activates several 

downstream proteins, one of which is mTOR, which in turn phosphorylates eIF4E binding 

protein and ribosomal protein S6 kinase. Activation of these two proteins increases translation 

of 5’TOP mRNAs as well as increasing transcription of ribosomal RNA. Together, increases 

in the translation of mRNA encoding ribosomal proteins and transcription of ribosomal RNA 

increases ribosomal biogenesis. This in turn allows the cell to increase protein production, 

leading to muscle hypertrophy (294). This effect of IGF-1 on cell hypertrophy has been 

demonstrated through the study of transgenic mice overexpressing IGF-1 which demonstrate 
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increased muscle size compared to wild type mice (295). A second signalling pathway that 

regulates muscle mass is through myostatin. Myostatin is a member of the transforming 

growth factor-β family that negatively regulates muscle mass. Mice with null knockouts of 

myostatin exhibit larger muscles due to hypertrophy (296, 297). 

This chapter also describes work that has investigated the role of ZFAS1 in C2C12 cells, 

which are a mouse skeletal muscle cell line derived from satellite cells. These muscle cells are 

undifferentiated myoblasts, but can be induced to differentiate in vivo, in which conditions 

they fuse into multinucleated post-mitotic myotubes (298). During myogenesis and 

differentiation, the sequential expression of muscle regulatory factors is tightly controlled. 

MyoD is expressed early during differentiation and is expressed most highly during early 

stages of myogenic differentiation. Terminal differentiation is dependent on expression of the 

transcription factor myogenin and is expressed most highly during final stages of 

differentiation. Myosin heavy chain functions as a structural protein of myotubes, and its 

expression also increases as myoblasts become differentiated into myotubes (299). Treatment 

of C2C12 cells with IGF-1 increases proliferation, but when induced to differentiate, IGF-1 

leads to fusion and hypertrophy of myotubes and is thus a useful model to study hypertrophy 

(300).  

Using these models of muscle hypertrophy in which ribosome biogenesis is induced, the role 

of ZFAS1 was investigated.  

 Results 

 The expression of ZFAS1 and transcripts of ribosomal proteins in human muscle 

is correlated 

We have demonstrated that ZFAS1 expression is correlated with that of several ribosomal 

protein genes in human breast cancer (Chapter 4). These transcripts (RPS3, RPS21, RPS24, 

RPL22 and RPL28) were further analysed in human muscle expression data derived from the 

GTEX database (http://www.gtexportal.org/, GTEX v6) (301) in comparison to ZFAS1 

expression (Figure 7-1). The expression of these ribosomal protein genes was positively 

correlated with that of ZFAS1, Spearman correlation r=0.3766-0.5775, p<0.0001), suggesting 

coregulation.  

http://www.gtexportal.org/
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Figure 7-1: ZFAS1 expression is correlated with mRNA expression of several ribosomal proteins in human 
muscle. 

Pearson correlation analyses of ZFAS1 expression in human muscle samples with candidate ribosomal protein 
gene expression derived from GTEX. N= 361. 

 ZFAS1 is induced after resistance exercise 

Recreationally active males were subject to resistance exercise and muscle biopsies collected 

0, 2, 24 and 48 h after exercise. These samples have been previously analysed to show a 50% 

increase in 45S expression 24 h post exercise (289). ZFAS1 expression was analysed by 

quantitative PCR in these samples (Figure 7-2), and also demonstrated a 42% increase 24 h 

post exercise. The expression of candidate ribosomal protein genes was also analysed. RPS3 

and RPL28 exhibited a 38% and 19% increase respectively at 24 h post exercise, while other 

candidate ribosomal proteins showed no change in expression after exercise.  
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Figure 7-2: Effect of resistance exercise on ZFAS1 and candidate ribosomal protein gene transcript 
expression. 

Recreationally active males were subject to resistance training. Muscle biopsies from the Vastus lateralis were 
collected before and 2, 24, and 48 h after each session, and used for RNA isolation and qPCR analysis of ZFAS1 
expression. Error bars are SEM, n=8. 

 Zfas1 in mouse models of muscle hypertrophy 

Hypertrophy in mouse muscle was induced by IGF-1 overexpression (Class 2 IGF-1 Ea 

isoform), by myostatin knockout (Mstn-/-) and by a combination of both IGF-1 overexpression 

and myostatin knockout. The expression of IGF-1 was driven by a myosin light chain 

promoter so that this overexpression was selective for skeletal muscle. These tissue samples 

were gifted to us by Professor David Cameron-Smith (Liggins Institute, University of 

Auckland).  

Zfas1 and 45S expression was analysed in these samples. Zfas1 expression increased in all 

genotypes, with the greatest increase (of 4-fold) in KO+IGF mice (Figure 7-3A). 45S 

expression also increased in all genotypes with WT+IGF mice showing the greatest increase of 

2.5 fold (Figure 7-3B). 45S and ZFAS1 expression exhibited weak correlation (r=0.2821, 

p=0.0575) (Figure 7-3C). The expression of ZFAS1 was compared to muscle mass and total 

RNA of the muscle (Figure 7-3D and E), - the latter data were provided to us by Professor 

Cameron-Smith. ZFAS1 was found to be positively correlated with both parameters. 45S 

rRNA on the other hand was not correlated with muscle mass or total RNA (Figure 7-3F and 

G). 
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Figure 7-3: Zfas1 is induced when muscle growth is stimulated. 

Muscle hypertrophy was induced in mice using myostatin knockout (n=8), IGF-1 overexpression (n=8) and a 
combination of both (n=8) and compared to wild type (n=6). RNA was extracted from gastrocnemius muscle. 
Quantitative-PCR was performed to assess the expression of Zfas1 (A) and 45S (B). Error bars are SEM. 
Correlations between 45S and Zfas1 in these samples were calculated using Pearson’s correlation (C). Muscle 
mass and total RNA were determined, and analysed for correlation with Zfas1 expression (D, E) as well as 45S 
expression (F, G). 

To assess the expression of Zfas1 in myoblast differentiation, C2C12 cells were grown to 

confluence, and differentiation induced by addition to confluent cells of differentiation 

medium containing low serum and high glucose concentrations, specifically 2% horse serum 

and 25 mM D-glucose. Cells were collected at day 2 (D2) and D5 after differentiation medium 

was added. Myoblasts were completely differentiated into myotubes by D5. Myoblast 

differentiation was assessed using the myogenic markers myogenin, myosin heavy chain and 

MyoD protein expression (Figure 7-4). During differentiation, myosin heavy chain and 

myogenin increased, while myoD protein decreased. Zfas1 expression was analysed at these 

time points and increased 3 fold at D2 then decreased to baseline levels at D5. 45S expression 

was also assessed and found to be decreased after induction of differentiation at both D2 and 

D5 compared to proliferating myoblasts at D0. 
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Figure 7-4: Expression of Zfas1 during C2C12 mouse muscle cell differentiation.  

(A) The expression of Zfas1 was measured by RT-PCR of cDNA derived from C2C12 cells cultured in 
proliferation medium (D0) or shifted to differentiation medium for 2 and 5 days. Expression levels were 
standardised to three housekeeping genes (3HK) and calculated relative to 1 in D0 proliferating cells. N=3, error 
bars are SEM. (B) Western blot analysis of myogenic regulatory factors myogenin, myoD as well as myosin 
heavy chain, a major structural protein in muscle cells, at different time points after induction of differentiation. 
Actin was used as a loading control. n. biological replicate. 

As Zfas1 had been found to be increased in hypertrophic mouse models, further experiments 

were performed to ascertain whether hypertrophic stimuli would affect Zfas1 expression. In 

order to treat cells with hypertrophic stimuli, C2C12 cells were first differentiated into 

myotubes. C2C12 cells were grown in differentiation medium for 2 days, and then treated with 

10 nM cytosine arabinoside (AraC) for 24 h to eliminate proliferating myoblasts from cultures. 

At D3, cells were treated with 10 ng/ml IGF-1 and harvested at D5. Expression of Zfas1 was 

analysed by qPCR and found to increase 2 fold after treatment with IGF-1 compared to 

untreated controls (Figure 7-5A). Hypertrophy was assessed by increased protein/DNA ratio 

(Figure 7-5Bi). Although the difference in protein/DNA ratio was not statistically significant, 

analysis of each replicate shows that this ratio increases in each biological repeat (Figure 

7-5Bii). 
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Figure 7-5: Zfas1 is induced in models of muscle hypertrophy.  

(A) C2C12 cells were induced to differentiate, treated at D2 with 10 nM AraC to deplete cultures of proliferating 
cells, and then treated with 10 ng/ml IGF at D3. Cell lysates were harvested at D5 and expression of Zfas1 and 
45S was compared to that of non-treated cells by RT-PCR, standardised to three housekeeping genes. (B)(i) 
Protein/DNA ratio of IGF-1 treated C2C12 cells compared to control cells. (ii) Three biological replicates of 
protein/DNA ratios of C2C12 IGF-1 treated cells compared to corresponding control cells N=3, error bars are 
SEM. 

 Discussion 

The generalised view of ribosomes is that they are uniform molecular machines, but studies 

have demonstrated that not all ribosomes are the same. Ribosomes exhibit heterogeneity in 

their composition and modifications, and this variation in properties could provide a platform 

for diversity in function and activity. Evidence suggesting the existence of ribosomal 

heterogeneity includes divergent ribosomal protein mutant phenotypes and highly selective 

pathologies observed in people with genetic defects involving ribosomal components. 

Translational complexes also vary in their ribosomal protein stoichiometry, in which some 

ribosomal proteins are enriched in monosomes while others are enriched in polysomes (302). 

The abundance of ZFAS1 exhibited strong correlation with those of mRNA transcripts of 

ribosomal proteins in human muscle from GTEX database analysis (Figure 7-1), suggesting 
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that ZFAS1 expression is proportional with the abundance of a subset of ribosomes and could 

be contributing to ribosome heterogeneity.  

Ribosome biogenesis is a crucial component of hypertrophy as observed in rodent models of 

overload-induced muscle hypertrophy (290) as well as in human subjects after resistance 

training (288). Using human muscle biopsies obtained both before and after exercise, the 

expression of ZFAS1 was found to increase 24 h post resistance training. These samples have 

previously been analysed for ribosome biogenesis through measuring key ribosomal 

biogenesis factors. 45S pre-rRNA increases 50% 24 h post exercise and remains elevated 48 h 

post exercise. Expression of UBF1, a transcription factor for RNA polymerase I necessary for 

expression of rRNA species, also shows similar increases (289). The stimulation of protein 

synthesis in response to exercise can be separated into two main categories: rapid changes that 

occur in <1 h and longer term changes which occur after several hours. Rapid changes are due 

to enhanced mRNA translation activated by translation factors whereas long-term changes are 

due to an increase in the number of ribosomes (294). In agreement with this, 45S did not 

increase until 24 h post exercise. ZFAS1 abundance also increased at the same time suggesting 

that ZFAS1 increases when ribosome biogenesis is occurring. We did not observe a similar 

increase in mRNA transcript expression of candidate ribosomal proteins (Figure 7-2). 

Ribosomal proteins are highly expressed, and a large fraction of approximately 7-9% exist as a 

free ribosomal protein pool (303). This free pool may have been used for ribosome biogenesis, 

obviating the need for the activation of gene transcription to synthesise new ribosomal 

proteins.  

ZFAS1 is expressed at much lower levels than core ribosomal RNAs, yet ZFAS1 expression is 

proportional to the total RNA abundance in the cell. Since approximately 80% of the total 

RNA in a cell is rRNA, total RNA functions as a proxy for total ribosomal content (304). We 

have demonstrated that ZFAS1 abundance is strongly correlated with the total ribosome 

content of cells in hypertrophic mouse models (Figure 7-3D and E), suggesting that ZFAS1 is 

coregulated with ribosome number. Previously, we presented evidence that ZFAS1 is 

associated with light polysomes in breast cancer cells (Figure 4-2) (238). Slavov et al have 

demonstrated that ribosomes exhibit heterogeneity in their protein composition according to 

translational complex (302) and our results suggest that lncRNAs may also exhibit similar 

heterogeneity and confer distinct functionality upon ribosomes.  

Ribosome biogenesis has been directly correlated with the amount of muscle hypertrophy in 

rodent models of plantaris muscle hypertrophy via synergistic ablation (tenotomy scision of 
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gastrocnemius and soleus muscle) as measured by 18S rRNA and 28S rRNA content (305). 

We did not observe a direct correlation of 45S with total RNA or muscle mass (Figure 7-3F 

and G) but as these mice were not subject to ribosome biogenesis stimuli, it is possible that 

basal rate of ribosome biogenesis is independent of muscle mass, or that because 45S 

transcript is an intermediate, the rate of processing to rRNA increases.  

In previous studies, ZFAS1 was found to be differentially regulated during post pubertal 

mammary gland development. Specifically, its expression was highly elevated during 

pregnancy, downregulated during lactation and increased during involution, although not to 

the same magnitude as during pregnancy (107). During these stages, the mammary gland 

undergoes drastic morphological changes, with extensive remodelling and changes in 

proliferation (306). During muscle cell differentiation, rapidly proliferating myoblasts become 

terminally differentiated into myotubes. This results in a decrease in cell proliferation, fusion 

of cell membranes and increased production of ribosomal proteins (307-309). Differentiation 

in muscle cells can be confirmed by the expression of key myogenic regulatory proteins. After 

induction of differentiation, we observed a decrease in the abundance of myoD (Figure 7-4), a 

protein which is normally expressed in proliferating myoblasts and decreases in expression as 

cells become differentiated and post mitotic (310). Myogenin and myosin heavy chain on the 

other hand increased in expression after induction of differentiation. Myogenin is a marker for 

myoblast entry into myogenic differentiation and is required for the fusion of myogenic 

precursor cells (311) whereas myosin heavy chain is a crucial component of the contraction 

machinery of differentiated muscle cells (312). In our differentiated myoblasts, we observed a 

40% reduction in 45S abundance at day 2 and 27% reduction at day 5 compared to day 0. 

Interestingly, ZFAS1 expression increased 3 fold at day 2 of induction of differentiation, and 

returned to baseline expression levels at day 5, by which time myoblasts were completely 

differentiated to myotubes. This suggests that ZFAS1 is involved in early differentiation of 

muscle cells, similar to its role in mammary gland development, and may have secondary 

functions independent of ribosome biogenesis.  

Other external factors can also induce hypertrophy in skeletal muscle. IGF-1 has anabolic 

effects and plays a key role in the regulation of muscle size. There are two ways in which 

muscle size can be increased; either by increased myofibre size (hypertrophy) or increased 

myofibre numbers (hyperplasia). IGF-1 is an established inducer of ribosome biogenesis 

through the mTOR pathway. IGF-1 has been demonstrated to induce skeletal muscle 

hypertrophy in multiple mouse models as reviewed (295).  
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As a model of hypertrophy, the mouse muscle cell line C2C12 was fully differentiated and 

depleted of proliferating myoblasts before treatment with IGF-1 to ensure hypertrophy, not 

hyperplasia, was occurring. We observed a 70% increase in ZFAS1 as well as a 50% increase 

in 45S expression. These results confirm that ZFAS1 is induced in hypertrophic models, 

concurrently with a key marker of ribosome biogenesis. Hypertrophy was confirmed by the 

analysis of protein/DNA ratio, as this has been previously used to measure muscle cell 

hypertrophy (313). The protein/DNA ratio was greater in IGF-1 treated C2C12 cells compared 

to control cells (Figure 7-5B). Although this was not statistically significant, each individual 

biological replicate showed an increase in protein/DNA ratio confirming that hypertrophy was 

occurring. However, alternative methods to assess muscle hypertrophy will be used in the 

future such as measuring myofibre width after treatment with IGF-1, which may be more 

sensitive in detecting subtle differences (314).  

 Summary 

By investigating ZFAS1 expression in various muscle samples, we observed correlative data 

that links ribosome biogenesis to this lncRNA. ZFAS1 expression was correlated with mRNA 

expression of several ribosomal proteins using publically available databases. The abundance 

of ZFAS1 increased after resistance training in humans, during which ribosome biogenesis is 

known to occur. In mouse samples, Zfas1 expression was associated with increased 

hypertrophy as well as increased ribosome content. Zfas1 also increased upon myoblast 

differentiation into myotubes, as well as in response to hypertrophic stimuli. These studies 

strengthen the possible role of ZFAS1 being involved in ribosome biogenesis.  
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Chapter 8. Identifying putative protein interactions with 

ZFAS1  

 Introduction 

LncRNAs are functionally diverse molecules, and their effects are achieved through their 

ability to interact with different types of cellular molecules. Through interactions with 

proteins, lncRNAs regulate gene expression by various mechanisms, including chromatin 

remodelling, transcription, splicing of pre-mRNA and translation in the cytoplasm (315).  

Previous studies of ZFAS1 have identified protein partners in different systems that may 

dictate their function. Thorenoor et al. (196) have found that ZFAS1 binds to CDK1 in 

colorectal cancer cells. These authors used in vitro transcribed RNA to pulldown ZFAS1 

associated proteins. ZFAS1 has also been found through ChIPSeq experiments to bind to 

LSD1 and EZH2 in gastric cancer cells (200). However, these cancers exhibit different 

expression patterns of ZFAS1 compared to breast cancer and it is possible that different 

proteins interact with it in different cell types.  

In breast cancer cell lines, ZFAS1 has been shown to cosediment with ribosomes, suggesting 

that it associates with a subset of these high molecular weight complexes (Figure 4-2) (238). 

To identify proteins that may be interacting with ZFAS1, we designed biotinylated antisense 

probes that tile across the length of ZFAS1. We designed and used probes longer than 60 

nucleotides so as to allow the increased stringency of hybridisation and to reduce non-specific 

interactions between the probes and RNA molecules (316). Cells were cross-linked to fix 

RNA-protein complexes. Endogenous ZFAS1 and associated complexes were then purified by 

hybridisation with the biotinylated probes and sedimentation with streptavidin-coated beads. 

