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Abstract 
 
The Effect of ZSCAN4 on the Long Non-Coding RNA TERRA 

Daniel Samir Benyamien Roufaeil, Master of Science, 2022 

Thesis Directed by: 

Michal Zalzman, PhD, Assistant Professor 
Department of Biochemistry and Molecular Biology 
Department of Otorhinolaryngology – Head and Neck Surgery 
University of Maryland School of Medicine  
 
Telomeres are DNA repeats located at the ends of chromosomes that shorten with every 

cell division. As such, they function as biological clocks to limit the ability of cells to 

replicate indefinitely. Telomeres were regarded as transcriptionally silent; however, 

evidence suggests that as telomeres shorten, their chromatin converts to accessible 

euchromatin. Telomeric repeat-containing RNA (TERRA) are long non-coding RNAs 

transcribed from the sub-telomeres to the ends of chromosomes and has been suggested to 

be involved in telomere length regulation. Similarly, murine Zscan4 is involved in the 

regulation of telomere length, genomic stability, and the maintenance of the replicative 

lifespan of pluripotent stem cells. Our novel findings indicate that ZSCAN4 regulates 

TERRA expression and affects histone modifications in TERRA regions. Studying the 

effects of ZSCAN4 on TERRA will potentially uncover a novel mechanism in telomere 

maintenance and may hold implications for regenerative medicine and cancer therapeutics.  
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Chapter 1: Introduction 
 
Telomeres and the Shelterin Complex  

Telomeres are nucleoprotein structures composed of shelterin complexes and DNA 

TTAGGG repeats, located at the ends of chromosomes. The main function of the telomeres 

is to protect the ends of chromosomes from DNA degradation as well as to maintain 

genomic stability and integrity. Telomeres also function as biological clocks by regulating 

the replicative lifespan of cells.  For this reason, telomere attrition has been recognized as 

a crucial part of cellular senescence in vitro and in physiological aging in humans, and is, 

therefore, an area of proactive research in cancer, aging, and regenerative therapies.  

The telomere TTAGGG repetitive DNA sequences are crucial for the recruitment 

of cap-like structures called Shelterin, which is a 6-subunit complex of proteins (Figure 

1). The shelterin complex is composed of TRF1, TRF2, and POT1, which are involved in 

the direct binding of the telomeric DNA and are associated with RAP1, TPP1, and TIN2 

proteins (1, 2). The shelterin complex serves as a crucial part of telomere structure by 

protecting the telomeres from DNA repair factors and degradation. The sequence repeats 

TTAGGG are uniquely recognized by shelterin complexes allowing for the specific 

localization at the ends of linear chromosomes (1, 3).  

Figure 1. The Shelterin complex   
The Shelterin complex is composed of six 
protein-complex components, associated with 
the telomeric DNA. Its major role is to facilitate 
the loop formation, protect it, regulate access by 
various factors and aid telomere replication. The 
ends of telomeres are protected through 
invasion of the terminal single-stranded DNA 
overhang into duplex TTAGGG repeats to form 
a t-loop so that there is no free end DNA.  

 

The shelterin complex
Telomeres
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The End Replication Problem 

How telomeres function as a biological clock has been attributed to the incomplete 

replication of the lagging DNA strand (4, 5). The DNA is composed of two polymer strands 

of nucleotide bases that form an alpha-helical structure. During each cell division, the DNA 

must be properly replicated; the two strands of DNA known as the leading and lagging 

strands are separated by the enzyme helicase, where then, DNA polymerase enzymes are 

recruited to commence the replication of the two DNA strands. However, as the DNA is 

only synthesized in the 5’ to 3’ direction, the replication of the two DNA strands occurs in 

a different manner. The complementary nucleotide base of 3’-DNA (leading strand) is 

replicated in a seamless and continuous manner, while the complementary DNA of the 

lagging strand or 5’-DNA is replicated in sections known as Okazaki fragments. Synthesis 

of the Okazaki fragments requires the enzyme Primase to add RNA primers that help guide 

DNA polymerase, allowing the polymerase to synthesize the complementary fragments. 

The RNA primers are then further removed by the exonuclease RNAseH I, the missing 

gaps of DNA are replicated, and the Okazaki fragments are then ligated together by the 

enzyme DNA ligase. The end replication problem stems from primase’s inability to add 

RNA primers at the end of the lagging strand which creates a guanine-rich DNA overhang 

at the 3’ end of the telomere. To resolve this overhang and protect and maintain genomic 

integrity, proteins are recruited to resect this portion of the DNA from the linear 

chromosome resulting in the incomplete replication of DNA. 
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Critically Short Telomeres 

As a consequence of the end replication problem, portions of the telomere are lost over 

time. With increasing cellular divisions in somatic or primary adult cells, telomeres will 

gradually shorten and eventually reach a point where telomeric DNA is too short. 

Shortened telomeres create genomic instability; which in turn, will elicit a persistent DNA 

damage response in which a signal will be created to induce senescence or apoptosis (6). 

The cell fates of senescence or apoptosis, serve as an anti-cancer barrier, halting the 

unlimited proliferation of damaged cells lacking telomere elongation properties (7). As a 

result, adult cells can only replicate a limited number of times, and telomeres are 

acknowledged as biological clocks due to the occurrence of telomere shortening. This form 

of replicative aging causes the cell to lose its capacity to proliferate, regenerate and/or 

renew, which eventually leads to physiological dysfunction and the deterioration of tissues 

also known as aging. 

 

Telomere Maintenance  
 
Interestingly, the occurrence of critically short telomeres is not the case for all cell types. 

Unlike somatic cells, stem cells and cancer cells have demonstrated an ability to maintain 

telomere length through telomere maintenance mechanisms (TMM). For example, mouse 

embryonic stem cells (mESCs) demonstrate the ability to replicate for more than 250 cell 

doublings and defy cellular senescence, without evidence of cell crisis (8). That is because 

in pluripotent stem cells and cancer cells telomeres are maintained either through 

telomerase activation or through multiple mechanisms of DNA repair collectively known 

as the Alternative lengthening of telomeres (ALT).  
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Telomerase  

Telomerase is the default mechanism for telomere extension; however, human telomerase 

is only detectable in a limited number of cell types. Telomerase is readily expressed in stem 

cells and cancer cells, which allows the cells to counteract telomere loss. Telomerase is a 

ribonucleoprotein, which consists of a human telomerase reverse transcriptase (hTERT), a 

telomerase RNA component (hTERC), and additional accessory proteins (Figure 2) (9).  

During embryonic development, telomerase activity is upregulated, however, in 

adult tissue or specialized cells telomerase appears to persist in much lower levels. Indeed, 

telomerase plays an anti-aging role and has been shown to prevent the accumulation of 

critically short telomeres and loss of tissue homeostasis (10). 

