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Abstract

The Role of ZSCAN4 in Cancer Stemness
Benjamin A Portney, Doctor of Philosophy, 2018
Dissertation 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

Cancer stem cells (CSCs) represent a subset of cells within tumors that maintain the
ability to self-renew, drive tumor heterogeneity, and contribute to therapeutic resistance
and cancer recurrence. Over the past decade, embryonic factors have emerged as key
regulators of cancer stemness and as therapeutic targets. Zscan4 is an early embryonic
gene expressed in mouse embryonic and induced pluripotent stem cells where it plays
critical roles in genomic stability, telomere maintenance, and pluripotency. Like other
embryonic factors, ZSCAN4 is reactivated in cancer. In these studies, we define for the
first time the role of ZSCAN4 in human CSCs of head and neck squamous cell carcinoma
(HNSCC). We find that ZSCAN4 is enriched for in and marks the HNSCC CSC
population. Induction of ZSCAN4 promotes the CSC phenotype, increases CSC factors
and alters the epigenetic profile. Importantly, extreme limiting dilution analyses both in
vitro and in vivo indicate that ZSCAN4 induction significantly increases the frequency of
CSC. Consistently, ZSCAN4 depletion leads to loss of the CSC phenotype including
CSC marker expression, the ability to form spheroids in non-adherent culture conditions,

and hypersensitivity to genotoxic drugs. Furthermore, loss of ZSCAN4 severely impairs

tumor growth in vivo.



As our findings indicated that ZSCAN4 promotes the CSC phenotype, we next chose
to study its regulation and turnover in cancer cells. Expression of Zscan4 is transient, and
characterized by infrequent high expression peaks that are quickly down-regulated,
suggesting its expression is tightly controlled. However, little is known about the protein
degradation pathway responsible for regulating the human ZSCAN4 protein levels. We
first determined the protein half-life of ZSCAN4 and elucidated the role of the ubiquitin
proteasome system in ZSCAN4 degradation. Importantly, our data indicate an interaction
between ZSCAN4 and the E3 ubiquitin ligase RNF20. RNF20 depletion stabilizes the
ZSCAN4 protein half-life, suggesting that RNF20 negatively regulates ZSCAN4
stability. Due to the crucial cellular functions of ZSCAN4, these results have important
implications in telomere regulation, stem cell biology, and cancer. Overall, our study
suggests that ZSCAN4 plays a critical role in maintaining the undifferentiated state and

survival of CSCs, indicating that ZSCAN4 is a potential therapeutic target in HNSCC.
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Chapter 1: Introduction

1.1 ZSCAN4

Zscan4 is an embryonic gene implicated in preservation of potency, telomere
elongation, and genomic stability [1]. Initially discovered in the mouse, ZSCAN4 is a
nuclear protein expressed exclusively during the 2 cell stage (8 cell stage in human) of
preimplantation development in vivo. ZSCAN4 expression is essential for
preimplantation development as knockout experiments delay progression from the 2 cell
to the 4 cell stage [2].

Appropriately named for its structure, ZSCAN4 (zinc finger and scan domain
containing-protein 4) encodes an N-terminal SCAN domain linked to four zinc finger
domains. SCAN domains, also called “leucine rich regions” (LERs), are highly
conserved motifs found in the C,H, subfamily of zinc finger proteins and function in
protein-protein interactions [3]. Zinc finger domains, short 30 amino acid sequences with
secondary structure stabilized by a zinc ion, are present in a broad class of versatile
nucleic acid recognition and binding proteins [4].

Consistent with its structure, ZSCAN4 has been demonstrated to both bind DNA
and interact with other proteins. The majority of ZSCAN4 studies have been completed
in mice. However, the murine and human ZSCAN4 share 78% homology in conserved

regions, suggesting similar function between species.

1.1.1 ZSCAN4 in Mouse Embryonic Stem Cells

ZSCAN4 is expressed heterogeneously in mouse embryonic stem (mES) cells in

vitro [5]. mES cells are derived from the inner cell mass of murine blastocysts. They are



unique in that they exhibit both unlimited self-renewal and pluripotent differentiation,
both of which ZSCAN4 has been shown to be a contributing factor [6].