Proteins were eluted from the beads by heat denaturing of bead proteins, separated by size by 

electrophoresis and identified by mass spectrometry. In comparison to other techniques that 

use in vitro transcribed RNA, this technique allows capture of proteins that are bound to 

endogenous RNA. As in vitro transcribed RNA requires labelling which may disrupt the RNA 

structure necessary for protein interactions, using endogenous RNA bypasses the effect of 

labelling on RNA structure. Many ncRNAs are post transcriptionally modified (317) which 

may not be replicated when using in vitro transcribed RNA. Use of probes to detect 

endogenous RNA will allow purification of transcripts with naturally modified nucleotides 

that may be important for the function of ZFAS1 and its protein interactions. It also allows the 
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use of conditions in which there is native stoichiometry of the RNA to proteins. When using in 

vitro transcribed RNA, it may be difficult to match endogenous RNA concentrations, with too 

great a concentration leading to non-specific interactions, while using too low a concentration 

may result in interactions not being detected. Additionally, interactions that occur by 

introducing the labelled RNA after cell lysis may lead to false positive hits that wouldn’t 

normally occur in the cell (318).  

This method has been used previously to determine lncRNA-protein interactions. Rinn et al 

used this method to show that HOTAIR was binding to PRC2, and this interaction was 

necessary for the trimethylation of H3K27 at the HOXD locus (319). McHugh et al have also 

used a similar technique to identify proteins associated with Xist that are necessary for Xist 

mediated silencing of the X chromosome (219).  

Through the study of protein interactions with ZFAS1, we aim to further explore its putative 

regulatory mechanism in breast cancer. 

 Results 

 Probe design 

Probes greater than 60 bp were designed using Primer3 (v. 0.4.0) to target ZFAS1 exons 2, 3 

and 4. One probe was designed to target each exon. To avoid off-target hybridisation, these 

probes were analysed through BLAST. Those sequences that contained a perfect 30 bp match 

or an imperfect identity 60 base pair match with another transcript were removed. Because of 

this, probes targeting exon 5 could not be designed. Probes targeting exon 1 were not used, so 

as to prevent potential interference with ZNFX1. The genomic localisation of probes is shown 

in Figure 8-1. Scrambled probes were generated by scrambling the sequence of ZFAS1 using 

Sequence Scramble (http://www.genscript.com/tools/create-scrambled-sequence) and 

designing a probe against the randomised target sequence. This sequence for scrambled probe 

was also analysed through BLAST to ensure it did not bind to any specific gene region. Probes 

were ordered with 5’ biotin modification from BioSearch Technologies. Probe sequences are 

detailed in Table 8-1.  

http://www.genscript.com/tools/create-scrambled-sequence
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Figure 8-1: Orientation of probes used for pulldown of ZFAS1 in relation to a schematic of ZFAS1 
genomic arrangement. Biotin modifications were attached to the 5’end of each probe. 

Table 8-1: Probe sequences used for RNA pulldown of ZFAS1 with their calculated GC content and probe 
size. 

Name Probe sequence (5’-3’)  GC content 

ZFAS1_exon2 (91 bp) GAGATCGAAGGTTGTAGATGTCTGCACGTGGCTTCCTTGGAGG

TCCAGTGGTGACTCCCTCTTCCAAAATCCATTCTGTACCCGCT

GGCTG 

53.8% 

ZFAS1_exon3 (86 bp) CAATTTTATATGTATATATATATTCTACTTCCAACACCCGCAT

TCATCCTGGTTCAATCAAAGCCTGGTTTTGGCCAACAATAAAC 
34.9% 

ZFAS1_exon4 (62 bp) CTGTTACAAGGCAGACTGAATCAAGCCAAGATCAACACACACT

GGTACACGTGGCTCCCAAC 
50% 

ZFAS1_scrambled (91 

bp) 

TGCGTTACTGAGTTGTTGGTAGGTAGGCTCCCCACGAAGGCGC

CTTGCTCGTCTGGGACTCTAGCTCCCTATTATGTCGAACCAAT

GGATC 

53.8% 

 RNA pulldown optimisation 

Streptavidin beads, cell lysate and cell lysate with beads were run on a protein gel to determine 

if any of the reagents used for pull-down was contributing to protein bands which could 

interfere with interpretation of protein gels. As shown in Figure 8-2, the beads alone resulted 

in a strong signal at approximately 12 kDa and a weaker signal at 25 kDa. This band was not 

as strong in lysate alone compared to lysate and beads together, indicating that it is an artefact 

of the streptavidin beads. 
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Figure 8-2: Coomassie stained protein gel showing pilot experiment used to detect whether beads or probes 
contributed to signal on gel. 

10 µg of streptatividin beads was loaded for ‘Beads’ lane. Cell lysate equivalent to 100,000 MDA-MB-468 cells 
was loaded for ‘Lysate’ lane. Same amounts of cell lysate and beads were loaded together for ‘Lysate and bead’ 
lane. Red arrows indicate artefact proteins of streptavidin beads.  

The initial protocol used for UV crosslinking was adapted from (219) and probe hybridisation 

protocol was adapted from (218). Schematic flow-through of the experiment is shown in 

Figure 8-3. In short, MDA-MB-468 cells were grown in 150 mm tissue-culture treated culture 

dishes (x10), UV cross-linked in Spectrolinker at 254 nm wavelength with 0.8 J/cm2 then 

removed from the bottom of the dish using a cell scraper. 100 million cells counted and used 

for hybridisation with probes. Cells were lysed then treated with DNAse to remove genomic 

DNA. Lysate was hybridised with the ZFAS1 probes at 37 °C overnight. Lysate was then 

incubated with the beads at 37 °C for 30 min and washed by resuspending beads in wash 

buffer, followed by separation of beads on a magnetic rack for 5 min and removal of 

supernatant. This was repeated 5 times to remove unbound proteins. Beads were resuspended 

in 50 µL of wash buffer, and bound proteins were then eluted by heating samples at 95 °C for 

10 min. Beads were separated using a magnetic rack and samples run on a gel.  
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Figure 8-3: Workflow of pulldown of proteins associated with ZFAS1. 

Black boxes indicate experimental procedure. Blue arrows indicate volumes that were taken from each procedure 
and loaded onto SDS-polyacrylamide gels. 

As shown in Figure 8-4, the output products revealed a mainly empty lane, with an intense 

band at approximately 12 kDa and faint bands at approximately 25 and 50 kDa. These bands 

were observed in the gel with beads only, confirming that the experiment was unsuccessful.  
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Figure 8-4: Coomassie stained 4-12% acrylamide gel of total cellular proteins of MDA-MB-468 cell lysate 
using probes targeting ZFAS1.  

Cells were UV exposed prior to pulldown to crosslink intracellular components. Probes were hybridised to RNA 
at 37 °C overnight. Red arrowheads indicate artefact proteins of streptavidin beads. 

We hypothesised that the method of crosslinking ZFAS1 RNA to protein may have affected 

the success of RNA pulldown by damaging the RNA. To determine the optimal method of 

crosslinking RNA to protein, different crosslinking methods were used and RNA isolation 

performed. This was to determine which method of crosslinking affected native RNA the least. 

MDA-MB-468 cells were plated into 30 mm tissue-culture treated dishes (1 million 

cells/dish). The next day, cells were washed in ice-cold PBS and either subjected to UV 

crosslinking or formaldehyde crosslinking. For UV crosslinking, cells were UV crosslinked in 

a Spectrolinker at 254 nm with 0.8 J/cm2. For formaldehyde crosslinking, cells were incubated 

in 0.75% formaldehyde for 10 min and quenched with 125 mM glycine. Cells were scraped 

from the dishes and isolated for RNA using TriZol and resuspended in 15 µL water. Total 

RNA from cells after treatment with different crosslinking methods was then compared (Table 

8-2). Control cells yielded the most RNA, followed by formaldehyde crosslinking then UV 

crosslinking. Based on these results, formaldehyde crosslinking was used prior to pulldown of 

ZFAS1. 

 



 

     
136 

 

Table 8-2: RNA yields using TriZol reagent following different crosslinking methods. 

Crosslinking treatment Total RNA (ng) 
Control 12879.15 
UV 2547.6 
Formaldehyde 5183.7 

The pulldown experiment was repeated as described above, except that RNA-protein 

complexes were immobilised using paraformaldehyde prior to cell lysis. Samples from each 

step of the pulldown were run on a protein gel and stained with Coomassie dye to visualise 

proteins (Figure 8-5). However, pulldown was unsuccessful as no proteins were detected in the 

output sample except for streptavidin bead artefacts.  

 

Figure 8-5: Coomassie stained acrylamide gel of total cellular proteins of MDA-MB-468 cell lysate using 
probes targeting ZFAS1. 

Cells were treated with formaldehyde prior to pulldown to crosslink intracellular components. Probes were 
hybridised to RNA at 37 °C overnight. Red arrowheads indicate artefact proteins of streptavidin beads. 

We next optimised hybridisation temperature. Oligo probes can vary in their annealing and 

melting temperature, due to their varied nucleotide makeup as well as secondary structure. 

Cells were cross-linked by formaldehyde, lysed and incubated with probes targeting ZFAS1. 

The lysate and probes were incubated at 80 °C for 30 min, followed with 5 °C decrements in 

incubation temperature for every 30 min. After incubation at 40 °C for 30 min, the lysate and 

probes were incubated at 37 °C overnight. The bound probes were then isolated using 

streptavidin beads and subject to several washes.  

Figure 8-6A shows the protein gel for pulldown using probes targeting ZFAS1. Output shows 

several protein bands indicative of possible ZFAS1 binding proteins confirming the pulldown 
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had been successful. Most of the protein bands were eliminated after wash 2, confirming that 

unbound protein had been successfully removed. Pulldown was repeated using scrambled 

probes under the same conditions as used for ZFAS1 probes. When compared to pulldown 

using scrambled probes, output bands were much fainter (Figure 8-6B), indicating a reduced 

recovery of proteins. As comparing the two lanes did not result in any obvious band 

differences, the entire band from ZFAS1 pull-down output was cut out, excluding the 

streptavidin artefact band at 12kDa and analysed by mass spectrometry. This was also done for 

the scrambled probe pulldown. Experiments were performed as biological replicates, with 

inputs of 100 million cells used for each replicate. Before mass spectrometry analysis, samples 

were run again on the same protein gel with the same volumes of protein elute and those 

protein bands were processed for mass spectrometry.  

 

Figure 8-6: Coomassie stained acrylamide gel of total cellular proteins of MDA-MB-468 cell lysate p58 and 
p67 using probes targeting ZFAS1 (A) and scrambled probes (B). 

Lanes show protein before pulldown (input), after probes and beads were added (input+probes+beads), discard 
from five washing steps and final output after protein was eluted from beads. The entire output band was cut out, 
excluding the densely staining protein band of approximately 12kDa, and analysed by mass spectrometry. The gel 
is representative of three biological replicates. 

 Confirmation of ZFAS1 pulldown 

To confirm that the probes were actually targeting ZFAS1 and that these protein interactions 

were specific for ZFAS1, RNA from the input and output samples was isolated, analysed by 

qPCR and fold enrichment relative to input calculated (Figure 8-7). Using probes targeting 

ZFAS1 led to 7-fold enrichment of ZFAS1 compared to input. The probe interaction was 
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specific for ZFAS1 as the procedure did not show enrichment when the GAPDH transcript, 

used as a negative control, was quantitated in the input and output preparations. (Figure 8-7A). 

Non-specific scrambled probes did not enrich the output samples for ZFAS1 or GAPDH 

(Figure 8-7B), confirming that the scrambled probes were suitable as negative control.  

 

Figure 8-7: Enrichment of ZFAS1 after RNA-pulldown compared to scrambled probes.  

(A) Comparison of ZFAS1 and GAPDH enrichment in input and output samples using ZFAS1 specific probes 
compared to input. (B) Comparison of ZFAS1 and GAPDH enrichment in input and output samples using non-
specific scrambled probes compared to input. N=3, p values were calculated by student t-test.  

 Proteins identified through mass spectrometry 

The gel bands were processed and analysed by mass spectrometry by the Mass Spectrometry 

Centre at the School of Biological Sciences, University of Auckland. Peptides from the gel 

lanes were detected using a Sciex Triple TOF 6600 LC-MS/MS Instrument. Peptides were 

then mapped to proteins using ProteinPilot™ Software 3.0.  

The results from mass spectrometry were assessed to determine if the biological replicates 

were reproducible. As shown in Table 8-3, the three biological replicates of ZFAS1 pulldown 

yielded between 6054-12136 unique peptides and this mapped to 1227-1972 distinct proteins. 

Although ZFAS1 pulldown p52 detected fewer unique peptides than other biological 
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replicates, it was included in the analysis as the number of distinct peptides was similar to the 

other biological replicates. Scrambled pulldown experiments showed more variability in the 

number of peptides and distinct proteins detected, with scrambled replicate p58 showing the 

lowest number of peptides (719) and proteins (187). 

Table 8-3: Number of distinct peptides detected in ZFAS1 and scrambled control samples using mass 
spectrometry analysis. 

Probe Passage number Distinct Peptides Distinct Proteins 

ZFAS1 

52 6054 1227 
58 11170 1844 
61 12136 1972 

Scrambled 

54 719 187 
62 3367 774 
67 5367 1279 

Reproducibility of the replicates was further assessed by examining proteins that were 

common to all the three biological replicates. ZFAS1 pulldown detected 870 proteins that were 

common to the three biological replicates with p58 and p61 showing the greatest overlap in 

common proteins (Figure 8-8A). Proteins recovered from the hybridisation reaction using 

scrambled probe showed less overlap in proteins common to all three biological replicates, 

with only 89 proteins identified. The greatest overlap for the scrambled pulldown was for p62 

and p67 (Figure 8-8B).  

 

Figure 8-8: Comparison of the number of proteins detected in each of the three biological replicates for 
ZFAS1 and scrambled pulldown of associated proteins. 

Proteins from each pulldown experiments were compared, identifying the number of proteins that was common 
to the three biological replicates. The number of common proteins is included in the overlapping sections of the 
Venn diagram. 
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Peptides were then analysed to eliminate signal that was likely to be noise. Proteins were 

assessed for their unused score that reflects the unique peptide evidence contributing to the 

given protein. Those peptides with unused score of <1.3 were filtered out of the analysis. 

Confidence was also assessed, as this represents how likely it is that peptides are correctly 

identified. Peptides with low confidence of <50% were filtered out of the analysis. Ppm mass 

error was also calculated, to determine the difference in mass in the molecular weight of the 

peptide sequence with that of the calculated theoretical molecular weight. Those peptides 

which had high ppm mass error of greater than +/-15ppm were filtered out of the analysis. The 

lists of proteins obtained from the three biological replicates were compared, and only those 

that were common in all three replicates were selected. These proteins were then compared to 

proteins derived from pulldown using scrambled probes. Those proteins from ZFAS1 

pulldown that showed similarities to proteins identified in the scrambled control were also 

eliminated. This resulted in a list of 201 proteins which were used for further analysis. For a 

full list of these proteins, please refer to the appendix. 

To determine the roles of ZFAS1 binding proteins, Gene Ontology Analysis was performed 

using www.geneontology.org. The list of proteins was investigated for gene set enrichment to 

ascertain whether proteins associated with ZFAS1 belong to certain classes of proteins, which 

would provide indications as to their functions. This enrichment analysis was performed for 

the category ‘cellular component’ (Table 8-4). ZFAS1 associated proteins were located 

throughout the cell, with a large proportion associated in intracellular regions, the nucleus and 

with macromolecular complexes. 14 of the proteins were found to be associated with 

ribonucleoprotein complexes. 

Table 8-4: Gene ontology analysis of proteins found in ZFAS1 pulldown of MDA-MB-468 proteins based 
on their cellular location. 

Cellular component  Number of 
proteins from 
database  

Number of 
proteins from 
pulldown 

Expected Fold 
Enrichment 

+/- P value 

intracellular 4020 63 40.25 1.57 + 6.54E-03 
nuclear envelope 74 6 0.74 8.1 + 6.95E-03 
nucleus 1186 25 11.88 2.11 + 2.31E-02 
nucleolus 80 7 0.8 8.74 + 1.16E-03 
protein complex 1154 29 11.56 2.51 + 3.21E-04 
macromolecular 
complex 

1454 36 14.56 2.47 + 2.83E-05 

ribonucleoprotein 
complex 

335 14 3.35 4.17 + 5.43E-04 

Unclassified 14669 136 146.89 0.93 - 0.00E+00 

http://www.geneontology.org/
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Enrichment analysis was also performed to query the biological processes ZFAS1 associated 

proteins may be participating in. The ZFAS1 associated proteins are involved in a wide range 

of biological functions (Table 8-5). Of these proteins, 11 were associated with ribosome 

assembly, 20 with ribonucleoprotein biogenesis and 9 with ribonucleoprotein export from the 

nucleus.  

Table 8-5: Gene ontology analysis of proteins found in ZFAS1 pulldown of MDA-MB-468 proteins based 
on their biological processes. 