 

Alternative Lengthening of Telomeres (ALT) 

In addition to telomere repair through telomerase mediated extension, ALT is a telomere 

maintenance mechanism that also counteracts telomere loss and allows cells to bypass cell 

Figure 2: The human telomerase  
Telomerase holoenzyme core components include a catalytic reverse transcriptase enzyme 
the subunit, hTERT (human telomerase reverse transcriptase), and an associated template 
RNA, hTERC (human Telomerase RNA). hTERC is ubiquitously expressed in all human 
cells, whereas telomerase activity is limited by the expression of hTERT, which is found 
only in cells with detectable telomerase activity. 

Chromosome

Telomeres

Telomere Repeats

Telomerase

TTAGGGTTAGGGTTAGGGTTAGGG
AATCCCAATCCC AAUCCC

TERCRNA motif
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crisis and cellular senescence(11). ALT represents various mechanisms and refers to 

activity independent from telomerase. In contrast to telomerase, rather than utilizing RNA 

as a template strand for extension, ALT can mediate extension by utilizing telomeric DNA 

as a template through homologous recombination (HR), sister chromatid exchange, or 

through the use of extrachromosomal circular telomeric DNA (c-circles)(12). 

 
 
ZSCAN4 

Zinc finger and SCAN domain containing 4 (ZSCAN4) has emerged as a novel gene 

implicated in pluripotency, genomic maintenance, and lifespan in the early stages of 

embryogenesis. ZSCAN4 is a DNA binding protein that was first discovered in mouse 

embryonic stem cells (mESCs) where it is transiently expressed and tightly regulated. In 

these cells, ZSCAN4 is expressed in a small fraction of the culture at a given time, however, 

when expressed, the onset of several biological events take place, such as the rapid shift 

between hetero and euchromatic states and the rapid extension of telomeres (8, 13). 

Because of ZSCAN4s unique presence in stem cells and cancer cells, how ZSCAN4 affects 

the expression of pluripotent markers has been increasingly studied. With regard to 

ZSCAN4 implications in pluripotency, ZSCAN4 has been since demonstrated to promote 

induce pluripotent stem cell (IPSC) generation and maintain  genomic DNA stability 

during somatic reprogramming; further ensuring the efficiency and quality of stem cells 

which indicates a crucial role in stem cell regulation as well as a potential role in cancer 

stem cell function (14, 15) 
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ZSCAN4 Association with Telomeres and Mediation of Telomere Length 

ZSCAN4 has been reported to interact with the telomere shelterin complex (16, 17), and 

its induction leads to a rapid telomere extension (8), therefore, ZSCAN4 has been proposed 

to be involved in telomere maintenance. Colocalization studies by ZSCAN4 

immunostaining with telomere fluorescence in situ hybridization (T-FISH), indicated that 

ZSCAN4 foci were localized on telomeres and further confirmed ZSCAN4 protein 

interaction at the telomere region (8). In addition to ZSCAN4s association with telomeres, 

the consequent knockdown (KD) of ZSCAN4 revealed telomere shortening, a culture crisis 

with passaging, and massive cell death (8), further suggesting its importance for telomere 

maintenance. Conversely, overexpressing ZSCAN4, in the knockdown cells, rescued 

telomeres length (8). Therefore, the transient induction of ZSCAN4 plays a critical role in 

the long-term maintenance of telomeres in mouse embryonic stem cells (8, 18) and induced 

pluripotent stem cells(19). 

 
 

ZSCAN4 Facilitates Histone H3 Acetylation  

Recent data from our laboratory indicate that the induction of ZSCAN4 facilitates 

chromatin remodeling (20). With regard to ZSCAN4s involvement in maintaining 

pluripotency and involvement in the efficient reprogramming of induced pluripotent stem 

cells (iPSCs), the effect of ZSCAN4 on the epigenetic changes of chromosomes were 

investigated. Given that ESCs and iPSCs are characterized by higher pluripotency, stem 

cells in general adopt a more open chromatin state. This prompted the investigation of the 

presence of histone acetylation or open chromatin marks at pluripotent genes. Through 

western blot analysis and chromatin immunoprecipitation, the results indeed revealed 
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higher levels of open chromatin marks while in the presence of ZSCAN4 at pluripotency 

promoters, suggesting the epigenetic effect of ZSCAN4 on gene expression and stemness 

potency (20). 

 
 
Role of Epigenetics & Importance of Histone Acetylation 

Epigenetics is the alteration of expression patterns in the genome through chromatin 

modifications without directly affecting the DNA sequence. Mechanisms of epigenetics 

are facilitated through several means such as histone modification, DNA methylation, and 

posttranslational gene regulation through non-coding RNA (21). In the context of histone 

modifications, histones can undergo changes such as acetylation, methylation, and 

phosphorylation. Modifications to histone proteins can regulate the folding of the 

chromosomal DNA as well as chromosomal stability (22). When DNA is in a condensed 

and closed heterochromatin state, the DNA is inaccessible to RNA polymerase and 

transcription factors (TF). The heterochromatin state is characterized and regulated by an 

increase in methylation markers at the histone proteins. On the other hand, because DNA 

is negatively charged while the histone proteins are positively charged, when the N 

terminus of histone proteins are acetylated; histone acetylation removes the positive charge 

from the histones, and as a result, the affinity and attraction between DNA and histone 

proteins are reduced. Histone acetylation is, therefore, a form of chromatin modification 

that shifts the chromatin into a euchromatic state, relaxes, and decondenses the chromatin, 

thereby making the DNA more accessible.  
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Telomere Chromatin 

There is significant evidence indicating that telomeres are in a heterochromatin state. The 

higher presence of heterochromatin marks suggests that telomeric chromatin is 

transcriptionally repressed and inaccessible to enzymes such as RNA polymerase and 

transcription factors (TFs). Silent chromatin as well as changes in histone acetylation 

patterns are associated with defects in telomere maintenance, which suggests that a 

condensed or a closed chromatin state contributes to telomere function (23). Due to the 

silencing of the chromatin and inaccessibility to the DNA, the heterochromatin state does 

not allow for telomere elongation activities.  

However, as portions of the telomere are lost over time and decrease in size with 

each cell division, the heterochromatic marks decrease at the telomeres and demonstrate 

increased histone acetylation. This indicates that telomeres are shifting from a more 

compacted and closed conformation to a more open and accessible conformation, which in 

theory would allow intervention by telomere maintenance mechanisms. Despite this 

occurrence, there is no clear mechanism for how this shift from condensed to decondensed 

chromatin occurs. 

