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Abstract 

ZSCAN4: A Novel Regulator of Telomere Length in Cancer 

William Alexander Meltzer, Doctor of Philosophy, 2017 

Dissertation Directed by: 

Michal Zalzman, PhD, Assistant Professor 
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University of Maryland School of Medicine 
 

Replicative immortality is facilitated by telomere maintenance through activating 

telomerase or by mechanisms collectively called alternative lengthening of telomeres 

(ALT). Zscan4c regulates telomere length of mouse embryonic stem cells, however, the 

activity of the human ZSCAN4 and its involvement in cancer is currently unknown. In 

this work, we describe for the first time the function and mechanism of ZSCAN4 in 

human cancer. We demonstrate that ZSCAN4 is dysregulated in a variety of cancers, and 

that ZSCAN4 is required to maintain both culture lifespan in vitro as well as cancer 

tumor growth in vivo. We further show that ZSCAN4 preferably binds to short telomeres 

and in conjunction with the telomeric recombination machinery MRE11A and RAD50 

forms a complex on the telomere DNA-RNA hybrids. Loss of ZSCAN4 results in gradual 

telomere shortening which triggers an induction of growth arrest and replicative 

senescence. Consistently, ZSCAN4 induction increases DNA-RNA hybrids, facilitates 

telomere recombination events and consequently, telomere extension. Remarkably, we 

show that ZSCAN4 activates telomere extension irrespective of both telomerase as well 

as the canonical ALT pathway in cancer cells. Collectively, our work demonstrates a 

pivotal role for ZSCAN4 in the preservation of cancer replicative lifespan. This work 

provides the foundation for new approaches to cancer therapies.  
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Chapter 1: Introduction 
	

1.1 Structure and Function of Telomeres 

Telomeres are nucleoprotein structures at the ends of the chromosomes that serve 

several key biological functions. Primarily, they function as a “biological clock” that 

regulates the lifespan of a cell, as well as protect the integrity of the ends of linear 

chromosomes from exonuclease digestion [1-4]. The telomere consists of several 

components: 1) A hexamer deoxyribose nucleotide repeat sequence (TTAGGG; 5’ – 3’), 

2) The shelterin, a group of proteins that function to “cap” and compact the repeat 

sequences and 3) interacting RNA components. Together these components cooperate to 

mediate telomere function. Telomere length varies between organisms ranging from a 

few hundred base pairs in yeast, to tens of kilobase pairs in mammals. In humans, the 

length of the telomere can range anywhere from 5kb –30kb [5].   

1.1.2 The Hayflick Limit and the End Replication Problem 

The telomere’s ability to act as biological clock serves as a powerful mechanism 

for tumor suppression. Primary cells can potentially divide a limited amount of times 

before reaching a state where they can no longer replicate [6]. This replication limit, 

called the Hayflick limit, was first described by Dr. Leonard Hayflick in 1961.  In this 

work, he and Dr. Paul Moorhead demonstrated that unlike cancer cells, primary cells age 

in culture and eventually die, disproving a longstanding theory that all cell lines in culture 

are immortal [6]. In the next decade, the connection between cellular aging and telomeres 

was theorized to be a result of the “end replication problem”, which is a byproduct of the 

linear nature of eukaryotic DNA. DNA polymerase can only synthesize DNA in the 5’-3’ 
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direction to generate new DNA. Replication of the leading 5’-3’ DNA strand allows 

DNA polymerase to generate a complete complimentary strand. Conversely, the 3’-5’ 

lagging DNA strand requires the activity of the enzyme Primase which adds RNA 

primers for the creation of 100-200 base pair sized DNA fragments, called the Okazaki 

fragments. This allows the DNA polymerase to synthesis DNA in the 5’- 3’ direction. 

Following replication, the RNA primers are removed and the Okazaki fragments are 

ligated together. However, Primase cannot add RNA primers at the end of the lagging 

strand. This issue leads to an incomplete replication, creating a 75-300 nt G-rich 

overhang of the 3’ telomeric end [7-9]. To protect this overhang, proteins are recruited 

for the further processing needed to properly create a protected DNA structure called a T-

loop, resulting in overall resection of the end of the chromosome. Thus, as cells divide 

and DNA is replicated, the telomeres gradually shorten.  At a certain predetermined 

length, telomeres become critically short and signal for the cell to cease further 

replication, inciting cellular senescence or death (Figure 1.1). 
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1.1.3 Telomeres and Protecting the Genome 

A mammalians cell’s ability to detect and repair DNA damage is a powerful 

mechanism for cellular maintenance and cancer prevention. One such trigger for this 

response is via the detection of exposed linear DNA [10]. Several cellular responses to 

detection of broken DNA exist, including repair of fragments, cell cycle arrest or, if the 

damage is severe, cell death [11]. These mechanisms have evolved to prevent aberrant 

genomic instability resulting in mutations that can lead to cancer. Paradoxically, because 

mammalian DNA is linear in nature, and due to the 3’ overhang, telomeres can be 

recognized as DNA breaks by DNA repair machinery and damage response agents unless 

properly shielded. Therefore, to protect the telomeres the repeat sequences fold into 

themselves to create a “T-loop” structure to avoid double stranded DNA damage 

Figure 1.1 Telomere length decreases as cells age.  In culture, every cell division results in 
loss of telomeric DNA.  This shortening continues until it reaches a point when they are short 
enough to induce a signal to enter into senescence, i.e. growth arrest. 
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recognition. The repeat sequence is masked by a network of proteins  called the shelterin 

complex (Figure 1.2).   

 

 

 

 

 

Figure 1.2 Telomere Structure. (Adapted from O’Sullivan, et. al., Nat Rev Mol Cell Biol. 2010)  
(Top) Telomeres reside at the ends of the chromosomes and contain 6-nucleotide repeat 
sequences. Incomplete replication of the lagging strand results in a G-Rich overhang. (Middle) 
The repeat sequences are coated with a cluster of proteins called the shelterin complex. (Bottom) 
The shelterin complex helps loop the G-rich overhang into the double strand telomere sequence, 
creating a T-loop.  
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1.1.4 T-loops 

A displacement loop or a D-loop, is a DNA structure in which a double strand of 

DNA is additionally occupied by a third strand of DNA based on base complementarity.  

In the context of the telomere, this structure is referred to as a T-loop, and is created 

through the 3’ strand invasion of the G-rich overhang, created during DNA replication 

[12-16]. The displacement occurs at a distant place from the end of the telomere, creating 

a large duplex lariat structure [17]. Evidence for these structures first arose from work 

done in vitro, demonstrating that artificially generated telomeres form large loops only in 

the presence of a 3’ overhang [16]. This looped structure shelters the exposed G-rich 

overhang, caused by the end replication problem, and in the process protects the C-rich 

shortened end of the telomere. The triplex nucleic acid structure allows DNA repair 

proteins to distinguish between breaks in the DNA and the telomeric end, successfully 

blocking any DNA repair response (Figure 1.2).   

1.1.5 The Shelterin Complex 

In order to properly form and maintain the T-loop, a cluster of proteins is 

required, collectively called the shelterin complex. The shelterin complex is comprised of 

six individual proteins: TRF1 (telomere repeat binding factor 1) [18, 19], TRF2 (telomere 

repeat binding factor 2) [20], POT1 (protection of telomeres 1) [21], TIN2 (TRF1-

interacting nuclear protein 2) [22], RAP1 (repressor and activator protein 1) [23], and 

TPP1 (POT1-and TIN2-interacting protein) [24].   

The shelterin complex aids in telomere protection in several ways. First, through 

facilitation of the T-loop by promoting strand invasion of the 3’ overhang, which 

prevents the detection of exposed DNA, and therefore blocks linear DNA detection [12].  
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Both TRF2 and TRF1 are able to remodel artificial telomeres in vitro to create the T-loop 

structures [12, 25, 26].  Further, TIN2 enhances TRF1 mediated T-loop formation [27]. 

Secondly, the shelterin complex interacts with and inhibits the DNA damage response 

pathway [28]. When TRF2 is downregulated, the ATM kinase pathway is activated, 

leading to cell cycle arrest [2]. DNA damage signaling is also seen in the absence of 

TIN2 or POT1 [29, 30]. Lastly, the shelterin complex is thought to inhibit the telomere 

maintenance protein, telomerase, which can sequentially add telomeric repeats lost during 

cell replication [31-34].    

1.2 Telomeres and Human Disease 

Telomeres play a critical role in cellular lifespan and protect the coding regions of 

the genome. Therefore, dysfunctions or disruptions of those nucleoprotein structures at 

the end of the chromosomes can present as serious pathologies. These telomere 

syndromes span several different disease areas including blood, lung and liver disease, 

bone marrow failure, age related disease, and cancer. Collectively, telomere erosion has a 

strong correlation with several different organ specific diseases. Understanding the 

mechanisms that regulate telomere length will help guide diagnosis, prevention and 

treatment. 

1.2.1 Dyskeratosis Congenita 

The best understood of the telomere syndromes is dyskeratosis congenita (DC), a 

disease that largely presents in children (>80%), which is diagnosed by abnormal finger 

and toe nails, a pigmented rash and oral leukoplakia [35]. Patients with dyskeratosis 

congenita have reduced telomere length when compared to healthy patients and, 

typically, patients with the shortest telomeres tend to have the most severe cases of the 
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disease [36, 37]. Patients with dyskeratosis congenita typically suffer premature death 

from bone marrow failure [38].  

Normal telomeres are maintained when telomerase, a telomeric reverse 

transcriptase enzyme, is present at sufficient levels. In the X-linked recessive form of 

dyskeratosis congenita, a gene that works in coordination with telomerase, DCK1, was 

found to be mutated, ultimately resulting in telomere attrition and clinical presentation of 

the disease [39]. Subsequent studies have discovered at least six other underlying 

mutations in genes associated with dyskeratosis congenita. These include other genes of 

the telomerase complex, as well as the shelterin complex members TIN2 and TPP1, 

which prohibits proper telomere maintenance. These mutations result in rapid telomere 

attrition early in life [39-43]. Other symptoms of DC include premature aging, dental 

abnormalities, alopecia and predisposition to cancer [44-46]. 

1.2.2 Acquired Aplastic Anemia 

Acquired aplastic anemia is a rare, yet serious blood disorder in which the bone 

marrow fails to produce blood leukocytes. Unlike other somatic cells, cells of the blood 

lineage, hematopoietic cells, rapidly divide and thus experience accelerated aging unless 

their telomeres are properly maintained. It has been demonstrated that progressive 

telomere attrition actively contributes to pathogenesis [47-49]. Some demonstrated 

factors that drive rapid telomere attrition include mutations in several telomere 

maintenance genes including telomerase, TRF1 and TRF2 [50-52]. Beyond mutations, 

other causes for telomere attrition in patients with acquired aplastic anemia include 

environmental factors such as aging, smoking and stress [53, 54].     
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1.2.3 Lung Disease 

In the lungs, further mutations of telomere maintenance genes result in idiopathic 

pulmonary fibrosis characterized by cough, dyspnea, impaired gas exchange and reduced 

lung volume [55].  Approximately 20% of patients with dyskeratosis congenita develop 

idiopathic pulmonary fibrosis. Again, shortened telomeres are demonstrated in patients 

carrying either one or two mutated copies of the relevant genes compared to their age-

matched healthy controls [56, 57]. 

1.3 Telomeres and Cancer 

1.3.1 Cancer Biology: Introduction 

Cancer is considered a disease state in which cells replicate at high rate and lose 

their ability to interact properly with their environment resulting in abnormal growth and 

invasion, which affect both nearby and distant tissues. In 2016, an estimate of 1.6 million 

new cases of cancer were diagnosed, with roughly 600,000 deaths from the disease, 

making it the 2nd leading cause of death in the U.S. [58]. While strides have been made 

over the years to combat this deadly disease, still more needs to be done.  The complexity 

and variety of cancer makes it a multifactorial disease. To date, cancer is characterized by 

ten hallmarks, which are the focus of research and development of new therapy 

approaches. They include 1) self-sufficiency in growth signals, 2) insensitivity to anti-

growth signals, 3) tissue invasion and metastasis, 4) limitless replication potential, 5) 

sustained angiogenesis, 6) evasion of apoptosis, 7) avoidance of immune destruction, 8) 

tumor-promoting inflammation, 9) genome instability and 10) aberrant cellular 

metabolism [59, 60].  These ten crucial deviations of a normal cell phenotype exist 

regardless of the complex genotype alterations that occur within the cancer cell.   
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1.3.2 Telomere Regulation in Cancer 

Cancer is thought to develop in a multistep process of sequential rounds of 

genetic mutations, that convert a normal cell into a malignant cell [61]. However, 

additional to the mutations accumulated in cancer cells, a second crucial event must occur 

in order to ensure unlimited cell replication. Otherwise, a mutated cell will age and cease 

to divide before it can be detected as a tumor. This event must lead to the evasion or the 

reversal of physiological aging as cells divide and telomeres shorten [62, 63].  Telomere 

dysfunction is further linked to cancer, as patients with telomere syndromes have an 

increased risk for developing cancer [35, 44, 64, 65].  This is likely due to shortened 

telomeres with faulty repair mechanisms that trigger chromosomal fusions and increase 

genomic instability within the cell, another hallmark of cancer. 

Telomere length maintenance is apparent in all cancer types, regardless of tissue 

origin or alterations in physiology or genotype.  The ability to maintain telomere length 

in cancer cells is traditionally attributed to the enzyme telomerase [66]. Telomerase is 

overexpressed in 85%-90% of all cancers. The remaining 10%-15% of telomerase 

independent cancers must activate different mechanisms to maintain telomere integrity 

which are collectively called: Alternative Lengthening of Telomeres (ALT) mechanisms 

[67, 68]. While it has been shown that ALT can still function in the presence of 

telomerase overexpression, it is generally assumed that these mechanisms act in a 

mutually exclusive manner [69-71]. In fact, inhibition of telomerase by a drug can 

ultimately lead to resistance through activation of ALT [72, 73]. 

1.3.3 Telomerase 
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Telomerase is a ribonucleoprotein complex that consists of an RNA component 

(TERC) and a reverse transcriptase (TERT). TERC provides the RNA template required 

for the reverse transcription activity of TERT. Together with multiple complex 

components they counteract the sequential loss of telomere length. Telomerase activity is 

most robust during embryonic development, and then persists in much lower levels in 

adult tissues [74-77]. Indeed, telomerase activity and the resulting telomere elongation 

leads to the bypass of replicative senescence and leads to cell immortalization [63, 78].  

Unsurprisingly, mutations in the telomerase complex components are commonly found in 

many of the aforementioned telomere syndromes such as dyskeratosis congenital and 

aplastic anemia [35, 38, 42, 43, 64].   

1.3.4 Alternative Lengthening of Telomeres (ALT) 
	

The less understood mechanism of telomere maintenance in cancer is alternative 

lengthening of telomeres. The defining characteristic of the canonical ALT mechanism is 

its independence from telomerase activity. ALT cancer cells also have other 

distinguishing characteristics, including extrachromosomal circular telomeric DNA (c-

circles) [79, 80], telomeric DNA associated with promyelocytic leukemia (PML) bodies 

[81], heterogeneous telomere lengths across different chromosomes, and increased 

telomeric recombination events [82]. Unlike telomerase, that uses an RNA template, 

cancers that present the canonical ALT are thought to use telomeric DNA as a template 

for extension. The template can be a sister chromatid strand (sister chromatid exchange), 

extrachromosomal circular telomeric DNA, or a telomeric sequence from a separate 

chromosome (homologous recombination) [67, 83]. Therefore, proteins involved in 

homologous recombination (HR) were shown to be required for successful telomere 
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maintenance in ALT [84].  

1.4 ZSCAN4  

1.4.1 Introduction to ZSCAN4 

Within the last decade the newly discovered embryonic gene ZSCAN4 has been 

implicated in maintaining pluripotency and lifespan at early stages of embryogenesis. 

ZSCAN4 is aptly named for its SCAN domain as well as its 4 zinc finger domains. The 

N-terminal SCAN domain, also known as the “leucine rich domain” (LeR) is a highly 

conserved motif that is part of a larger superfamily containing C2H2 zinc finger domains.  

It is responsible for protein – protein interactions [85]. The majority of all SCAN 

domains (91%) are linked with C2H2 domains of variable numbers. These zinc fingers 

have been primarily implicated in DNA-binding, but also have been shown to facilitate 

protein – protein interactions [86]. To date, most of the work done studying ZSCAN4 has 

been in mice. The mouse and human ZSCAN4 share 78% homology, suggesting a 

conserved function in these two species. The mouse Zscan4 is an embryonic gene 

transiently expressed at the 2 cell stage embryos, after which its expression is shut down 

[87]. In humans, gene expression analysis demonstrates that ZSCAN4 is upregulated at 

the 8 cell stage in human pre-implantation embryos [88], though the function of human 

ZSCAN4 in embryogenesis has yet to be characterized. 