Biological process 
 
 

Number of 
proteins 
from 
database 

Number of 
proteins from 
pulldown 

Expected Fold 
Enrichm
ent 

+/
- 

P value 

spliceosomal snRNP assembly 38 6 0.38 15.77 + 2.35E-02 
mRNA splicing, via 
spliceosome 

283 18 2.83 6.35 + 7.18E-06 

mRNA processing 452 23 4.53 5.08 + 2.25E-06 
RNA processing 868 33 8.69 3.8 + 4.71E-07 
RNA metabolic process 3458 62 34.63 1.79 + 1.52E-02 
cellular macromolecule 
metabolic process 

6833 102 68.42 1.49 + 9.20E-03 

cellular metabolic process 8823 139 88.35 1.57 + 1.32E-08 
cellular process 14892 196 149.12 1.31 + 5.05E-12 
metabolic process 9790 145 98.03 1.48 + 3.98E-07 
organic substance metabolic 
process 

9316 140 93.28 1.5 + 5.66E-07 

nucleic acid metabolic process 3978 72 39.83 1.81 + 9.39E-04 
nucleobase-containing 
compound metabolic process 

4531 83 45.37 1.83 + 2.73E-05 

organic cyclic compound 
metabolic process 

4962 88 49.69 1.77 + 3.32E-05 

cellular nitrogen compound 
metabolic process 

5126 92 51.33 1.79 + 5.55E-06 

nitrogen compound metabolic 
process 

5621 96 56.29 1.71 + 2.72E-05 

heterocycle metabolic process 4706 85 47.12 1.8 + 3.08E-05 
cellular aromatic compound 
metabolic process 

4744 83 47.5 1.75 + 2.46E-04 

primary metabolic process 8972 138 89.84 1.54 + 1.50E-07 
mRNA metabolic process 660 31 6.61 4.69 + 1.03E-08 
RNA splicing, via 
transesterification reactions 
with bulged adenosine as 
nucleophile 

283 18 2.83 6.35 + 7.18E-06 

RNA splicing, via 
transesterification reactions 

286 19 2.86 6.63 + 1.17E-06 

RNA splicing 392 21 3.93 5.35 + 5.70E-06 
ribonucleoprotein complex 
assembly 

191 11 1.91 5.75 + 3.76E-02 

macromolecular complex 
subunit organization 

1616 42 16.18 2.6 + 8.96E-05 

cellular component 
organization 

5278 100 52.85 1.89 + 1.57E-08 
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cellular component 
organization or biogenesis 

5493 105 55 1.91 + 1.30E-09 

ribonucleoprotein complex 
biogenesis 

446 20 4.47 4.48 + 2.76E-04 

cellular component biogenesis 2457 60 24.6 2.44 + 2.75E-07 
cellular macromolecular 
complex assembly 

767 25 7.68 3.26 + 2.25E-03 

macromolecular complex 
assembly 

1380 38 13.82 2.75 + 1.14E-04 

cellular component assembly 2202 51 22.05 2.31 + 7.74E-05 
nuclear envelope organization 85 9 0.85 10.57 + 2.14E-03 
nucleus organization 146 10 1.46 6.84 + 2.29E-02 
organelle organization 3186 67 31.9 2.1 + 8.45E-06 
single-organism membrane 
organization 

634 21 6.35 3.31 + 1.68E-02 

membrane organization 992 30 9.93 3.02 + 6.54E-04 
single-organism cellular 
process 

9816 145 98.29 1.48 + 5.05E-07 

single-organism process 12669 166 126.86 1.31 + 5.43E-05 
endomembrane system 
organization 

503 20 5.04 3.97 + 1.86E-03 

ribonucleoprotein complex 
export from nucleus 

122 9 1.22 7.37 + 4.03E-02 

nucleocytoplasmic transport 287 14 2.87 4.87 + 1.30E-02 
nuclear transport 295 14 2.95 4.74 + 1.77E-02 
intracellular transport 1344 40 13.46 2.97 + 4.90E-06 
transport 4374 81 43.8 1.85 + 2.89E-05 
establishment of localization 4502 84 45.08 1.86 + 8.13E-06 
localization 5371 95 53.78 1.77 + 5.12E-06 
cellular localization 2037 53 20.4 2.6 + 5.78E-07 
establishment of localization in 
cell 

1552 42 15.54 2.7 + 2.80E-05 

intracellular protein transport 842 28 8.43 3.32 + 2.68E-04 
cellular protein localization 1351 41 13.53 3.03 + 1.60E-06 
protein localization 1918 46 19.21 2.4 + 1.78E-04 
macromolecule localization 2210 51 22.13 2.3 + 8.72E-05 
cellular macromolecule 
localization 

1361 41 13.63 3.01 + 2.00E-06 

establishment of protein 
localization 

1502 35 15.04 2.33 + 2.24E-02 

organic substance transport 2053 43 20.56 2.09 + 2.17E-02 
RNA transport 196 11 1.96 5.6 + 4.78E-02 
RNA localization 217 13 2.17 5.98 + 3.27E-03 
nucleic acid transport 196 11 1.96 5.6 + 4.78E-02 
nucleobase-containing 
compound transport 

232 13 2.32 5.6 + 6.85E-03 

ribonucleoprotein complex 
localization 

125 9 1.25 7.19 + 4.89E-02 

Golgi vesicle transport 334 15 3.34 4.49 + 1.49E-02 
protein localization to organelle 597 23 5.98 3.85 + 3.84E-04 
response to organic substance 2576 51 25.79 1.98 + 1.05E-02 
Unclassified 3732 4 37.37 < 0.2 - 0.00E+00 
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As we had previously found ZFAS1 to be associated with the ribosome, those biological 

processes that affected ribosome function were selected and examined. Proteins involved in 

these cellular processes are listed in Table 8-6.  

Table 8-6: List of proteins found in ZFAS1 pulldown of MDA-MB-468 proteins based on their biological 
processes, with focus on those proteins linked to ribosome function. 

Gene Symbol Gene Name Protein class Average 
abundance (%) 

SEM 

Ribonucleoprotein Complex Assembly 
EIF6 Eukaryotic translation 

initiation factor 6 
translation initiation factor 2.570E-02 1.333E-02 

EIF3E Eukaryotic translation 
initiation factor 3 subunit E 

translation initiation factor 3.485E-02 1.397E-02 

EIF3D Eukaryotic translation 
initiation factor 3 subunit D 

translation initiation factor 2.042E-02 3.891E-03 

DDX23 Probable ATP-dependent 
RNA helicase DDX23 

RNA helicase 3.585E-02 2.303E-02 

PRPF3 U4/U6 small nuclear 
ribonucleoprotein Prp3 

mRNA splicing factor 1.199E-02 8.790E-03 

SNRPD1 Small nuclear 
ribonucleoprotein Sm D2 

mRNA processing factor 1.925E-02 5.728E-03 

DDX3X ATP-dependent RNA helicase 
DDX3X 

RNA helicase 9.707E-02 5.911E-03 

PRPF6 Pre-mRNA-processing factor 
6 

mRNA splicing factor 2.131E-02 4.283E-03 

SNRPD3 Small nuclear 
ribonucleoprotein Sm D3 

mRNA splicing factor 1.492E-02 1.203E-02 

GEMIN5 Gem-associated protein 5 receptor 3.547E-02 1.573E-03 
Ribonucleoprotein complex biogenesis 
SKIV2L2 Superkiller viralicidic activity 

2-like 2 
- 2.644E-02 6.091E-03 

NOP56 Nucleolar protein 56 ribonucleoprotein 3.438E-02 1.658E-02 
EIF6 Eukaryotic translation 

initiation factor 6 
translation initiation factor 2.570E-02 1.333E-02 

EIF3E Eukaryotic translation 
initiation factor 3 subunit E 

translation initiation factor 3.485E-02 1.397E-02 

EIF3D Eukaryotic translation 
initiation factor 3 subunit D 

translation initiation factor 2.042E-02 3.891E-03 

BOP1 Ribosome biogenesis protein 
BOP1 

ribosomal protein 5.687E-03 2.938E-03 

FBL rRNA 2'-O-methyltransferase 
fibrillarin 

methyltransferase 7.696E-02 3.723E-02 

DKC1 H/ACA ribonucleoprotein 
complex subunit 4 

centromere DNA-binding 
protein 

2.349E-02 1.513E-02 

WDR36 WD repeat-containing protein 
36 

mRNA splicing factor 1.895E-02 1.150E-02 

DDX23 Probable ATP-dependent 
RNA helicase DDX23 

RNA helicase 3.585E-02 2.303E-02 

PRPF3 U4/U6 small nuclear 
ribonucleoprotein Prp3 

mRNA splicing factor 1.199E-02 8.790E-03 

RPS13 40S ribosomal protein S13 ribosomal protein 2.080E-02 1.023E-02 
SNRPD1 Small nuclear 

ribonucleoprotein Sm D2 
mRNA processing factor 3.718E-02 2.321E-02 

HEATR1 HEAT repeat-containing 
protein 1 

ribonucleoprotein 1.214E-02 3.428E-03 

DDX3X ATP-dependent RNA helicase RNA helicase 9.707E-02 5.911E-03 
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DDX3X  
ABCE1 ATP-binding cassette sub-

family E member 1 
- 5.924E-02 1.627E-02 

PRPF6 Pre-mRNA-processing factor 
6 

mRNA splicing factor 2.131E-02 4.283E-03 

SNRPD3 Small nuclear 
ribonucleoprotein Sm D3 

mRNA splicing factor 1.492E-02 1.203E-02 

GEMIN5 Gem-associated protein 5 receptor 3.547E-02 1.573E-03 
Ribonucleoprotein complex export from nucleus 
EIF6 Eukaryotic translation 

initiation factor 6 
translation initiation factor 2.570E-02 1.333E-02 

NUP160 Nuclear pore complex protein 
Nup160 

transporter 1.885E-02 1.076E-02 

AAAS Aladin - 3.464E-02 1.379E-02 
U2AF1 Splicing factor U2AF 35 kDa 

subunit 
ribonucleoprotein 1.778E-03 1.542E-04 

NUP133 Nuclear pore complex protein 
Nup133 

- 1.261E-02 4.862E-03 

ABCE1 ATP-binding cassette sub-
family E member 1 

- 5.924E-02 1.627E-02 

NUP210 Nuclear pore membrane 
glycoprotein 210 

membrane traffic protein 1.524E-02 3.251E-03 

XPOT Exportin-T RNA binding protein 6.581E-03 1.363E-03 
EIF5A Eukaryotic translation 

initiation factor 5A-1 
translation initiation factor 1.567E-02 6.116E-03 

 

 Discussion 

One of the aims of this study was to identify proteins that interact with ZFAS1 in order to gain 

some understanding of the mechanisms arising from its interactions with the ribosome. 

Reagents used for pulldown were first tested to determine if they would interfere with 

interpretation of protein gels. Running streptavidin beads alone results in an intense 12kDa 

protein band (Figure 8-2), which prevented us from pursuing the identity of this protein band 

as a possible ZFAS1 binding partner. This band is likely to be streptavidin polypeptide chains 

that have a molecular weight of 13.8 kDa (320). The pulldown procedure was optimised by 

changing the crosslinking procedure from UV to formaldehyde crosslinking (Table 8-2). This 

resulted in decreased loss of RNA. Similar effects have been observed by others examining 

DNA-protein interactions, in which UV treatment results in lower yield of protein-DNA 

crosslinks compared to formaldehyde treatment (321). Hybridisation temperature was also 

optimised by initially incubating samples at a high temperature then gradually decreasing the 

hybridisation temperature to 37 °C. This wide range of temperatures allows the probes and 

RNA to lose their secondary structure, as well as provide optimal temperature for probe-RNA 

binding. These optimisation procedures led to the successful pulldown by probes targeting 

ZFAS1 (Figure 8-6). 
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To determine if the probes were pulling down ZFAS1 or off-target RNAs, the abundance of 

ZFAS1 molecules was quantified after pulldown (Figure 8-7). ZFAS1 showed 7-fold 

enrichment in the pulldown samples compared to the input when using ZFAS1 probes. This 

enrichment was specific as GAPDH in those same samples was decreased in relative 

abundance. Scrambled probes did not enrich for ZFAS1 or GAPDH. This confirmed that the 

probes to detect ZFAS1 were selective for the transcript and that the scrambled probes were 

suitable negative controls.  

The reproducibility of the independent experiments for pulldown was assessed by first 

examining the number of proteins detected by mass spectrometry (Table 8-3). The ZFAS1 

pulldown samples showed a similar range of proteins, so all three replicates were used for 

analysis. Use of the scrambled probes led to the detection of fewer proteins than the ZFAS1 

probes, which is expected as the scrambled probes were designed to not bind specifically to 

any RNA molecule. Of the scrambled pulldown replicates, p62 and p67 enabled the detection 

of similar numbers of proteins, while p58 showed much lower numbers. This suggests that an 

error had occurred during sample preparation or that the washing steps were more efficient in 

the preparation or processing of p52 samples. However, because p52 was a scrambled probe 

control and would pick up non-specific proteins regardless of the quality of the sample, it was 

also included in the analysis. Pulldown using ZFAS1 probes led to the identification of 870 

proteins that were shared by the 3 replicates, whereas pulldown using scrambled probes led to 

the identification of only 89 proteins (Figure 8-8). Additionally, using different passage 

numbers MDA-MB-468 cell lysates for ZFAS1 pulldown and scrambled controls may have 

also contributed to the variation between experiments.  

The proteins were filtered based on their unused score, confidence and ppm mass error to 

remove signal that was likely to be noise. To ensure that the proteins used for downstream 

analysis were recovered in a reproducible way, the filtered proteins for ZFAS1 pulldown were 

compared between the three biological replicates, and common proteins selected. To eliminate 

proteins which were likely to be unspecific binding to ZFAS1 probes, the common proteins 

were compared to each of the protein lists from scrambled probes. Despite scrambled probe 

p52 showing a lower protein number than the other replicates, it was still included in the 

analysis as it would have detected non-specific binding albeit at a lower sensitivity than the 

other replicates. This resulted in a list of 201 proteins. However, the scrambled probe did not 

bring down as many proteins as probes specific for ZFAS1, because it was not selective for a 

specific mRNA. It is possible that proteins which were present in the pulldown preparation 
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using probes specific for ZFAS1 were detected because the RNA is a negatively charged 

polymer and may have bound proteins simply because of electrostatic interactions. For 

additional controls, the same experiment could be performed in cell lines that lack ZFAS1 

expression to determine which protein interactions are random, but because ZFAS1 is widely 

expressed in all cell lines tested and across a wide variety of tissues, this experiment could not 

be performed. Alternatively, in vitro transcribed RNA comprised of a scrambled sequence 

could have been used in parallel to identify which protein interactions were specific. These 

results are preliminary and require further validation.  

The list of proteins was queried using Gene Ontology to determine possible functions of 

ZFAS1. Gene ontology analysis addresses possible functions of gene products by evaluating 

published literature as well as functional conservation between mammals and model 

organisms (322). Through querying Gene Ontology databases, ZFAS1 associated proteins 

were located in a wide range of subcellular compartments, including the intracellular regions 

and nucleus (Table 8-4). ZFAS1 transcript has been shown to be located in the cytoplasm and 

nucleus, and this similar distribution of associated proteins agrees with the distribution of 

ZFAS1 in both cellular components as well as the hypothesis that it may have dual roles in 

different cellular compartments.  

When querying the biological function of ZFAS1, the associated proteins were found to be 

involved in diverse biological roles (Table 8-5). As we had previously found ZFAS1 to be 

associated with ribosomes, proteins with roles in ribonucleoprotein complex assembly, 

biogenesis and export were selected for further examination (Table 8-6). Of these proteins, 

several were initiation factors, RNA helicases and mRNA processing factors. Of particular 

interest was the association of several initiation factors, eIF3D, eIF3E, eIF5A and eIF6. 

Initiation factors interact with the 40S subunit and preload met-tRNA (mediated by GTP-

bound eIF2) (323) and inhibit premature joining of the 40S to the 60S subunit (324), acting as 

scaffolds for other initiation factors and initiating translation during stress conditions (325). 

The interaction of these initiation factors with ZFAS1 suggests that it functions to regulate 

translation in an indirect way rather than by regulating the ribosome itself. Because of the 

association of initiation factors with the small ribosomal subunit, their localisation to the 

cytoplasm and nucleus, as well as their ability to regulate ribosome biogenesis, these proteins 

will be selected for functional studies. As ZFAS1 was also associated with the small ribosomal 

subunit and is also located in both the cytoplasm and nucleus, it is possible that it interacts 

with these proteins.  
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The ribosomal protein RPS13 was also detected in the pulldown of ZFAS1 associated proteins. 

RPS13 is located on the small subunit, which is the subunit with which ZFAS1 predominately 

associates. The interaction of ZFAS1 with RPS13 suggests that the lncRNA acts as a scaffold 

to facilitate initiation of translation. BOP1 was also found to be associated with ZFAS1 and is 

a key ribosomal biogenesis factor involved in the processing of the mature 28S and 5.8S rRNA 

(326). 

However, further validation of whether these proteins actually bind to ZFAS1 needs to be 

performed. This can be done by RNA immunoprecipitation, which utilises antibodies specific 

to the protein of interest to detect interacting RNAs. This will allow confirmation that ZFAS1 

is binding to the protein of interest and provide stronger evidence of physical interactions 

(327). This will be done in future work to further understand ZFAS1-protein interactions. In 

vitro experiments to clarify the function of these proteins and how they are influenced by 

ZFAS1 will also need to be performed. Additionally, protein from the scrambled controls was 

not run alongside the ZFAS1 pulldown samples on the same protein gel, so that protein bands 

that were enriched in the pulldown experiments compared to the negative control could not be 

visually compared and selected for analysis. This was due to lack of output eluate to run 

multiple gels, and also because the bands in the negative control were much less intense than 

that of the pulldown experiments so it was difficult to ascertain which bands were present in 

the pulldown experiment and not in the negative controls. However, the approach we utilised 

by eliminating proteins in the negative control but present in the pulldown experiments may 

have led to erroneous filtering out of proteins present in both samples but enriched in the 

pulldown samples.  

Proteins which had ribosomal function had been selected from the list of pull-down proteins 

based on our previous work in which ZFAS1 was found to be associated with ribosomes and 

ribosome biogenesis. However, this introduces bias, and it is possible that ZFAS1 has 

functions that are independent of ribosomes. Further study into non-ribosomal functions will 

need to be performed. 

 Summary 

By identifying proteins bound to ZFAS1, further evidence that supports its role in ribosome 

biogenesis and function are becoming apparent. ZFAS1 may act as a scaffold for several 

initiation factors to regulate translation of specific mRNAs. It may anchor itself to ribosomal 

proteins on the small subunit to facilitate initiation factor interaction. However, this work 
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needs to be further explored to confirm RNA-protein binding by RNA immunoprecipitation 

and to understand the function of these proteins in the context of ZFAS1 activity.  
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Chapter 9. Concluding discussion 

 Introduction 

By utilising a variety of techniques including molecular biology, cell culture, analysis of 

publically available databases as well as by investigating the biology of both human and 

mouse samples, we have studied the possible functions of ZFAS1. We present novel results 

that human ZFAS1 is expressed as several isoforms, present in both the cytoplasm and nucleus 

in an isoform independent manner, and is associated with ribosomes. The role of ZFAS1 in its 

association with ribosomes was further explored using knockdown experiments in a human 

breast cancer cell line, using human muscle samples after exercise and mouse models of 

hypertrophy. Lastly, pilot experiments to determine ZFAS1 protein binding partners revealed 

that ZFAS1 may bind to several proteins involved in ribosome regulation. Importantly, this 

thesis has contributed to the growing body of evidence that lncRNAs exert their functions in 

their association with ribosomes, and leads to the proposal that a novel function of lncRNAsis 

exerted in regulating the biogenesis of ribosomes globally.  