ZSCAN4 has primarily been studied in relation to mES cell long term self-
renewal potential through its facilitation of telomere elongation. Expression of ZSCAN4
is associated with recovery of shortened telomeres, achieved through increased telomeric
recombination [7]. Further, ZSCAN4 localizes to telomeric DNA and interacts with
meiotic DNA repair proteins. Loss of ZSCAN4 results in mES cell telomere shortening
that eventually leads to culture crisis. Importantly, ZSCAN4 mediated telomere
elongation is independent of telomerase activity, suggesting a novel mechanism for
telomere elongation [1].

mES cell pluripotent differentiation potential is maintained through expression of
a network of pluripotency genes, facilitated by a decondensed chromatin state [8].
Remarkably, ZSCAN4 expression “bursts” are associated with a global derepression of
chromatin to a more open, euchromatic state. These bursts are associated with increased
open chromatin marks such as histone acetylation [9]. Unsurprisingly, ZSCAN4
expression improves the developmental potency of mES cells, likely through its
activation of other genes expressed during the two cell stage [10]. A recent study
demonstrated that the epigenetic impact of ZSCAN4 goes beyond pluripotency
preservation as ZSCAN4 expression inhibited DNA methylation maintenance in order to
facilitated mES cell telomere elongation [11].

Interestingly, mES cell expression of ZSCAN4 is transient, with only 5% of mES
cells expressing ZSCAN4 at any given time. Ultimately, every mES cell in culture will

activate ZSCAN4 [1]. Transient ZSCAN4 expression is characterized by short term



“bursts” that quickly subside, suggesting it is tightly controlled at the transcript level [9].
ZSCAN4 expression can also be triggered through a DNA damage response caused by
telomere shortening or DNA damage [12]. Recent evidence suggests ZSCAN4
expression is unique to a small and transient population of totipotent mES cells in long-
term culture [9]. ZSCAN4 is also regulated at the protein level and has a half-life ranging
up to 6 hours [12]. However, little else is known about the mechanisms involved in

ZSCAN4 protein turnover.

1.1.2 ZSCAN4 in Induced Pluripotent Stem Cells

Induced pluripotent stem (iPS) cells represent a relatively new type of pluripotent
and immortal stem cell. iPS cells are artificially reprogrammed or “induced” back from
differentiated adult cells to an immortal embryonic state capable of pluripotent
differentiation [13]. Therefore, iPS cells have tremendous potential in regenerative
medicine, disease modeling, and drug discovery. The utility of ZSCAN4 has repeatedly
been demonstrated in iPS cells.

iPS cells were first developed in mice through the addition of 4 transcription
factors (OCT4, SOX2, KLF4, cMYC) by Yamanaka (subsequently called Yamanaka
factors, or the core pluripotency factors). These cells were plagued by genomic instability
showing gene duplications, deletions and chromosomal abnormalities. Addition of
ZSCANA4 to the four Yamanaka factors drastically reduces genomic instability caused by
the DNA damage response and increases iPS cell generation [14]. iPS cells generated
with ZSCAN4 along with Yamanaka factors were shown to have longer telomeres and
generated iPS cell derived live born mice at a higher rate compared to cells generated

from Yamanaka factors alone. Further studies demonstrate that addition of ZSCAN4 to



the Yamanaka factors results in the induction of pre-implantation specific genes and
greatly improve iPS cell quality, as shown by OCT4 expression. ZSCAN4 can even
replace MYC, which is thought to be responsible for genomic instability, as a Yamanaka

factor [15].

1.1.3 ZSCAN4 in Cancer

Human ZSCAN4 has been understudied in comparison to its mouse homolog.
Nonetheless, studies have suggested it plays a role in human cancer for multiple reasons
[1, 16]. Cancers share many similarities with embryonic stem cells, including their
immortality and pluripotent gene expression signatures. While maintenance of telomere
length in cancer cells has been mainly accredited to the enzyme telomerase, alternative
lengthening mechanisms have been demonstrated [17, 18]. Based on studies from mES
cells, ZSCAN4 was suggested to play a role in telomere lengthening in cancer.
Furthermore, the ability of ZSCAN4 to activate early embryonic genes matches the role
that reactivated pluripotent factors play in cancer [19].