 
 
Long Non-Coding RNAs 

Non-coding RNA (ncRNA) are RNA transcripts that do not code for protein and constitute 

the majority of genomic transcripts. Although a large percentage of the genome is 

transcribed, only a fraction of the RNA transcripts actually codes for protein, suggesting 

that a large population of non-coding RNA may indicate a larger and more diverse role in 

biological processes. Non-coding RNA serves as modulators of chromatin regulation and 
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is categorized as either short or long noncoding RNA. Short non-coding RNAs (SncRNA) 

are defined as transcribed RNA under 200 nucleotides in length, while long-non coding 

RNA (LncRNA) are defined as RNA transcripts with more than 200 nucleotides (24).  

LncRNA is associated with various biological functions such as imprinting 

genomic loci, structuring chromosomal conformation, and regulating enzymatic activity 

(25). However, challenges in experimentally characterizing the biological functions of 

ncRNAs have made them difficult to fully understand. Additionally, ncRNAs are 

characterized by the ability to act locally in “cis” or at distant sites in “trans.” In the event 

that ncRNA is acting locally, ncRNA function is not easily distinguishable from the 

molecular events preceding its production, or whether ncRNA elicits its functions at distant 

sites from its origin (26).  

 
TERRA 

Telomeric repeat-containing RNA, also known as TERRA (27), is long non-coding RNA 

that is transcribed from the subtelomeric regions of the chromosome by RNA polymerase 

2. TERRA function remains largely unknown but has been shown to be involved in 

multiple biological processes sustaining a variety of telomere functions such as mediating 

telomere length (28, 29), recruitment of telomeric proteins (30), and the recruitment of 

DNA repair proteins (30).  

 

TERRA expression and regulation 

The sub-telomeric and telomeric regions are heavily and uniquely heterochromatinized and 

thus general access to TERRA promoters is low. Yet, the transcription of TERRA has been 

acknowledged at the sub-telomeric regions across several chromosomes (31). TERRAs are 
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expressed from the sub-telomeres by RNA Polymerase 2 to the end of the chromosomes 

(32). Thus mammalian TERRA from different chromosomes have unique sub-telomere 5’ 

end sequences, with UUAGGG repeat 3’ ends that vary from 100 base pairs to 9 kb (31). 

CpG islands upstream to the sub-telomere serve as promoters for TERRA, which are 

regulated via DNA methylation (33). However, little is known about the mechanisms 

triggering and regulating TERRA transcription. The chromatin organization factor CTCF 

and Cohesion protein complex were shown to enhance the expression of TERRA, bind just 

upstream of the promoter region of TERRA, and recruit RNA polymerase 2 (34). 

Furthermore, chromatin de-condensation at short telomeres via histones acetylation or 

demethylation was also shown to lead to TERRA expression (32, 34, 35).   

 

Post-transcriptional modifications of TERRA 

Once transcribed, TERRA molecules can interact directly with telomeres to form DNA-

RNA hybrids or persist in the nucleoplasm. A small fraction of TERRA, about 7%, is also 

polyadenylated (PolyA), allowing it to translocate into the cytoplasm (32, 36). TERRA 

polyadenylation shows higher molecular stability while the non-polyadenylated TERRA 

fraction turnover is higher (36).  Further regulation of TERRA includes stability at 

telomeric foci via nonsense-mediated decay factors (31, 37). The levels of TERRA 

transcripts are also regulated during the cell cycle; TERRA levels are at their lowest in late 

S Phase and then gradually increased from G1 through the beginning of S Phase (38, 39). 

 
Functions of TERRA 

LncRNAs are epigenetic regulators that participate in regulating genome functions through 

modulating chromatin structure (40). In the case of lncRNA TERRA, the association with 
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telomeres suggests that TERRA may play an important role in regulating telomeric 

chromatin. Although difficulty in genetically inactivating TERRA has created challenges 

in fully understanding its physiological effects, information regarding how TERRA is 

regulated has progressively emerged over time. Of the emerged functions, TERRA has 

been indicated to regulate telomere length by forming co-transcriptional RNA-DNA 

hybrids which in turn can cause telomere extension through HR (29), or cause telomere 

attrition through interference with DNA replication machinery (41).  Furthermore, TERRA 

has also been shown to regulate telomere length by inhibiting telomerase (42). In addition 

to maintenance of telomere length, TERRA has been shown to promote telomere integrity 

through its association with TRF2. TRF2 is a subunit within the shelterin complex that 

prevents telomere degradation by preventing the activation of the DNA damage repair 

pathway (30, 41, 43). Lastly, consistent with the activity of other lncRNAs, TERRA also 

possesses the ability to recruit and serve as a scaffold for heterochromatin factors (26). 

Despite these observed forms of telomere regulation through TERRA, further 

understanding is needed to further uncover TERRA’s mechanisms of action.  

 
TERRA forms DNA-RNA Hybrids with the telomere 

DNA-RNA hybrids typically occur during transcription when the newly synthesized RNA 

strand is in the proximity of its complementary template DNA. In the event of DNA-RNA 

hybridization, the non-template single-stranded DNA (ssDNA) which is displaced by the 

RNA transcript altogether forms a three-stranded nucleic acid structure, structurally 

identified as a replacement loop (R-Loop) (26, 44, 45) In the past R-loops were mostly 

viewed as deleterious due to potential DNA damage, however, increasing studies have 

revealed that R-loops also have regulatory roles. As TERRA studies have progressed, it 



 12 

has been proposed that TERRA forms DNA-RNA hybrids and holds some type of 

physiological relevance at the telomeres (45).  

 
Scope of Work 

The goal of this study was to further uncover ZSCAN4’s relationship with the telomeres 

by studying its potential effect on TERRA. With implications in mediating telomere length, 

ZSCAN4 has demonstrated several qualities such as its recruitment and ability to localize 

to shortened telomeric regions, involvement in telomere maintenance, as well as its ability 

to facilitate open chromatin marks. Along with the known qualities of ZSCAN4, TERRA 

has similarly been demonstrated to be involved in telomere maintenance through several 

mechanisms and has also been shown to experience an increase in expression at shortened 

telomeres. Additionally, as ZSCAN4 induction facilitates open chromatin marks and at the 

same time, leads to telomere extension, we hypothesized that ZSCAN4 may facilitate 

histone acetylation at the sub-telomeric and telomeric regions, to allow for TERRA 

transcription and telomere elongation. Furthermore, in this study, given the rationale and 

conceptual overlap between TERRA and ZSCAN4, we studied the potential of ZSCAN4 

to facilitate histone hyperacetylation at the TERRA regions, therefore allowing the 

increased transcription of TERRA. 