1.4.2 ZSCAN4 Telomere Maintenance in Mouse Embryonic Stem Cells 

The function of ZSCAN4 has been demonstrated to be required for development 

and immortality of mouse embryonic stem cells (mESC). mESCs are derived from the 

inner cell mass of mouse blastocysts [89]. mESCs present with excellent genome 
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stability, self-renewal capabilities, and pluripotency. The last two are features shared with 

cancer cells [90-92]. While ZSCAN4 is transiently expressed during the 2 cell stage of 

embryogenesis, interestingly, in mESCs, it is transcribed in short “bursts” of expression 

[93, 94]. These bursts are coupled with expression other genes specifically expressed 

during the two cell stage, suggesting it could partially drive a pluripotent phenotype [94]. 

Further outcomes of these bursts include a global shift from heterochromatin state to a 

euchromatin state, as well as a rapid telomere extension [95, 96]. 

It was previously shown that in order to escape cellular senescence, mESCs 

require a pulse of ZSCAN4 to extend telomeres. Consequently, a loss of ZSCAN4 results 

in culture crisis that is coupled with telomere shortening (Figure 1.3 A,B).  Further, 

ZSCAN4 was shown to induce telomere extension upon overexpression (Figure 1.3 C).  

This telomere extension neither changed telomerase activity nor was abolished when 

telomerase was knocked down (Figure 1.3 C). Extension was shown to be associated 

with increased telomeric recombination via coordination with meiotic DNA repair 

proteins [93].  Further, ZSCAN4 was shown to localize at the telomeres suggesting a 

direct, proximal role in this extension [93]. While the mechanisms that control ZSCAN4 

expression are not well understood, evidence suggests that shortened telomeres can 

trigger ZSCAN4 expression in mESCs. This  response is similar to that of DNA damage 

repair [97]. Additional triggers include DNA damage induction with conventional 

chemotherapeutic agents and cell cycle stage [98]. 
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1.4.3 ZSCAN4 Telomere Maintenance in Reprogrammed Pluripotent Cells 

The ability of ZSCAN4 to regulate gene stability and induce telomere elongation 

makes it an attractive molecular tool for cellular manipulation. Induced pluripotent stem 

cells (iPS) were originally generated by using a set of 4 transcription factors (Klf4, Oct4, 

Sox2, and Myc) collectively called the pluripotency factors or the “Yamanaka Factors” 

Figure 1.3 Mouse ZSCAN4 maintains telomere length independent of telomerase. 
(Adapted from Zalzman, et. al., Nature 2010) A) Loss of ZSCAN4 in mESCs results in 
reduced proliferation followed by culture crisis. B) Telomere fluorescent in situ 
hybridization staining telomeres (red) and metaphase spreads (blue) demonstrates loss 
of mouse ZSCAN4 results in telomere shortening. C) Quantitative fluorescent in situ 
hybridization demonstrates ZSCAN4 induction results in telomere length independent of 
telomerase. 

A.	 B.	

C.	
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[99]. When combined, these pluripotency factors reprogram the cell back to a pluripotent 

state. These cells can then be further manipulated for the purposes of regenerative 

medicine. Unfortunately, when pluripotency is induced, it is coupled with genome 

instability and thus is not yet safe for the cellular therapies they were intended for.  To 

solve this problem, ZSCAN4 has been introduced with the pluripotency factors to greatly 

increase genome stability, as well as increase the efficiency of generating high quality 

mouse iPS [100]. ZSCAN4 can also replace the factor Myc, a known oncogene, leading 

to higher genomic stability in the resulting iPS lines [101]. This genome stability is 

accompanied by, and probably a result of, rapid telomere elongation in the cells via 

telomeric recombination events. Similar effects were seen using exogenous human 

ZSCAN4 in generating mouse iPS [101].  Further, other reports indicate that using 

ZSCAN4 for somatic cell nuclear transfer in telomerase haploinsufficient donor nuclei 

leads to telomere elongation via telomeric recombination, and show ZSCAN4 is required 

to maintain proper telomere length [102].   

1.4.4 ZSCAN in Cancer 

While little is known about or has been studied on human ZSCAN4, several 

reports have loosely implicated ZSCAN4 in human cancer [96, 103-105]. In a recent 

study, ZSCAN4, along with six other genes, were shown to be upregulated in cisplatin 

resistant ovarian cancer when compared to their drug sensitive cell line counterparts 

[106].  There is evidence that cisplatin can inhibit telomerase, suggesting ZSCAN4 might 

be activated at least in part in response to telomere shortening after loss of telomerase 

activity [107]. 

1.5 Double Strand DNA Damage Repair, Telomeres and the MRN Complex 
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1.5.1 Introduction to Double Strand Break Repair  

DNA double stand break damage can result from a variety of both intrinsic and 

extrinsic insults.  In a eukaryotic cell, there are two major pathways in which these types 

of DNA damage are processed: non-homologous end joining (NHEJ) and homologous 

recombination (HR). In NHEJ, the broken fragments of DNA are processed into blunt 

ends and ligated together, resulting in avoidance of cell cycle arrest at the expense of a 

loss of some genetic material and potential frameshift. In homologous recombination, the 

process requires a template strand from a sister chromatid to properly repair the damage 

site without loss of genetic material. Exonuclease processing generates a long ssDNA 

overhang that invades and acts as a template for DNA synthesis. The repair choice 

between the two pathways is made based on the timing, location and severity. The DNA 

sensing process that recognizes damage utilizes scanning DNA repair proteins to detect 

DNA damage and recruit other DNA repair proteins. The major DNA damage sensor in 

eukaryotic cells is the enzyme complex MRE11-RAD50-NBS1 (MRN complex), 

discussed in further detail below.  

1.5.2 MRN Complex  

The MRN complex has a critical role in multiple stages of DNA repair. This 

complex acts as a double strand DNA damage sensor, a coactivator of major signal 

transducer proteins, and has exonuclease activity that can process single stranded DNA in 

preparation for repair [108]. At early stages of DNA damage, perturbations in the 

expression of the MRN complex via manipulation or mutation demonstrate its critical 

role in properly activating downstream repair signaling [109].  Upon recruitment, the 

MRN complex acts as an amplifier of the DNA damage response. Further, MRE11 
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endonuclease activity was shown to create nicks in the DNA for resection of damaged 

DNA in preparation for homologous recombination, suggesting MRN complex 

involvement at multiple stages of DNA repair [108].   

1.5.3 The MRN Complex and Telomeres 

Similarities between uncapped telomeric regions and DNA double strand breaks 

unsurprisingly suggest that both are regulated via a similar DNA repair response [30, 

110, 111]. The MRN complex’s role in telomere maintenance was first studied in yeasts. 

It was demonstrated that when any of the complex’s proteins are modified or removed, 

telomeres shorten leading to senescence [112, 113].  In mammalian cells, the first 

evidence of MRE11 localization to telomeres was in human fibroblasts [114]. The 

presence of the MRN complex in telomere maintenance was shown to be important both 

in telomerase positive and telomerase negative cells. This suggests the MRN complex 

acts at multiple points within the same pathway or may be required by multiple telomere 

repair pathways [84, 115, 116].  

1.6 Telomeric Repeat Containing RNA: TERRA 

1.6.1 TERRA Introduction 

While telomeres were assumed to be transcriptionally inactive, like much of the 

non-coding genome, it has been shown that transcription can and does occur at the 

telomeres [117]. This noncoding, heterogeneous RNA is known as telomeric repeat-

containing RNA (TERRA). TERRA has been shown to bind and recruit telomeric 

proteins [118], DNA repair proteins [118], and mediate telomere length and function 

[119, 120].   
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1.6.2 TERRA Transcription and Regulation 

TERRA sequences are transcribed starting from the subtelomeric region of the 

chromosome by RNA Polymerase II [121]. These long noncoding RNAs thus have 

unique 5’ ends, with long UUAGGG repeat 3’ ends that vary in length from 100 base 

pairs to 9kb in mammals [117]. The promoter regions, designated as CpG islands 

upstream of the subtelomeric regions, are regulated via methylation [122]. Little is known 

about regulation of TERRA expression beyond chromatin organization factor CTCF and 

Cohesin. This protein complex regulates sister chromatid separation and binds just 

upstream of the promoter region recruiting RNA polymerase II and, thus, enhances 

expression [123]. The subtelomeric and telomeric regions are heavily and uniquely 

heterochromatinized and thus general access to TERRA promoters is low. Conversely, 

chromatin de-condensation at short telomeres via histones acetylation or demethylation 

can lead to TERRA expression [121, 123, 124].   

Once transcribed the RNA molecule has two fates, either to stay in the 

nucleoplasm or interact directly with telomeres to form DNA-RNA hybrids. This seems 

to be governed by the attachment of a  3’ polyadenylated tail (PolyA), which is added to 

roughly 7% of transcribed TERRA [121, 125].  The stability of TERRA molecules varies 

based on polyadenylation, as turnover is faster in the non-polyadenylated fraction [125].  

Further regulation of TERRA includes stability at telomeric foci via nonsense-mediated 

decay factors that negatively suppress the RNA’s presence [117, 126]. Cell cycle also 

plays a role in the regulation of TERRA, as levels of TERRA are generally lowest in late 

S Phase and gradually increase at G1 through the beginning of S Phase [127, 128]. 
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1.6.3 TERRA Function at Telomeres 

TERRA presence at telomeres suggests an active function in modulating the 

homeostasis of the nucleoprotein structures. Indeed, through RNA affinity and mass 

spectrometry analysis, it was demonstrated that TERRA interacts with many telomeric 

histones [117], replication machinery [118, 129], and the shelterin complex [117, 118].  

Additionally, mass spectrometry data have also shown that TERRA binds other members 

of the ZSCAN family [118, 130]. 

Unlike a more active moiety, TERRA molecules seem to mediate telomere length 

positively or negatively based on the cellular context. For example, some work has 

shown that TERRA inhibits telomerase in vitro, suggesting that it may be involved in 

telomere shortening [131]. Conversely, TERRA was shown to mediate the shelterin 

capping process at the telomere, suggesting a role in prevention of DNA damage 

response [129]. Further, other reports have demonstrated that TERRA is required for 

ALT telomere extension [120].  

1.6.3 DNA-RNA Hybrids 

During transcription, DNA is opened and nascent RNAs are transcribed.  Because 

of the torsion and unwinding stress, non-template DNA strands can remain open, 

providing a binding spot for the RNA. This base complementation, creating DNA-RNA 

hybrids, occurs globally in the genome and has also been referred to as a replacement 

loop (R-loop). Historically, R-loops were thought to cause genomic instability because it 

exposes singled stranded DNA to detection, but recent work has refuted this notion, 

suggesting that DNA-RNA hybrids are required for efficient double strand break repair 
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[132].  Relevant to our work, TERRA has been proposed to bind DNA to form DNA-

RNA hybrids and mediate telomere length and senescence [83, 120, 133].  In human cells 

that have intact homologous recombination systems, these hybrids formed between 

TERRA and telomeric DNA mediate telomere elongation events [133].   

1.7. Scope of Work 
	

Our overarching goal in this study was to identify ZSCAN4 as a novel telomere 

factor in cancer. This was accomplished first by demonstrating that ZSCAN4 expression 

is upregulated in a variety of cancer. We used meta-analysis of RNA-seq databases as 

well as through studying primary tumor samples and cancer cell lines in a tissue array. 

We hypothesized that its function might be important to the survival of the cancer cell as 

well as for telomere stability and hence to cell lifespan. To study this, we created 

ZSCAN4 knockdown cell lines in order to observe the effects of loss of ZSCAN4 both in 

vitro and in vivo. Then, to study if ZSCAN4 facilitates telomere extension, we generated 

ZSCAN4 inducible cell lines and observed changes in telomere length following 

ZSCAN4 induction.   

ZSCAN4 has both a SCAN domain and four Zinc Finger domains, suggesting that 

it can interact with both proteins and nucleic acids. Therefore, to identify ZSCAN4 

interacting factors, we performed a ZSCAN4 immunoprecipitation (IP|) followed by mass 

spectrometry. We then verified our results by series of nucleic acid pull downs and 

immunoprecipitations. These studies will help elucidate the function of ZSCAN4 as well 

as further our understanding of telomere regulation in cancer. 
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Chapter 2: ZSCAN4 Regulates Telomere Length and Cancer 
Replicative Lifespan 

2.1 Introduction 

Telomeres are repetitive DNA sequences located at the ends of each chromosome 

that shorten with every cell division in order to regulate cellular aging, also known as 

replicative senescence. As such, telomere shortening functions as a biological clock that 

limits the cells’ ability to replicate indefinitely. As long as this clock is intact, normal 

cells undergo replicative senescence and stop dividing within a limited number of cell 

divisions [134-136]. Conversely, cancer cells must overcome the process of aging in 

order to survive, replicate uncontrollably and form tumors [68, 137-139]. 

The ability to maintain telomere length in both stem cells and cancer cells has 

traditionally been attributed to the enzyme telomerase [66]. However, we and others have 

shown that mouse ES cells [93] and induced pluripotent stem (iPS) cells [140], which are 

telomerase positive, maintain an unlimited replicative capacity through activation of 

ZSCAN4, independent of telomerase. ZSCAN4 (Zinc finger and SCAN domain 

containing 4) is an early embryonic gene [87, 88] and its expression marks 

preimplantation embryos and embryonic stem (ES) cells [87]. The mouse ZSCAN4 was 

also shown to facilitate the nuclear reprogramming during the generation of induced 

pluripotent stem cells (iPSC) [101, 140, 141]. Additionally, ZSCAN4 is involved in 

genomic stability and the preservation of developmental potency of mouse ES cells [94, 

106, 142]. The human ZSCAN4 has been suggested to have significance in cancer [68, 

72, 143], and was suggested to bind the telomeric shelterin complex [103, 104]. 

However, to date, the function of the human ZSCAN4 and its activity in cancer remains 

unknown. The human and the mouse ZSCAN4 genes share 78% homology between their 
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critical domains, suggesting they may serve similar functions.  

 In the current study, we demonstrate for the first time the function of the human 

ZSCAN4 in cancer and determine its contribution to cancer cell survival and telomere 

maintenance. Remarkably, while our meta-analyses of ZSCAN4 expression in RNA-seq 

samples indicate it is expressed at very low levels in some normal human tissues, it is 

significantly upregulated across multiple human cancers tested, including thyroid, head 

and neck, cervical, and lung cancer. Our study uncovers a novel role for human ZSCAN4 

in telomere extension in cancer cells, irrespective of telomerase activity. Collectively, our 

results demonstrate a critical role for ZSCAN4 in the maintenance of tumor growth and 

survival as well as offer a potential new target for cancer therapeutics. 
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2.2 Materials and Methods 

Cell lines and cell culture. Head and neck squamous cell carcinoma (HNSCC) tumor 

cell lines TU167, TU159 and 012SCC were obtained from the University of Texas MD 

Anderson Cancer Center (Houston, TX, USA) [144]. The cells used in our laboratory 

were originally generated by Dr. Gary Clayman and were reported to be free of cross 

contamination (Zhao et al., 2011). The cell line 012SCC was donated by Bert O’Malley 

from the University of Pennsylvania School of Medicine (Philadelphia, PA, USA). All 

other cell lines were originally obtained from the ATCC. All cell lines were authenticated 

and tested free of mycoplasma. All tumor cell lines were cultured in complete DMEM 

medium (Invitrogen) supplemented with 10% fetal bovine serum (Atlanta Biologicals), 2 

mM GlutaMAX, penicillin (100 U/mL), streptomycin (100 µg/mL).  