Recent unpublished data from the Zalzman laboratory has indeed demonstrated
that ZSCAN4 is re-activated in a range of cancers. Further evidence demonstrates that
ZSCAN4 expression is required for telomere maintenance and subsequently cancer cell
lifespan [20]. Due to its inactivation after embryogenesis, ZSCAN4 appears to be a bona

fide cancer target.



1.2 Cancer Stem Cells

1.2.1 Tumor Heterogeneity

Tumors are a highly heterogeneous tissue. Within a tumor, cells display a wide
range of phenotypic and functional differences, complicating both diagnosis and
treatment [21, 22]. Genetic and epigenetic variations, as well as variety in biochemical
processes, proliferative ability, marker expression, and response to therapy all contribute
to tumor heterogeneity [23]. Two models have predominantly been used to explain tumor
heterogeneity: the clonal evolution model and the cancer stem cell model [22].

The clonal evolution model (CE), also known as the stochastic model, theorizes
that increasing genomic instability and proliferation generate a heterogeneous population
of cancer cell that constantly acquire new mutations [24, 25]. An ongoing process of
Darwinian evolution selects for the best fit variants within the tumor environment.
Multiple subclonal populations throughout the tumor are constantly selected for, driving
tumor progression and heterogeneity [22].

The cancer stem cell (CSC) model describes a hierarchy of tumor cells similar to
normal tissue. In normal tissue, stem cells represent a rare, slow growing, and self-
renewing population capable of differentiation into progenitor and terminally
differentiated cells [23, 26]. Like normal tissue stem cells, CSCs represent a rare
population within the tumor capable of self-renewal and differentiation into mature tumor
cells. In the CSC model, the slow growing CSCs give rise to the rapidly dividing bulk
tumor population. The various stages of differentiation arising from the CSCs result in

tumor heterogeneity and development [27]. Unlike in the CE model, CSCs can be



identified and selected for, based on their unique properties. In principle, one CSC is
capable of giving rise to a new heterogeneous tumor.

However, the CE and CSC models are no longer considered mutually exclusive,
as tumor heterogeneity can be due to selection of CSC variants at different stages of
differentiation. Moreover, the CSC model has recently moved away from a strict
hierarchy to a more dynamic model where bulk tumor cells are capable of

dedifferentiation into a “CSC state” in response to cues from the tumor environment [21,

23, 28].
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1.2.2 CSC Background

Experimental evidence throughout the early to mid-20™ century identified many
cancers containing slow cycling, highly tumorigenic cells that could differentiate into non
tumorigenic types [29]. These cells were linked to normal tissue stem cells and thought to
account for tumor heterogeneity, treatment resistance, and cancer recurrence. However,
after cancer was established as a genetic disease in the 1970s, tumor heterogeneity was
predominantly explained by the CE model [30].

The CSC field reemerged in the mid-1990s when Dick and colleagues
demonstrated a distinct subpopulation of primary human acute myeloid leukemia (AML)
cells could be propagated in mice. Only the CD34'CD38" fractions, the same marker of
hematopoietic stem cells, could engraft and lead to AML. Furthermore, this tumor
initiating population was extremely rare, at a frequency of one cell per million [31].
Discovery of leukemia CSCs prompted research into other cancer types. The first CSCs
defined in solid tumors were in breast cancer by Al Hajj et al [32]. Similar to AML,
breast cancer tumors were found to be a heterogeneous population with a rare portion of
cells capable of initiating a tumor after serial xenotransplantation into mice. As few as
100 CD44"/CD24" cells were capable of recapitulating a tumor, while other phenotypes,
even in high numbers, were not. Since then, CSCs have been discovered in a variety of
cancers including brain, colon, lung, prostate, head and neck, melanoma, and ovarian [33-
39].

In order to generate a universal definition for cancer stem cells, the American
Association for Cancer Research convened a CSC workshop in 2006. The workshop’s

definition stated that, similar to normal tissue stem cells, CSCs represent of subset of the



tumor cells that have the capacity to self-renew and differentiate into a heterogeneous
tumor [40]. Also discussed were appropriate markers, experimental assays, and molecular

pathways responsible for CSCs, which are presented in more detail below.