Alterations in expression or mutation of lncRNA genes have been implicated in 

several human diseases. By investigating ZSCAN4’s effect on TERRA we seek to uncover 

insight into telomere biology, which holds many implications for health and disease, 

broadly characterized by an increased risk of cancer, dysfunction in telomere regulation, 

and premature aging. By further understanding how telomeres are regulated, we can 

potentially uncover methods for treating telomere-associated clinical phenotypes.  
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Chapter 2: Materials and Methods 
 
Cell lines and cell culture 

Head and neck squamous cell carcinoma (HNSCC) TU167 tumor cell line was generated 

by Dr. Gary Clayman and was obtained from the University of Texas MD Anderson Cancer 

Center (Houston, TX, USA) (46). U2OS cell lines were obtained from the ATCC. Cell 

lines were authenticated and tested for mycoplasma by the Translational Core Facility of 

the University of Maryland School of Medicine. Cell lines were cultured in complete 

DMEM medium (Invitrogen) supplemented with 10% fetal bovine serum, 2 mM 

GlutaMAX, penicillin (50 U/mL), and streptomycin (50ug/mL) 

 

Generation of tet-inducible ZSCAN4 cell Lines 

ZSCAN4 is only transiently expressed in cancer cells which suggests a tight regulation. In 

order to test the effects of ZSCAN4 on the expression of TERRA, we implemented a 

doxycycline-inducible system that allows control over the expression of ZSCAN4 upon the 

addition of Doxycycline (Dox) into the culture medium. Therefore, a lentiviral vector was 

created with a tet-ON system (Figure 3A), to induce overexpression after doxycycline 

treatment (Figure 3B, C).  The ZSCAN4 inducible system was utilized in Tu167 which is 

a telomerase positive head and neck squamous cell carcinoma cell line. Additionally, the 

ZSCAN4 inducible system was utilized in U2OS which is telomerase negative, ALT 

positive osteosarcoma cell line 
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Figure 3:  Doxycycline inducible ZSCAN4 vector and cell lines 
(Adapted from Portney and Arad et. al. 2020 (20)) A. An illustration of the tet-ZSCAN4 
expression vector. B. Addition of Doxycycline to the culture medium (Dox+) induces 
ZSCAN4 within 6 hours. C. Dox treatment for 48 hours followed by Doc removal (Dox-) 
leads to clearance of the exogenous ZSCAN4 protein within 48 hours. 
 
 
 
Generation Tu167 ZSCAN4 CRISPR Knockout cell line 

Head and neck squamous cell carcinoma Tu167 cells or osteosarcoma U2OS cells were 

nucleofected with Cas 9 RNP and a sgRNA targeting exon 3 of ZSCAN4 which is the first 

coding exon of human ZSCAN4. The CRISPR process was carried out by the University 

of Maryland, CRISPR Services Core Facility at Dr. Tami J. Kingsbury’s lab. The Tu167 

or U2OS ZSCAN4 KO cells were validated by Sanger Sequencing. ZSCAN4 KO cells 

were further validated by immunoblot analyses and confirmed for efficient ZSCAN4 KO 

(47).   

 
 
Chromatin Immunoprecipitation (ChIP) 

Pierce Magnetic ChIP Kit (Thermo Scientific) was utilized for all chromatin 

immunoprecipitation (ChIP) experiments. Chromatin was prepared in bulk by storing cell 

pellets divisible by 4.0 x 106 cells were stored in (-80 C) until used for ChIP. Frozen cell 

pellets were thawed on ice and then treated with 1% formaldehyde for 10 minutes, gently 

ZSCAN4

Dox+ (h)

Lamin B

0     6h   12h    24h   48h  
Tu167

Dox-(h) -0       -12h     -24h   -48h 

Lamin-B

ZSCAN4

Tu167

tet-3G ZSCAN4 SV40 rTTA-T2A-EGFP IRES PUROA.

B. C.
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mixed in order to cross-link the cells. and then treated with a final concentration of 1x 

Glycine Solution to quench the crosslinking reaction of the DNA and proteins. The cells 

were then lysed, and incubated with MNase, the sonicated supernatant was then removed 

and the sample pellet was resuspended 100ul of 1X IP Dilution Buffer (100ul of IP 

Dilution/Wash Buffer (5X); 5ul of Halt Cocktail; 395ul of nuclease-free water). An input 

of 1% (1ul) was put aside in -20°C until the next day, and the rest of the supernatant 

digested chromatin was evenly distributed in newly labeled tubes for immunoprecipitation 

(IP). Primary antibody was then added to each sample; 2 ul of Normal Rabbit IgG was 

added to each condition, and target specific antibodies such as anti-H3K18ac, anti- 

H3K14ac, anti-H4K5ac, anti-H4K8ac (Cell Signaling) were interchangeably used to 

determine the level of acetylation. After adding the appropriate concentration of primary 

antibody to each sample, the IP reactions were incubated on a rotator overnight at 4C. 20ul 

of ChIP Grade Protein A/G Magnetic Beads were added to each IP and incubate at 4C for 

2 hours. After incubating with the magnetic beads, the beads were then collected with a 

magnetic were washed several times, removing nonspecific or unbound antibodies. The 

samples were then de-crosslinked using proteinase K and filtered through a DNA filter 

column to elute the DNA of interest. The resulting purified DNA was then used for ChIP 

qPCR.  

 
 
RNA Extraction 

Cell pellets with 106 cells were utilized for RNA extraction. Qiagen Kit and Reagents were 

used to perform RNA extraction. 600uL of lysis buffer was added to each cell pellet and 

briefly vortexed. An equal volume of 70% Ethanol was then added in addition to the lysis 
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buffer allowing the RNA to precipitate. Each sample solution containing RNA was 

transferred into separate RNA Extraction columns and then placed in the centrifuge at 9000 

x g for 1 minute. After discarding all the flowthrough, 400uL of RW1 wash was then added 

to each column and centrifuged for an additional minute at 9000 x g. 80ul of DNASE 

(diluted 1:8 in RDD buffer) was then directly added to each sample column and incubated 

at room temperature for 10 minutes. Following incubation, and addition 400uL of RW1 

wash was added to each column and centrifuged at 9000 x g for 1 minute. The flow-through 

is discarded, and 500uL of RPE buffer was then two each sample column and repeated for 

a total of two times. The columns were then placed into newly labeled tubes, 25uL of 

nuclease-free water was added directly to each column before centrifuging for an additional 

2 minutes at 9500 x g. The resulting solution contains the purified RNA, and the 

concentration was then measured by nanodrop. 