 

Inducible ZSCAN4 lentivirus production. Dox inducible ZSCAN4 encoding lentiviral 

vectors were generated using 293T packaging cells maintained in Dulbecco’s modified 

Eagle’s medium containing 1 mM GlutaMAX, 1 mM sodium pyruvate and 10% fetal 

bovine serum. Cells were plated in 10 cm dishes at 60% confluence. Cells were washed 

with DPBS and transfection was done with Effectene (QIAGEN) according to the 

manufacturer’s protocol, using 2 µg pZscan4-MP02, 1.2 µg of pLenti17531(Addgene) 

and 0.8 µg pCMV -VSVG vector (Addgene #8454). Following overnight incubation, 

medium was replaced. After additional 72 h incubation, the viral particles containing 

medium was collected, centrifuged for 15 min at 500 RPM, filtered through a 0.45 µm 

filter and aliquots were stored at −80° C. 
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Generation of ZSCAN4 knockdown and control cell lines. Two HNSCC cells (Tu167, 

012SCC) were transfected with 1 µg of pU6-ZSCAN4 shRNA vector (Origene) 

(containing RFP reporter and puromycin resistance gene), or controls: a non-targeting 

shRNA (NTC-shRNA) vector and an Empty vector (same plasmid without a shRNA 

cassette). Cells were transfected using Effectene reagent (QIAGEN) according to 

manufacturer’s instructions. Cells were selected with 1 µg/ml Puromycin. Knockdown 

was confirmed by immunostaining and by qPCR. 

 

Generation of tet-inducible ZSCAN4 vector and cell lines.  The ORF of the human 

ZSCAN4 with an N-terminal FLAG-tag was cloned into the Lv208 lentiviral vector with 

Tet-3G inducible promoter, and SV40-rTTA-T2A-eGFP-IRES-puro cassette.  The vector 

was co-transfected to generate lentiviral particles using Effectene (QIAGEN) according 

to manufacturer’s protocol. Cell lines (Tu167, 012SCC, SKBr3, SW480, and U2OS) 

were transduced and selected with puromycin thereafter named tet-ZSCAN4 cells.  

 

Cell cycle assay. A monolayer of the stable cells were treated without or with 1 µg/ml 

doxycycline for 24 hours, harvested by accutase, washed and centrifuged at 500 g for 5 

min. Then, 5x105 cells were resuspended in 80% ice cold ethanol and incubated for 2 

hours. Cells were washed, resuspended in 200 µL PBS and incubated with RNase A for 5 

min at room temperature, and stained with Propidium Iodide (PI) and assessed by flow 

cytometer on SSC pulse width (SSC-W) and analyzed by FlowJo software. n = 8 per 

group of biological replicates from multiple independent experiments. Data were 

analyzed by two tailed, unpaired Student’s t-test.  
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Generation of head and neck cancer tissue array. A tissue array was generated to 

include 118 cores derived from 46 cancer patients: 28 oral cavity cancer, 18 oropharynx 

cancer and 13 healthy controls (various sites) from the SOM/UMB Pathology 

Department tissue bank. Formalin-fixed paraffin-embedded tissue blocks were cut to 5 

µm slices, stained by hematoxylin and eosin (H&E) and examined by our expert 

pathologists. Tumor was identified on the slide by the pathologist and the corresponding 

portion of the tissue block was targeted to cut a core for the array for each patient.  The 

full array of cores was then embedded in paraffin and the block was used to cut 5 µm 

slices and prepare slides for histological analyses and immunostaining.   

 

Cancer tissue array screen for ZSCAN4. Three consecutive slices of 5 µm were made 

of the tissue array for histological analysis by H&E, immunostaining and Masson 

trichrome assays. Immunohistochemistry for ZSCAN4 was done on consecutive sections. 

Normal tissues were used as controls. Following deparaffinization with citrosolve 

solution, antigen retrieval was performed with citrate buffer, pH=6 (sigma) and 

immunostaining was performed using anti-ZSCAN4 (1:1000) primary antibodies. Then, 

ZSCAN4 was visualized with a fluorescent Alexa546 secondary antibody (Invitrogen). 

Images were taken with an EVOS FL fluorescence microscope. Nuclei were visualized 

with DAPI (Roche). 

 

ZSCAN4 expression profiling in cancer. For ZSCAN4 gene expression profiling in 

cancer we used the TCGA database generated using RNA-seq for samples from breast, 
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lung, cervical, head and neck, and thyroid cancers. Data was downloaded from the 

Genomic Data Commons Data Portal (https://gdc-portal.nci.nih.gov/). To get gene 

expression for the corresponding normal tissue controls we used the “Gene Read Count” 

data for lung, endocervix, exocervix, esophagus mucosa, esophagus muscularis, and 

thyroid tissues. The data were then further processed and analyzed using RStudio. To 

compare across samples, gene expression levels (read counts) were normalized by 

calculating counts per million mapped reads (CPM) using the library size or the total 

number of reads per sample. Sample ranks of gene expression were used to compare 

across samples. We observed that the rank distributions for the data were typically 

bimodal in nature. Therefore, to compare the ranks across the three tissue types we 

classified samples rank as “downregulated” based on a floor value cutoff of <20,000 

rank. Ranks above the mean rank plus one SD for normal tissue were considered as 

“upregulation” of expression. Counts for each of the tissue types were calculated and we 

performed a Chi-squared test for significance in the difference of expression levels. 

Based on this test of significance we identified the cancers where ZSCAN expression, as 

measured by the rank, was significantly upregulated.   

 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR). RNA was 

isolated and 1 µg was reverse transcribed by Superscript III (Invitrogen) following the 

manufacturer’s protocol. For qPCR, 10 ng cDNA was used per well in triplicates using 

SYBR green (Roche) following the manufacturer’s protocol. Reactions were run on the 

LightCycler 480 system (Roche). Fold induction was calculated by the absolute 

quantification method. The following primers were used: ZSCAN4 forward 5’-
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ATCCACCTGCCTTAGTCCAC-3’ and reverse 5’-TCGAAGAACTGTTCCAGCCA-3’; 

RPLP0 forward 5’-CAGCAAGTGGGAAGGTG TAATCC-3’ and reverse 5’-

CCCATTCTATCATCAACGGGTACAA-3’; Telomere forward 5’-

GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT-3’ and reverse 5’-

TCCCGACTATCCCTATCCCTATC CCTATCCCTATCCCTA-3’; hTERT Forward 5’-

GGAGCAGTTGCAAAGCATTG-3’ and reverse 5’-TCCCACGACGTATACATGTT-3’ 

; hTERC forward 5’-TTTGTCTAACCCTAACTGAGAAGG-3’ and reverse 5’-

CTCTAGAATGAACGGTGGAAGG-3’.    

 

Telomere Fluorescence In Situ Hybridization (T-FISH). All the cells were maintained 

in complete medium in the indicated Dox conditions. Medium was replaced every 3 days. 

On the day of harvesting, medium was supplemented with 100 ng/ml colcemid 

(Invitrogen), followed by 6 hours incubation to arrest the cells in metaphase. After adding 

hypotonic 0.075 M KCl buffer, cells were fixed in cold methanol/acetic acid (3:1) and 

metaphase spreads were prepared. Telomere FISH was performed by Telomere peptide 

nucleic acid (PNA probe) (Bio-Synthesis). Chromosomes were stained with 1 µg/ml 

DAPI. Digital images of chromosomes and telomeres were captured by Zeiss microscope 

with Alexa546–DAPI filter sets. 

 

Telomere Quantitative Fluorescence In Situ Hybridization (Q-FISH).  Q-FISH was 

performed as we previously described [93]. All the cells were maintained in complete 

medium treated with the indicated conditions. On the harvesting day, medium was 

supplemented with 0.1 µg/ml colcemid (Invitrogen), followed by 6 hours incubation to 
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arrest the cells in metaphase. Hypotonic 0.075 M KCl buffer was added and cells were 

fixed in cold methanol/acetic acid (3:1) and stored over night at 4° C. Metaphase spreads 

were made and telomere FISH was performed by using telomere DNA probe 

(TTAGGG)x3-Alexa568. Chromosomes were stained with 0.5 µg/ml DAPI. For 

quantitative assessment of telomere length, digital images of metaphase chromosomes  

and telomeres were captured using a Zeiss 510 confocal microscope with the appropriate 

lasers and filter sets, followed by the quantitation of telomere size and fluorescence 

intensity by the software TFL-TELO [145]. 

Telomere measurement by quantitative real-time PCR. Genomic DNA was extracted 

from 106 cells and quantified by Nanodrop. Average telomere length ratio was measured 

from using a real-time PCR assay as previously described [93, 146, 147]. Briefly, qPCR 

was performed on the LightCycler 480 system (Roche), using telomere primers: hTELO-

F: GGTTTTTGAG GGTGAGGGTGAGGGTGAGGGTGAGGGT, hTELO-R: TCCCG 

ACTATCCCTATCCCTA TCCCTATCCCTATCCCTA. A standard curve was made for 

reference gene by serial dilutions of genomic DNA from 100 ng to 3.125 ng. The 

telomere signal was normalized to the single copy gene RPLP0 to generate a telomere vs. 

single copy (T/S) gene ratio, indicative of relative telomere length. Results are shown as 

mean±S.E.M in three biological replicates. These observations were demonstrated 

repeatedly in multiple independent experiments. Data were analyzed by two-way 

ANOVA with repeated measures and Tukey's-tests.  

 

Co-immunohistochemistry with Telomere FISH. High-quality metaphase spreads were 

prepared and stained as previously described[93]. Briefly, slides were unmasked in buffer 
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citrate at 90° C, dehydrated, and incubated for 5 min at 87°C with Alexa488-conjugated 

Telomere PNA probe (AF488-OO-CCCTAACCCTAACCCTAA) (Bio-Synthesis) or 

with Alexa568-conjugated DNA probe TTAGGGTTAGGGTTAGGG/3AlexF594N/ 

(IDT). Slides were allowed to anneal at room temperature for 1 hour. Primary antibodies, 

mouse anti-ZSCAN4 (1:1000) (Origene), were diluted in block solution and incubated 

overnight at 4° C. Slides were incubated for 1 hour at room temperature with secondary 

antibodies (Invitrogen) diluted in block solution: Alexa 568 Donkey anti mouse (1:800). 

Nuclei were counterstained with DAPI. Cells were visualized by Zeiss 510-confocal 

microscope followed by co-localization study was performed by ImageJ software [148] 

per each condition; results are shown as mean±S.E.M. Data were analyzed by one-way 

ANOVAs and Tukey's test.  

 

Immunoblot analysis. To fractionate cell lysates, cytoplasmic proteins were extracted 

using cytoskeleton buffer (10 mM PIPES, 300 mM Sucrose, 100 mM NaCl,  3 mM 

MgCl2, 1 mM EGTA. 0.5% Triton X100). Then, pellet was treated with DNAse (RNAse 

free) and 1M Ammonium sulfate was added to a final concentration of 200 mM to collect 

the nuclear protein fraction. Next, CSK buffer + 2M NaCl was added to the pellet and the 

DNA bound protein fraction was removed. Finally, the nuclear matrix protein fraction 

was extracted in urea (8 M Urea solution in 0.01 Tris pH 8 + 0.1 M NaH2PO4. Samples 

were sonicated and quantified. To detect the endogenous ZSCAN4, 100 µg of each 

nuclear matrix protein extract was loaded on 8% SDS-PAGE, transferred to a PVDF 

membrane and incubated with the primary antibody anti-ZSCAN4 (1:1000; Origene) 

over night at 4°C. Additional antibodies used: anti-FLAG (1:1000; Sigma), anti-Lamin B 
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(1:2000; Santa Cruz) anti-LDHA (1:2000; Cell Signaling Technology). Membranes were 

then incubated with secondary antibodies conjugated with HRP (Millipore). Protein 

bands were detected using chemiluminescence detection system (ThermoScientific). All 

immunoblots shown are representative of at least 3 independent experiments. 

 

Telomerase activity measurement. All the cells in different passages were cultured in 

triplicate in complete medium and harvested after 2 days. Cell lysates were prepared from 

106 cells per sample. Telomerase activity was measured by real time qPCR using a 

TRAPEZE RT Telomerase Detection Kit (Millipore) according to the manufacturer’s 

instructions. Positive controls: isogenic NTC-shRNA cells in equivalent passages, 

isogenic WT cell extract and telomerase positive HeLa cells. Technical negative controls: 

heat inactivated extracts per each sample. Data were analyzed by two-way ANOVA and 

shown as mean±S.E.M in biological triplicates obtained from 3 independent experiments. 

 

Terminal restriction fragment (TRF) length southern blot analysis. To prepare 

genomic DNA, 3x106 cells were lysed in SDS Buffer (0.5% SDS in 200mM Tris (pH 

8.1), 25mM EDTA, 250mM NaCl) and treated with 10µl of RNAse A (20mg/mL) 

followed by 10µl proteinase K (10mg/mL). DNA was extracted with phenol chloroform 

and precipitated with isopropanol. Terminal DNA fragments were generated from 5µg of 

genomic DNA by HinfI and RsaI restriction digestion, followed by electroporation in 

0.5% agarose gel, transferred to a membrane (Hybond-N+; Amersham). and crosslinked 

to the membrane with UV at 1200 J/cm2 (Stratalinker 1800 UV Irradiator). Bands were 

detected by hybridization with a 3′ biotin-labeled probe (CCCTAACCCTAACCCTAA) 
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(IDT), and visualized using a Chemiluminescent Nucleic Acid Detection Kit (Pierce) 

according to the manufacturer protocol.   

 

C-Circle Assay.  To prepare genomic DNA, 1x106 cells were lysed in SDS Buffer (0.5% 

SDS in 200mM Tris (pH 8.1), 25mM EDTA, 250mM NaCl) and treated with 10uL of 

RNAse H (20mg/mL) followed by 10 µl proteinase K (10 mg/ml).  DNA was extracted 

with phenol: chloroform.  1 µg of DNA was digested with RsaI and HinfI for 1hr at 37oC 

before heat inactivated at 85oC for 15 minutes. Varying amounts of DNA were then 

combined with c-circle master mix solution (0.2mg/ml BSA, 0.1% Tween 20, 1mM each 

dATP/dGTP/dTTP, and ᶲ29 polymerase (NEB)). Reactions occurred at 30oC for 8 hours 

followed by inactivation of the enzyme at 65oC for 20 minutes before transferring to 4oC.  

For qPCR analysis, 1.5 µl per reaction and telomere qPCR program was used as 

described early.  Final primer concentrations for amplification of c-circle product were: 

forward 300nM and reverse 400nM. Forward sequence (5’-3’): GGTTTTTGAGGGTG 

AGGGTGAGGGTGAGGGTGAGGGT. Reverse sequence (5’-3’): TCCCGACTATCC 

CTATCCCTATCCCTATCCCTATCCCTA. For dot blot analysis, varying amounts of 

DNA from c-circle reaction were transferred to Immobilon-NY+ charged nylon 

membrane (Millipore) via vacuum dot blot apparatus (biorad). Signals were detected by 

hybridization with a 3′ biotin-labeled probe (CCCTAACCCT AACCCTAA) (IDT), 

crosslinked to the membrane by air drying and visualized using a Chemiluminescent 

Nucleic Acid Detection Kit (Pierce) according to the manufacturer protocol.   
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Xenograft assay. Animal procedures were performed by other lab members (Ben 

Portney, Lorna Silipino and Michal Zalzman) in accordance with the relevant guidelines 

and regulations approved by the Institutional Animal Care and Use Committee (IACUC) 

of the University of Maryland School of Medicine, Baltimore, MD (IACUC protocol no. 

0711021). Male or female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (stock #005557), also called 

NOD SCID Gamma or NSG mice (8-12 weeks old), were purchased from the Jackson 

Laboratory (Bar Harbor, ME) and were randomized into three groups of 10 mice per 

group and 0.1 ml suspension containing 106 cells was injected subcutaneously on the left 

flank of each mouse. Tumor volume was measured by using an external caliper, to 

determine the greatest longitudinal diameter (tumor length) and the greatest transverse 

diameter (tumor width). Tumor volumes based on caliper measurements were calculated 

by the formula: Tumor volume = 1/2(length × width2). Investigators were blinded to 

experimental groups and outcome assessments during experiments. Statistical 

significance of difference in tumor volume, between control and knockdown was 

assessed by two-way ANOVA with repeated measures & Tukey's. At the termination of 

the experiment, the tumor tissues were harvested and allocated into two tubes. A portion 

of the tumor tissue was fixed in 45 paraformaldehyde overnight and processed for 

paraffin embedding to be used in H&E, immunohistochemistry and Masson trichrome 

analyses, whereas the second portion was used for Immunoblot analysis. 

  

Tumor histological analysis. To determine the effect on tumor grade, degree of intra-

tumoral inflammation assessment was done as double blind assay by an expert 

pathologist according to the following guidelines: Area = 0.0385 mm2 (40X); Area of 10 
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fields = 0.4 mm2. Degree of apoptosis was measured in area of greatest apoptosis. HPF = 

40X. The number of mitoses was measured in an area of greatest mitotic activity of X10 

microscope field. 