This final chapter will discuss the major findings presented in Chapters 3 to 8 of this thesis, 

followed by limitations faced during this study as well as future directions that will assist in 

further understanding ZFAS1 and ribosome function.  

 Research outcomes 

 ZFAS1 in the literature: where we started vs where we are now 

In 2012 at the beginning of this PhD project, there was only one paper published on ZFAS1. 

This paper by Askarian-Amiri et al. in 2011 detailed the discovery of ZFAS1 in mouse 

mammary gland development and suggested possible tumour suppressor function in breast 

cancer (107). However, in the past two years, 20 papers characterising the expression of 

ZFAS1 in different diseases and attempting to elucidate its function have been published. As 

ZFAS1 is extremely stable, abundantly expressed and present in a wide range of tissues (107), 

it is not surprising that it is attracting attention as an important regulator of cell function. The 

research of ZFAS1 in different systems has put forward assorted mechanisms of action in 

cancer progression and in other diseases, including interaction with PRC2 complexes (200), 

inhibition of miRNAs (194, 196, 206, 209), regulation of cell cycle (196) and action as 

secreted molecules (199, 202, 208). However, there is no consensus in the findings between 
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different research groups. This could reflect the diverse function of ZFAS1 in different 

systems, and it may also reflect the bias of research towards each research group’s speciality.  

As my supervisor was one of the original authors of the first ZFAS1 paper, our focus of this 

study was to expand upon the initial findings of ZFAS1 in breast cancer. We explored ZFAS1 

expression and function with an unbiased hypothesis-generating mind set. 

 ZFAS1 expression in breast cancer cell lines 

The overall aim of Chapter 3 was to characterise the expression of ZFAS1 in breast cancer and 

to characterise the expression of different ZFAS1 isoforms. Our studies have shown that 

ZFAS1 is highly expressed in a wide variety of breast cancer cell lines in a manner that is not 

dependent on breast cancer subtype. TCGA data showed that there was no significant 

difference in ZFAS1 expression in normal tissue compared to breast cancer tissue (Figure 3-3).  

Characterisation of ZFAS1 expression in cell lines showed that the two breast epithelial cell 

lines had high levels of ZFAS1 expression compared to the majority of breast cancer cell lines 

(Figure 3-2). Askarian-Amiri et al. (107) showed a trend of higher expression of ZFAS1 in 

normal breast tissue compared to invasive ductal carcinoma samples. Whether ZFAS1 

functions as a tumour suppressor gene could not be concluded from their study as only a small 

number of samples was used and the results did not reach statistical significance. Differences 

in the expression patterns of ZFAS1 in their cohort of breast cancer tissues compared to TCGA 

may have arisen through differences in tissue processing. Askarian-Amiri et al. (107) used 

microdissected samples of breast cancer tissues in which the breast epithelium was examined 

separately from the stroma whereas preparation of samples for TCGA analysis may not have 

been so stringent, leading to a masked expression of ZFAS1 in the tumour cells by the stroma. 

Other researchers have reported that ZFAS1 may have oncogenic activity. ZFAS1 is 

upregulated in a variety of cancer tissues compared to matched normal tissues, and higher 

expression is associated with poorer patient outcome (194, 196-198, 200, 201, 203, 204).  

ZFAS1 is expressed as at least 5 different isoforms in humans, as evidenced by UCSC genome 

browser annotations as well as our own experiments in breast cancer (Figure 3-8 to Figure 

3-10). This is the first time that the different isoforms of ZFAS1 have been characterised, as 

other papers published on ZFAS1 focussed mainly on the average expression of all isoforms 

(194, 196-201, 203, 204, 206, 208, 240). LncRNAs can exhibit isoform specific functions. For 

example, the lncRNA NEAT1 is present as two isoforms, of which the longer isoform is 

essential for paraspeckle formation (234, 328, 329) and the shorter isoform carries out 
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paraspeckle independent functions (330-332). It is therefore possible that ZFAS1 may exhibit 

different functions but as all five isoforms are located in both the cytoplasm and nucleus, we 

could not specify isoform specific functions.  

Adding to the complexity of lncRNA isoforms is the existence of circular RNAs. These 

transcripts have been known to exist for over twenty years (333) but were not functionally 

investigated as they were thought to be artefacts of aberrant splicing (334). They have 

attracted intense scientific interest over the past few years due to their genome wide 

abundance, tissue-specific induction during development and differential expression in 

specific tissues and diseases. Studies in our lab have shown that numerous lncRNA species are 

present as circular isoforms, but the biological role of these circRNAs remains unclear. To 

date, only three circRNAs have been functionally characterised. These circRNAs include 

ciRS-7/CDR1as and Sry, which function to sponge miRNAs via multiple miRNA seed sites 

(335, 336). circANRIL has been implicated in regulating ribosome biogenesis in vascular 

smooth muscle and endothelial cells. By binding to vital ribosome assembly factors, 

circANRIL inhibits the function of these factors thereby impairing rRNA processing and 

assembly (337). Genome wide studies of circular RNAs have found that ZFAS1 is expressed 

as a circular isoform in brain tissue (338). We have performed preliminary studies not shown 

in this thesis that confirm the circularisation of ZFAS1 in breast cancer cell lines. The presence 

of circular isoforms adds another layer of complexity to the possible pleiotropic functions of 

ZFAS1.  

ZFAS1 is expressed in both the cytoplasm and the nucleus, as evidenced in mouse cell lines 

(107) and by our own studies in human breast cancer cell lines (Figure 3-8 to Figure 3-10). 

Askarian-Amiri et al. demonstrated that ZFAS1 is host to three snoRNAs (107) that are 

predominantly localised to the nucleus (339). Acting as a snoRNA host explains its nuclear 

localisation, but its cytoplasmic role is still unclear. Investigation of other snoRNA host genes 

suggests dual function may be a common feature. GAS5 is one of the best studied snoRNA 

host genes, and has been shown to exhibit dual functions by not only hosting snoRNAs, but 

acting as a decoy sequence for the glucocorticoid receptor (82). Protein coding genes which 

host snoRNA within their introns are often involved in ribosome and translational regulation 

(190). As snoRNAs participate in ribosome biogenesis, it is physiologically relevant that their 

genes are located within genes required for ribosome synthesis and translation. This same 

rationale may be extended towards lncRNAs, explaining their cytoplasmic localisation. 



 

     
152 

 

 ZFAS1 confers heterogeneity to ribosomes 

A significant finding of this research is that ZFAS1, although not translated, is associated with 

ribosomes, specifically the 80S monosomes and light polysomes (Figure 4-2). This association 

strengthened our hypothesis that snoRNA host lncRNAs could function as regulators of 

ribosome function. We have also demonstrated that ZFAS1 abundance is correlated with total 

cellular ribosome abundance in muscle samples, indicating it is associated with a fixed 

proportion of total ribosomes.  

The ubiquitous association of lncRNAs with ribosomes has raised concerns that they may 

encode peptides (236, 340). Previous transcriptome-wide methods have investigated ribosome 

association with lncRNAs by digesting RNA and sequencing the portion protected by the 80S 

ribosome (236). This method could not distinguish between protein coding transcripts and 

non-protein coding transcripts, as transcripts that have firmly been established as being non-

protein coding such as snoRNAs were detected using ribosome profiling. Therefore methods 

to investigate ribosome association have been revisited. It is well established that ribosomes 

involved in translation drop off mRNAs after encountering a stop codon, and this is seen as a 

decrease in ribosome occupancy. Guttman et al. (134) have utilised this to distinguish between 

protein and non-protein coding transcripts, as translational termination should not occur for 

non-coding transcripts, and they have confirmed that these ribosome-associated lncRNAs are 

not translated. We have compared the sequences of ZFAS1 isoforms to ribosome profiling 

databases and putative peptide sequences to peptide databases and concluded that it is unlikely 

that ZFAS1 is translated (Figure 3-1). Experiments in which total cellular proteins are selected 

based on size using methods such as high pressure liquid chromatography or use of low 

molecular weight protein columns could be performed to enrich for low molecular weight 

proteins, followed by mass spectrometry to unequivocally confirm whether the predicted 

peptide sequence is present.  

Predominant localisation of many lncRNAs to the ribosome has been shown by independent 

studies (75, 135, 236) and suggests this is a hugely important aspect of ribosome regulation 

that has been largely overlooked. LncRNAs would confer a more rapid and energetic 

advantage to responding to changes in cellular environment compared to protein sensors 

because they do not require translation in order to achieve full functionality. By modulating 

ribosomes, lncRNAs would allow reprogramming of the gene expression pattern through 

protein synthesis. However, in-depth research of these transcripts is lacking. Possible 
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mechanisms are outlined in Figure 9-1 and detailed description of each mechanisms detailed 

below. 

 

Figure 9-1: Possible mechanisms of action for ZFAS1 in regulating ribosome function. 

(A) ZFAS1 may guide specific mRNAs to ribosomes or modulate their function so that only specific mRNAs are 
translated by ZFAS1 associated ribosomes. (B) ZFAS1 may be targeted to ribosomes so they are degraded by 
nonsense mediated decay. (C) ZFAS1 may guide ribosomes to specific cellular localisations so as to allow 
translation of proteins in specific cell regions. (D) ZFAS1 may modulate the function of ribosomes so they are no 
longer sensitive to chemotherapeutic agents such as cisplatin, conferring drug resistance. (E) ZFAS1 may promote 
ribosome biogenesis, by transducing extracellular signals such as nutrients, IGF-1 or resistance exercise to 
increase rDNA transcription, or to facilitate ribosome assembly.  

Like miRNAs and siRNAs, lncRNAs may associate with ribosomes to regulate translation. 

This could be a general phenomenon in which lncRNAs associate with ribosomes to keep 

them in a poised state and inhibit translation until correct environmental cues are received. 

Alternatively, lncRNAs may associate with ribosomes to regulate selection of specific mRNAs 

for translation (Figure 9-1A). One specific lncRNA Uchl1AS, has been known to regulate the 

association of its protein coding partner, Uchl1, with polysomes under stress conditions (136). 

Modulating translation of associated protein coding mRNAs is unlikely to be the predominant 

mechanism of ribosome associated lncRNAs as Van Heesch et al. (75) have found that most 

ribosome associated lncRNAs are not expressed in the same cellular location as their protein 

coding partners. ZFAS1 is unlikely to regulate the translation of ZNFX1 as ZNFX1 mRNA is 
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restricted to the nucleus suggesting it is not translated abundantly. Additionally, ZFAS1 and 

ZNFX1 expression was not correlated.  

It is possible that ZFAS1 regulates the translation of mRNAs other than ZNFX1. Another 

lncRNA, lincRNA-p21 lowers the translation of JUNB and CTNNB1 mRNAs (341) showing 

that translational control by lncRNAs can function in trans. However, ZFAS1 was mainly 

associated with monosomes and light polysomes, as opposed to heavy polysomes, which is 

where the bulk of translation occurs. This suggests ZFAS1 plays roles outside of translation or 

regulates the translation of weakly expressed proteins. 

Further supporting the role of ZFAS1 in regulating the ribosome via mechanisms distinct from 

translation is its positive correlation with several ribosomal proteins and genes involved in 

structural components of the ribosome (Table 4-3). This suggests that ZFAS1 is co-regulated 

with these genes. 

A possible explanation of why lncRNAs should be associated with ribosomes is that they are 

targeted to the ribosome for degradation by nonsense mediated decay (Figure 9-1B). ZFAS1 

contains a 5’TOP motif (Figure 5-4), the function of which is manifested by selective 

unloading of RNAs from polysomes during repression of the cell cycle, or recruitment to 

polysomes during cell proliferation or refeeding of starved cells (342). This activity has been 

demonstrated mainly for mRNA but it is possible that lncRNAs with similar motifs engage in 

regulatory activities with ribosomes (279).  

However, serum starvation and ribosomal inhibitors that repress NMD did not increase ZFAS1 

abundance in all cell lines (Figure 5-5 to Figure 5-7). NMD may be cell line dependent. 

Pickard et al. investigated the response of GAS5 to NMD. Using density-dependent arrest and 

mTOR inhibitors to inhibit cell proliferation, they showed that GAS5 transcript increased in 

abundance in MCF7 and T47D cells approximately 3-fold under conditions of density-

dependent growth arrest, and by >50% following treatment with rapalogues, while they failed 

to upregulate GAS5 in MDA-MB-231 cells (264). Comparing their studies to our own results 

confirms that different breast cancer cell lines exhibit a variable response to growth arrest in 

terms of ZFAS1 accumulation, and this may be the case for other 5’TOP transcripts.  

Carlevaro-Fita et al. performed transcriptome wide analysis of lncRNAs after treatment with 

ribosome elongation inhibitors and found only a few of their candidate lncRNAs were 

increased in abundance (247), suggesting their stabilisation from NMD. While NMD may 

degrade some lncRNA transcripts, it cannot explain the widespread distribution of lncRNAs to 
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ribosomes. Expanding this knowledge to the widespread association of lncRNAs suggests that 

NMD is unlikely to regulate global levels of lncRNAs. While we did observe trends of 

increased ZFAS1 in some cell lines following serum starvation and puromycin treatment, the 

response was variable in different cell lines suggesting alternative mechanisms for ZFAS1 in 

its interaction with the ribosome.  

As lncRNAs are normally expressed at low levels relative to ribosomes, this suggests that 

specific lncRNAs associate with only a subset of ribosomes leading to ribosome heterogeneity. 

Ribosomes have been described to vary in their composition, post translational modifications 

of ribosomal proteins, rRNA modifications and association with a variety of ribosome 

associated factors (343). Because of this variety in constituents and complexity of different 

subpopulations of ribosomes, questions have arisen about the generation of specialised 

ribosomes and whether these specialised ribosomes have specific functions. The discovery that 

so many lncRNAs bind to ribosomes deepens the complexity of ribosome heterogeneity but 

how they contribute to ribosome function has not yet been investigated. 

Ribosomal composition varies in different stages of development. Large scale transcriptome 

profiling of mRNAs encoding ribosomal proteins in developing mouse embryo has revealed 

dramatic differences in expression of these genes across different cell types in a temporal and 

spatial manner. This variation may reflect the heterogeneous nature of ribosomes across 

different tissue types (344). Mutations in ribosomal proteins in zebrafish during 

embryogenesis produce tissue specific phenotypes (345). This indicates that these mutations 

affect only a subset of ribosomes rather than global ribosomes throughout the entire tissue, 

revealing that ribosome heterogeneity manifests in a diversity of functions. LncRNAs are 

similarly temporally and spatially regulated during embryogenesis (87, 346). As the majority 

of lncRNAs was found to be associated with ribosomes (75, 134, 135), it is feasible that some 

of these ribosome associated lncRNAs are associated with ribosomes in a way that varies 

according to developmental stage. The differential association of lncRNAs with ribosomes has 

been observed during adipogenesis but no function has been determined for these 

differentially associated lncRNAs (347). Whether these ribosome associated lncRNAs confer 

specific function to these ribosomes would be interesting to investigate, and such studies may 

reveal another level of regulation of the tightly coordinated network of gene expression and 

protein translation during development.  

ZFAS1 may contribute to ribosome heterogeneity during development and confer selective 

functions upon ribosomes. ZFAS1 is differentially expressed during successive stages of 
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mammary gland development (107). During this process, the mammary gland varies in its 

requirements of ribosome number and activity (306). These highly specific requirements for 

the amount of protein production as well as the type of proteins being produced during these 

stages suggests that subsets of ribosomes may function in a temporally-specific manner 

depending on tissue requirements. Ribosome heterogeneity has been observed during 

mammary gland development, with ribosomes during lactation mainly localising to the 

endoplasmic reticulum for the production of secreted milk proteins as opposed to occurring 

free in the cytosol (348).  

Whether the composition of ribosomes containing ZFAS1 changes during mammary gland 

development and whether these ribosomes confer specificity in function remains to be 

elucidated. Similarly, our experiments showed ZFAS1 is differentially expressed during mouse 

muscle cell differentiation from myoblasts to myotubes (Figure 7-4). This shift to 

differentiated muscle cells requires strict regulation of protein expression. For example, 

several transcription factors that were investigated in this study, myoD and myogenin, are 

expressed in fixed sequence depending on the stage of differentiation (349). During these 

stages, ribosomes will vary in their function based on the subset of transcripts they need to 

translate. This specificity may be conferred by lncRNAs such as ZFAS1. ZFAS1 is 

differentially expressed in two completely unrelated systems in different stages of their 

development, suggesting it may be a versatile regulator of differentiation. 

Ribosomes vary not only in their composition but also in their intracellular location. In 

neurons, polysomes redistribute from the dendritic shafts to the dendritic spines after 

responding to synaptic stimuli. This enables the translation of mRNAs in a highly localised 

manner but what guides these ribosomes to the dendritic spines is unknown (350). LncRNAs 

have been known to function as guides for protein molecules (317), and may similarly 

function as guides to localise ribosomes to specific cellular locations (Figure 9-1C). In our 

study we examined total cellular ribosomes, but it may be interesting in the future to determine 

if ZFAS1 is located with ribosomes in specific locations, such as cytosol, which mainly make 

proteins for the cells’ own use, as opposed to ribosomes bound to the endoplasmic reticulum, 

which mainly make proteins to be secreted from the cells.  

The localisation of ZFAS1 to specific ribosomal populations may also dictate how these 

lncRNAs are transported. ZFAS1 is secreted in exosomes in gastric cancer (202), expressed in 

whole blood of patients following acute myocardial infarction (208) and also expressed in 

breast milk (199). If ZFAS1 was found to be associated with endoplasmic reticulum-bound 
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ribosomes, this may suggest a mechanistic pathway that accounts for how lncRNAs are 

packaged into extracellular vesicles and secreted. 