 
Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 

Following RNA isolation, 1ug was measured and reverse transcribed using Superscript III 

(Invitrogen) by following the manufacturer protocol. However, for TERRA expression, 

instead of Oligo-dT, an IDT Telomere Primer (CCCTAACCCTAACCCTAA) was used 

and annealed to the RNA transcripts. After reverse transcription of the RNA, 10 ng of 

cDNA was used per well in triplicates using SYBR green while also following the 

manufacturer’s protocol (Roche). Reactions were run on the QuantStudio3 Real-Time PCR 

(Fisher Scientific). The results were then calculated using the relative quantification 

method. The following primers used for various experiments include XYq,10q, 15q 20q 

Alu Intergenic, hTELO, and hRPLPO (Table 1). 
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XYq  
(XqYq) 

Forward: 5’ - GGAAAGCAAAAGCCCCTCTGAATG -3’ 
Reverse: 5’- ACCCTCACCCTCACCCTAAGC  -3’ 

10q Forward: 5’ - GAATCCTGCGCACCGAGA-3’;  
Reverse: 5’- CTGCACTTGAACCCTGCAATA -3’ 

15q Forward: 5’ - CAGCGAGATTCTCCCAAGCTAAG-3’;  
Reverse: 5’- AACCCTAACCACATGAGCAAC  -3’ 

20q Forward: 5’ -CTGGTGCCAGAGTGGATT -3’;  
Reverse: 5’-CACCTGTTCTCTTTGTCTGG  -3’ 

Alu Forward: 5’ -GTCAGGAGATCGAGACCATCCC -3’;  
Reverse: 5’- TCCTGCCTCAGCCTCCCAAG -3’ 

Intergenic Forward: 5’ - AATGAGTGGGCTCATGGAAA-3’;  
Reverse: 5’-  TCTGGATGCAGCATTTGTGT-3’ 

hTELO Forward: 5’ -
GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT-3’;  
Reverse: 5’-TCCCG 
ACTATCCCTATCCCTATCCCTATCCCTATCCCTA-3’ 

hRPLPO Forward: 5’ -CAGCAAGTGGGAAGGTGTAAT -3’ 
Reverse: 5’- CCCATTCTATCAACGGGTACA -3’ 

 
Table 1: List of primers for RT-qPCR and ChIP qPCR. Unique primers were used for 
TERRA regions across different chromosomes (XYq, 10q, 15q,20q,). ALU and LncRNA 
Intergenic were used as controls, while hTELO is used as a measure of TTAGGG repeats 
across all chromosomes. hRPLPO was utilized as a standard to normalize data for all 
samples. 
 

Statistical Analyses 

Results are reported as mean ± standard error of the mean (S.E.M.) of multiple independent 

experiments with biological replicates. All statistical analyses were performed using the 

GraphPad Prism 9 software. Statistical analyses regarding RT-qPCR were performed by 

utilizing an unpaired parametric Two-Sample T-Test with Welch’s correction to not 

assume equal standard deviation (SD). Statistical analysis for ChIP qPCR was assessed 

through a Two-way ANOVA and Šídák's multiple comparisons test in order to determine 
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the statistical significance between experimental and control groups. Asterisk(s) symbols 

indicate whether a significant difference was observed as well as the magnitude of 

significance. All statistical tests were two-tailed while significance was determined by a 

threshold of P-value <0.05. 
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Chapter 3: Results 
 
Short telomeres are associated with a euchromatin state, granting greater DNA accessibility 

(48) and therefore, are transcriptionally active (31, 49) to express the long non-coding 

RNA, TERRA (telomeric repeat-containing RNA). However, although many enzymes 

involved in telomere heterochromatinization have been identified (Figure 1) (48), the 

mechanisms contributing to telomere histone hyperacetylation and the shift from 

heterochromatin to euchromatin are still not very well understood. TERRA spans from the 

sub-telomeres to the telomeric repeats (31, 49).  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 (30, 50). The biological outcome of TERRA transcription 

depends on the cell pathway that utilizes it. The transcripts of TERRA can form hybrids 

with the telomere from which it is transcribed, or with distant telomeres. Subsequently, in 

the presence of recombination repair proteins, telomere length is modulated (29, 51, 52).  

 

Inducible ZSCAN4 Facilitates Histone Acetylation at TERRA Specific Region 

Preliminary data from our lab indicated an increase in Histone H3 acetylations (H3K14ac, 

H3K18ac, and Histone H3K8ac), open chromatin marks, at the telomeres in response to 

the induction of ZSCAN4 (Figure 4). The effect of ZSCAN4 on histone acetylation at the 

telomere region by chromatin immunoprecipitation (ChIP) assay revealed a 3.5-fold 

increase in H3K14ac (p< 0.05), a 1.6-fold increase in H3K18ac (p< 0.01), and 23.7-fold 

increase in H4K8ac (p<0.01) on telomere chromatin (Figure 5A, B). The increase in 

H3K14 acetylation is not restricted to the telomere region, as a 1.8-fold increase is also 

detected in Alu elements (p< 0.01) (Fig 5A, C). The Telo-Mut probe, a negative control, 
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showed either absent or insignificant signal detected for each sample. These data 

demonstrated a dramatic effect of ZSCAN4 on telomere remodeling with some effect on 

global chromatin targets. 

Given the association of ZSCAN4 with the telomeres and its involvement in 

facilitating histone acetylation, we hypothesized that the induction of ZSCAN4 may further 

facilitate hyperacetylation at the sub-telomeres, which serve as TERRA promoter regions 

Figure 4: ZSCAN4 induction leads to increase in histone acetylation.  
(Adapted from Phyo Nay-Lin et al., 2019) (A) ChIP dot blot assays with the histone 3, 4 
acetylation in Tu167 tet-ZSCAN4 cells treated with doxycycline (Dox+) or untreated 
(Dox-), indicate an increase in telomere histone acetylation at H3K14ac, H3K18ac, and 
H4K8ac. An increase in global H3K14ac and a decrease in H4K8 were also detected by 
Alu probe. (B) Quantitative analyses of telomere dot blot by ImageJ validate a significant 
increase in acetylation levels on H3K14ac and H3K18ac. (C) Quantitative analysis of Alu 
dot blot indicate a significant increase in acetylation levels on H3K14ac, but no 
significant increase in H3K18ac and H4K8ac. Data is shown as mean ±  S.E.M. The 
statistical significance between the two groups was determined by individual t-tests * 
p<0.05. ** p<0.005. *** p<0.0001. 
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and by that, may increase the expression of TERRA. In order to assess the effect of 

ZSCAN4 induction on histone H3 and H4 acetylation in the TERRA promoter regions, 

ChIP assays were conducted on inducible ZSCAN4 (tet-Z4) Tu167 cell line (telomerase 

positive), while using primary antibodies rabbit IgG (negative control) histone 3 lysine 

residue 18 acetylation (H3K18ac), and histone 4 lysine residue 8 acetylation (H4K8ac) for 

protein pull-down followed by ChIP qPCR. To assess the magnitude of acetylation in 

response to ZSCAN4, TERRA-specific primers designed based on the TERRA-specific 

promoters found on different chromosomes (XY, 10, 15, and 20) were used for the 

experiment. Primers for Intergenic long-noncoding RNA and Alu, which code for long 

non-coding RNAs, were also used as a form of control to help with the interpretation of 

the results.  