 

Statistical analyses. Results are shown as the mean±S.E.M of multiple independent 

experiments, with biological replicates. Detailed n values for each panel in the figures are 

stated in the corresponding Methods section. Student’s t-test, one-way or two-way 

ANOVAs with repeated measures followed by Tukey’s posthoc comparison tests (when 

appropriate) were used for statistical analyses. Survival curves were derived from 

Kaplan–Meier estimates using Log-rank (Mantel-Cox) test. All statistical analyses were 

performed with STATISTICA 12 and GraphPad Prism 5 software. All statistical tests 

were two-tailed and P values <0.05 were considered to be statistically significant. 

For in vitro experiments, sample size was determined based on review of the 

literature as well as previous experience in the laboratory. The investigators were not 

blinded to allocation during experiments and outcome assessment. For in vivo 

experiments, sample size and power of the test calculations were done using our 

preliminary data based on pilot experiments. Power analysis was based on a several 

plausible differences (delta) in the time-averaged tumor size between two treatment 

groups, as described by Diggle et al. (1996). The mice were randomly assigned to the 

experimental groups. Investigators were blinded to experimental groups and outcome 

assessments during experiments.  
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2.3 Results 
 

2.3.1 Human ZSCAN4 is Frequently Upregulated in Cancer	

Our initial goal was to determine if the human ZSCAN4 is expressed in human 

tissues and cancer. Using in-silico analyses in Oncomine [149, 150] and COSMIC [151], 

we found that ZSCAN4 is upregulated in a range of human cancers including breast, 

cervical, lung (non-small cell), and head and neck cancer. Based on that, we further 

selected and performed a meta-analysis for ZSCAN4 gene expression profiling using the 

TCGA database. We normalized the count data by calculating counts per million mapped 

reads (CPM), using the library size or the total number of reads per sample to be able to 

compare across samples. We then calculated the counts per each tissue type and 

performed a Chi-squared test to define significance. In accordance with the patterns 

detected by Oncomine and COSMIC, the RNA-seq data revealed that while ZSCAN4 

may be expressed at very low levels in normal tissues and the tumor adjacent tissue, it is 

significantly upregulated in tumors from multiple  human cancers, including thyroid, 

head and neck, cervical, and lung cancer (Table 2.1).  
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2.3.2 Human ZSCAN4 is Expressed in Head and Neck Tumor Nests and in HNSCC 

Cell Lines 

To validate ZSCAN4 protein expression in cancer, the Strome and Zalzman 

laboratories in collaboration with the Department of Pathology, generated and studied a 

human head and neck cancer tissue array from primary samples. The cancer tissue array 

included 118 cores derived from 46 cancer patients: 28 oral cavity cancer, 18 oropharynx 

cancer and 13 normal tissue controls. ZSCAN4 immunostaining followed by histological 

analysis in consecutive slices show positive staining in the tumor nests, but weak to no 

staining in the tumor stroma (Figure 2.1A-C). Furthermore, these data further reveal that 

100% of the oral cavity cancers and 67% of intact oropharynx cancer cores are positive 

for ZSCAN4, while normal tissues are negative (Figure 2.1D). These findings indicate 

that ZSCAN4 re-expression may be restricted to the cancer cells within the tumor nests.  

		 ZSCAN4	(Rank)	 		
Cancer/Tissue	
Type	

Samples	 Normal	 Tumor	
adjacent	
tissue	

Tumor	 χ2	test	

Thyroid	
Upregulated	(%)	 5.3%	 8.6%	 59.7%	 χ2(4)=294.96;																				

p<e-15	Total	no.	of	samples	 323	 58	 501	

Head	Neck	
Upregulated	(%)	 1.3%	 13.6%	 26.2%	 χ2(4)=200.2;																							

p<e-15	Total	no.	of	samples	 533	 44	 500	

Cervix	
Upregulated	(%)	 0%	 ------	 29.3%	 χ2(4)=9.61;															

p<0.05	Total	no.	of	samples	 11	 ------	 304	
Lung	 Upregulated	(%)	 2.8%	 6.8%	 34.7%	 χ2(4)=161.86;																				

p<e-15	Total	no.	of	samples	 320	 59	 533	
Table 2.1 ZSCAN4 expression in cancer samples. To determine upregulation, the control 
“normal” tissue samples counts per million were averaged and each sample was then 
compared to that average.  A more than 2-fold change in expression above the average was 
considered upregulation. 
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The next goal was to confirm ZSCAN4 expression in cancer cell lines in order to perform  

functional genomic studies. Therefore, we screened for ZSCAN4 expression in multiple 

head and neck cell lines by real time qRT-PCR (Figure 2.2A). Our results indicate that 

ZSCAN4 is expressed in all head and neck squamous cell carcinoma (HNSCC) cancer 

cell lines tested, whereas the normal head-neck samples (primary tonsil epithelial cells) 

used as controls are negative. Furthermore, immunoblot analyses show that ZSCAN4 

protein is expressed in nuclear extracts in HNSCC cells but not the normal control 

(Figure 2.2B).  

D.	
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B.	

50µm	

A.	

50	µm	

Stroma	
Tumor	
Nests	

C.	

50µm	

Figure 2.1. ZSCAN4 is upregulated in cancer. (A) A representative image of one of 118  
oral cavity cancer cores stained with H&E showing typical tumor nests. 100% of all oral 
cavity cancers stained and 67% of oropharynx cores stained positive for ZSCAN4 (B) A 
consecutive slice of the same core, stained with anti-ZSCAN4 (red). Truncated line marks one 
tumor nest and within it, a rectangle marks an area magnified in: (C) A x100 magnification 
showing nuclear ZSCAN4 foci. (D) A representative image of normal tissue core is ZSCAN4 
negative. Nuclei marked by DAPI (blue). Size bars = 50 µm.  

Figure 2.2 ZSCAN4 is upregulated in cancer cell lines. (E) ZSCAN4 in head and neck 
cancer cell lines, as shown by qRT-PCR and by (F) Immunoblot analysis of urea extracted 
fraction, whereas normal human tonsil primary cells and normal human tonsil tissue controls 
from five different donors are negative. ZSCAN4 antibody was validated via IP mass 
spectroscopy.  Error bars indicate S.E.M for biological replicates (p≤0.001) relative to the 
normal control.  

A.	 B.	
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2.3.3 ZSCAN4 is Required for Cellular Self-renewal Potential 

In the mouse, ZSCAN4 is required to maintain long-term self-renewal of ES [93, 96, 

106, 152] and iPS [140] cells. To study the function of ZSCAN4 in cancer, we depleted 

ZSCAN4 by shRNA knockdown vectors containing a reporter gene (RFP) and a 

puromycin selection gene (Puro) (Figure 2.3A). We tested the knockdown efficiency of 

four ZSCAN4 shRNA sequences (named shRNA1-shRNA4) by transfection into Tu167 

cells. As controls, we used scrambled non-targeting control shRNA (NTC-shRNA) or an 

empty vector (Empty; the same vector without shRNA). Our data by reverse transcription 

(RT) qPCR, (Figure 2.3B) as well as by immunostaining (Figure 2.3C) confirm that all 

four ZSCAN4-shRNA sequences efficiently downregulate ZSCAN4 expression. 
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Next, in order to study the effect of ZSCAN4 depletion in human cancer cells, we 

employed shRNA1 and shRNA4 to generate two stable ZSCAN4 knockdown cell lines 

(Tu167 and 012SCC respectively). Isogenic cells for each cell line transfected with NTC-

shRNA were used as controls. We then performed a population doubling assay to test the 

effect on culture lifespan. Our data indicate that ZSCAN4 depleted cells initially 

proliferate and survive for multiple passages during cell expansion, similar to the control 

cells (Figure 2.4A, B). However, with cell passaging the population doubling (PD) rate 

slows down significantly in both knockdown cell lines (p≤ 0.01). By 20 PDs in Tu167 

(Figure 2.4A) and 15 PDs 012SCC cells (Figure 2.4B) the cells cease to proliferate yet 

survive in culture and the doubling rate falls to zero. Consistent with the observation in 

mouse ES cells [93], our results show that ZSCAN depletion in human HNSCC cells 
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Figure 2.3 Generation of ZSCAN4 knockdown cell lines. (A) Illustration of ZSCAN4 
knockdown vector used to transfect Tu167 and 012SCC cancer cell lines. (B) Confirmation of 
ZSCAN4 knockdown by all four ZSCAN4 shRNA sequences (shRNA1-shRNA4) in Tu167 
cells as shown by real-time qRT-PCR analysis. No significant (n.s.) effect in ZSCAN4 
expression was detected in NTC-shRNA control compared to isogenic cells transfected with 
Empty vector (same vector with no shRNA). *** Asterisks indicate p≤ 0.001 relative to the 
NTC-shRNA. (C) Representative images of ZSCAN4 immunostaining (green) in knockdown 
and isogenic controls. Panel shows nuclei of cells transfected with shRNA1-4. As controls we 
used cells transfected with Empty vector and cells expressing non-targeting control shRNA 
(NTC-shRNA). Scale bar = 10 µm. Nuclei are stained by DAPI (blue). Arrow mark ZSCAN4 
foci 
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ultimately leads to population growth arrest.  

To further characterize the effects of ZSCAN4 knockdown on our cells, we assessed 

its effect on cell cycle. Cell cycle analyses at 15 PDs in Tu167 and 10 PDs in 012SCCs, 

show a significant (p<0.0001) increase in the fraction of knockdown cells in G2/M phase 

compared to control cells and 21.1±0.4% (mean±SEM) of knockdown cells are in G2/M 

(Figure 2.4C-D). Taken together, we demonstrate that ZSCAN4 is necessary for 

maintaining the population replicative potential.   

  

Figure 2.4 Knockdown of ZSCAN4 leads to population growth arrest. (A) Population 
doubling assays show ZSCAN4 depletion leads to reduction of proliferation in Tu167 cells 
and (B) 012SCC cells and with passage, loss of self-renewal potential. (C, D) Increase in 
G2/M arrested cells observed at late passages in ZSCAN4 knockdown (Tu167 and 012SCC 
respectively) cells compared to NTC-shRNA isogenic controls. Cell cycle analysis by flow 
cytometry (n = 8 per sample) after 15 PDs for Tu167 and 10 PDs for 012SCCs. Percentage 
of cells in each phase of cell cycle were analyzed by FlowJo software. Asterisks *** 
indicate p<0.001, **** p<0.0001.  
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2.3.4 ZSCAN4 Depletion Induces Telomere Shortening and Cellular Senescence 

 The orthologous murine ZSCAN4 protein is important for telomere maintenance. 

Therefore, the observed reduction in population doublings (PDs) and replication potential 

in ZSCAN4 depleted cancer cells prompted us to investigate the effect on telomeres. To 

find the effect of ZSCAN4 depletion on the telomeres, we first performed a telomere 

length real-time qPCR analyses [146, 147], in which telomere length ratios were 

compared to a single-copy gene, as we previously described[93]. Correlating to the  

 

reduced cell proliferation rate, our results show a gradual telomere shortening in 

ZSCAN4 depleted cells, and the average telomere length decreases significantly (p≤0.05) 

with passaging. By passage 10, equivalent to 20 PDs in Tu167 and 15 PDs in 012SCC, 

telomere length is further shortened (p≤0.001) (Figure 2.5A, B). By contrast, and as 

expected, the telomeres of the NTC-shRNA control cells remain at a constant length 

throughout all passages. These results indicate that loss of ZSCAN4 leads to telomere 

shortening.   

Figure 2.5. Knockdown of ZSCAN4 leads to telomere-mediated cellular senescence. (A) 
ZSCAN4 depletion in Tu167 and (B) 012SCC cells shows telomere length per population 
doubling due to ZSCAN4 knockdown via telomere qPCR analysis. Relative telomere length 
ratios where compared to a single copy gene RPLP0 (T/S).  All data shown as mean±S.E.M. 
observed in triplicate in at least three independent experiments. Asterisks indicate: *p≤0.05, 
**p≤0.01, ***p≤ 0.001. 
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 A critical biological outcome of cellular aging and telomere shortening is the 

induction of replicative senescence[153-157] which irreversibly prohibits cells from 

dividing indefinitely[158]. Although replicative senescence has been associated with G1 

phase arrest, there is growing evidence of cell cycle arrest at the G2 phase[159-163]. To 

confirm that the observed telomere shortening and an increase of ZSCAN4 knockdown 

cells in G2 phase correlates with the reinstatement of cellular aging, we performed 

histochemical analyses with the senescence indicator Sudan Black B[164]. A dark blue 

staining indicates accumulation of autolysosomes and autophagosomes, a hallmark of 

senescence. Our data confirm that the reduction in proliferation and telomere shortening 

observed as early as 15-17 PDs (Figure 2.5A, B) is accompanied by an extensive 

increase in the number of senescent cells in both Tu167 and 012SCC cell lines when 

compared to NTC-shRNA isogenic control cells at equivalent passages (Figure 2.6A, B). 

These observations are confirmed by a senescence associated beta-galactosidase activity 

assay (SA-Gal activity assay)[165], an additional senescence indicator (Figure 2.6C,D). 

These findings suggest that the loss of ZSCAN4 in cancer cells leads to telomere 

mediated replicative senescence. 
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2.3.5 ZSCAN4 Associates with the Telomere Region 

Ectopic expression of the human ZSCAN4 gene in mouse embryonic fibroblasts 

leads to higher efficiency in generation of induced pluripotent stem (iPS) cells[101]. 

ZSCAN4 has further been shown to interact with the telomeric shelterin complex[103, 

104] and thereby was proposed to play a role in telomere maintenance in cancer. 

However, its function in human cancer and its effects on telomeres remain obscure. To 
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Figure 2.6. Knockdown of ZSCAN4 leads to telomere-mediated cellular senescence. . 
(A) Histochemical analysis by Sudan black B (dark blue) in TU167 and (B) 012SCC 
senescence associated beta-galactosidase activity assay (blue stain) in (C) TU167 and (D) 
012SCC show ZSCAN4 deficient cultures (Tu167 and 012SCC) accumulate senescent cells 
in late passages while early passages and isogenic NTC-shRNA cells remain negative. 
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define the interaction of the ZSCAN4 protein with the telomeres, we performed a co-

localization study by ZSCAN4 immunostaining along with telomere fluorescence in situ 

hybridization (T-FISH) (Figure 2.7A). Co-localization analyses reveal that 87.5±3.6% 

(mean±S.E.M) of ZSCAN4 foci per cell associate with the telomere region, suggesting 

telomeric function. Moreover, quantification of telomere fluorescence intensity revealed 

a significant preference for chromosome ends with short telomeres (p≤0.01) (Figure 

2.7B). These results were further validated by chromatin immunoprecipitation (ChIP) 

assay with ZSCAN4 antibody followed by telomere qPCR. Our data indicate a significant 

interaction of ZSCAN4 with the telomeres (p≤0.005) (Figure 2.7C) compared to IgG 

control. Additional controls used: negative: Beta-actin; positive: RNA PolII IgG to 

demonstrate equal loading.  