The association of lncRNAs with ribosomes may have implications for cancer therapy. 

Ribosomes are deregulated in their activity and biogenesis in cancer. Cancer leads to global 

changes in gene expression and this may be reflected in abnormal variation in ribosome 

constituents and modifications, leading to the formation of cancer specific ribosomes (139). 

The ribosome is an attractive target for drug development as cancer cells exhibit greater cell 

proliferation and ribosome biogenesis compared to non-tumour cells, allowing selective 

targeting. Drugs which directly target ribosomes for cancer therapy, such as inhibitors of 

translation initiation, translation elongation and RNA polymerase I activity, are currently 

being investigated (351). CX-3543 and CX-5461, which target RNA pol I, are currently in 

phase 1 clinical trials for neuroendocrine tumours and haematological malignancies (140). 

Homoharringtonine, which disrupts the formation of the first peptide bond during translation 

has been approved for treatment of chronic and acute myeloid leukaemia (352). However, one 

may envision off-target effects as ribosomes are present in every cell in the body, and these 

drugs may not only target cytosolic ribosomes but mitochondrial ribosomes. Additionally, 

ribosome specific drugs target proliferating cells, and may inadvertently target normally 

proliferative non-neoplastic tissue such as blood cells and gut lining cells. Cancer specific 

ribosomes could potentially be attractive therapeutic targets but distinguishing them from 

ribosomes in normal cells would be one of the main challenges. LncRNAs are often 

deregulated in cancer (77, 104, 229) and it may be possible that they associate with ribosomes 

in a cancer specific manner. This would allow the design of therapeutics that target only a 

specific subset of ribosomes, or lncRNAs could be used as drug delivery systems to 

ribosomes. Our study examined ribosomal association of ZFAS1 in the breast cancer cell line 

MDA-MB-468 (Figure 4-2). However, due to the slow proliferation of normal breast epithelial 

cells MCF-10A and Bre80-hTert, as well as the requirement of a large amount of cellular 

extract for polysome experiments, comparisons of ZFAS1 localisation between normal breast 

epithelial cells and breast cancer cells could not be made. Localisation studies of ZFAS1 with 

ribosomes in normal cells compared to cancer cells need more investigation and could 

potentially lead to the discovery of a cancer ribosome signature.  

Examination of classical chemotherapeutic agents such as 5-fluorouracil, platinum based drugs 

and camptothecin have shown that as well as disrupting DNA metabolism in cancer cells, they 

can also disrupt rRNA synthesis (353). LncRNAs have been investigated as possible 
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biomarkers in predicting drug sensitivity in cancer (207, 354). ZFAS1 is upregulated in 

patients with high grade serous ovarian cancer treated with cisplatin chemotherapy (207). This 

suggests it may be involved in cisplatin resistance but how it exerts this effect is unknown. It 

is possible that ZFAS1 modulates ribosomes so they are not affected by cisplatin (Figure 

9-1D). Ribosome-associated lncRNAs will need to be investigated further in the context of 

ribosome targeting anti-cancer drugs. Those crucial to ribosome function may then be used as 

cancer therapy targets to overcome chemotherapeutic resistance leading to greater drug 

efficacy.  

We propose that ZFAS1 functions as a regulator of ribosome biogenesis (Figure 9-1E). Our 

studies have shown that serum starvation followed by refeeding induces ribosome biogenesis 

as indicated by increased abundance of 45S transcript. When ZFAS1 is knocked down, serum 

starvation does not result in increased 45S abundance (Figure 6-9C), suggesting that ribosome 

biogenesis has been inhibited. Using muscle models to investigate ribosome biogenesis, we 

observed that ZFAS1 abundance is increased after exercise, similar to that of 45S (Figure 7-2), 

supporting the role of ZFAS1 in regulating ribosome biogenesis. We also utilised mouse 

myotubes treated with IGF-1 as a model to study ribosome biogenesis. These models showed 

that when samples are treated with hypertrophic stimuli, ribosome biogenesis increases and so 

does ZFAS1 abundance (Figure 7-5). However, these hypertrophic stimuli affect a plethora of 

responses, and ZFAS1 may modulate several divergent pathways that indirectly regulate 45S 

transcription, or may be regulated by pathways completely independent of 45S transcription. 

The mechanism of how ZFAS1 may affect ribosome biogenesis is not clear, but it may act as a 

sensor for when the cell requires more ribosomes and transduces this signal to the nucleus for 

increased rDNA transcription, or facilitates the assembly of ribosomes.  

Knockdown of ZFAS1 decreased RPS6 phosphorylation (Figure 6-8). RPS6 has distinct 

functions in the cytoplasm and nucleus. In the cytoplasm, phosphorylation of RPS6 promotes 

translation of specific transcripts (282), whereas in the nucleus it binds to the pre-rRNA after 

transcription as part of the small subunit processome for generation of the mature 18S rRNA 

molecule (283, 355). Knockdown of ZFAS1 may interfere with this ribosome biogenesis 

programme reflected in reduced phosphorylation and abundance of RPS6. As our knockdown 

of ZFAS1 reduced cytoplasmic transcripts to a greater extent than nuclear transcripts, it 

suggests that the reduced RPS6 phosphorylation observed when ZFAS1 was knocked down is 

a result of reduced cytoplasmic rather than nuclear activity of RPS6. Because we postulate that 

ZFAS1 functions in ribosome biogenesis rather than translational control, this regulation of 
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cytoplasmic RPS6 by ZFAS1 may communicate with nuclear RPS6 to regulate ribosome 

biogenesis.  

 Gene manipulation studies of ZFAS1 

Despite the intrinsically high levels of ZFAS1 in a wide range of tissues, some researchers 

have investigated the function of ZFAS1 through overexpression. These researchers used 

overexpressing plasmids for ZFAS1, either using commercially synthesised plasmids (194, 

202) or by cloning ZFAS1 sequence into overexpressing plasmids (206). Through these 

experiments, they showed that ZFAS1 promotes pro-oncogenic phenotypes. Overexpression of 

ZFAS1 increases proliferation and invasion in gastric cancer, hepatocellular cancer and 

ovarian cancer (194, 202, 206), as well as increasing chemoresistance in ovarian cancer (206).  

Questions have arisen from these efforts to overexpress ZFAS1. None of these papers showed 

amplification of the entire transcript of ZFAS1 nor did they describe which of the numerous 

isoforms of ZFAS1 were present. Plasmid sequences were not detailed in these publications 

and so it is unknown which isoform had been chosen for overexpression. Our own studies in 

characterising the isoforms of ZFAS1 showed that the GC rich region of the first exon of 

ZFAS1 proved challenging to amplify by PCR, and we were unable to amplify the entire 

transcript in a single PCR except for variant 4. Because of these results and because ZFAS1 is 

abundant at basal levels in the majority of cell types we chose not to ectopically overexpress 

ZFAS1.  

The majority of studies examining the effects of ZFAS1 knockdown used siRNA from which 

they observed reduction in oncogenic activity such as proliferation, invasion and migration 

(194, 196, 197, 201, 203, 205, 206, 209). Those studies that used shRNA to knock down 

ZFAS1 reported various levels of decreased ZFAS1 expression. These researchers used 

different gastric cancer cell lines, observing knockdown efficiency between 50-90% (200, 

202). Efficiency of ZFAS1 knockdown varies between different cell lines, and we may have 

observed greater knockdown if we had tested more breast cancer cell lines. 

One of the main limitations of this thesis is that we were unable to achieve complete 

knockdown of ZFAS1 (Figure 6-3). Knockdown of ZFAS1 by shRNA occurred predominantly 

in the cytoplasm, with nuclear ZFAS1 largely unaffected (Figure 6-4). Combining shRNA with 

other knockdown strategies such as ASOs (antisense oligonucleotides) may result in greater 

knockdown of ZFAS1 and therefore more noticeable phenotypic effects. Additionally, 

lncRNAs may exhibit genetic redundancy, in which multiple lncRNA species exhibit the same 
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function. Phenotypic changes may not have been observed because redundancies in lncRNA 

function could compensate for the loss-of-function consequences associated with ZFAS1 

knockdown.  

Alternatively, rather than knocking down ZFAS1, knock-out strategies could be used to ensure 

complete loss of function of ZFAS1. In the last few years, CRISPR/Cas genome editing 

systems have revolutionised the ability to manipulate gene expression through directed 

genomic knockout. Other members of our group are pursuing this method to knock out 

ZFAS1. However, CRISPR/Cas9 systems are not without their limitations when used to target 

lncRNAs. Because lncRNAs are not translated, mutations in single gene regions are unlikely 

to result in loss of function of the gene of interest. Deletion of the promoter has been 

employed by other researchers (356, 357). However, the promoter of ZFAS1 overlaps with that 

of ZNFX1 and therefore this was not feasible without disrupting the functions of both of the 

genes. Other groups have deleted the entire locus of genes when studying lncRNAs (358-360). 

Our group is using CRISPR/Cas9 to delete ZFAS1 from exon 2 to exon 5 so as not to disrupt 

ZNFX1. We have been successful in individually cleaving three of the four targeted exons but 

in order to obtain true functional analysis of ZFAS1 knockdown, dual targeting of these exons 

to cleave out the majority of ZFAS1 gene sequences remains to be performed. The outcome of 

these experiments would lead to novel insights into the function of ZFAS1 as knockout of 

ZFAS1 has not been performed yet. 

 ZFAS1 and putative interacting partners 

To further understand the role of ZFAS1, we performed RNA pulldown of ZFAS1 and 

analysed bound proteins by mass spectrometry (Chapter 8). These pulldown experiments of 

ZFAS1 and detection of proteins by mass spectrometry revealed approximately 200 proteins 

that may be associated with ZFAS1. Two other studies have examined protein interactions 

with ZFAS1. They found that ZFAS1 interacted with CDK1 (196) as well as with components 

of PRC2 (200). We did not detect either of these proteins in our pulldown. These studies 

showed upregulation of ZFAS1 in colorectal cancer (196) and gastric cancer (200) compared 

to normal tissue, whereas we observed no difference in ZFAS1 in normal and breast cancer 

tissue. Because of the different patterns of expression of ZFAS1 as well as the use of different 

model systems, it is not unexpected that ZFAS1 may be seen to function in different ways.  

These groups used different techniques to pulldown ZFAS1 associated proteins. Thorenoor et 

al. found that ZFAS1 interacted with CDK1 using in vitro transcribed RNA (196). One of the 

main limitations is that in vitro transcribed RNAs, unlike those transcribed in vivo, do not 
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include modified nucleotides, a deficiency which could negatively impact their structure and 

function. Scrutiny of their protocol revealed that most of exon 1 of ZFAS1 was excluded from 

their in vitro transcribed RNA, most probably due to the difficulty of amplifying the GC rich 

region of exon 1. Exclusion of exon 1 may alter the secondary structure of ZFAS1 that is 

necessary for its interaction with proteins. Nie et al. found that ZFAS1 interacted with PRC2 to 

repress the expression of KFL2 and NKD2. They used RNA immunoprecipitation with 

antibodies that target components of the PRC2 (EZH2, SUZ1, LSD1) to identify this 

interaction. In light of recent findings that PRC2 binds promiscuously to lncRNAs species, the 

functional relevance needs to be interpreted with caution.  

Several studies examining ZFAS1 and potential interacting partners have found that ZFAS1 

binds to miRNAs to regulate their function. We did not choose to investigate the role of 

ZFAS1 interacting with miRNAs for several reasons. ZFAS1 is highly expressed and very 

stable, compared to the normally low expression of miRNAs. Because of the disparate levels 

of stability and expression, ZFAS1 is likely to be playing a role in regulating cell processes 

that are constitutively required by the cell as opposed to facultative cell processes. Secondly, 

its localisation with the polysomes, as evidenced through density sucrose centrifugation, 

suggests that even if it was not directly interacting with polysomes, it is at least interacting 

with high molecular weight protein complexes. Thirdly, miRNAs are extremely short 

sequences and do not require perfect match complementarity so predicted miRNA binding 

sites are extremely abundant across nearly every gene (361). In the absence of more 

compelling evidence suggesting the role of specific miRNAs in regulation of ZFAS1, it did not 

seem wise to pursue this path.  

Analysis of the proposed ZFAS1 binding site for miR-150-5p (194, 206, 209) by BLATing this 

sequence has shown that this miRNA matches with the junction across exons 3-4. However, 

only 2 of the 5 isoforms of ZFAS1 contain these exons so miRNA interactions cannot explain 

the function of all isoforms. Thorenoor et al. (196) suggested that ZFAS1 interacts with miR-

590-3p, which is proposed to bind to exon 3 of ZFAS1 but they did not experimentally 

demonstrate binding of these two RNA species. Proposed binding sites of these miRNAs 

relative to ZFAS1 are shown in Figure 9-2. 
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Figure 9-2: MiRNA binding sites of ZFAS1 as predicted by CLiP-seq data analysis.  

Data is from Starbase V2.0 database (362). The majority of miRNA binding sites occur within the intronic 
regions between exons 1 to 2 and exons 2 to 3. 

Further examining the methodology from which these miRNAs were proposed to interact with 

ZFAS1 brings up questions. In examining the function of miRNAs with ZFAS1, these 

researchers used plasmids to ectopically overexpress mir-150-5p (194, 209). But because 

miRNAs are physiologically functional at extremely low abundance (363), such huge ectopic 

overexpression may lead to off-target effects and false positive interactions with ZFAS1.  

Our own pulldown experiments retrieved numerous versatile proteins involved in multiple 

aspects of cell biology (Table 8-5). Those proteins which were involved in ribosome 

biogenesis and function were particularly interesting because of the association of ZFAS1 with 

ribosomes as well as processes associated with role in regulating ribosome biogenesis. 

Interactions of ZFAS1 with these proteins needs to be confirmed in order to understand the 

function of ZFAS1, and this will be future work that remains to be performed. However, we 

acknowledge that ZFAS1 may interact with other proteins detected in these experiments apart 

from those with roles in ribosome function and exert effects upon non-ribosome-associated 

processes. 

Of the ribosomal proteins that were detected, the finding that several initiation factors may 

interact with ZFAS1 was exciting as it may explain how ZFAS1 regulates ribosome function. 

We detected eIF3D, 3E, 5A and 6 as being associated with ZFAS1. These initiation factors are 

of particular interest because of their location in the cytoplasm and nucleus, as well as their 

ability to regulate ribosome synthesis. Several of these proteins have been shown to regulate 

ribosome biogenesis. Cytoplasmic eIF6 binds to the 60S subunit and prevents its association 

with the 40S, impeding the formation of 80S subunits without mRNA (364). eIF6 also 

localises in the nucleolus. The yeast homologue Tif6 is required for the production of the 60S 

subunit, and its deletion causes defective pre-rRNA processing (365). Deletion of eIF6 is 

lethal in mice (366). eIF3 is comprised of 13 subunits (367), of which 3D and 3E are 

associated with ZFAS1. eIF3 binds to the 40S subunit and facilitates the loading of the eIF2-
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GTP/Met-tRNA complex to form the preinitiation complex. eIF3 also assists in recruiting 

mRNAs to the preinitiation complex. Thirdly, eIF3 inhibits the formation of the mature 80S 

monosome by preventing the binding of the 40S to the 60S until the start codon is identified 

(368, 369). eIF3 interacts with numerous proteins involved in ribosome biogenesis (370) and 

its loss of function is associated with 40S biogenesis defects (371). eIF5A stimulates 

formation of the first peptide bond following translation initiation (372, 373).  

As well as interacting with initiation factors, BOP1 (block of proliferation 1) was detected in 

our pulldown studies. BOP1 is a component of the PeBoW complex comprised of PES1, 

BOP1, and WDR12. This complex is important in coordinating ribosome biogenesis with cell 

cycle progression. Its main role in ribosome biogenesis is to regulate the synthesis of the large 

subunit via processing of pre-rRNA to yield mature 5.8S/28S rRNAs (374, 375). Disruption of 

BOP1 induces p53 mediated cell cycle arrest (164), indicating that BOP1 acts as a sensor that 

coordinates extracellular factors with ribosome biogenesis. BOP1 interacts with DDX27 (Dead 

Box Helicase 27) for appropriate processing of the 45S rRNA transcript (376). Although we 

did not detect DDX27 in our pulldown, we did detect two other dead box helicase proteins 

DDX23 and DDX3X. Dead box helicases load onto the duplex region of an RNA where they 

mediate several processes. They can recruit additional proteins to form larger 

ribonucleoprotein complexes as well as catalyse strand separation. They may interact with 

BOP1 in a similar fashion to DDX27, or they may mediate other functions such as pre-mRNA 

splicing, RNA export, ribosomal biogenesis and translation (377). We also detected WDR36 

via pulldown. This gene is crucial for 18S processing in the nucleolus (378, 379). While these 

three proteins may function independently, they may interact with each other forming a similar 

complex to PeBoW to modulate processing of the 18S rRNA. ZFAS1 primarily colocalises 

with the small ribosomal subunit, and ZFAS1 may be involved in this process as a scaffold or 

by acting as a signalling molecule.  

 Limitations 

The first goal of this research was to characterise the expression of ZFAS1 in breast cancer cell 

lines and compare it to publically available databases. Although TCGA data did not show a 

difference in expression of ZFAS1 in normal breast tissue compared to breast tumours (Figure 

3-3), previous work performed by Askarian-Amiri et al. (107) showed that ZFAS1 was 

downregulated in breast cancer compared to normal breast tissue. However, this study 

examined only 5 patient samples and the difference in expression did not reach significance. 

Differences in tissue processing may have contributed to the difference in gene expression, as 
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Askarian-Amiri et al. performed micro-dissection on the tumours to separate the breast cancer 

tissue from its associated stroma but whether samples used for TCGA data were subject to the 

same processing is unclear. The results presented in Chapter 3 using cell lines showed that 

generally, the breast epithelial cell lines had higher expression of ZFAS1 than the majority of 

breast cancer cell lines studied (Figure 3-2). Using a larger cohort of breast tumours with 

matched normal tissues may provide better insight as to whether ZFAS1 is downregulated in 

human breast cancer.  