1.2.3 Identifying CSCs

According to the CSC hypothesis, CSCs can be isolated based on identifying
characteristics and markers. Cell surface antigens and intracellular proteins have been
used in a variety of cancers as selection markers for CSCs, often in combination.

Hematological CSCs have typically been identified and isolated using CD34 and
CD38 cell surface markers [41]. Two prominent CSC markers in solid tumors include
CD44 and CD133. CD44, which is typically expressed in normal mesenchymal stem
cells, has been established as a CSC marker in breast, colon, head and neck, liver, and
prostate cancer [32, 34, 37, 42-44]. Likewise, CD133 has been used as a marker in colon
and prostate cancer, as well as in brain and lung cancers [33, 45-47]. Other CSC cell
surface markers such as CD24, CD90 have been used in a variety of cancers [48, 49]. By
using antibodies directed to these cell surface antigens, CSC populations can be selected
and enriched for experimentally. Intracellular proteins like transcription factors and
signaling pathway markers related to CSC function are often upregulated and can be used
as markers as well, though are more difficult to select for.

Cancer stem cell markers also include proteins that can be identified and selected
for through functional assays. Aldehyde Dehydrogenase (ALDHI) is a detoxifying
enzyme found to be upregulated in CSCs of multiple cancers. Cell populations with high
ALDHI activity, as measured by the Aldefluor assay, can be selected for [50]. Another

protein upregulated in CSCs, ATP-binding cassette (ABC) transporter proteins, can



rapidly efflux drugs and fluorescent dyes. The side population assay allows detection of
CSC fractions based on dye efflux measured by flow cytometry [51]. Due to their ability
to self-renew, CSCs can be also enriched for through in vitro spheroid formation assays.
Under non-adherent culture conditions with supplemented media, CSCs are capable of
proliferation, forming clonal three dimensional spheres, while the more differentiated,
bulk tumor population is unable to do so [52].

The defining trait of CSCs is their ability to propagate and form a tumor in vivo.
The gold standard assay in identifying CSCs from tumors is via serial xenotransplantation
into an animal model. CSCs are selected for by the above markers, xenografted into
immunocompromised mice and monitored for tumor formation. In order to demonstrate
self-renewal, cells are serially isolated from the tumor and grafted into a new mouse [40].
A bulk tumor cell will not be able to recapitulate a tumor while a selected for CSC can
develop into a differentiated and heterogeneous tumor. Many assays serially dilute the

injected cells in order to determine CSC frequency.

1.2.4 Molecular Pathways of CSCs

CSCs share the same defining qualities as normal stem cells in that they can self-
renew and differentiate, albeit abnormally. Expectedly, CSCs utilize signal transduction,
transcriptional, and epigenetic pathways that are typically attributed to adult and
embryonic stem cells. Adoption of these stem like programs accounts for CSC
tumorigenesis, metastasis, and treatment resistance.

Developmental signaling pathways such JAK/STAT, Notch, Wnt, and Hedgehog
are highly active in CSCs. Cross-talk between these complex pathways occurs regularly

in order to regulate and promote the CSC phenotype [53]. Stimulation of JAK proteins by



ligand binding results in association and activation of STAT regulated self-renewal and
neurogenesis [54]. JAK/STAT signaling and associated gene activation has been shown
to be highly upregulated in the CSC fraction of breast and prostate cancers [55, 56]. The
Notch pathway assists in normal stem cell proliferation and cell-fate determination and
has also been implicated several cancers [57]. The Wnt pathway, a highly conserved
pathway involved in tissue homeostasis and embryonic development, was demonstrated
to play a role in regulating CSCs of many cancers, including blood and breast [58, 59].
Another pathway essential for proper development during embryogenesis is the hedgehog
pathway. Aberrant Hedgehog activity has also been reported in CSC populations [60].
Other pathways like the PI3K/PTEN and NF-kB were shown to be dysregulated in CSC
populations [61, 62]. Additional signals from the tumor microenvironment, like
extracellular matrices, somatic cells, and the vasculature, contribute to activation of CSC
pathways [63].