To further define ZSCAN4 function and its immediate effects in cancer cells, we 

designed a doxycycline inducible tet-ZSCAN4 lentiviral vector. Our vector includes a 

tetracycline transactivator (rTTA), a GFP reporter gene and a puromycin selection gene 

(Figure 2.7D, E). We then generated an inducible ZSCAN4 cell lines (head neck cancer: 

Tu167), named hereafter tet-ZSCAN4. In these cell lines, ZSCAN4 is induced by 

addition of doxycycline (Dox), a tetracycline analog, to the culture medium. As expected, 

immunoblot analysis for ZSCAN4 or FLAG confirms ZSCAN4 induction in response to 

Dox treatment (Figure 2.7F). Consistent with the attachment of telomeres to the nuclear 

matrix, fractionation of cellular proteins confirms FLAG-tagged ZSCAN4 is enriched in 

the nuclear matrix fraction (Figure 2.7F). No effect on cell cycle is observed following 3 

days of ZSCAN4 induction (Figure 2.7G).  
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Figure 2.7 ZSCAN4 associates with and forms foci on the telomere. (A) Co-localization of 
telomeres (red, Cy3-conjugated PNA probe) and ZSCAN4 (green, immunostain) in metaphase 
spreads. Chromosomes stained with DAPI (blue). (B) Confocal microscopy analysis reveals a 
preference to short telomeres (p≤0.01). Study was performed by ImageJ software. Error bars 
indicate S.E.M. Data based on three independent experiments. (C) Telomere ChIP assays 
using anti-ZSCAN4 IgG indicate interaction of ZSCAN4 with the telomeres. Values are 
relative to 10% DNA input shown as mean±S.E.M from 3 independent experiments; other 
controls used: negative: Beta-actin, normal IgG; positive: RNA PolII IgG to demonstrate equal 
loading. Asterisks indicate ** p≤0.001. (D) tet-ZSCAN4 expression vector. (E) Image of tet-
ZSCAN4 cells in phase contrast and GFP (green). (F) Immunoblot analyses indicate ZSCAN4 
is tightly regulated by Dox and localizes to the nuclear matrix; Controls: LDH (cytosol), 
Lamin-B (nucleus).  (G) Histograms obtained from cell cycle analysis by flow cytometry 
show no significant difference in cell cycle following ZSCAN4 induction by Dox. Percentage 
of cells in each phase of cell cycle were analyzed by FlowJo software; n = 10 in 3 independent 
experiments. Error bars indicate S.E.M. ** Asterisks indicate p≤ 0.01. 
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2.3.6 ZSCAN4 Facilitates Telomere Extension in Telomerase Positive and Negative 

Cancer Cells 

To find the effect of ZSCAN4 on telomere length, we performed telomere real-time 

qPCR analyses [93, 146, 147]. Our findings in HNSCC tet-ZSCAN4 cells reveal that 

ZSCAN4 induction for 48 hours leads to a rapid and significant 1.7±0.01-fold 

(mean±S.E.M; p≤0.001) increase in telomere length, (Figure 2.8A) representing an 

average increase of approximately 4000 bp. These results were confirmed by telomere 

quantitative FISH (Q-FISH) [93, 145] (Figure 2.8B-E) and independently demonstrated 

in two additional tet-ZSCAN4 we generated (breast cancer cells: SKBR3 and colorectal 

cancer cells: SW480 which are telomerase positive cell lines) (Figure 2.8F, G, Figure 

2.9A-C) suggesting that ZSCAN4 mediated telomere extension is not exclusive to 

HNSCCs. Our results indicate that ZSCAN4 interacts with telomeres of cancer cells and 

facilitates telomere extension.  
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Figure 2.8 ZSCAN4 facilitates telomere extension. (A) Induction of ZSCAN4 for 48 hours 
leads to a 1.7 fold telomere extension in telomerase positive Tu167 cells as demonstrated via 
telomere length qPCR analysis. Confirmation of telomere extension by Q-FISH analysis shows 
a distribution diagram of relative telomere length, of: (B) non induced tet-ZSCAN4 cells (Dox-
) and (C) Dox treated tet-ZSCAN4 (Dox+) induced cells as analyzed by TFL-Telo software 
(results of pooled nuclei, totaling >2500 telomeres). TFU = telomere fluorescent unit. (D,E) 
Representative images of corresponding metaphase spreads stained for telomere FISH. 
Telomeres were revealed by Alexa546-DNA probe (red). Chromosomes stained with DAPI 
(blue). Induction of ZSCAN4 by Dox in: (F) breast cancer (SKBR3) and (G) colorectal cancer 
(SW480) cell lines, leads to telomere extension as measured by telomere qPCR analysis. 
Results are shown as mean ± SEM, demonstrated repeatedly in at least 3 independent 
experiments. Data were analyzed by one-way ANOVA. Asterisks indicate  * p<0.05,  *** 
p<0.001, **** p<0.0001.   
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 The mouse homologous factor ZSCAN4 is expressed in embryonic stem cells and 

although these cells are telomerase positive, it acts on the telomeres as a telomerase-

independent mechanism[93]. Consistently, telomere lengthening by ZSCAN4 induction 

was not associated with elevated telomerase activity, as shown by Telomeric Repeat 

Amplification Protocol (Figure 2.9D), and no significant effect on telomerase is detected 

upon ZSCAN4 depletion (Figure 2.9E).  
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Figure 2.9 ZSCAN4 mediated telomere maintenance does not require telomerase. qPCR data 
demonstrates expression levels of (A)  hTERT and (B) hTERC across multiple cell lines tested.  
Hela cells were used as the positive control. (C) Telomerase TRAPeze qPCR assay demonstrates 
telomerase activity across our telomerase positive cell lines. Negative controls include heat 
treated samples, no taq polymerase sample and no telomerase samples. Positive control is sample 
provided by TRAPeze RT kit (Millipore) and Hela cells. (D) Telomerase TRAPeze RT assay 
demonstrates telomerase activity remained high yet shows a mild reduction after ZSCAN4 
induction. Controls: isogenic wild type (WT) Tu167 cells in untreated and Dox treatment 
conditions. Additional technical controls (not shown): telomerase positive HeLa cells. Negative 
controls used (not shown): heat inactivated extracts per each sample. Error bars indicate S.E.M. 
No significant effects on telomerase activity were detected. (E) Telomerase TRAPeze RT assay 
demonstrates telomerase activity remained high and shows no significant change throughout 
population doublings (PD) in ZSCAN4 depleted knockdown cells. Controls: isogenic NTC-
shRNA cells in equivalent passages, other controls used: isogenic WT cell extract and telomerase 
positive control: HeLa cells. Technical negative controls used: heat inactivated extracts per each 
sample. Error bars indicate S.E.M. No significant effects on telomerase activity were indicated. 
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To further investigate ZSCAN4-mediated telomere elongation and its relationship 

with or requirement for telomerase, we generated Dox inducible tet-ZSCAN4 cells in 

telomerase negative cell lines (U2OS). Our results demonstrate that ZSCAN4 induction 

for 72 hours leads to a significant telomere elongation as shown by telomere qPCR 

analysis (Figure 2.10A). Telomere extension in the absence of telomerase was further 

confirmed by telomere Q-FISH as previously described (Figure 2.10B,C) and by 

telomere southern blot analysis (Figure 2.10D). Our results indicate a 1.6-fold increase in 

the average telomere length, equivalent to approximately 10 kb change in the average 

telomere length. Dox treatment alone had no effect on telomeres as treatment with Dox in 

the control U2OS isogenic wild type (WT) cells show no significant difference compared 

to untreated control (Dox-). Collectively, our data indicate that ZSCAN4-mediated 

telomere extension does not require telomerase, consistent with our previous report[93],  

implying a telomerase independent mechanism.		
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Alternative lengthening of telomeres (ALT) is suggested to be a collection of 

mechanisms with one common feature, they all act independent of telomerase 

activity[67]. Therefore, our findings prompted us to define the effect of ZSCAN4 on the 

canonical ALT pathway through investigation of ALT markers. First, we tested the effect 

of ZSCAN4 on a major hallmark of the canonical ALT.  ALT+ cells often contain 

telomeric chromatin within promyelocytic leukemia nuclear bodies (ALT-associated 

promyelocytic leukemia nuclear bodies (PML-NBs) or (ABPs))[69, 166]. Both presence 

of PML as well as change in PML after ZSCAN4 induction was examined via co-
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Figure 2.10. ZSCAN4 extends telomeres in telomerase negative cells (A) Induction of 
ZSCAN4 in telomerase negative cells (U2OS), leads to telomere extension as measured by 
qPCR analysis. Results are shown as mean±S.E.M., in at least 6 independent experiments. (B) 
Q-FISH analyses validates ZSCAN4 extends telomeres in in the absence of telomerase. A 
distribution diagram of relative telomere length of non-induced tet-ZSCAN4 U2OS cells (Dox-) 
and (C) Dox treated tet-ZSCAN4 (Dox+) induced cells as analyzed by TFL-Telo software 
(results of pooled nuclei, totaling >2000 telomeres). TFU = telomere fluorescent unit. Data was 
reproduced in three independent experiments. (D) Terminal restriction fragment length 
measurement by southern blot analysis. DNA bands were detected by hybridization with a 3′ 
biotin-labeled  telomere probe. Isogenic wild type U2OS cells in the presence of absence of Dox 
and un-induced U2OS tet-ZSCAN4 were used as controls. Banding pattern seen represents the 
heterogeneity of ALT telomere lengths.  Data was reproduced in four independent experiments.  
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localization analysis of APBs with telomeres in tet-ZSCAN4 cells. T-FISH analysis along 

with PML immunostaining in tet-ZSCAN4 cell lines indicate that PML presence is 

unsurprisingly low compared to canonical ALT cells (Figure 2.11A). Additionally, we 

demonstrate that ZSCAN4 induction does not elevate levels of PMLs (Figure 2.11A). 

The telomeric DNA is bound by the shelterin proteins, some of which specifically 

recognize the telomeric double strand DNA such as TRF1[167, 168] and TRF2[20, 169] 

while others bind the single-stranded telomere repeats such as POT1[21]. The shelterin  

proteins wrap the end of the chromosomes and protect them from being detected as DNA 

double-strand breaks (reviewed in[170]). Therefore, we next analyzed the effect of 

ZSCAN4 on the level of three of the shelterin components through immunoblotting 

following ZSCAN4 induction (in Tu167, 012SCC). Our data demonstrate that ZSCAN4 

induction does not have an effect on the levels of TRF1, TRF2 or POT1 (Figure 2.11B).  

Lastly, extra chromosomal circular single-stranded telomeric repeats (c-circles) 

have been shown to be ALT specific[79] as single-stranded telomeric DNA repeats were 

demonstrated to be present in the promyelocytic leukemia nuclear bodies[171] of ALT+ 

cells but not in telomerase-positive cells. The canonical ALT cells use this circular, c-rich 

telomeric DNA as a molecular intermediate and a template for telomere synthesis by 

rolling circle amplification. To assess the effect of ZSCAN4 on c-circle amplification and 

telomere extension we performed a c-circle assay followed by dot blot analyses, which 

uses a probe complementary to the c-circle amplification product.  Linearity of our c-

circle assay demonstrates the efficient amplification of telomeric DNA in the presence of 

c-circles through a genomic DNA dilution curve in ALT positive cells (U20S) (n =3; r = 

0.948) (Figure 2.11C).  Further, our c-circle assay followed by dot blot analysis in tet-
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ZSCAN4 indicate that while ALT cells are able to effectively synthesize telomeric 

sequences from c-circles, our cells are not, even after induction of ZSCAN4 (Figure 

2.11D). These data are confirmed via qPCR analysis after c-circle amplification (Figure 

2.11E). Both the lack of c-circles as well as the lack of increase in telomeric DNA 

synthesized from c-circles following ZSCAN4 induction suggests ZSCAN4 does not 

utilize this mechanism to extend telomeres in cancer.    Collectively, our data suggest that 

ZSCAN4 mediated telomere extension does not trigger the canonical ALT in telomerase 

positive cells. 
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E.	

Figure 2.11 ZSCAN4 induction does not activate the canonical Alternative Lengthening 
of Telomeres. (A) Co-localization of telomeres (red, Cy3-conjugated PNA probe) and PML 
(green, immunostain) in interphase shows no increase in PML after ZSCAN4 induction. Nuclei 
stained with DAPI (blue). U20S cells used as a positive control for PML positive staining. (B) 
Immunoblot analyses indicate ZSCAN4 induction does not affect shelterin complex protein 
levels. Control: Lamin-B (nucleus). (C) Dilution series of c-circle amplification in ALT 
positive (U20S) cells (n=3) demonstrates linearity of c-circle amplification. C-Circle assay in 
telomerase positive tet-ZSCAN4 (Tu167) cells followed by (D) dot blot analysis 
(representative dot blot of 128 ng genomic DNA is shown above graph; n=3), AU = arbitrary 
units; and (E)  qPCR analysis demonstrates no increase of c-circle after ZSCAN4 induction 
(Dox+). C-circle assays were performed with (+) or without (−) Φ29 DNA polymerase. Cells 
were analyzed 48 hours after ZSCAN4 induction and telomere extension was verified by qPCR 
in three independent experiments. U20S cells used as ALT positive control for c-circle 
amplification.  
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2.3.7 ZSCAN4 Depletion Severely Affects Tumor Growth  
	

 To assess the potential of ZSCAN4 as a therapeutic target in cancer, we monitored 

the impact of ZSCAN4 depletion on tumor growth in vivo using the NSG 

(NOD/SCID/IL2Rγ-/-)[172] mouse as a xenograft model. We subcutaneously injected 

either 1x106 freshly generated ZSCAN4 knockdown cells or 1x106 isogenic non-targeting 

control NTC-shRNA cells into the flanks of female NSG mice (Figure 2.12A). As 

expected, a large tumor develops in all mice injected with NTC-shRNA cells leading to 

the need for euthanasia by five weeks (Figure 2.12B,C). Conversely, 90% of ZSCAN4 

knockdown condition mice survive until the predetermined 15 week endpoint (Figure 

2.12C). Remarkably, our data indicate that ZSCAN4 depletion results in more than 98% 

tumor growth inhibition and only half of the mice present with a palpable tumor after 5 

weeks. Furthermore, the tumors remain significantly attenuated even at the 15 week 

endpoint (Figure 2.12B, D-E). At the end of the experiment, all tumors were taken for 

histological analyses and examined by an expert pathologist. ZSCAN4 depleted tumors 

harvested after 15 weeks show no significant increase in tumor grade over the duration of 

the experiment compared to both controls and ZSCAN4 knockdown tumors harvested 

after 5 weeks. These data suggest that ZSCAN4 is required to maintain tumor growth. 

To determine if the attenuated tumor growth is associated with senescence, we 

performed immunostaining of beta-galactosidase/GLB1 [165] (Figure 2.13A). Our 

results indicate that ZSCAN4 knockdown leads to senescence of the tumor nests in vivo 

but not in the tumor stroma. We confirmed these findings by histochemical analysis with 

the senescence indicator Sudan Black B [164] (Figure 2.13B). Our overall results 

suggest that ZSCAN4 depletion severely inhibits tumor growth and development in vivo. 
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Figure 2.12 ZSCAN4 depletion severely affects tumor growth. (A) A schematic illustration of 
mouse xenograft model. NGS mice were subcutaneously injected with Tu167 ZSCAN4 
knockdown cells (n=10), or NTC-shRNA cells as controls (n=10) and allowed to form xenograft 
tumors. (B) Tumor volume at indicated time. Error bars denote S.E.M., (p≤0.001) starting from 
week 3. (C) Kaplan–Meier survival curve of mice inoculated (p≤0.001); results are shown from 
day of cell injection to day of euthanasia. (D) Representative images of NTC-shRNA control and 
ZSCAN4 depleted tumors harvested 36 days after cell inoculation. (E) Pictures show individual 
tumors, still attached to the mouse skin. Control cells (NTC-shRNA and Empty vector) gave a 
large tumor within 5 weeks. Tumors of ZSCAN4 knockdown cells remained attenuated and were 
harvested at two time points: 5 and 15 weeks after inoculation. Arrows mark indicated tumor size 
in mm.  
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Figure 2.13 ZSCAN4 depleted tumors demonstrate increased senescence.  (A) 
Representative images (n = 6 per group), showing increase in senescence in the nested tumor 
cells of ZSCAN4 depleted tumors compared to controls as shown by GLB1 immunostaining 
(red) with corresponding consecutive slide stained by H&E. Nuclei are stained with DAPI (blue). 
Size bar = 200 µm. These results are validated by (B) Sudan black B stain (n = 6 per group) from 
a separate tumor slice showing dark blue stain taken as Phase I images, only in tumor nests of 
ZSCAN4 depleted cells, whereas NTC-shRNA control remain unstained. 
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2.4 Discussion 
 

The ability to replicate indefinitely is a major hallmark of cancer[60]. This 

process is controlled, in part, by circumventing normal telomere shortening involved in 

cellular aging.  Therefore, reinstating cancer cell telomere shortening and thereby 

restricting cancer tumor survival and growth is an extremely attractive target for cancer 

therapy. The conventional paradigm of telomere maintenance in cancer largely suggests 

two mutually exclusive mechanisms; telomerase or a group of alternative lengthening of 

telomere (ALT) mechanisms collectively thought to maintain telomeres in absence of 

telomerase. Yet, studies have shown that overexpression of telomerase in telomerase 

negative, ALT positive cells does not inhibit the canonical ALT [69-71].  Discovery of 

the underlying mechanisms that govern replicative immortality is crucial for potential 

new drug design and cancer treatment.  

We have previously shown that the mouse ZSCAN4 induces rapid telomere 

extension in embryonic stem cells by telomere recombination [93]. Our novel data show 

that activating ZSCAN4 in human telomerase negative and positive cells allows for a 

rapid telomere extension irrespective of telomerase activity. Therefore, these findings 

further support the shift in paradigm from two diametric telomere extension processes, 

toward mechanisms that may coexist in human cells to regulate telomere length and thus 

cancer cell survival.  Importantly, our data implicate ZSCAN4 as an activator of a non-

canonical ALT mechanism.  This is demonstrated by ZSCAN4-mediated telomere 

extension in telomerase negative cells as well as systematic exclusion of the activation of 

several classical ALT markers including shelterin complex remodeling, elevated rates of 

PML APBs and telomeric extension through c-circles in telomerase positive cells. Further 
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research is required to better understand the ZSCAN4 mediated telomere extension 

mechanism in detail. 