We were excited to find that indeed our ChIP qPCR revealed a 3.02-fold (p< 0.0001) 

increase in H3K18ac and a 59.48-fold (p< 0.0001) increase in H4K8ac at the TERRA 

promoter region on chromosome 10 (10q), in response to the induction ZSCAN4 by 

treatment of doxycycline (Dox+). Similarly, each of the promoter regions assessed through 

ChIP indicates a similar increase in histone acetylation patterns at each of the listed 

promoter regions (Figure 5).  

Our data indicate a 3.03-fold increase in H3K18ac (p < 0.01) and a 53.59-fold 

increase in H4K8ac (p< 0.0001) at the TERRA region on chromosome 15q. Further, 20q 

revealed a 2.90-fold increase in H3K18ac (p < 0.001) and a 55.10-fold increase in H4K8ac 

(p< 0.0001). Additionally, XYq demonstrated a 3.02-fold increase in H3K18ac (p< 0.0001) 

and a 62.90-fold increase in H4K8ac (p< 0.0001). hTELO (H3K18ac; p<0.01)(H4K8ac; 

p<0.001) which is a total measure of total telomeric DNA and Intergenic (lnc Intergenic 



 22 

RNA) (H3K18ac; p< 0.01)( H4K8ac; p< 0.0001) revealed similar histone acetylation 

patterns, which is consistent with ZSCAN4s ability to facilitate hyperacetylation in regions 

across the genome (20). Overall. upon overexpression of ZSCAN4 in Tu167 cells, the data 

shows that ZSCAN4 facilitates the hyperacetylation of sub-telomeric TERRA promoter 

regions, therefore, allowing accessibility for telomere elongating activities and intervention 

of TFs. 

 

Depletion of ZSCAN4 leads to a Reduction in Histone Acetylation 

To further validate the acetylation effects of inducible ZSCAN4 on TERRA specific 

promoter regions, ChIP assays were conducted on telomerase positive and telomerase 

(A) ChIP analyses in tet-ZSCAN4 cells (Tu167; telomerase positive) for the indicated 
TERRA subtelomeric regions through ChIP utilizing antibodies: anti-IgG, anti-H3K18ac, 
and anti-H4K8ac. Induction of ZSCAN4 by doxycycline treatment (Dox+) compared to 
untreated Dox- cells leads to an enrichment of H3 and H4. Values are relative to 1% DNA 
input shown as a mean ± S.E.M. Normal Rabbit IgG was used as a control. For all data 
shown: Asterisks indicate * p ≤  0.05, ** p ≤0.01, *** p≤ 0.001, **** p ≤0.0001 

Figure 5: Induction of ZSCAN4 increase histone acetylation at TERRA specific 
promoter regions in Tu167 cells. 
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negative ZSCAN4 KO cell lines while utilizing primary antibodies: rabbit IgG, H3K18ac, 

H3K14ac, H4K5ac, and H4K8ac. ChIP-qPCR quantification relative to 1% input samples 

showed little to no change and no significant difference in histone acetylation markers 

H3K18ac and H3K14ac at any of the listed promoter regions in Tu167 ZSCAN4 KO cell 

line in comparison to WT or endogenous levels of ZSCAN4 (Figure 5). However, when 

observing changes in histone acetylation at open chromatin marks H4K5ac and H4K8ac, 

results indicate a more distinct difference in histone acetylation levels. At TERRA 

promoter region 10q, the data suggests a 1.34-fold decrease at H4K5ac (p< 0.0001), and a 

1.72-fold decrease at H4K8ac (p<0.001). 15q only revealed a 1.35-fold decrease at H4K4ac 

(p<0.05). At TERRA promoter region 20q, the data suggests a 1.66-fold decrease at 

H4K5ac (p< 0.0001), and a 1.90-fold decrease at H4K8ac (p<001). Additionally, XYq 

exhibits a 1.65-fold decrease at H4K5ac (p< 0.0001) and a 2.02-fold decrease at H4K8ac 

(p<0.001). Intergenic and Alu which are both intergenic LncRNA promoter regions had 

also displayed the same trend with a decrease in H4 between cells with WT ZSCAN4 

compared to cells with KO ZSCAN4 (Figure 6)  
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Figure 6: Depletion of ZSCAN4 decreases histone acetylation at TERRA specific 
promoter regions in Tu167 cells.  
(A) ChIP analysis in Tu167 WT and ZSCAN4 KO cells for TERRA utilizing antibodies: 
anti-IgG, anti-H3K18ac, anti-H3K14ac, anti-H4K5ac, and anti-H4K8ac indicated a 
significant reduction in H4 acetylation with little to no change in H3 acetylation. Values 
are relative to 1% DNA input shown as a mean ± S.E.M. Normal Rabbit IgG was used as 
a control. For all data shown: Asterisks indicate * p ≤ 0.05, ** p ≤0.01, ***p ≤0.001, **** 
p≤0.0001  

 

ZSCAN4 KO in U2OS Osteosarcoma cell line (Telomerase negative; ALT 

positive), further shows that histone H3 was significantly affected at TERRA promoter 

regions 10q and XYq.  Meanwhile, we see a more distinct change in H4 at each of the listed 

promoter regions (Figure 7). At TERRA promoter region 10q, ChIP data revealed a 1.37-

fold decrease at H3K18ac (p< 0.0001), and a 1.38-fold decrease at H4K8ac (p<0.0001). 

Yet, 15q seemed to only be affected at H4K8ac with a 1.38-fold decrease between WT and 

ZSCAN4 KO (p<0.01). At TERRA promoter region 20q, the data shows little to no change 

in the H3 acetylation at the tested lysine residues, however, H4K5ac demonstrated a 1.20-

fold decrease between WT and KO (p< 0.01).  XYq displayed a 1.35-fold decrease at 

H3K18ac (p<0.001), and a 1.63-fold decrease in H4K8ac (p< 0.0001). These data 
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demonstrate that ZSCAN4 may trigger a tightly controlled, specific histone acetylation at 

specific TERRA regions. 