Pluripotent transcription networks stimulated by signaling pathways also promote
the CSC state. Indeed, there is a strong link between pluripotency and tumorigenesis, as
embryonic stem cells inherently have tumorigenic potential [64]. The core transcriptional
circuitry that maintains pluripotent stem cells is regulated by transcription factors
POUSF1/0CT4, SOX2, and NANOG, all of which have been implicated in CSCs. These
master regulators are essential as they synergistically bind their target promoters,
generating an additive effect [65]. Oral cancer CSCs enriched for through spheroid assay
expressed high levels of OCT4 while SOX2 is highly expressed in melanoma stem cells
[66, 67]. NANOG is also expressed in high levels in CSC populations of several cancers

[68-70]. Pluripotent factors outside the core network, such as pluripotency
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reprogramming factor KLF4, have also been reported to play a role in maintaining CSC
populations [71]. As evidence of their role in cancer stemness, elevated expression of
pluripotency factors have become markers for CSCs [72].

In order to accommodate stem cell like transcriptional networks, CSCs must also
change their epigenetic state [72]. Epigenetics refers to alterations in gene expression
without direct changes made to the DNA sequence. This is accomplished through
mechanisms including histone modifications, DNA methylation, and non-coding RNAs.
Epigenetic changes have previously been linked to cancer and CSCs. Like in embryonic
stem cells, global histone acetylation and a subsequent open chromatin state seem critical
for CSC viability, as depletion of histone deacetylating enzymes reduces CSC numbers in
head and neck cancers [73, 74]. Other histone modifiers responsible for repression of
specific pro differentiation genes, such as the Polycomb group proteins, have been shown
critical in maintaining cancer stemness. Indeed, Polycomb group proteins BMI-1 and
EZH2 serve as CSC markers in squamous cell carcinomas [75, 76]. DNA methylation is
also critical for CSCs and global hypomethylation is important for cancer development.
DNA methylating enzymes are upregulated in multiple cancers and have been reported to
promote CSC maintenance in colorectal cancer [77]. Non-coding RNAs like microRNAs
and long non-coding RNAs have been demonstrated in promoting the CSC phenotype as
well [78, 79]. Due to their extensive role in CSCs and tumorigenesis, inhibitors of
chromatin and DNA modifying enzymes like DNMTs, HDACs, and EZH2 are currently

used in the clinic [80, 81].
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1.2.5 CSCs and Metastasis

Metastasis is the process by which cancer cells spread from the primary tumor to
form secondary tumors at distant sites. Critical to the process is a program where
epithelial cells transit to a mesesenchymal state, called the epithelial-mesenchymal
transition (EMT). The EMT program normally occurs during embryogenesis when
epithelial cells lose their polarity in order to migrate and form new tissues, or in adults,
during tissue repair. Reactivation of the EMT program has recently been linked to
acquisition of the CSC state [82]. Additionally, many similar pathways reactivated in
CSCs, such as developmental signaling programs and pluripotent transcription, have also
been implicated in EMT [83, 84]. In vitro, CSCs possess enhanced invasion and
migration abilities compared to bulk tumor cells, as assessed by scratch migration and
trans-membrane invasion assays [85].

The mesenchymal phenotype displays increased migratory ability and EMT plays
a role in many of the five steps of metastasis: invasion, intravasation, transport,
extravasation, and colonization. During invasion of the surrounding tissues, EMT
supports the degradation of the extracellular matrix and cellular junctions [86]. As the
migrating cells enter the blood and lymph vasculature during the intravasation step, cells
that have gone through EMT are capable of releasing proteases to allow transmigration
through the basement membrane [87]. Cancer cells of the CSC and mesenchymal
phenotype are more capable of surviving transport throughout circulation. Extravasation,
or penetration of the basement membrane of distant tissues, has been reported to utilize
similar pathways upregulated in CSCs [88]. The final step of metastasis requires enough

genomic plasticity to reverse the EMT process and colonize the secondary tissue.
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Evidence suggests that CSCs are inherently plastic enough to occupy and initiate a new

tumor in distant sites, whereas bulk tumor cells are not [89].

1.2.6 CSCs and Drug Resistance

While treatment options for patients continue to improve, cancer still accounts for
20% of all deaths in developed countries [90]. In various cancers, therapeutic resistance
and treatment failure has been attributed to CSCs. Many highly active developmental and
signal transduction pathways involved in self-renewal and metastasis confer drug
resistance attributes. Conventional cancer therapies target rapidly dividing cells actively
engaged in the cell cycle. However, it has been suggested that CSCs are intrinsically
slow-growing and quiescent, and can therefore evade elimination [91].