While other reports have shown that the human ZSCAN4 protein may interact in 

vitro with components of the telomeric shelterin complex [103, 104], its function in 

human cancer remained speculative.  Here we demonstrate for the first time that human 

ZSCAN4 is upregulated in multiple cancer types and promotes both cellular lifespan and 

telomere extension in a telomerase independent manner. Remarkably, depletion of 

ZSCAN4 leads to telomere-mediated replicative senescence and the reinstatement of 

cellular aging in cancer cells. We further show that ZSCAN4 depletion leads to 

dramatically reduced tumor growth, suggesting a critical role for ZSCAN4 in the 

maintenance of the indefinite replicative lifespan of cancer, irrespective of telomerase 

activity. Additional studies will be required to determine if ZSCAN4 has additional roles 

in the maintenance of cellular lifespan.   Blocking the ZSCAN4 pathway may offer new 

strategies for cancer treatment and means to restore cancer cellular aging in novel 

therapeutics. 
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Chapter 3: ZSCAN4 Enhances Telomere Recombination  

3.1 Introduction 

 The conversion of a normal cell into a cancerous cell is a multistep process [61, 

173]. The cell becomes gradually more permissive to further DNA damage and 

mutations, accelerating the transformation. While some mutations are specific to certain 

cancers, others are common across many cancer types. Still, cells must also obtain the 

ability to maintain telomere stability in order to avoid cellular aging and become 

immortalized [173]. Cancer cells can activate pathways to reverse the process of telomere 

shortening through two major mechanisms: telomerase and the alternating lengthening of 

telomeres (ALT) [68, 174].   

 Our previous findings introduced a novel, non-canonical ALT pathway for 

telomere extension triggered by ZSCAN4. We show it can co-exist in a telomere positive 

setting, yet does not require telomerase to maintain telomere length [175].  ZSCAN4 was 

shown to be necessary for sustaining indefinite culture lifespan in the cancer types tested. 

However, the mechanism remained to be elucidated. Here, we demonstrate for the first 

time that ZSCAN4 facilitates telomeric recombination events and interacts with the 

telomeric recombination mediators MRE11 and RAD50. Further, ZSCAN4 depletion 

leads to reduced localization of MRE11 and RAD50 at the telomeres. Finally, we show 

that ZSCAN4 requires the activity of MRE11 to facilitate telomere extension. Taken 

together, this work will pave the way for cancer therapeutics designed at targeting 

ZSCAN4 mediated telomere regulation in cancer.  
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3.2 Materials and Methods 
	

Cell lines and cell culture. The cell lines and experiments were performed as reported in 

Chapter 1, Section 2. 

 

Inducible ZSCAN4 lentivirus production.  These experiments were performed as 

reported in Chapter 1, Section 2.. 

 

Generation of ZSCAN4 knockdown and controls cells.  These experiments were 

performed as reported in Chapter 1, Section 2. 

 

Generation of tet-inducible ZSCAN4 vector and cell lines.   These experiments were 

performed as reported in Chapter 1, Section 2. 

 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR). These 

experiments were performed as reported in Chapter 1, Section 2.1.  

 

Telomere Chromosome Orientation FISH (CO-FISH). CO-FISH analysis was done as 

previously described [93, 176, 177] with several minor modifications. Briefly, cells were 

incubated with 5'-bromo-2'-deoxyuridine (BrdU) for 12 hours to allow BrdU 

incorporation for one cell cycle. Colcemid (0.1 µg/ml) was added for the final 6 hours. 

Metaphase spreads were prepared. Slides were stained with 0.5 µg/ml Hoechst 33258 

(Sigma), washed in 2x SSC for 20 min at room temperature, mounted with 2xSSC buffer 

(at pH 8.0), and exposed for 30 min to a 365-nm UV light at a distance of 10 cm away 
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from the bulb (Stratalinker 1800 UV Irradiator). The BrdU-substituted DNA was digested 

with 3 units/µl Exonuclease III (Promega) for 10 min at room temperature. The leading 

strand telomeres were revealed by 5’ Alexa546-TTAGGGTTAGGGTTAGGG 3’DNA 

probe (IDT) without denaturation step and incubated 2 hours at room temperature. Slides 

were washed and the lagging strand telomeres were revealed by a PNA probe 

5’Alexa488-OO-CCCTAACCCTAACCCTAA (Bio-Synthesis) without denaturation step 

and incubated 2 hours at room temperature .Chromosomes were counterstained with 1 

µg/ml DAPI (Vector Laboratories).  Telomere recombination events were counted 

n≥1139; N = no. of chromosomes per sample from at least two independent experiments. 

Data were analyzed by using two-tailed unpaired Student’s t-test.  

 

Telomere measurement by quantitative real-time PCR. These experiments were 

performed as reported on page 27, paragraph 2. 

 

Co-immunohistochemistry with Telomere FISH. These experiments were performed 

as reported on page 28, paragraph 1. Primary antibodies were diluted in block solution as 

follows: mouse anti-ZSCAN4 (1:1000) (Origene), rabbit anti-MRE11A (1:400) (Cell 

Signaling) and incubated overnight at 4° C. Slides were incubated for 1 hour at room 

temperature with secondary antibodies (Invitrogen) (diluted in block solution): Alexa 568 

Donkey anti Rabbit (1:800) or Alexa 568 Donkey anti mouse (1:800). Nuclei were 

counterstained with DAPI. Cells were visualized by Zeiss 510-confocal microscope. Co-

localization was analyzed by ImageJ software [148] per each condition, using the  JACoP 
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imageJ plugin; results are shown as mean±S.E.M. Data were analyzed by one-way 

ANOVAs and Tukey's test.  

 

Co-immunoprecipitation. Protein A/G beads (25 µL) were incubated with 1µL primary 

antibody in 100 µL IP-RIPA buffer (RIPA buffer without SDS) for 1h at room 

temperature. Beads were washed with IP-RIPA buffer. To cross-link antibody, beads were 

resuspended in 100 µL of 5mM BS3 solution and incubated at room temperature for 45 

minutes. Beads were washed and incubated with 100 µL of pre-cleared nuclear lysate and 

incubated overnight at 4° C.  Immunoprecipitated proteins were eluted with 25 µL RIPA 

with 0.1% SDS and 25 µL of 2x loading dye. 25 µL of the eluted proteins were subjected 

to SDS-PAGE and immunoblotted.  

 

Telomere Quantitative Fluorescence In Situ Hybridization (Q-FISH).  Q-FISH was 

performed as we previously described [93]. All the cells were maintained in complete 

medium treated with the indicated conditions. Dox treatment was performed for 72 hours 

prior to harvest.  Cells were treated with 25 µM mirin 36 hours prior to harvest. The 

remainder of the experiment was performed as reported in Chapter 1, Section 2. 

 

Statistical analyses. Statistical analyses were performed as reported in Chapter 1, 

Section 2. 
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3.3 Results 

3.3.1 ZSCAN4 Interacts with Recombination Mediators on Telomeres and Induces 

Recombination Events 

 The human ZSCAN4 protein contains a SCAN domain involved in protein-protein 

interactions, as well as four Zinc finger nucleic acid binding domains [178], suggesting it 

may have a role in recruiting other factors to the chromatin. In mouse embryonic stem 

cells, ZSCAN4 was shown to be associate with the recombination related enzymes [93]. 

In previous work, we demonstrated that ZSCAN4 facilitates telomere extension in human 

cancer cells and is required for immortality, but its mechanism had yet to be elucidated 

(Chapter 2). To further characterize the ZSCAN4 mechanism, our laboratory studied the 

ZSCAN4 protein complex in Tu167 cells by using ZSCAN4 immunoprecipitation (IP) 

followed by mass spectrometry. At the top 40 ranked interacting proteins, we found that 

two major enzymes involved in recombination, MRE11A and RAD50, form a complex 

with ZSCAN4 (Table 3.1). Additionally, as a complex, these enzymes serve multiple 

functions at telomeres [179-182]. Although these enzymes were not at the top of the list, 

we selected to focus our research on these enzymes for their relevance to ZSCAN4 

activity at the telomeres. To confirm our mass spectrometry data, we validated the 

presence of RAD50 and MRE11A in the ZSCAN4 protein complex by ZSCAN4 Co-IP 

followed by immunoblotting with RAD50 and MRE11A antibodies (Figure 3.1 A). Next, 

we carried out a reverse-Co-IP with MRE11A (Figure 3.1 B) or RAD50 antibodies 

(Figure 3.1 C). Immunoblot analyses confirm these interactions as both RAD50 and 

MRE11 antibodies are able to efficiently pull down ZSCAN4. Our results demonstrate 

that ZSCAN4 interacts with integral components of the DNA recombination machinery.  
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Accordingly, it was important to define the effect of ZSCAN4 on telomere 

recombination. To do so, we generated ZSCAN4 inducible cell lines (herein called tet-

ZSCAN4) where a tetracycline promoter and the addition of Doxycycline to the culture 

medium control ZSCAN4 induction. We then performed a telomere chromosome 

orientation FISH (CO-FISH) assay [177]. Our results show that ZSCAN4 induction leads 

to a significant, 6-fold increase (p≤0.0001) in the average frequency of telomere 

recombination events compared to non-induced controls (Dox-) (Figure 3.1 D). These 

results suggest ZSCAN4 mediates telomere recombination, and telomere elongation 

occurs without compromising the length at another [82].  

 

 

Table 3.1 ZSCAN4 Immunoprecipitation Mass Spectrometry.  ZSCAN4 IP followed by 
mass spectrometry showed many binding partners for ZSCAN4.  Several of the highest 
scoring proteins are presented here.  ZSCAN4 IP with a ZSCAN4 knockdown cell line sample 
was used as a negative control to reduce noise.  

Protein Percent 
coverage

No. unique 
peps

Total indep 
spectra

Protein length Peptide sequence

MRE11A 10.2 1 3 680 GNDTFVTLDEILR

RAD50 10.1 1 3 1318 KLDQEMEQLNHHTTTR

HNRNPA2/B1 62.3 30 182 353 DYFEEYGK

HNRNPM 44.7 29 128 730 ADILEDKDGK

HNRNPA1 64.8 23 136 320 DYFEQYGK

HNRNPF 52.8 22 99 415 ATENDIYNFFSPLNPVR

HNRNPH1 40.3 14 58 449 ATENDIYNFFSPLNPVR

HNRNPA/B 36.1 12 44 332 DLKDYFTK

HNRNPL 39.9 12 41 456 AITHLNNNFMFGQK

HNRNPDL 36.9 11 47 301 EYFGAFGEIENIELPMDTK

HNRNPA3 27 10 40 378 EDSVKPGAHLTVK
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Input	

 

	 	

Input	
B.	 C.	

tet-ZSCAN4 (Dox-) tet-ZSCAN4 (Dox+) 

Figure 3.1 ZSCAN4 interacts with recombination machinery and induces telomeric 
recombination events. (A) The interaction of ZSCAN4 with the recombination mediators 
RAD50 and MRE11 is demonstrated by co-immunoprecipitation (Co-IP) of nuclear protein 
lysates with anti-ZSCAN4, followed by immunoblot of MRE11 or RAD50. (B) Reverse Co-
IP with anti-MRE11 or (C) anti-RAD50 antibodies confirms ZSCAN4 forms a complex with 
these recombination enzymes. IgG was used as control. (D) Induction of ZSCAN4 shows an 
increase in telomere recombination events (arrows) shown by CO-FISH; the leading strand 
telomeres were revealed by 3’Alexa546-DNA probe (red) and the lagging strand telomeres by 
a 5’Alexa488-PNA probe (green); chromosomes stained with DAPI (blue). Left, non-induced 
cells (Dox-). Right, ZSCAN4-induced cells (Dox+). Table: A summary of total telomere 
recombination (T-Rec). Recombination events were counted n≥1139; n = number of 
chromosomes per sample from three independent experiments. 
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3.3.2 ZSCAN4 is Necessary for MRE11 and RAD50 Localization at Telomeres 

RAD50 and MRE11A, while having known function at the telomeres, also affect 

DNA repair globally [183]. The interaction of ZSCAN4 with MRE11 and RAD50 has 

prompted us to study if these interactions are telomere specific, or more broadly 

associated with genomic DNA. To investigate this we used our ZSCAN4 knockdown cell 

lines along with scrambled non-targeting control shRNA (NTC-shRNA) cell lines.  These 

cells were then analyzed with immunostaining combined with Telomere Fluorescence In 

Situ Hybridization (T-FISH) analysis. First, our data confirmed previous reports [84, 112, 

115, 116, 183] that MRE11 and RAD50 interact with the telomere regions (Figure 3.2 A, 

B). More importantly, our data confirm that loss of ZSCAN4 leads to a significant 3-fold 

reduction in the average number of RAD50 foci (Figure 3.2 C) and a 5.4-fold decrease in 

the average number of MRE11 foci at telomeres (Figure 3.2 D). This was determined 

based on localization of each protein of interest with the ends of the chromosomes. 

Furthermore, our data indicate that the major effect of ZSCAN4 depletion was on 

telomeric RAD50 and MRE11 foci. No significant effect was observed on the genomic 

foci of RAD50 and only a marginal effect was detected on MRE11 genomic foci (P 

≤0.054) (Figure 2 C, D).  Taken together, this suggests that ZSCAN4 is required for 

MRE11 and RAD50 localization to the telomeres. 
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Figure 3.2 ZSCAN4 depletion leads to loss of MRE11 and RAD50 at the telomeres.  (A) 
Co-localization of telomeres (red, Cy3-conjugated PNA probe) and MRE11 (green, 
immunostain) in metaphase spreads. Chromosomes stained with DAPI (blue). (B) Co-
localization of telomeres (red, Cy3-conjugated PNA probe) and RAD50 (green, immunostain) 
in metaphase spreads. Chromosomes stained with DAPI (blue). (C) Confocal microscopy 
analysis reveals a significant reduction in MRE11 foci at telomeres but not genomic regions.  
Error bars indicate S.E.M. Data based on three independent experiments. (B) Confocal 
microscopy analysis reveals a significant reduction in RAD50 foci at telomeres but not 
genomic regions.  Error bars indicate S.E.M. Data based on three biological replicates (n=6 
images per group).  ** Asterisks denote p<0.01.  # denotes a marginal effect p=0.056. 
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3.3.3 ZSCAN4 Requires MRE11 Catalytic Activity to Extend Telomeres 

MRE11 has been shown to have multiple catalytic functions in telomeric 

maintenance and DNA damage repair [179, 184]. Of note is the 3’-5’ exonuclease 

activity involved in strand resection, presumably to prepare single strand DNA for strand 

invasion required for recombination [108]. In order to define the significance of MRE11 

to ZSCAN4 function we performed an experiment to block MRE11 in ZSCAN4 

inducible cells and study the effect on telomere extension [185]. This was accomplished 

with the MRE11 specific inhibitor, Mirin, which selectively binds and inhibits its 

exonuclease activity. To study the effect of Mirin, we induced ZSCAN4 by Dox, as we 

described above, and measured telomere length via Quantitative Fluorescence In Situ 

Hybridization (Q-FISH). As expected, following ZSCAN4 induction in the vehicle 

treated (DMSO only) controls we show a 1.9-fold increase in telomere length, which 

corroborates our previous findings (Figure 3.3 A). Conversely, ZSCAN4 induction 

following Mirin treatment has a significantly reduced effect on telomere extension 

(Figure 3.3 B).  Further, the quantity of detectable telomeres per nuclei increases in the 

ZSCAN4 induced, DMSO vehicle treated samples while samples treated with MRE11 

inhibitor Mirin have significantly fewer detectable telomeres (Figure 3.3 C). The effect 

of Mirin on ZSCAN4 mediated telomere extension was confirmed via telomere length 

qPCR assay in tet-FLAG-ZSCAN4 cells (Figure 3.3 D). Taken together, these results 

suggest that ZSCAN4 requires the catalytic activity of MRE11 to effectively extend 

telomeres in cancer.  
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Figure 3.3 ZSCAN4 requires MRE11 to extend telomeres.  (A) Q-FISH analyses validates 
ZSCAN4 extends telomeres.  (B) ZSCAN4 mediated telomere extension is reduced after 
MRE11 inhibition with Mirin.  A distribution diagram of relative telomere length of non-
induced tet-ZSCAN4 U2OS cells (Dox-) and Dox treated tet-ZSCAN4 U20S (Dox+) induced 
cells as analyzed by TFL-Telo software (results of pooled nuclei, totaling >2000 telomeres). 
TFU = telomere fluorescent unit. (C) Demonstrates mean values of histogram as well as 
average number of telomere signals per cell analyzed. (D) Induction of ZSCAN4 in tet-
FLAG-ZSCAN4 cells after Mirin treatment, leads to telomere extension as measured by 
qPCR analysis only in the DMSO treated samples. Results are shown as mean±S.E.M. *** 
Asterisks denotes p<0.005. 