We utilised sucrose gradient fractionation in which we obtained evidence that ZFAS1 was 

associated with ribosomes (Figure 4-2). Although the polysome profiles show the general 

features of ribosomes including polysomes and monosomes, it lacks discrete peaks which 

would enable differentiation between the number of ribosomes each polysome complex has, or 

enable detection of the 40S and 60S ribosomal subunits. This would allow more subtle 

differences to be detected when comparing polysome profiles. Lack of discrete peaks may 

have been due to the method that was used to collect fractions i.e. piercing a hole at the bottom 

of the tube and collecting drops from the gradient is subject to variation between experiments. 

Direct comparison in the same fractions across different biological replicates could not be 

performed, necessitating reliance on the general trend of ZFAS1 expression in independent 

experiments. To improve upon this, specialised fraction collectors should be used in the future, 

although we did not have access to this equipment at the time of our experiments. 

Additionally, lack of discrete peaks may have also been due to overloading the sucrose 

gradient with cell lysate prior to centrifugation. However, as ZFAS1 was not found in the 

fractions corresponding to ribosomal subunits, achieving discrete peaks at this portion of the 

gradient was not necessary for the conclusions of our results; we observed ZFAS1 to be 

associated with monosomes and light polysomes. 

One of the main limitations of this thesis is that we were unable to achieve complete 

knockdown of ZFAS1 (Figure 6-3). Using a larger panel of cell lines to knock out ZFAS1 may 

have resulted in selection of a cell line with greater reduction in ZFAS1. Combining shRNA 

with other knockdown strategies such as ASOs may have resulted in a greater knockdown of 

ZFAS1. Additionally, phenotypic changes with ZFAS1 knockdown may not have been 

observed because, as with protein coding genes, redundancies in the wide network of lncRNAs 

could mask loss-of-function phenotypic consequences. Experiments using siRNAs can be 

performed and elicit phenotypic changes more quickly. This approach may be one way of 
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observing the effects of ZFAS1 knockdown before redundant genes compensate for reduced 

ZFAS1 expression. 

Despite not achieving complete knockdown of ZFAS1, some phenotypic changes were 

apparent. One of the phenotypic changes we observed was a reduction of RPS6 

phosphorylation in ZFAS1 knockdown cells (Figure 6-8). We had attempted to investigate 

upstream events leading to RPS6 phosphorylation by quantifying the amount of 

phosphorylated S6K1 in the ZFAS1 knockdown cells. Signal detected was very low and a 

conclusion could not be drawn. MDA-MB-468 cells have intrinsically low amounts of 

phosphorylated S6K suggesting that only a small amount of S6K activity is able to mediate a 

large response in RPS6 (380). Utilisation of other breast cancer cell lines with higher levels of 

S6K1 activity may make the effect of ZFAS1 knockdown on this pathway more apparent.  

Experimental studies on ZFAS1 interacting proteins are still in their preliminary stages and 

further work needs to be performed before a solid conclusion can be drawn (Chapter 8).  One 

of the major limitations in our pulldown experiments is that scrambled control and ZFAS1 

pulldown experiments were not performed alongside each other. Although efforts were taken 

to ensure that experimental procedure was consistent, variations in the bead suspension and 

number of cells used for each pulldown experiment may have occurred. Additionally, eluates 

from each pulldown replicate were not run alongside each other so bands with increased 

intensity compared to the scrambled control could not be identified. We instead isolated the 

entire eluate region of the gel and analysed proteins, eliminating those that were present in 

scrambled controls from ZFAS1 pulldown experiments.  

 Future directions 

This thesis has highlighted many questions that require further investigation in order to fully 

understand the role of ZFAS1 as a regulator of ribosome biogenesis. The first challenge is to 

understand the molecular mechanism by which ZFAS1 functions to regulate ribosome 

biogenesis. From our pulldown experiments, we have identified several candidate proteins 

involved in the assembly and synthesis of ribosomes with which ZFAS1 may interact. These 

interactions need to be validated by immunoprecipitation of the candidate proteins to confirm 

the physical interactions with ZFAS1. Additionally, the functions of these proteins and how 

ZFAS1 regulates them to dictate ribosome function will be explored. 

Complete knockdown of ZFAS1 will be critical to determine its function. Currently, knockout 

studies by CRISPR/Cas9 are underway by other members of our laboratory group. Because 
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the entire gene region needs to be cut out to remove ZFAS1 function, this work has proved 

challenging but will be necessary to gain better understanding of the function of ZFAS1 in the 

cell.  

The majority of studies that have investigated the function of ZFAS1 in a variety of cancers 

has shown that ZFAS1 is upregulated in cancer. We did not see a difference in ZFAS1 

expression using TCGA data of breast cancer gene expression. ZFAS1 may have different 

functions in different cancers and it remains to be investigated if its role in ribosome 

biogenesis is a general feature of all cells, or if it is breast cancer specific. Further studies in 

other ribosomal disorders apart from cancer would be interesting to investigate the function of 

ZFAS1.  

The major finding of this study is that ZFAS1 is associated with ribosomes but a change in 

global protein translation upon ZFAS1 knockdown was not observed. There is a possibility 

that ZFAS1 may regulate the translation of specific mRNAs, but this was not investigated. 

Knockdown of ZFAS1 followed by proteomic screens and RNA-seq experiments can be 

performed to determine if ZFAS1 regulates the translation of specific genes or whether it is 

altering the abundance of certain mRNAs that are available for translation.  

Further work on determining the role of RPS6 phosphorylation in ribosome activity needs to 

be done to determine if ZFAS1 interacts with other components of mTOR signalling, or if 

RPS6 phosphorylation by ZFAS1 is mTOR independent. ZFAS1 may regulate the activity of 

other ribosomal proteins. While RPS6 is the most well studied ribosomal protein in regulating 

ribosome function, other ribosomal proteins are also able to sense extracellular stimuli and 

regulate ribosome function. For example, mutations in several RP-encoding genes including 

RPS19, RPS24, RPS17, RPL11, RPL5, and RPL35A lead to abnormal ribosome biogenesis 

(381). Genotoxic insults such as radiation deplete RPL3, which triggers p53 stabilisation 

(382). Nutrient depletion also triggers changes in the activity of many ribosomal proteins and 

regulators, such as RNA Pol I and III associated factors (383, 384). Besides RPS6, regulation 

of ribosome function requires hundreds of other proteins including ribosomal proteins, RNA 

polymerases and ribosomal nucleolar factors. ZFAS1 may play a role in the activity of any of 

these proteins and therefore needs more extensive characterisation.  

In addition to investigating ZFAS1 in breast cancer, we examined its function in human 

muscle, mouse muscle and myoblast cell lines. Although these systems were used as models 

of ribosome biogenesis, several questions arose from this work. Firstly, ZFAS1 expression was 
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found to be increased during early differentiation of myoblast to myotubes and the role of this 

lncRNA in transforming non-differentiated proliferating cells to differentiated non-

proliferating cells remains to be investigated. Secondly, because we observed increased ZFAS1 

abundance in human muscle samples after exercise, it would be useful if a similar model of 

human exercise can be simulated in vitro using cell lines. This would allow further 

manipulation of ZFAS1 transcript. Currently, our collaborators are working on a method of 

inducing contractile activity in myotubes via electric pulse stimulation. We also aim to induce 

knockdown of Zfas1 in these myotubes to determine its function in differentiation as well as 

cell hypertrophy.  

Using mouse muscle samples, we observed that ZFAS1 is associated with a fixed proportion of 

ribosomes, contributing to ribosome heterogeneity in the cell. Whether these ribosomes have a 

specific function remains to be investigated. Pulldown of ZFAS1 associated ribosomes and 

comparison of their makeup with non-associated ribosomes may provide clues into the 

specialised function of ZFAS1-associated ribosomes.  

Finally, we provide a workflow that can be used to examine the function of the other lncRNAs 

that are frequently associated with ribosomes. These techniques allow greater in-depth 

understanding of specific lncRNAs, allowing expansion of knowledge of the lncRNAs 

associated with ribosomes as identified through ribosome profiling. Understanding the 

function of these ribosome-associated lncRNAs can reveal an entirely new level of ribosomal 

regulation that is currently unexplored.  

 Possible model of action for ZFAS1 

Our results show that ZFAS1 is expressed in both the cytoplasm and the nucleus. In the 

cytoplasm, it shows association with monosomes and light polysomes. ZFAS1 expression is 

correlated with ribosomal content, suggesting that it is associated with a subset of ribosomes 

contributing to ribosome heterogeneity. Our experiments in human and mouse cell lines, as 

well as in muscle samples from human participants, suggest that ZFAS1 is involved in 

ribosome biogenesis. The function of ZFAS1 arising from its association with ribosomes 

remains to be explored, but pulldown experiments suggesting that ZFAS1 interacts with 

several initiation factors and other ribosomal regulators indicate that it may function to keep 

ribosomes in a particular activity state in the cytoplasm or as a sensor of the fraction of 

actively translating ribosomes relative to non-translating ribosomes, while it functions in the 

nucleus to regulate ribosome biogenesis. 
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We propose a model in which ZFAS1 is spliced to release snoRNAs from within its introns in 

the nucleus, after which the snoRNAs guide modifications to RNA in the nucleolus. Processed 

ZFAS1 translocates into the cytoplasm, where it interacts with a proportion of monosomes and 

light polysomes. This interaction may keep ribosomes in an inactive state until appropriate 

signals are received, or may sense the stoichiometry of actively translating ribosomes to 

inactive ribosomes. It may also facilitate ribosome assembly or translation of specific mRNA 

transcripts. When the appropriate growth signal is received by the cell, the signal is transduced 

to the nucleus to increase transcription of ZFAS1. ZFAS1 then interacts with numerous 

ribosomal biogenesis proteins to increase ribosome production, promote ribosome assembly or 

regulate translation of specific mRNAs (Figure 9-3).  

 

Figure 9-3: Proposed model for ZFAS1 function.  

(1) ZFAS1 is transcribed and spliced to yield mature ZFAS1 transcript and three snoRNAs. The snoRNAs guide 
modifications towards the ribosomal RNA. (2) ZFAS1 is then translocated into the cytoplasm where it interacts 
with a subset of monosomes and light polysomes. This interaction may be facilitated by protein complexes. In the 
cytoplasm, ZFAS1 may modulate translation of specific mRNAs or facilitate ribosome assembly. (3) Growth 
stimuli which promote hypertrophy signals either directly into the nucleus to increase transcription of ZFAS1, or 
may first signal to ribosomes which transduce this signal to the nucleus to increase ZFAS1 transcription. (4) 
ZFAS1 then interacts with numerous ribosome biogenesis proteins and promotes ribosome biogenesis.  
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Chapter 10. Appendix 

 Survival curves in ER+ and ER- breast cancer patients stratified by 

ZFAS1 expression 

 

Figure 10-1: Kaplan-Meier plot of (A) ER+ and (B) ER- patients stratified by ZFAS1 expression derived 
from TCGA breast cancer data set. 

Plots were generated from http://kmplot.com/analysis/ of TCGA breast cancer data set showing overall survival 
of breast cancer patients relative to the expression of tumour ZFAS1 based on their ER status. High expressers are 
those 50 % of patients with the highest ZFAS1 expression, and low expressers are those 50 % of patients with the 
lowest ZFAS1 expression. High expressers of ZFAS1 do not show altered survival up to 300 months. 

 Primer lists 
Table 10-1: List of primers used in these experiments.  

The sequences are 5′ to 3′. ‘h’ in front of primer name denotes that this primer targets human genes. ‘m’ in 
front of primer name denotes that it targets mouse genes. 

Primer Sequence 

Isoform detection 

hZFAS1 E1-F1 CAGGGTGGAGAGCACGAG 

hZFAS1 E1-F2 GAGATGACTGCGCCCAAG 

hZFAS1 E1-R1 CTGAGGTGACGCCCTCCT 

hZFAS1 E1-R2 CCCCCTTCCCTCTACACG 

hZFAS1 E1-F3 TTGCAGTCAGGCTTCATACG 

hZFAS1 E5-R1 GAAGTGGGCACAGCCTTTTA 

hZFAS1 E2-R1 GTACCCGCTGGCTGCTCTAA 

hZFAS1 E2-R2 AGATGTCTGCACGTGGCTTC 

http://kmplot.com/analysis/
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Quantitative PCR  

hZFAS1 E2-F AAGCCACGTGCAGACATCTA 

hZFAS1E3-R CTACTTCCAACACCCGCATT 

hZNFX1-F ATCATGCTTTGGACCAGTTTCT 

hZNFX1-R TAGGGTGAACTGCTTCAGGATT 

hGAS5-F  CTTGCCTGGACCAGCTTAAT 

hGAS5-R  CAAGCCGACTCTCCATACCT 

hHPRT-F TGAGGATTTGGAAAGGGTGT 

hHPRT-R GCACACAGAGGGCTACAATG 

hGAPDH-F ACGGG AAGCTTGTCATCAAT 

hGAPDH-R TGGACTCCACGACGTACTCA 

hEMC7-F GGGCTGGACAGACTTTCTAATG 

hEMC7-R CTCCATTTCCCGTCTCATGTCAG 

hCHMP2A-F  CGCTATGTGCGCAAGTTTGT 

hCHMP2A-R  GGGGCAACTTCAGCTGTCTG 

hC1ORF43-F CTATGGGACAGGGGTCTTTGG 

hC1ORF43-R TTTGGCTGCTGACTGGTGAT 

Ribosomal protein and rRNA genes 

hRPL22F GTTCTGAAGTTCACTCTTGATTGC 

hRPL22R CTTGCTCCTTTCGATGGTCA 

hRPL28F  GGAACTGCTCCAGTTTCCTG 

hRPL28R CGGTGAATCAGTCCGTTGTA 

hRPS24F AACTGGCTTTGGCATGATTT 

hRPS24R GCAGTCCCCCTGACTTTCTT 

hRPS3F TTCGGGAACTGACTGCTGTA 

hRPS3R GCACAGCAAGCCCTCCTA 

hRPS21F CGCTAGCAATCGCATCATC 

hRPS21R CCCCGCAGATAGCATAAGTT 

h45SF GAACGGTGGTGTGTCGTT 

h45SR GCGTCTCGTCTCGTCTCACT 

h18S-F GTAACCCGTTGAACCCCATT 

h18S-R CCATCCAATCGGTAGTAGCG 

h28S-F CCATGGAAGTCGGAATCC  

h28S-R AGCGCCATCCATTTTCAG 

5’RACE  
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AN poly C GCATGCGCGCGGCCGCGGAGGCCCCCCCCCCCCC 

AN GCATGCGCGCGGCCGCGGAGG 

hZFAS1 E2R1 GTACCCGCTGGCTGCTCTAA 

hZFAS1 E2R2 AGATGTCTGCACGTGGCTTC 

Mouse primers 

mZFAS1-F GAGGTTGGAGGGAGAGAAGG 

mZFAS1-R CTCAGGAGTTCACGCTCCAT 

mZNFX1-F AAGGCATCTACGGGTGTCAG 

mZNFX1R CTTGTTCCTCAGCTCCCTCA 

mCHMP2A-F GTCGCTTAATCCGGAAACGG 

mCHMP2A-R GAACTAGCGGAGCCGAGAGA 

mGPI1-F ATCCGGAGCGCTTCAACAAC 

mGPI1-F CTGAACATGTTGTCCCGTGC 

mEMC7F AGAGCATGTCGGCTTCCTTA 

mEMC7R ATCTTGCTCGCATTTTTCCTTTTG 

mRPL22F ACCATCGAACGCAGCAAG 

mRPL22R AACGCAGCTCGTAACTCTCTTT 

mRPL28F GATGGCAAAGGGGTCGTG 

mRPL28R GTAGCCCGAGCATTCTTGTT 

mRPS24F ACAGTAACCATCCGGACCAG 

mRPS24R TCCCGAATTTCTGTCTTTGG 

mRPS3F AGCTGGCTGAAGATGGCTAC 

mRPS3R CAAAGCGCTTCTGGACAACT 

mRPS21F CATCATTGCTGCCAAGGAC 

 Primer efficiencies 

Primer efficiencies for primers used for qPCR are shown below in the following tables and 

graphs. Primer sequences for hZFAS1, hZNFX1, mZFAS1 and mZNFX1 are derived from 

(107). Primer sequences for hEMC7, hCHMP2A, hC1ORF43, mEMC7, mCHMP2A and 

mGIP1 are derived from (288). Primers for h45S are derived from (385). 
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 Sucrose gradient separation biological replicates 

 

Figure 10-2: ZFAS1 is associated with actively translating ribosomes.  

(A) Polysome distribution of MDA-MB-468 cell lysates as separated on a 7-47% sucrose gradient. Absorbance at 
260 nm is shown on the Y axis. Fractions from the top of the gradient to the bottom are shown from left to right 
on the X axis. Peaks corresponding to ribosomal features are indicated by arrows. (B) Quantitative expression of 
ZFAS1 and GAPDH in gradient fractions measured by qPCR. 
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Figure 10-3: Polysome disruption dissociates ZFAS1 from ribosomes.  

(A) Polysome distribution of MDA-MB-468 cell lysate separated on a 7–47% sucrose gradient containing EDTA 
instead MgCl2. Absorbance at 260 nm is shown on the Y axis. Fractions from the top of the gradient to the 
bottom are shown from left to right on the X axis. Loss of the polysome peak is observed, together with a 
leftward shift of the ribosome subunits. (B) Quantitative expression of ZFAS1 and GAPDH in gradient fractions 
as measured by qPCR.  
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Figure 10-4: Polysome gradients after treatment with puromycin.  

(A) Polysome distribution of MDA-MB-468 cell lysates as separated on a 7-47% sucrose gradient containing 
puromycin to disrupt the peptidyl transfer site (red line) compared to control polysome gradient (blue line). 
Absorbance at 260 nm is shown on the Y axis. Fractions from the top of the gradient to the bottom are shown 
from left to right on the X axis. Fractions were collected in 40 equal volumes, of which every third was used for 
RNA extraction, and cDNA synthesised for PCR (B) Quantitative expression of ZFAS1 and GAPDH measured 
by qPCR from fractions collected from 7–47 % sucrose gradient. The results present the abundance of ZFAS1 in 
control (untreated) and cells treated with puromycin for 30 min. 
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Figure 10-5: ZFAS1 is predominantly associated with the small ribosomal subunit. 