 

Figure 7: Depletion of ZSCAN4 decreases histone acetylation at TERRA specific 
promoter regions in U2OS cells.  
(A) ChIP analyses were conducted in U2OS (telomerase negative) WT cells and ZSCAN4 
KO cells for the indicated TERRA sub telomeric promoter regions through DNA pull-
down utilizing antibodies: anti-IgG, anti-H3K18ac, and anti-H4K8ac. KO of ZSCAN4 
indicated little to no change in H3 acetylation, however, results indicated a significant 
reduction in H4 in select promoter regions. Values are relative to 1% DNA input shown as 
a mean ± S.E.M. Normal Rabbit IgG was used as a control. For all data shown: Asterisks 
indicate * p ≤ 0.05, ** p ≤0.01, ***p ≤0.001, **** p≤0.0001 
 
 
ZSCAN4 Promotes Expression at TERRA Sub-telomeric Regions 
 
Given the observed changes in histone acetylation at TERRA regions, we were then 

prompted to assess the effect of ZSCAN4 on TERRA expression. When the chromatin is 
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decondensed and relaxed, it allows for an increase in accessibility to enzymes such as RNA 

polymerase and TFs. As our ChIP data indicated an increase in more open chromatin 

marks, we further assessed the effect of ZSCAN4 on TERRA expression at different 

chromosomes.  

Upon treating Tu167 tet-Z4 cells with doxycycline, TERRA expression at select 

chromosomes such as 15q and 20q reveal an upregulation in TERRA transcription (Figure 

8). Interestingly, TERRA expression at chromosomes XY and 10 indicate increases in 

expression, however, the increased expression was not significant. On the other hand, 

chromosome 15 revealed a 2.39-fold increase (p<0.01) while chromosome 20 revealed a 

2.78-fold increase (p<0.001) between untreated and Doxycycline treated groups. 

Additionally, the results also indicated an increase in hTELO upon inducing ZSCAN4 with 

Dox (p<0.01). Alu is a lncRNA that is not expressed at the telomeres, however, to our 

surprise ALU expression was upregulated (p<0.001). This finding requires further 

validation and is discussed later in the paper.  

Interestingly, in the U2OS cells, which rely on the ALT mechanism for telomere 

extension, differences in TERRA expression between ZSCAN4 untreated cells and dox 

treated cells were more apparent across all tested TERRA specific promoters. TERRA 

specific promoter at XY was upregulated by 6.59-fold (p<0.001), 10q indicated an increase 

in expression by 2.03-fold (p<0.01), 15q showed a 3.76-fold increase (p<0.01), and lastly 

a 7.42-fold increase was observed between the dox- group and dox+ group at TERRA 20q 

(p<0.0001) (Figure 8). The combination of both data in Tu167 and U2OS overexpression 

of ZSCAN4 indicates that ZSCAN4 helps to facilitate the increase of transcription at 

TERRA promoter regions. 
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Figure 8: ZSCAN4 induces TERRA expression in two different cell lines. 
Real-Time RT-qPCR analysis using TERRA-specific primers expressed on different 
chromones reveals that the induction of ZSCAN4 significantly affects TERRA expression 
in select regions. Asterisks indicate magnitude of significance: ** p ≤0.01, ***p 
≤0.001,**** p≤0.0001 
 
 

Next, the effect of ZSCAN4 knockout on TERRA expression was further assessed. 

Through the utilization of CRISPR/Cas9 system, the ZSCAN4 gene in separate Tu167 and 

U2OS cell lines was cleaved, resulting in a +1 frameshift that ablated ZSCAN4 protein, 

allowing us to view how the expression of TERRA is affected in the absence of ZSCAN4.  

ZSCAN4 KO in the Tu167 cell line leads to a significant downregulation of 

TERRA expression compared to controls (Figure 9, Top panel). In the absence of 

ZSCAN4, the data show a marked reduction in the expression of TERRA from 

chromosomes XY, 15, and 20. TERRA at chromosome XqYq was downregulated by 8.49-

fold (p<0.01), while expression at 15q was downregulated by 18.9-fold (p<0.01). 

Interestingly, expression at 10q was upregulated by 2.05-fold in ZSCAN4 KO cells 
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compared to endogenous levels of ZSCAN4. Chromosome 20 revealed a slight reduction 

in expression, however, there was no notable significance.   

Similarly, in U2OS cells, the expression of TERRA in both WT and KO cells 

indicates a similar expression pattern to that of Tu167 cells. At TERRA specific promoter 

XY, expression was downregulated by 34-fold (p<0.01), while expression at 15q was 

downregulated by 2.52-fold (p<0.01), and chromosome 20 revealed that TERRA 

expression was downregulated by 3.56-fold (p<0.001). Like the TERRA promoter on 

Chromosome 10 in Tu167, expression at 10q in U2OS was upregulated by 1.83-fold in 

ZSCAN4 KO cells compared to endogenous levels of ZSCAN4 (p<0.001) (Figure 9, 

bottom panel). This data indicates that ZSCAN4 facilitates functional histone acetylations 

and regulates TERRA transcription. 

 

Figure 9: Depletion of ZSCAN4 downregulates TERRA expression in two different 
cell lines.  
TERRA Real-Time RT-qPCR analyses reveal that the ZSCAN4 KO significantly affects 
TERRA expression in select regions. Asterisks indicate magnitude of significance: ** p 
≤0.01, ***p ≤0.001, **** p≤0.0001 

XqYq 
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Chapter 4: Discussion 
 
Telomere repeat-containing RNA (TERRA) are lncRNA transcribed from the sub-

telomeric region to the end of the chromosome by RNA Polymerase II (32). Studies have 

demonstrated that TERRA interacts with many histone modifiers (31), the replication 

machinery (30, 53), and the shelterin complex (30, 31).  Additionally, TERRA was shown 

to bind other members of the ZSCAN family (30, 50). Here we show the effect of ZSCAN4 

on the chromatin remodeling of TERRA regions as well as its effect on TERRA expression. 

However, unlike more defined moieties, TERRA is involved in telomere length 

maintenance either positively or negatively, depending on the cell’s status. On one hand, 

in vitro experiments show TERRA can inhibit telomerase by interacting with the protein 

subunit TERT, suggesting that it may be involved in telomere shortening (42). On the other 

hand, in vivo TERRA was shown to mediate the shelterin capping process at the telomere, 

suggesting a role in the prevention of the DNA damage response (53). Furthermore, 

TERRA is required for telomere extension in the absence of telomerase (29).   