A.	 B.	

C.	 D.	
Sample	Treatment	 Average	

Telomere	Size	 Fold	Change	 Average	
Telomeres/cell	 Fold	Change	

Vehicle	Dox-	 2474.0	 1	 77.8	 1	
Vehicle	Dox+	 4787.0	 1.9	 110.6	 1.4	

25uM	Mirin	Dox-	 2120.0	 1	 70.4	 1	
25uM	Mirin	Dox+	 3092.5	 1.4	 83.4	 1.2	

 

Telomere Fluorescence Unit (TFU) Telomere Fluorescence Unit (TFU) 

Telomere Fluorescence Unit (TFU) Telomere Fluorescence Unit (TFU) 
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3.4 Discussion  
	

Factors that control replicative lifespan are of great interest as therapeutic targets.  

Unlike unique mutations specific to each cancer, immortality is a universal hallmark of 

cancer, and therefore understanding the underlying mechanisms will give rise to more 

global cancer therapies. In previous work, we have shown that ZSCAN4 is important for 

maintaining cellular lifespan of a cancer cells (Chapter 2). Further, we demonstrated that 

ZSCAN4 facilitates telomere lengthening, making it a strong candidate for targeting in 

cancer (Chapter 2).   

Other studies in mouse embryonic stem cells suggest that ZSCAN4 elongates 

telomeres through telomeric sister chromatin exchange [93]. Interestingly, mouse 

ZSCAN4 does so through its interaction with meiotic recombination factors such as 

SPO11 and DMC1 [94, 96].  This effect has also been shown to be related to global 

demethylation [95, 105]. Yet, the recombination machinery is still required to bind the 

telomeres and effectively extend telomeres.  

 The first study of human ZSCAN4 was in mouse induced pluripotent stem cells 

(iPS) [101].  When iPS cells are generated using the 4 pluripotency factors (c-myc, Oct4, 

Nanog, Klf4) the addition of human ZSCAN4 not only increased the efficiency and 

quality of iPS cells generated, but also induced telomere extension, suggesting the human 

ZSCAN4 might have similar function to the mouse, however, the mechanism remained 

undefined.  

 MRE11A and RAD50 have been implicated in telomere maintenance, particularly 

in ALT positive cells [84, 115]. The coordination of these proteins with NBS1 creates the 

MRN complex, which is more generally known to be a sensor of DNA damage.    
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Additionally, the catalytic activity of the MRN complex suggests that these proteins 

function further downstream, mediating and preparing singled stranded DNA for strand 

invasion. This strand invasion is a necessary step in mitotic DNA recombination events.  

In this current study, we propose MRE11A and RAD50 as components of the 

ZSCAN4-mediated telomere extension pathway. We demonstrate that ZSCAN4 induces 

telomere extension and increases telomeric recombination events. We further show that 

ZSCAN4 interacts with telomeric recombination mediators MRE11 and RAD50, and that 

those proteins require ZSCAN4 for their localization at the telomeres. Interestingly, we 

demonstrate that blocking the catalytic activity of MRE11 through the selective inhibitor 

Mirin abrogates telomere regulation, suggesting it plays a key role in the ZSCAN4 

mediated telomere extension mechanism. Further understanding the mechanism by which 

ZSCAN4 regulate telomeres and controls cellular lifespan will be the key to future cancer 

therapeutics. 
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Chapter 4:  ZSCAN4 Increases DNA:RNA Hybrids at Telomeres 

4.1 Introduction 

The ability to maintain telomeres in cancer has been attributed to telomerase [66]. 

However, inhibition of telomerase ultimately leads to resistance through mechanisms 

[72] collectively called alternative lengthening of telomeres (ALT) [68, 72, 143]. 

Our work demonstrated that ZSCAN4 facilitates a non-canonical ALT, and is 

required to maintain cellular immortality, independent of telomerase activity. We further 

show a preference of ZSCAN4 to short telomeres. Interestingly, previous reports have 

shown that short telomeres are transcriptionally active [117, 186] and express a long non-

coding RNA, known as telomeric repeat-containing RNA (TERRA), which spans from 

the subtelomeres to the telomeric repeats [117, 186]. These RNA moieties can range in 

length from 100 base pairs to 9 kilobase pairs in mammals. Like ZSCAN4, TERRA is 

able to localize to short telomeres [118, 130]. The biological outcome of TERRA 

transcription depends on the protein pathway that utilizes this RNA. In one case, after 

transcription TERRA forms hybrids with the telomere. Subsequently, in the presence of 

recombination repair proteins, telomeres are extended [83, 120, 133].  

In the current study we demonstrate while ZSCAN4 does not affect telomere 

transcription, but does stabilize TERRA in DNA-RNA hybrids at the telomeres.  Further, 

we show that ZSCAN4 depletion leads to a loss in telomeric DNA-RNA TERRA 

hybrids.  Additionally, we demonstrate that ZSCAN4 interacts with the hybrids and 

specifically associates with both the TERRA as well as other proteins involved in 

TERRA biology.  Further understanding the network through which ZSCAN4 mediates 
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telomere extension may provide the key to new approaches and targets for the treatment 

of cancer. 

4.2 Materials and Methods 

	

Cell lines and cell culture. These experiments were performed as reported in Chapter 1, 

Section 2. 

 

Inducible ZSCAN4 lentivirus production.  These experiments were performed as 

reported in Chapter 1, Section 2.2. 

 

Generation of ZSCAN4 knockdown and controls cells.  These experiments were 

performed as reported in Chapter 1, Section 2. 

	

Generation of tet-inducible ZSCAN4 vector and cell lines.   These experiments were 

performed as reported in Chapter 1, Section 2. 

 

Statistical analyses. These experiments were performed as reported in Chapter 1, 

Section 2. 

 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR). These 

experiments were performed as reported on page 22, paragraph 1. The following primers 

were used:  ZSCAN4 forward 5’-ATCCACCTGCCTTAGTCCAC-3’ and reverse 5’-
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TCGAAGAACTGTTCCAGCCA-3’; TERRA [120, 187]: chromosome 10q forward 5’-

GAATCCTGCGCACCGAGAT-3’ and reverse 5’-CTGCACTTGAACCCTGCAATAC-

3’; TERRA chromosome 15q forward 5’-CAGCGAGAT TCTCC CAAGCTAAG-3’ and 

reverse 5’AACCCTAACCACATGAGCAAC G-3’; TERAA chromosome XqYq forward 

5’ GGAAAGC AAAAGCCCCTCTGAAT-3’ and reverse 5’-

ACCCTCACCCTCACCCTAAGC-3’; RPLP0 forward 5’-CAGCAAGTGGGAAGGTG 

TAATCC-3’ and reverse 5’-CCCATTCTATCATCAACGGGTACAA-3’; Telomere 

forward 5’-GGTTTTTGAGG GTGAGGGTGAGGGTGAGGGTGAGGGT-3’ and 

reverse 5’-TCCCGACTATCCCT ATCCCTATC CCTATCCCTATCCCTA-3’.     

 

Co-Immunohistochemistry. Cells were fixed in methanol/Acetic acid as described 

above. Cells were permeabilized with 0.2% NP-40 for 10 min. Cells were blocked for 10 

min and incubated overnight at 4°C with the primary antibodies in a blocking solution at 

the following dilutions: anti-ZSCAN4 (1:1000), anti-S9.6 1:1000, anti-TRF1 1:500. 

Slides were incubated for 1 hour at room temperature with secondary antibodies (diluted 

in block solution): Alexa 488 Donkey anti Rabbit (1:400); Alexa568 Donkey anti mouse 

(1:800). Nuclei were stained with DAPI for 10 min at room temperature. Scramble non-

targeting shRNA cells and empty vector cells were used as positive controls. Additional 

controls were cells stained without primary antibody. Samples were visualized under a 

Zeiss 510-confocal microscope. Nuclei were visualized with DAPI (Roche Life 

Sciences). Quantification of co-localization was performed by ImageJ software per 

condition; results are shown as mean±S.E.M Data were analyzed by t-test.  
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Co-immunoprecipitation. These experiments were performed as reported on page 62, 

paragraph 1. Primary antibodies were diluted in milk as follows: hnRNPA1 1:1000, 

ZSCAN4 1:1000, hnRNPK 1:1000, hnRNPD 1:1000. 

 

Chromatin immunoprecipitation (ChIP) analysis. To study the association of 

ZSCAN4 with the telomere or with TERRA, tet-FLAG-ZSCAN4-Tu167 cells were 

grown to 50% confluency and incubated for 48 hours with or without 1 µg/ml 

doxycycline. Cross-linking and ChIP were done using the Pierce Magnetic ChIP Kit 

(Thermo Scientific) according to the manufacturer’s instructions. Briefly, samples were 

preheated to 65oC for 20 minutes, followed by treatment in the presence or absence of 

RNase H (100U) at 37oC for 16 hrs. RNAse H was inactivated and samples were taken to 

ChIP assay. 10% of the input of each sample was saved for normalization purposes. Anti-

ZSCAN4 (10µg) (Origene) was used for ChIP, and the provided anti-RNA Polymerase II 

(1µg) and a Rabbit IgG (10µg) were used as additional controls. Next samples were 

incubated in 20 µl of Protein A/G Magnetic beads (Pierce) according to the manufacturer 

protocols. DNA was purified using a PCR Clean Up Kit (Qiagen) and taken for real time 

qPCR using the methods and primers for TERRA described in the qRT-PCR method. 

Data are shown as mean±S.E.M from 3 independent experiments. Data were analyzed 

using two-way ANOVAs with repeated measures followed by Tukey’s posthoc 

comparison tests.  

DNA immunoprecipitation (DRIP) assay. DRIP was performed as previously described 

[120] with the following modifications:  Cells were harvested on ice and lysed in 1 ml of 

RA1 buffer containing 10 µl of β-mercaptoethanol. Samples were then treated with 
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Proteinase K (Qiagen). DNA samples were purified with phenol:chloroform:isoamyl 

alcohol (25:24:1 saturated with 10 mM Tris-Cl pH 8.0, 1 mM EDTA), and precipitated in 

isopropanol. DNA pellets were re-suspended in Tris-EDTA and sonicated with a 550 

Sonic Dismembrator (Fisher Scientific) to obtain 100–500 bp fragments. 10ug of sheared 

nucleic acids were diluted in 1 ml of IP buffer (0.1% SDS, 1% Triton X-100, 10 mM 

HEPES pH 7.7, 0.1% sodium deoxycholate, 275 mM NaCl). DNA samples were treated 

(or remained untreated in buffer only), with 100 U of RNase H (NEB) for 16 h at 37oC 

prior to IP. For DNA IP, samples were incubated with 5 µg of S9.6 antibody or with 

control Rabbit IgG (10µg) for 2 h at 4 °C. Next, samples were incubated in 20 µl of 

Protein A/G Magnetic beads (Pierce) according to the manufacturer protocols.  Purified 

DNA was eluted and purified using a PCR Clean Up Kit (Qiagen). Real time qPCR was 

performed using the methods and primers described in the qRT-PCR for TERRA method. 

Data are shown as mean±S.E.M from 3 independent experiments. Data were analyzed 

using two-way ANOVAs with repeated measures followed by Tukey’s posthoc 

comparison tests were used for statistical analyses.  
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4.3 Results 

4.3.1 ZSCAN4 Interacts with TERRA DNA-RNA Hybrids at Telomeres 

 TERRA transcription begins in the subtelomeric region of telomeres and travels 

into the TTAGG repeats. The preference of ZSCAN4 to localize to short telomeres 

(Figure 4.1) prompted us to study its possible involvement in telomere transcription. 

However, our qRT-PCR analysis reveals ZSCAN4 induction has no significant effect on 

TERRA expression (Figure 4.1). 

  

Another possible explanation for the preferential localization of ZSCAN4 at short 

telomeres is its possible association with the TERRA DNA-RNA hybrids. To study if 

ZSCAN4 can bind to TERRA chromatin or binds to telomeric DNA-RNA hybrids, we 

performed chromatin immunoprecipitation (ChIP) analyses using ZSCAN4 antibodies 

and tested for TERRA at the subtelomeric regions of chromosomes 10q, 15q and XqYq 

TERRA	

Figure 4.1 ZSCAN4 does not induce TERRA Expression.  Real time RT-qPCR analysis 
using primers for ZSCAN4 and for TERRA expressed from three different chromosomes show 
Dox induction of ZSCAN4 does not significantly affect TERRA expression. ***Asterisks 
indicate p≤0.0001. Error bars indicate S.E.M 
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[120, 187]. Our analyses indicate that ZSCAN4 binds to all subtelomeric TERRA regions 

tested, suggesting an interaction between ZSCAN4 and TERRA. Furthermore, ZSCAN4 

induction leads to a significant enrichment in ZSCAN4 binding of TERRA chromatin 

(p≤0.0001) (Figure 4.2A). Notably, our results demonstrate that RNase H treatment, 

which selectively degrades DNA-RNA hybrids, prior to ChIP, abolishes ZSCAN4 

binding to TERRA regions (Figure 4.2A). These data indicate that without the RNA 

component TERRA, ZSCAN4 is no longer enriched at these chromatin regions. The 

effects of ZSCAN4 are further demonstrated by co-localization analyses of ZSCAN4 

with the DNA-RNA hybrid specific antibody S9.6 (Figure 4.2B). These results confirm 

our ChIP by demonstrating a colocalization of ZSCAN4 and DNA-RNA hybrids. 

Importantly, our results show that the induction of ZSCAN4 increases the frequency of 

DNA-RNA hybrids. These data suggest a specific interaction between ZSCAN4 and the 

DNA-RNA hybrids of TERRA and the telomeric DNA. 
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4.3.2 ZSCAN4 Regulates DNA-RNA Hybrids at the Telomeres 

Although ZSCAN4 does not increase TERRA expression, it does colocalize with 

telomeric DNA-RNA hybrids. Further, colocalization analysis demonstrates that 

ZSCAN4 induction increases DNA-RNA hybrids. To confirm this increase is specifically 

at the telomeres, we performed DNA-RNA immunoprecipitation (DRIP) analysis using a 

hybrid specific antibody (S9.6). This antibody specifically recognizes DNA-RNA hybrid 
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Figure 4.2 ZSCAN4 interacts with and increases DNA-RNA Hybrids. (A) TERRA ChIP 
analyses for the indicated subtelomeres, using antibodies against ZSCAN4. RNAse H 
treatment abolishes the interaction and regulation of DNA-RNA hybrids by ZSCAN4. Values 
are relative to 10% DNA input shown as mean ±S.E.M from 3 independent experiments; other 
controls used: normal IgG; Beta-actin; positive: RNA PolII IgG to demonstrate equal DNA 
loading. *** Asterisk indicate p<0.001. (B) Confocal microscope analysis show co-
localization of: ZSCAN4 (red) and DNA-RNA hybrids (green; anti-S9.6). 
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structures [188, 189]. In this assay, genomic DNA is isolated and the S9.6 antibody 

selectively immunoprepipitates DNA-RNA hybrids which are then amplified via qPCR 

with TERRA specific primers. Consistent with previous findings, TERRA forms hybrids 

in telomerase negative cells (U20S-tet-ZSCAN4) (Figure 4.3 A). Interestingly, our data 

demonstrates hybrid formation in telomerase positive cells as well (TU167-tet-ZSCAN4) 

(Figure 4.3 B). Further, DRIP assay corroborates our findings from immunostaining 

experiments and show that ZSCAN4 induction increases TERRA DNA-RNA hybrids and 

is unaffected by the presence of telomerase activity (Figure 4.3 A,B).  

Additionally, to independently show the increase in DNA-RNA hybrids is at 

telomeres, we performed co-immunostaining assays using the S9.6 antibody and the 

telomere specific factor TRF1. Our co-localization studies demonstrate that the vast 

majority of the DNA- RNA hybrids (71.4±6.12%; mean±S.E.M; p≤0.005) following 

ZSCAN4 induction are formed at telomeres (Figure 4.3C).  

In previous work we have shown that ZSCAN4 depletion results in telomere 

shortening that ultimately leads to culture crisis and tumor growth abrogation.  We next 

explored whether or not loss of ZSCAN4 affected DNA-RNA hybrids at the telomeres. 