(A) Dissocated ribosomal subunit profile of MDA-MB-468 cells. The Y and X axes represent the A260 and 
fraction numbers respectively. Sample 1 is from the top of the gradient while 50 is the bottom fraction. (B) 
ZFAS1 RT-PCR products from cDNA derived from each peak using primer set ZFAS1 E2F and E3R. 18S and 
28S rRNA species indicate the small and large subunit distribution in the gradient. GAPDH was used as a positive 
control.  
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Figure 10-6: ZFAS1 does not regulate mRNA distribution on polysome gradients.  

(A) Polysome distribution of MDA-MB-468 cell lysates transfected with either ZFAS1 shRNA BC2 or 
scrambled shRNA as separated on a 7–47% sucrose gradient. Absorbance at 260 nm is shown on the Y axis. 
Fractions from the top of the gradient to the bottom are shown from left to right on the X axis. Fractions were 
collected in 38 equal volumes, of which every third was used for RNA extraction, and cDNA synthesised for 
PCR. (B) The presence of GAPDH expression, a heavily translated mRNA, was assessed in both cell lines. The 
blue Y axis corresponds to GAPDH expression in scrambled shRNA cells, and the red Y axis corresponds to 
GAPDH expression in ZFAS1 shRNA BC2 cells.  
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 Expression of candidate ribosomal protein genes based on their ER 

status 

 

Figure 10-7: Expression of ribosomal protein genes based on their ER status in breast cancer tissue 
derived from TCGA.  

Expression of concordantly regulated ribosomal protein genes in ER+ and ER- breast cancer (TCGA data). 
Student’s t test was used to determine the significance of differences in expression between ER+ and ER- tumour 
(N) samples, *, **, *** represent p values of >0.05, >0.005 and >0.001 respectively. 
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 Cell sorting results of ZFAS1 shRNA transfection  
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Figure 10-8: Flow cytometry graphs of MDA-MB-468 cells transfected with ZFAS1 shRNAs.  

(A) MDA-MB-468 cells without shRNA. (B) MDA-MB-468 cells transfected with scrambled shRNA. (C-G) 
MDA-MB-468 cells transfected with shRNA targeting ZFAS1. Each panel shows (i-iv) Light scatter plots of 
cells. Cells were gated to select for those particles which were likely to be single cells. (v) Cells which had 
incorporated the shRNA plasmid were sorted by Fluorescence-activated cell sorting, in which GFP fluorescence 
was detected as a distinct population from non-transfected cells. 
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 Protein gels from RNA pulldown experiments 

 

Figure 10-9: Coomassie stained acrylamide gel of total cellular proteins of MDA-MB-468 cell lysate p52 
and p61 using probes targeting ZFAS1. 

 Lanes show protein before pulldown (input), after probes and beads were added (input+probes+beads), discard 
from five washing steps and final output after protein was eluted from beads. The entire output band was cut out, 
excluding the densely staining protein band of approximately 12kDa, and analysed by mass spectrometry. 
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Figure 10-10: Coomassie stained acrylamide gels of total cellular proteins of MDA-MB-468 cell lysate p52 
and p61 using scrambled probes. 

 Lanes show protein before pulldown (input), after probes and beads were added (input+probes+beads), discard 
from five washing steps and final output after protein was eluted from beads. The entire output band was cut out, 
excluding the densely staining protein band of approximately 12kDa, and analysed by mass spectrometry. 
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 Proteins identified from RNA pulldown 
Table 10-2: List of proteins found in ZFAS1 pulldown of MDA-MB-468 proteins. Proteins are sorted based 
on their average abundance, given as a percentage of total signals from mass spectrometry detection. N=3. 

Gene 
symbol 

Gene name Protein class Average 
abundance (%) 

SEM 

ARPC1B   Actin-related protein 2/3 
complex subunit 1B 

actin family 
cytoskeletal protein  

1.084E-01 4.161E
-02 

DDX3X ATP-dependent RNA 
helicase DDX3X 

RNA helicase  9.695E-02 5.883E
-03 

STAT3   Signal transducer and 
activator of transcription 3 

nucleic acid binding, 
transcription factor 

7.841E-02 2.497E
-02 

PGD   6-phosphogluconate 
dehydrogenase, 
decarboxylating 

dehydrogenase  7.701E-02 2.840E
-02 

FBL   rRNA 2'-O-
methyltransferase 
fibrillarin 

methyltransferase  7.679E-02 3.708E
-02 

DDB1   DNA damage-binding 
protein 1 

non-motor 
microtubule binding 
protein  

7.098E-02 7.752E
-03 

RCC2   Protein RCC2 chromatin/chromatin-
binding protein, 
guanyl-nucleotide 
exchange factor 

6.697E-02 3.159E
-02 

SEC61A1 Protein transport protein 
Sec61 subunit alpha 
isoform 1 

membrane traffic 
protein, transporter 

6.114E-02 1.144E
-02 

RTN3   Reticulon-3 membrane traffic 
protein  

5.931E-02 6.416E
-03 

ABCE1   ATP-binding cassette sub-
family E member 1 

- 5.915E-02 1.620E
-02 

BCAP31   B-cell receptor-associated 
protein 31 

membrane traffic 
protein, transporter 

5.648E-02 1.861E
-02 

RAB10 Ras-related protein Rab-
10 

- 5.474E-02 1.303E
-02 

SLC2A1   Solute carrier family 2, 
facilitated glucose 
transporter member 1 

- 5.440E-02 7.275E
-03 

ELAVL1   ELAV-like protein 1  5.218E-02 9.102E
-03 

MYO1B Unconventional myosin-
Ib 

G-protein modulator, 
actin binding motor 
protein, cell junction 
protein 

5.118E-02 2.162E
-02 

RPA1   Replication protein A 70 
kDa DNA-binding subunit 

- 5.090E-02 1.717E
-02 

TM9SF2 Transmembrane 9 
superfamily member 2 

transporter  5.085E-02 1.250E
-02 

CPNE3   Copine-3 - 5.081E-02 2.087E
-02 
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SURF4   Surfeit locus protein 4 oxidase, 
transmembrane 
receptor 
regulatory/adaptor 
protein 

4.584E-02 1.038E
-02 

TMED10   Transmembrane emp24 
domain-containing protein 
10 

transfer/carrier 
protein, vesicle coat 
protein 

4.543E-02 2.255E
-02 

TMEM205 Transmembrane protein 
205 

- 4.474E-02 8.913E
-03 

PFKL ATP-dependent 6-
phosphofructokinase, liver 
type 

carbohydrate kinase  4.438E-02 2.246E
-02 

POR   NADPH--cytochrome 
P450 reductase 

- 4.405E-02 1.242E
-02 

HNRNPF   Heterogeneous nuclear 
ribonucleoprotein F 

ribosomal protein  4.324E-02 1.749E
-02 

HUWE1   E3 ubiquitin-protein 
ligase HUWE1 

ubiquitin-protein 
ligase  

4.316E-02 1.294E
-02 

KRT4   Keratin, type II 
cytoskeletal 4 

intermediate 
filament, structural 
protein 

4.025E-02 1.773E
-02 

LRBA Lipopolysaccharide-
responsive and beige-like 
anchor protein 

- 3.822E-02 7.446E
-03 

TMCO1   Transmembrane and 
coiled-coil domain-
containing protein 1 

- 3.719E-02 2.206E
-02 

SNRPD1 Small nuclear 
ribonucleoprotein Sm D1 

mRNA splicing 
factor, 
ribonucleoprotein 

3.709E-02 2.312E
-02 

CSDE1   Cold shock domain-
containing protein E1 

membrane traffic 
protein  

3.707E-02 2.451E
-03 

HSPA4   Heat shock 70 kDa 
protein 4 

- 3.590E-02 9.331E
-03 

DDX23 Probable ATP-dependent 
RNA helicase DDX23 

RNA helicase  3.576E-02 2.294E
-02 

GEMIN5 Gem-associated protein 5 receptor  3.542E-02 1.537E
-03 

OGDH 2-oxoglutarate 
dehydrogenase, 
mitochondrial 

- 3.517E-02 1.215E
-02 

EIF3E   Eukaryotic translation 
initiation factor 3 subunit 
E 

translation initiation 
factor  

3.483E-02 1.398E
-02 

AAAS   Aladin - 3.457E-02 1.372E
-02 

NOP56   Nucleolar protein 56 ribonucleoprotein  3.430E-02 1.651E
-02 

SMARCA5   SWI/SNF-related matrix-
associated actin-

DNA helicase  3.337E-02 5.295E
-03 
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dependent regulator of 
chromatin subfamily A 
member 5 

SLC35B2   Adenosine 3'-phospho 5'-
phosphosulfate transporter 
1 

transporter  3.325E-02 5.970E
-03 

HBS1L   HBS1-like protein G-protein, hydrolase, 
translation elongation 
factor 

3.321E-02 1.277E
-02 

SLC25A4   ADP/ATP translocase 1 amino acid 
transporter, 
calmodulin, 
mitochondrial carrier 
protein, ribosomal 
protein, 
transfer/carrier 
protein 

3.190E-02 1.595E
-02 

PREB   Prolactin regulatory 
element-binding protein 

DNA binding protein  3.169E-02 1.010E
-02 

RBM14   RNA-binding protein 14 - 3.074E-02 1.335E
-02 

HSD17B12   Very-long-chain 3-
oxoacyl-CoA reductase 

dehydrogenase, 
reductase 

3.038E-02 1.476E
-02 

RALY RNA-binding protein 
Raly 

mRNA processing 
factor, 
ribonucleoprotein 

3.025E-02 4.370E
-03 

MCM7   DNA replication licensing 
factor MCM7 

DNA helicase, 
hydrolase 

2.879E-02 1.390E
-02 

VAPA   Vesicle-associated 
membrane protein-
associated protein A 

membrane trafficking 
regulatory protein  

2.875E-02 8.048E
-03 

USP10   Ubiquitin carboxyl-
terminal hydrolase 10 

- 2.825E-02 1.612E
-02 

SUMO1 Small ubiquitin-related 
modifier 1 

- 2.799E-02 2.075E
-03 

CAPZB   F-actin-capping protein 
subunit beta 

non-motor actin 
binding protein  

2.776E-02 1.460E
-02 

RAB3D   Ras-related protein Rab-
3D 

- 2.776E-02 1.191E
-02 

YES1 Tyrosine-protein kinase 
Yes 

non-receptor tyrosine 
protein kinase  

2.755E-02 5.343E
-03 

PDHA1   Pyruvate dehydrogenase 
E1 component subunit 
alpha, somatic form, 
mitochondrial 

dehydrogenase  2.736E-02 7.818E
-04 

HDAC2 Histone deacetylase 2 deacetylase, nucleic 
acid binding, 
reductase 

2.728E-02 1.208E
-02 

SMC4 Structural maintenance of 
chromosomes protein 4 

chromatin/chromatin-
binding protein, 
hydrolase 

2.726E-02 8.874E
-03 
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RDH10   Retinol dehydrogenase 10 dehydrogenase, 
reductase 

2.720E-02 2.469E
-02 

SKIV2L2   Superkiller viralicidic 
activity 2-like 2 

- 2.642E-02 6.107E
-03 

SEPT10 Septin-10 cytoskeletal protein, 
small GTPase 

2.607E-02 1.000E
-02 

EIF6   Eukaryotic translation 
initiation factor 6 

translation initiation 
factor  

2.565E-02 1.327E
-02 

EDC4   Enhancer of mRNA-
decapping protein 4 

major 
histocompatibility 
complex antigen  

2.529E-02 1.015E
-02 

SMC2   Structural maintenance of 
chromosomes protein 2 

chromatin/chromatin-
binding protein, 
hydrolase 

2.509E-02 4.558E
-03 

ARPC2   Actin-related protein 2/3 
complex subunit 2 

- 2.501E-02 4.547E
-03 

DDX46 Probable ATP-dependent 
RNA helicase DDX46 

RNA helicase  2.479E-02 1.175E
-02 

CTNND1 Catenin delta-1 mRNA 
polyadenylation 
factor  

2.478E-02 8.498E
-03 

PDLIM5   PDZ and LIM domain 
protein 5 

actin family 
cytoskeletal protein, 
transcription factor 

2.351E-02 1.148E
-02 

DKC1   H/ACA ribonucleoprotein 
complex subunit 4 

RNA helicase  2.343E-02 1.507E
-02 

GPD2 Glycerol-3-phosphate 
dehydrogenase, 
mitochondrial 

- 2.330E-02 9.050E
-03 

HADH Hydroxyacyl-coenzyme A 
dehydrogenase, 
mitochondrial 

dehydrogenase, 
epimerase/racemase, 
hydratase 

2.198E-02 8.096E
-03 

GNE   Bifunctional UDP-N-
acetylglucosamine 2-
epimerase/N-
acetylmannosamine 
kinase 

carbohydrate kinase, 
epimerase/racemase, 
transcription factor 

2.137E-02 7.340E
-03 

PRPF6   Pre-mRNA-processing 
factor 6 

mRNA splicing 
factor  

2.129E-02 4.298E
-03 

RPS13 40S ribosomal protein 
S13 

ribosomal protein  2.076E-02 1.019E
-02 

SCD Acyl-CoA desaturase - 2.047E-02 1.664E
-03 

EIF3D   Eukaryotic translation 
initiation factor 3 subunit 
D 

translation initiation 
factor  

2.039E-02 3.861E
-03 

IMPA2   Inositol monophosphatase 
2 

phosphatase  2.033E-02 1.462E
-02 

PCYOX1   Prenylcysteine oxidase 1 - 2.014E-02 2.917E
-03 
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OCRL   Inositol polyphosphate 5-
phosphatase OCRL-1 

phosphatase  2.007E-02 1.179E
-02 

SRRM2   Serine/arginine repetitive 
matrix protein 2 

- 1.964E-02 1.929E
-03 

KDM1A   Lysine-specific histone 
demethylase 1A 

DNA 
methyltransferase, 
oxidase 

1.941E-02 1.682E
-02 

PSMA5 Proteasome subunit alpha 
type-5 

- 1.930E-02 6.714E
-03 

HAT1   Histone acetyltransferase 
type B catalytic subunit 

acetyltransferase  1.919E-02 4.444E
-03 

WDR36 WD repeat-containing 
protein 36 

mRNA splicing 
factor  

1.890E-02 1.145E
-02 

NUP160   Nuclear pore complex 
protein Nup160 

transporter  1.881E-02 1.072E
-02 

GMPS GMP synthase 
[glutamine-hydrolyzing] 

glycosyltransferase  1.833E-02 3.201E
-03 

USP24   Ubiquitin carboxyl-
terminal hydrolase 24 

- 1.818E-02 4.862E
-03 

THEM6   Protein THEM6 - 1.759E-02 4.866E
-03 

ASCC3   Activating signal 
cointegrator 1 complex 
subunit 3 

- 1.746E-02 8.745E
-03 

ERAP1   Endoplasmic reticulum 
aminopeptidase 1 

metalloprotease  1.734E-02 3.429E
-04 

RBM25   RNA-binding protein 25 - 1.710E-02 1.079E
-03 

DCTN1 Dynactin subunit 1 RNA binding 
protein, aminoacyl-
tRNA synthetase 

1.683E-02 7.873E
-03 

CDC42BPG   Serine/threonine-protein 
kinase MRCK gamma 

non-receptor 
serine/threonine 
protein kinase  

1.635E-02 4.316E
-03 

MOGS   Mannosyl-oligosaccharide 
glucosidase 

- 1.620E-02 5.996E
-03 

ABHD16A Abhydrolase domain-
containing protein 16A 

- 1.619E-02 9.123E
-03 

ACACA   Acetyl-CoA carboxylase 1 ligase  1.610E-02 7.610E
-03 

FAM120A   Constitutive coactivator of 
PPAR-gamma-like 
protein 1 

- 1.599E-02 4.308E
-03 

ERMP1   Endoplasmic reticulum 
metallopeptidase 1 

- 1.583E-02 6.034E
-03 

EIF5A Eukaryotic translation 
initiation factor 5A-1 

translation initiation 
factor  

1.565E-02 6.120E
-03 

GPI Glucose-6-phosphate 
isomerase 

isomerase  1.550E-02 6.708E
-03 

NUP210   Nuclear pore membrane 
glycoprotein 210 

membrane traffic 
protein  

1.522E-02 3.260E
-03 
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PSMG1   Proteasome assembly 
chaperone 1 

- 1.503E-02 3.443E
-03 

SNRPD3 Small nuclear 
ribonucleoprotein Sm D3 

mRNA splicing 
factor, 
ribonucleoprotein 

1.487E-02 1.199E
-02 

PGAM5 Serine/threonine-protein 
phosphatase PGAM5, 
mitochondrial 

- 1.457E-02 3.362E
-03 

STAT1 Signal transducer and 
activator of transcription 
1-alpha/beta 

nucleic acid binding, 
transcription factor 

1.446E-02 1.947E
-03 

CDS2 Phosphatidate 
cytidylyltransferase 2 

- 1.421E-02 5.343E
-03 

DARS2 Aspartate--tRNA ligase, 
mitochondrial 

intermediate filament 
binding protein  

1.416E-02 4.285E
-03 

SARS Serine--tRNA ligase, 
cytoplasmic 

RNA binding 
protein, aminoacyl-
tRNA synthetase 

1.402E-02 3.555E
-03 

ANK3 Ankyrin-3 cytoskeletal protein  1.389E-02 5.940E
-03 

NLRP2 NACHT, LRR and PYD 
domains-containing 
protein 2 

nucleic acid binding, 
transcription cofactor 

1.352E-02 3.040E
-03 

CLPTM1L   Cleft lip and palate 
transmembrane protein 1-
like protein 

- 1.345E-02 2.295E
-03 

THRAP3   Thyroid hormone 
receptor-associated 
protein 3 

- 1.324E-02 7.888E
-03 

PRKACB cAMP-dependent protein 
kinase catalytic subunit 
beta 

- 1.302E-02 5.534E
-03 

RDH11   Retinol dehydrogenase 11 dehydrogenase, 
reductase 

1.299E-02 3.570E
-03 

PKN2   Serine/threonine-protein 
kinase N2 

annexin, calmodulin, 
non-receptor 
serine/threonine 
protein kinase, 
transfer/carrier 
protein 