Chromatin remodeling through histone modification is a powerful mechanism for 

gene regulation. Histone modifications, DNA methylation, and RNA-based mechanisms 

are highly complex, but mainly are responsible for gene expression regulation through 

epigenetic control (54). Sections of chromatin of specialized cells exist in a closed and 

compact conformation called the heterochromatin state to allow for each cell to have a 

specialized transcriptome, hence function. Yet, when regions in the chromatin are 

hyperacetylated, it allows the DNA to be more open and permissive for gene expression. 

In the context of stem cells and cancer cells, these cells are enriched with active histone 
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marks and are generally further characterized with a more open chromatin state and more 

generalized gene expression (55, 56)  

At the telomeres, however, particular epigenetic transformations take place in order 

to properly regulate the chromosomal ends in both stem cell and cancer cells. As telomeres 

gradually shorten, closed histone marks are reduced from the telomeres, accompanied by 

an increase in histone acetylation. Yet, this shift between heterochromatic to euchromatic 

telomeres has so far been regarded as a passive process, in which a loss of histone 

methylation has been observed along with a decrease in histone deacetylation activity at 

shortened telomeres (57-60). 

 The factor ZSCAN4 was shown to be involved in chromatin de-condensation 

through interaction with DNA demethylating enzymes, and its induction can lead to a rapid 

telomere extension (8, 20, 61). Here we assessed whether ZSCAN4 may actively be 

involved in facilitating functional histone acetylation, particularly in TERRA regions and 

whether these changes lead to an increase in TERRA transcripts.  

Our results provide new insight and a novel mechanism in which telomeres may be 

regulated. We show that ZSCAN4 is important in facilitating histone H3 and H4 

acetylation at the sub-telomeres and the telomeres, which enable increased expression of 

TERRA.  

Our previous ChIP and Dot Blot analyses revealed an increase in active open 

histone marks (H3K14ac, H3K18ac, and H4K8ac) at the telomeres in response to the 

induction of ZSCAN4 (Figure 4). Our finding suggested that ZSCAN4 may play an 

important role in facilitating the shift between closed to open chromatin at shortened 

telomeres.  
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Here, our novel data further provides evidence that ZSCAN4 specifically facilitates 

histone hyperacetylation at the sub-telomere regions where TERRA promoters are located. 

Furthermore, we show that this is a functional hyperacetylation, as it is also accompanied 

by an increase in TERRA RNA levels. Our data indicate that ZSCAN4 induction leads to 

an increase in H3K18ac and H4K8ac in Tu167 cells at TERRA regions, and consistently, 

a decrease in H4K8ac and H4K5ac in both Tu167 and U2OS cells when ZSCAN4 is 

removed by CRISPR knockout. These findings reveal the role of ZSCAN4 in regulating 

TERRA expression through the facilitation of functional hyperacetylation at the sub-

telomeres and telomeres. These observations shift the paradigm that TERRA is upregulated 

at shortened telomeres through a passive process and instead implicate ZSCAN4 as one of 

the driving factors of TERRA expression.  

To further assess the effect of ZSCAN4, we then provided evidence regarding 

changes in TERRA expression. Through the use of RT-qPCR, we had shown that the 

induction of ZSCAN4 indeed causes an upregulation in TERRA expression across different 

chromosomes. Conversely, in ZSCAN4 KO cells we found that the depletion of ZSCAN4 

consequently leads to reduced levels of TERRA expression. The data altogether suggests 

that ZSCAN4 is essential for facilitating a euchromatin state in telomere and sub-telomere 

regions which allows for the increased transcription of TERRA. Further studies may be 

required based on these observations to further define the relationship between ZSCAN4 

and TERRA and to find if ZSCAN4 requires TERRA to perform its function in telomere 

elongation. 
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Future Directions 

The prospect of studying TERRA is very interesting because of its involvement in different 

regulatory mechanisms responsible for telomere length maintenance. To identify the direct 

effects of TERRA in the ZSCAN4 mediated telomere length and maintenance, methods to 

directly manipulate the endogenous levels of TERRA are needed in order to observe its 

direct consequences. Studying TERRA holds the potential for devising novel treatments 

for telomere-associated diseases and cancer treatments. But it can also allow us to 

potentially surpass current limitations in regenerative medicine. These limitations include 

the limited replicative potential in stem cells from older donors, accelerated telomere 

shortening in cell culture-based methods, and lack of control of survival as well as 

differentiation capacity in aged stem cells, which may ultimately allow improved 

regenerative medicine-based therapeutics.  

 Our data clearly show that ZSCAN4 induction leads to an increase in TERRA 

acetylation accompanied by an increase in expression, while ZSCAN4 knockout leads to 

reduced expression and histone acetylation at TERRA regions. Interestingly, upon 

induction of ZSCAN4, expression of ALU and Intergenic long non-coding RNA were also 

somewhat increased on the RNA level. These findings may need further validation and 

implementation of new control groups. However, we additionally are aware of the 

possibility that ZSCAN4 may have an influence on the expression of many lncRNAs and 

may not be specific to TERRA expression alone.  

Due to ZSCAN4s ability to facilitate open chromatin marks at other regions of the 

genome, such as pluripotency genes and subtelomeric regions (20), further analyses of 

ChIP-sequencing may be required to find regions that are not affected by ZSCAN4 at the 
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epigenetic level in order to properly assess the changes in histone modifications; ultimately 

allowing identification of additional reference targets.  

 Our data uncover a novel mechanism regarding the regulation of telomeres. By 

further understanding how telomere expression is regulated, not only will we advance 

methods in regenerative medicine and in restoring healthy tissue, but this area of study 

additionally holds physiological significance for telomere-associated disease and the 

potential treatment of cancer. More specifically, our findings may provide further insight 

into treating TERRA and telomere-associated disorders such as idiopathic pulmonary 

fibrosis (IPF), dyskeratosis congenita, Hoyeraal-Hreidarsson syndrome, Reye’s Syndrome, 

aplastic anemia, and liver fibrosis. Furthermore, TERRA has been recently described as a 

biomarker in peripheral blood in IPF patients and may serve as a potential way of further 

expanding our studies and intervention with ZSCAN4 targeting treatments (62, 63).  

 In addition to the implications TERRA may have on disease, further studying 

ZSCAN4 holds much potential as well. Not only has ZSCAN4 shown evidence in inducing 

pluripotency in stem cells and in yielding more stability for iPSC generation during the 

reprogramming process, but ZSCAN4 also appears to induce pluripotency in cancer stem 

cells (CSC) (20).  Cancer stem cells represent a small population within tumors and often 

possess the ability to develop mechanisms that can resist and evade cancer therapies (64). 

Therefore, manipulation of ZSCAN4 through drug design may serve as a potential target 

for CSCs, lowering the chances of relapse post-treatment. However, ZSCAN4 remains a 

novel gene and requires further investigation on function and regulation.  
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