To do so, we performed DRIP analysis in our ZSCAN4 knockdown cell lines. Our results 

demonstrate that ZSCAN4 not only increases telomeric hybrids, but also is required to 

maintain them (Figure 4.3 D). Taken together, our findings suggest ZSCAN4 as a novel 

regulator of DNA-RNA hybrids at telomeres.  
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Figure 4.3	 ZSCAN4 interacts and promotes DNA-RNA hybrids at telomeres. (A) 
TERRA DRIP analyses in tet-ZSCAN4 U2OS cells (telomerase negative) for the indicated 
subtelomeres, using antibodies against the DNA-RNA specific antibody S9.6 and (B) 
TERRA DRIP analyses with S9.6 antibody in tet-ZSCAN4 Tu167 cells (telomerase 
positive). ZSCAN4 induction by Dox leads to enrichment of ZSCAN4 at TERRA sites. As 
shown in both cell lines, RNAse H treatment abolishes the interaction and regulation of 
DNA-RNA hybrids by ZSCAN4. Values are relative to 10% DNA input shown as mean 
±S.E.M from 3 independent experiments; other controls used: normal IgG; Beta-actin; 
positive: RNA PolII IgG to demonstrate equal DNA loading. (C) Confocal microscope 
analysis show co-localization of: DNA-RNA hybrids (green; anti-S9.6) with the telomere 
marker TRF1 (red). Nuclei marked by DAPI (blue). (D) Analyses by imageJ software 
confirms 71.4±6.1% (mean±S.E.M) of the DNA-RNA hybrids are localized at telomeres 
following ZSCAN4 induction (p≤0.005). Size bar=10 µm. *** Asterisks indicate 
p≤0.0001, ** p≤0.001. (E) DRIP analyses show loss of ZSCAN4 leads to reduction in 
DNA-RNA hybrids at TERRA subtelomeric regions. Values are relative to 10% DNA 
input shown as mean ±S.E.M from 3 independent experiments; other controls used: normal 
IgG; Beta-actin; positive: RNA PolII IgG to demonstrate equal DNA loading. For all data 
shown: ** Asterisks indicate p≤0.01, *** p≤0.001. 
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4.2.3 ZSCAN4 Interacts Specifically with TERRA RNA and its Binding Partners 

ZSCAN4 has four zinc finger domains which may have the capability to interact 

with nucleic acids. Our results indicated that ZSCAN4 interacts with DNA-RNA hybrids 

of TERRA with the telomeres, and this interaction was lost when these hybrids were 

digested with RNAse H. To further define the interaction of ZSCAN4 with DNA-RNA 

hybrids, we performed a series of nucleic acid pulldowns with multiple different telomere 

probes and controls. To exclude general binding to the telomere DNA repeats, we first 

used a series of biotinylated single and double stranded telomeric sequence probes bound 

to streptavidin beads and performed DNA pulldown assay followed by ZSCAN4 

immunoblot. Immunoblot with TRF2, which is a specific binder of double stranded 

telomere repeats, was used as a positive control for our annealed double stranded 

telomere probe. Our data by DNA pulldown assay exclude the specific binding of 

ZSCAN4 to the double or single stranded telomeric DNA sequences (Figure 4.4). TRF2 

was used as a control to confirm the successful pulldown of the double strand telomere 

probe.  

Figure 4.4 ZSCAN4 DNA pulldown assay. Biotinylated DNA pulldown assay followed by 
anti-ZSCAN4 immunoblotting indicate that ZSCAN4 does bind the DNA repeats of the 
telomeres.  anti TRF2 is used as positive control. From left to right: Input 10% cell lysate, 
double strand (ds) Telomere (telo) probe, Single strand G-rich probe (5’-TTAGGG-3’)x3, 
single strand C-rich telomere probe (5’-CCCTAA-3’)x3, scrambled single strand DNA was 
used as negative control to exclude non-specific binding. 
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Our ChIP analysis indicates that ZSCAN4 requires the hybrid structure at the 

telomeres as RNAseH treatment prior to ChIP with ZSCAN4 antibody abolishes 

enrichment following immunoprecipitation. Therefore, we next created a series of single 

stranded biotinylated RNA probes including a TERRA probe.  Interestingly, our RNA 

pulldown assay followed by ZSCAN4 immunoblot indicated ZSCAN4 may specifically 

bind to TERRA, and not to TERRA antisense of a mutated form of TERRA, suggesting 

that ZSCAN4 can interact with the TERRA moiety of the DNA-RNA hybrid (Figure 

4.5).   

 

4.2.4 ZSCAN4 Interacts with TERRA-binding Proteins of the hnRNP Family  

TERRA has been previously reported to associate with many proteins involved in 

telomere maintenance and RNA processing [117, 118, 190]. Our Mass spectrometry 

analyses data (Table 3.1) demonstrated that ZSCAN4 interacts with many of these 

proteins, specifically those of the heterogeneous nuclear ribonucleoprotein (hnRNP) 

Figure 4.5 RNA pulldown assay indicate that the ZSCAN4 may interact with TERRA. 	
Biotin pulldown followed by immunoblotting shows that ZSCAN4 is pulled down with 
TERRA RNA but not a TERRA antisense strand or TERRA mutant strand.  hnRNPK and 
hnRNP A1 are used as positive controls for TERRA sense and TERRA antisense pulldown. 
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family, a class of RNA binding proteins known to mediate multiple cellular functions 

including RNA processing [191]. To confirm these interactions, we performed a 

ZSCAN4 IP followed by immunoblot of hnRNPs and demonstrated that ZSCAN4 

interacts with several members of the hnRNP family including hnRNP K, hnRNPA1 and 

hnRNPD (AUF1) (Figure 4.6). Taken together, our results show that ZSCAN4 interacts 

not only with the TERRA strand of DNA-RNA hybrids, but also may interact with other 

TERRA binding proteins.  

  

Figure 4.6 ZSCAN4 interacts with TERRA-binding proteins of the hnRNP family.  The 
interaction of ZSCAN4 with the TERRA binding proteins of the hnRNP family is 
demonstrated by co-immunoprecipitation (Co-IP) of nuclear protein lysates with anti-
ZSCAN4, followed by immunoblot of hnRNPK, hnRNPA1 or hnRNPD. 
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4.4 Discussion 
 

Our studies reveal for the first time that ZSCAN4 acts as a regulator of DNA-RNA 

hybrids on telomeres. We show that ZSCAN4 specifically interacts with TERRA hybrids 

at telomeres in telomerase positive and negative cells. Others have reported factors that 

negatively regulate DNA-RNA hybrids in telomerase negative ALT cells, such as the 

enzyme RNAseH1 which degrades DNA-RNA hybrids [83, 120, 133]. Another factor, 

MORF4L2, affects TERRA levels both globally and at telomeres [130], however, its 

effect on telomere length remains unclear. Our study not only corroborates the 

programmed use of TERRA hybrids in the regulation of telomeres, but also defines 

ZSCAN4 as an activator of this process.  

Accumulation of DNA-RNA hybrids contributes to telomere elongation by 

recombination. However, cells presenting defects in the DNA recombination mechanism 

present rapid telomere shortening due to extensive replication fork stalling [120, 133]. 

Therefore, proper resolution of DNA-RNA hybrids at telomeres is essential for telomere 

maintenance and is likely a required step in ZSCAN4 mediated telomere extension. 

Consistently, our findings demonstrate that ZSCAN4 induces telomeric recombination, 

connecting ZSCAN4 regulation of DNA-RNA hybrids and its interaction with 

recombination mediators MRE11A and RAD50.   Future studies will aim to definitively 

resolve whether or not TERRA DNA-RNA hybrids are a required component of 

ZSCAN4 mediated telomere elongation.  

 The hnRNP family is a dynamic cluster of RNA-binding proteins that mediate 

many cellular processes including mRNA export, mRNA stability, mRNA transport, and 

mRNA translation [191]. Interestingly, we demonstrated through IP-mass spectrometry 
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(Table 3.1) that ZSCAN4 interacts with many hnRNPs, suggesting they play a major role 

in ZSCAN4 function. While some of these hnRNPs have been shown to interact with 

TERRA and telomeres, others have not, suggesting that ZSCAN4 function may reach 

beyond telomere maintenance. 

Our work has demonstrated that ZSCAN4 interacts with and stabilizes DNA-RNA 

hybrids at the telomeres. Further, we show that ZSCAN4 interacts with TERRA RNA 

suggesting a preference to the RNA component of the DNA-RNA hybrid. We last show 

that ZSCAN4 also associates with hnRNPs, some of which have specific roles binding 

TERRA and mediating telomere length. Further work is required to understand the 

relationship between ZSCAN4, hnRNPs and TERRA.  Additionally, in vitro studies with 

recombinant purified ZSCAN4 are needed to confirm direct binding to TERRA and 

TERRA DNA-RNA hybrids. Collectively, our results further elucidate the ZSCAN4 

mediated telomere extension mechanism.   
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Chapter 5: Discussion, Perspectives and Future Directions 

5.1 ZSCAN4 is a Novel Target in Cancer 

This is the first study to demonstrate the functional role ZSCAN4 plays in human 

cancer. Our results provide both novel and important understandings into the mechanism 

through which cancer maintains its indefinite cellular lifespan and tumor growth (Figure 

5.1). Without the ability to regulate telomeres, any acquired mutations, no matter how 

aggressive, are rendered obsolete as the transformed cell cannot form a detectable tumor. 

We found that ZSCAN4 is a novel regulator of telomeres. We show that loss of ZSCAN4 

in cancer cells leads to replicative senescence and population growth arrest, suggesting 

that cellular aging is reinstated upon the targeting of ZSCAN4.  This is supported by our 

finding that this process is accompanied by a gradual telomere shortening; suggesting that 

telomere induced senescence is the likely cause of growth arrest. Further, we validate 

these findings in vivo, showing that ZSCAN4 depletion abrogates tumor growth. While 

some proteins are required to maintain telomere integrity, they aren’t responsible for 

actively extending telomeres [29, 30, 167, 169]. Our findings show that ZSCAN4 enables 

telomere extension and does so without the activity of telomerase or the canonical ALT 

pathways.  

We next provided further insight into the mechanism by which ZSCAN4 extends 

telomeres. Our data show that ZSCAN4 induces telomeric recombination. We further 

provide evidence that ZSCAN4 works in conjunction with DNA and, specifically, 

telomeric repair proteins MRE11A and RAD50. The RAD50/MRE11A [180, 181, 192] 

complex has been shown to promote repair of dysfunctional telomeres [129, 179-182, 
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193]. Further, MRE11A was shown to modulate telomeres by indirect interactions with 

TERRA [129], yet the mechanisms controlling the recruitment of the complex to the 

telomeres are still not well understood. Our data further highlight the importance of the 

interactions of ZSCAN4 with the MRE11 and RAD50 complex as ZSCAN4 knockdown 

leads to reduction of MRE11A and RAD50 foci at the telomeres, suggesting these factors 

may need ZSCAN4 to properly traffic to the telomeres. In turn, our results show that 

blocking MRE11 activity significantly reduces ZSCAN4 mediated telomere elongation. 

These findings suggest that ZSCAN4 requires the catalytic activity of MRE11 to 

facilitate telomere extension. Importantly, the successful use of an MRE11 inhibitor 

suggests a potential avenue for approaching targeting the ZSCAN4 pathway.  

Lastly, our data shown in this work implicate the involvement of telomeric repeat 

containing RNA (TERRA) in ZSCAN4-mediated telomere extension. We show that loss 

of ZSCAN4 reduces TERRA hybrids with the telomeres whereas its induction 

significantly enriches DNA-RNA hybrids of TERRA with the telomeres. These findings 

suggest that ZSCAN4 is required for TERRA hybrid formation at the telomeres, and 

imply involvement in the telomere recombination process. Furthermore, our ZSCAN4 

immunoprecipitation followed by mass spectrometry analyses confirmed by co-IP 

analyses, suggest that ZSCAN4 forms a complex with a number of TERRA binders of 

the hnRNP family. We further demonstrate the specific interaction of ZSCAN4 complex 

with TERRA but not with the telomere repeats. Taken together these findings may 

indicate that the ZSCAN4 complex may recruit TERRA to the telomere. Targeting of 

ZSCAN4 results in telomere shortening and ultimately to cellular aging, suggesting it as 

an attractive cancer therapeutic target.  
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Figure 5.1 Summary of proposed ZSCAN4 mediated telomere extension mechanism in 
cancer 



	

88	
	

5.2 Outstanding Questions and Future Directions 

5.2.1 How is ZSCAN4 Regulated in Cancer?  

 ZSCAN4 is thought to be expressed during early embryonic development: 2-cell 

stage in mouse embryogenesis and the 8-cell stage in human embryogenesis [87].  Its 

embryonic function is to rapidly extend telomeres in pulses and then subsequently be shut 

off, suggesting its regulation is tightly controlled [94, 101]. Better understanding of the 

factors that controls ZSCAN4 expression may give further insights into its function.   

ZSCAN4 expression in non-embryonic, adult tissue is low. Interestingly, recent 

studies have shown that it is activated in the presence of inflammation [194]. Further 

lines of evidence suggest that the PI3-Kinase pathway and DNA-damaging agents 

regulate ZSCAN4 [106]. Because both the PI3-Kinase pathway, DNA damaging agents 

and inflammation have all been heavily implicated in cancer, it is reasonable to 

hypothesize that one or more of these events could trigger the reactivation of ZSCAN4, 

allowing it to then act on telomeres.   

Further, the genomic location of the ZSCAN4 gene could have an effect on its 

regulation.  The ZSCAN4 gene is located at the distal end of the q-arm of chromosome 

19, thus its expression could be tied to a phenomenon called the telomere positioning 

effect (TPE) [195, 196].  Generally, the telomeres are tightly and uniquely compacted, 

which prevent RNA polymerase access. This compaction has a proximal effect and 

silences nearby genes. In humans, it has been demonstrated that longer telomeres have 

strong suppressive effects on nearby genes and this effect weakens as telomeres shorten 

[197]. This chromatin de-condensation could result in a more accessible chromatin for 
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transcription machinery at the ZSCAN4 promoter, thus triggering its expression and 

reversing telomere shortening, likely re-enhancing TPE.   

Further work is needed to explore what cellular networks and processes trigger 

ZSCAN4 expression and mediate its turnover.  Better understanding these signals and 

responses will help further develop targets for ZSCAN4 – mediated telomere elongation 

in cancer. 

5.2.2 Characterization of the Domains of ZSCAN4 in Cancer Function 

ZSCAN4 is part of a superfamily of proteins that contain a SCAN domain, also 

known as a leucine rich domain, and C2H2 zinc finger domains. These separate domains 

suggest that ZSCAN4 has both nucleic acid binding capacity as well as protein-protein 

interaction capacity. Others have shown that deletions or mutations of certain domains 

perturb interactions with other proteins [104, 106]. Our findings support that ZSCAN4 

interacts with both nucleic acids as well as other proteins. Yet, in order to better 

understand the mechanism of ZSCAN4, specific domain interactions with specific 

proteins must be characterized. This will require a series of mutations and deletions to 

find which components of the ZSCAN4 molecule interact with MRE11A, RAD50 and 

TERRA.  Elucidating these interactions will help design drugs that target those interfaces, 

enhancing specificity.   

5.2.3 Can ZSCAN4 Be Utilized to Treat Telomere Syndromes? 

Aforementioned telomere dysfunction diseases and disorders (Chapter 1.2) 

demonstrate the detrimental effects of rapid telomere attrition, suggesting that restoration 

of telomere length might help treat those afflictions. ZSCAN4, because of its ability to 
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extend telomeres, could be used as a molecular tool to reverse telomere attrition. Indeed, 

other groups have approached this questions using telomerase expression in the treatment 

of telomere syndromes [198].  

This poses the question of whether or not ZSCAN4 is an oncogene, i.e. does it 

drive tumorigenesis? Other groups have demonstrated that ectopic expression of 

telomerase in primary cell lines is sufficient to immortalize the cells, suggesting that use 

of telomerase might not be a wise approach to solving telomere attrition maladies [199].  

Understanding first if ZSCAN4 expression is sufficient to drive tumorigenesis will give 

insight into its potential use in other telomere syndromes. 

5.3 Conclusions 

Our work has unveiled a novel role for ZSCAN4 in cancer lifespan and has 

provided evidence of the mechanism by which ZSCAN4 extends telomeres in cancer.  

While further work is required to fully understand this complex process, this work lays 

the foundation for a targeting ZSCAN4 in cancer.  
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