1.297E-02 4.446E
-03 

DNAJA1   DnaJ homolog subfamily 
A member 1 

- 1.263E-02 2.491E
-03 

NUP133 Nuclear pore complex 
protein Nup133 

- 1.259E-02 4.837E
-03 

CACYBP   Calcyclin-binding protein ubiquitin-protein 
ligase  

1.252E-02 3.637E
-03 

TAP1 Antigen peptide 
transporter 1 

- 1.225E-02 4.273E
-03 

ATL3 Atlastin-3 heterotrimeric G-
protein  

1.216E-02 5.872E
-03 

SSR3 Translocon-associated - 1.215E-02 5.481E



 

     
193 

 

protein subunit gamma -03 
HEATR1   HEAT repeat-containing 

protein 1 
ribonucleoprotein  1.212E-02 3.420E

-03 
MBOAT7   Lysophospholipid 

acyltransferase 7 
acetyltransferase  1.202E-02 3.736E

-03 
PRPF3   U4/U6 small nuclear 

ribonucleoprotein Prp3 
mRNA splicing 
factor  

1.196E-02 8.757E
-03 

ROCK2   Rho-associated protein 
kinase 2 

non-receptor 
serine/threonine 
protein kinase  

1.189E-02 1.420E
-03 

SFXN1 Sideroflexin-1 cation transporter, 
transfer/carrier 
protein 

1.184E-02 3.202E
-03 

BROX   BRO1 domain-containing 
protein BROX 

- 1.138E-02 2.711E
-03 

MARCH5 E3 ubiquitin-protein 
ligase MARCH5 

ubiquitin-protein 
ligase  

1.122E-02 4.717E
-03 

KHSRP Far upstream element-
binding protein 2 

enzyme modulator, 
mRNA splicing 
factor, 
ribonucleoprotein 

1.115E-02 2.559E
-03 

TM9SF4 Transmembrane 9 
superfamily member 4 

transporter  1.092E-02 1.582E
-03 

SRPRB   Signal recognition particle 
receptor subunit beta 

receptor  1.085E-02 3.000E
-03 

RAB3GAP2   Rab3 GTPase-activating 
protein non-catalytic 
subunit 

G-protein modulator  1.083E-02 5.780E
-03 

ARL1 ADP-ribosylation factor-
like protein 1 

small GTPase  1.077E-02 5.955E
-03 

MGST2   Microsomal glutathione 
S-transferase 2 

transferase  1.060E-02 3.342E
-03 

ITPR3 Inositol 1,4,5-
trisphosphate receptor 
type 3 

ligand-gated ion 
channel  

1.032E-02 6.351E
-03 

SLC5A6   Sodium-dependent 
multivitamin transporter 

carbohydrate 
transporter, cation 
transporter 

1.025E-02 5.100E
-04 

GSR   Glutathione reductase, 
mitochondrial 

dehydrogenase, 
oxidase, reductase 

1.023E-02 1.794E
-03 

RRM2   Ribonucleoside-
diphosphate reductase 
subunit M2 

reductase  1.014E-02 7.168E
-03 

TMEM165   Transmembrane protein 
165 

- 1.011E-02 2.171E
-03 

KIAA0368 Proteasome-associated 
protein ECM29 homolog 

kinase modulator  1.006E-02 5.908E
-03 

SLC1A5   Neutral amino acid 
transporter B(0) 

cation transporter  1.001E-02 3.308E
-03 

PDS5B   Sister chromatid cohesion chromatin/chromatin- 9.856E-03 5.246E
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protein PDS5 homolog B binding protein  -03 
TRIM38   E3 ubiquitin-protein 

ligase TRIM38 
- 9.785E-03 4.151E

-03 
TMX2   Thioredoxin-related 

transmembrane protein 2 
- 9.720E-03 5.776E

-03 
STT3B   Dolichyl-

diphosphooligosaccharide
--protein 
glycosyltransferase 
subunit STT3B 

glycosyltransferase  9.635E-03 4.168E
-04 

MT-ND5   NADH-ubiquinone 
oxidoreductase chain 5 

dehydrogenase, 
reductase 

9.572E-03 3.392E
-03 

POLR2B DNA-directed RNA 
polymerase II subunit 
RPB2 

DNA-directed RNA 
polymerase, 
nucleotidyltransferas
e 

9.516E-03 4.447E
-04 

NCEH1 Neutral cholesterol ester 
hydrolase 1 

lipase  9.400E-03 4.571E
-03 

ZFR Zinc finger RNA-binding 
protein 

DNA binding 
protein, deaminase, 
defense/immunity 
protein, kinase 
activator, mRNA 
processing factor 

9.341E-03 3.137E
-03 

LPCAT3   Lysophospholipid 
acyltransferase 5 

acetyltransferase  9.242E-03 1.465E
-03 

TBR1 T-box brain protein 1 nucleic acid binding, 
transcription factor 

9.143E-03 2.220E
-03 

DDX18   ATP-dependent RNA 
helicase DDX18 

damaged DNA-
binding protein, 
mRNA 
polyadenylation 
factor 

9.017E-03 2.132E
-03 

TBCB   Tubulin-folding cofactor 
B 

chaperone, non-
motor microtubule 
binding protein 

9.013E-03 2.712E
-03 

PPP1R13L   RelA-associated inhibitor - 8.888E-03 2.017E
-03 

SEC23A Protein transport protein 
Sec23A 

G-protein modulator  8.815E-03 3.969E
-03 

SMPD4 Sphingomyelin 
phosphodiesterase 4 

- 8.767E-03 6.696E
-03 

TMPO   Lamina-associated 
polypeptide 2, isoform 
alpha 

peptide hormone  8.675E-03 2.329E
-03 

PTK7   Inactive tyrosine-protein 
kinase 7 

non-receptor tyrosine 
protein kinase, 
tyrosine protein 
kinase receptor 

8.629E-03 2.802E
-03 

AHCTF1   Protein ELYS - 7.976E-03 5.637E
-03 
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MAT2A   S-adenosylmethionine 
synthase isoform type-2 

nucleotidyltransferas
e  

7.921E-03 1.416E
-03 

SUPT5H   Transcription elongation 
factor SPT5 

chromatin/chromatin-
binding protein, 
transcription factor 

7.872E-03 1.286E
-03 

ALDH16A1 Aldehyde dehydrogenase 
family 16 member A1 

dehydrogenase  7.562E-03 3.530E
-03 

RRM1   Ribonucleoside-
diphosphate reductase 
large subunit 

reductase  7.444E-03 1.619E
-03 

ATP2B4   Plasma membrane 
calcium-transporting 
ATPase 4 

cation transporter, 
hydrolase, ion 
channel 

7.330E-03 3.153E
-03 

CSTF3 Cleavage stimulation 
factor subunit 3 

non-receptor tyrosine 
protein kinase  

7.329E-03 5.997E
-03 

CSK Tyrosine-protein kinase 
CSK 

- 7.267E-03 3.497E
-03 

YWHAH   14-3-3 protein eta chaperone  7.191E-03 2.854E
-04 

FAM213A   Redox-regulatory protein 
FAM213A 

- 7.152E-03 6.868E
-03 

SLC35F6   Solute carrier family 35 
member F6 

- 7.073E-03 2.154E
-03 

FHL2 Four and a half LIM 
domains protein 2 

zinc finger 
transcription factor  

7.044E-03 2.429E
-03 

XPOT Exportin-T RNA binding protein  6.575E-03 1.367E
-03 

OSBPL9   Oxysterol-binding 
protein-related protein 9 

- 6.507E-03 2.210E
-03 

PI4KA   Phosphatidylinositol 4-
kinase alpha 

kinase  5.953E-03 1.659E
-03 

PTRH2 Peptidyl-tRNA hydrolase 
2, mitochondrial 

- 5.750E-03 3.291E
-03 

BOP1   Ribosome biogenesis 
protein BOP1 

ribosomal protein  5.675E-03 2.926E
-03 

MAL2 Protein MAL2 membrane traffic 
protein  

5.396E-03 6.974E
-04 

RHOT1   Mitochondrial Rho 
GTPase 1 

small GTPase  5.213E-03 1.711E
-03 

SLC39A11 Zinc transporter ZIP11 - 5.163E-03 1.490E
-04 

PIK3R4   Phosphoinositide 3-kinase 
regulatory subunit 4 

- 5.110E-03 4.033E
-03 

INF2   Inverted formin-2 non-motor actin 
binding protein  

5.097E-03 4.539E
-04 

SKIV2L   Helicase SKI2W - 5.045E-03 3.273E
-03 

TROVE2   60 kDa SS-A/Ro 
ribonucleoprotein 

RNA binding protein  4.893E-03 2.939E
-03 

SUN1 SUN domain-containing non-motor 4.768E-03 1.252E
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protein 1 microtubule binding 
protein  

-03 

MAGED2   Melanoma-associated 
antigen D2 

cell adhesion 
molecule  

4.766E-03 1.864E
-03 

PRKCI   Protein kinase C iota type annexin, calmodulin, 
non-receptor 
serine/threonine 
protein kinase, 
transfer/carrier 
protein 

4.733E-03 2.637E
-03 

PRKACA   cAMP-dependent protein 
kinase catalytic subunit 
alpha 

- 4.557E-03 2.234E
-03 

DLG5   Disks large homolog 5 centromere DNA-
binding protein  

4.325E-03 1.167E
-03 

LGALS3BP   Galectin-3-binding 
protein 

- 3.651E-03 2.386E
-03 

ADRM1   Proteasomal ubiquitin 
receptor ADRM1 

- 3.366E-03 1.191E
-03 

MFSD10 Major facilitator 
superfamily domain-
containing protein 10 

- 3.229E-03 1.118E
-03 

HNRNPH3   Heterogeneous nuclear 
ribonucleoprotein H3 

ribosomal protein  3.150E-03 1.366E
-03 

LRWD1   Leucine-rich repeat and 
WD repeat-containing 
protein 1 

extracellular matrix 
protein, receptor 

2.569E-03 1.420E
-03 

ELAC2   Zinc phosphodiesterase 
ELAC protein 2 

- 2.445E-03 1.083E
-03 

OLA1 Obg-like ATPase 1 G-protein  2.412E-03 1.280E
-03 

ARAP1   Arf-GAP with Rho-GAP 
domain, ANK repeat and 
PH domain-containing 
protein 1 

G-protein modulator 
. nucleic acid binding 

2.146E-03 9.232E
-04 

OSBPL8   Oxysterol-binding 
protein-related protein 8 

- 1.872E-03 6.235E
-04 

EXOC2   Exocyst complex 
component 2 

- 1.826E-03 9.128E
-04 

U2AF1   Splicing factor U2AF 35 
kDa subunit 

ribonucleoprotein  1.776E-03 1.551E
-04 

FIS1   Mitochondrial fission 1 
protein 

- 1.654E-03 9.008E
-04 

AUP1 Ancient ubiquitous 
protein 1 

acyltransferase  1.470E-03 6.209E
-04 

PSMG2   Proteasome assembly 
chaperone 2 

- 1.379E-03 4.027E
-04 

VKORC1L
1 

Vitamin K epoxide 
reductase complex subunit 
1-like protein 1 

oxidoreductase  1.232E-03 5.966E
-04 
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ATL2 Atlastin-2 heterotrimeric G-
protein  

1.181E-03 2.679E
-04 

STIM1 Stromal interaction 
molecule 1 

- 7.679E-04 9.246E
-05 

 Buffers 

 General buffers 

10.9.1.1 PBS (phosphate buffered saline) (10X) 

2g KCl 

2g KH2PO4 

11.5g Na2HPO4 (anhydrous)  

80g NaCl 

Add milli-Q water to a final volume of 1L and store at room temperature. 

For use in tissue culture, dilute 10 times with milli-Q water and autoclave before use. 

10.9.1.2 10X PCR buffer 

0.5 M KCl 

0.1 M Tris-HCl (pH 9.0) 

1% (v/v) Triton-X 100  

Make up to 20 mL in milli-Q water and store at -20 °C as 1 mL aliquots. 

10.9.1.3 2X TBE (Tris-Boric acid-EDTA) buffer 

21.6 g Tris (TRIZMA) 

11 g boric acid 

4 mL of 0.5 M EDTA (Ethylenediaminetetraacetic acid) 

Add milli-Q water to a final volume of 1 L and store at room temperature. Make up to 1 × with 

milli-Q water when required.  

 Western blot buffers 

10.9.2.1 Sodium dodecyl sulphate (SDS) lysis buffer 

60 mM Tris, pH 6.8 

2% (w/v) Sodium dodecyl sulphate 

20% (v/v) glycerol 
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Make up to 10 mL in milli-Q water. 

10.9.2.2 20X MES buffer 

50 mL of NuPAGETM MES SDS Running Buffer (20X)  

Make up to 1 L with milli-Q water to make 1X buffer. 

10.9.2.3 Transfer buffer 

3 g Trizma® Base 

14.4 g glycine 

200 mL methanol 

Make up to 1 L in milli-Q water and chill to 4 °C before use.  

10.9.2.4 10X TBST (Tris buffered saline with Tween 20) buffer 

30 g Trizma base  

80 g NaCl 

2 g KCl 

10 mL Tween-20 

Make up to 1 L with milli-Q water and adjust to pH 7.5 using concentrated HCl.  

Dilute to 1X with milli-Q water before use. 

 Subcellular fractionation 

10.9.3.1 Hypotonic lysis buffer 

10 mM HEPES pH 8.0 

1.5 mM MgCl2 

10 mM KCl 

0.5 mM DTT 

1x protease inhibitor  

Make up to 5 mL with milliQ water. 

10.9.3.2 Resuspension buffer 

0.25 M sucrose  

10 mM MgCl2 
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10.9.3.3 Sucrose cushion 

0.88 M sucrose 

0.5 mM MgCl2 

 Polysome separation 

10.9.4.1 Sucrose gradient buffer 

50 mM NH4Cl 

50 mM Tris–HCl pH 7.0 

12 mM MgCl2  
1 mM DTT 

Add required weight of sucrose (w/v) to achieve 7% and 47% stock solutions, and dissolve in 

MilliQ water. 

To achieve varying percentages of sucrose, add varying proportions of 7% and 47% sucrose 

solutions as described below.  

Final concentration Percentage of 7% sucrose to add Percentage of 47% sucrose to add 
7% 100 0 
17% 75% 25% 
27% 50% 50% 
37% 25% 75% 

 
47% 0 100 

10.9.4.2 Polysome lysis buffer 

20 mM HEPES pH 7.4 

15 mM MgCl2 

200 mM KCl 

1% Triton X-100 (v/v) 

100 μg/mL cycloheximide 

2 mM DTT 

1 mg/mL heparin 

Make up to 5 mL with milliQ water. 
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10.9.4.3 Polysome dissociation lysis buffer 

20 mM HEPES pH 7.4 

15 mM EDTA 

200 mM KCl 

1% (v/v) Triton X-100  

2 mM DTT 

1 mg/mL heparin 

Make up to 5 mL with milliQ water. 

 Ribosome subunit dissociation 

10.9.5.1 Lysis buffer 

20 mM Tris–HCl pH 7.5 

5 mM MgCl2  

100 mM KCl  

0.5% (v/v) NP40,  

10 mM 2-mercaptoethanol,  

1x protease inhibitor  

100 U/mL RNAse inhibitor 

Make up to 5 mL with milliQ water. 

10.9.5.2 Sucrose cushion 

1 M sucrose  

50 mM Tris–HCl pH 7.5 

5 mM MgCl2 

100 mM KCl 

10 mM 2-mercaptoethanol 

Make up to 50 mL in milliQ water. 

10.9.5.3 Ribosome subunit dissocation incubation buffer 

5 mM Tris HCl pH 7.5 

1.5 mM MgCl2 

50 mM KCl 

10 mM 2-mercaptoethanol 
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0.5 M KCl 

1mM puromycin  

Make up to 5 mL in milliQ water. 

10.9.5.4 Subunit sucrose buffer 

5 mM Tris–HCl pH 7.5 

5 mM MgCl2, 

0.5 M KCl 

10 mM 2-mercaptoethanol 

Add required weight of sucrose (w/v) to achieve 15% and 30% stock solutions, and dissolve in 

milliQ water. 

To achieve varying percentages of sucrose, add varying proportions of 15% and 30% sucrose 

solutions as described in Section 2.10.1. 

 Luria Broth (LB) medium 

25g LB Broth powder 

Add to 1L water and autoclave for 15 min at 121 °C to sterilize. Allow to cool before adding 

antibiotic.  

 RNA pulldown 

10.9.7.1 4% Formaldehyde 

4% paraformaldehyde (w/v) 

Dissolve in PBS, heat at 60 °C until dissolved. Aliquot solution and store at -20 °C. 

10.9.7.2 Lysis buffer 

50 mM Tris HCl, pH 7.0 

10 mM EDTA (Ethylenediaminetetraacetic acid)  

1% (w/v) SDS (Sodium dodecyl sulfate)  

1 mM PMSF (phenylmethylsulfonyl fluoride)  

1 x protease inhibitor 

100 U/mL RNAse inhibitor 

Make up to 5 mL in DEPC treated water. 
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10.9.7.3 Hybridisation buffer 

750 mM NaCl 

1% (w/v) SDS  

50 mM Tris-Cl pH 7.0  

1 mM EDTA  

15% (v/v) formamide (store in the dark at 4 °C)  

1 mM PMSF (phenylmethylsulfonyl fluoride)  

1 x protease inhibitor 

100 U/mL RNAse inhibitor 

Make up to 5 mL in DEPC treated water. 

10.9.7.4 Wash buffer 

2x saline-sodium citrate (SSC) buffer 

0.5% (w/v) SDS  

1 mM PMSF  

Make up to 5 mL in DEPC treated water. 
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