Additionally, compared to bulk tumor cells, CSCs have developed a number of
molecular mechanisms to resist conventional anti-cancer therapies like chemotherapy and
radiation. Drug efflux pumps are not just CSC markers but contribute to therapeutic
resistance. In normal tissues, transporters are expressed in low amounts and protect cells
from toxins. In cancer, however, drug efflux pumps such as MDR1 and ABCG2 are
upregulated and may facilitate the removal of genotoxic drugs from the cell [92]. Another
CSC marker, Aldehyde Dehydrogenase activity, has been shown to protect cells from
oxidative stress caused by genotoxic agents [93].

Cancer stem cells also upregulate anti-apoptotic proteins that confer resistance to
therapy. For example, quiescent leukemic stem cells were shown to highly express the
anti-apoptotic proteins BCL-2 and BCL-XL [94]. As genotoxic drugs and radiation

damage the DNA of cancer cells, CSCs have upregulated the DNA damage and repair
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response. In glioma, CD133" CSCs were more resistant to ionizing radiation and had

increased phosphorylation/activation of DNA damage response factors like ATM [95].

1.2.7 Implications of CSCs in cancer therapy

The existence of CSCs has substantial implications for cancer therapy. The CSC
theory suggests that CSCs are responsible for treatment resistance and tumor recurrence
as they survive conventional therapies like chemotherapy and radiation. New evidence
further indicates that traditional therapies induce selection pressure and thereby may
enrich for CSCs and increase in invasiveness and malignancy [96]. Accordingly, CSCs
have become major targets for drug design both in the lab and clinic [97].

While many molecular pathways protect CSCs from therapeutic intervention and
promote metastasis, they can also be exploited as CSC targets. Inhibition of CSC
dependent pathways like JAK/STAT, Wnt, Notch, and Hedgehog depletes self-renewal
and metastatic capabilities [98]. Several small molecule inhibitors have been identified
and developed, with many candidates entering clinical trials [99-101]. Sensitizing drug
resistant CSCs to current therapies can be achieved through inhibition of drug efflux
pumps and impairment of DNA repair pathways [102, 103]. CSC directed therapies also
target metastasis through inhibition of vascularization and disruption of CSC interactions
within the tumor microenvironment [104, 105]. Inhibition of epigenetic enzymes like
HDACs and EZH2 seeks to restore differentiation programs silenced in CSCs and induce
differentiation [76, 106]. Additionally, the growing field of immunotherapy harnesses the
immune system to recognize and kill the CSC population based on cell surface marker
expression [107]. New therapies must avoid off target toxicity in normal tissue stem cells,

as CSCs share many of the same pathways. Therefore, discovery of specific molecular
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markers and dissection of novel CSC pathways will allow for more efficient CSC
targeting.

Targeting the CSC population alone has the potential to treat many cancers.
However, multi-modal therapies that include CSC targeting along with conventional
genotoxic therapy to remove bulk tumor cells are becoming the standard of care [108].
Elimination of rapidly dividing bulk tumor cells through chemotherapy or radiation
decreases tumor burden while simultaneous targeting of CSCs may further prevent
recurrence and metastasis. Moving forward, therapies that go after multiple CSC targets,
along with genotoxic therapy, hold potential to improve patient outcomes [109].
Therefore, a better understanding of the CSC phenotype and the contributing pathways

are important for new drug discoveries.

A Hierarchic CSC model—conventional therapy
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Figure 1.2 Implications of CSC’s in cancer therapy (Adapted from Vermeulen et al,. Lancet Oncol,
2012) A, Conventional therapies are unable to kill CSCs, leading to relapse. B, CSC specific therapies kill
CSCs, preventing relapse.
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1.3 Head and Neck Squamous Cell Carcinoma

Cancers arising from squamous epithelium lining the mucosal surfaces of the
head and neck region are considered head and neck squamous cell carcinoma (HNSCC)
[110]. With presentation at distinct anatomic sites of the head and neck, including the
esophagus, pharynx, larynx, and oral and nasal cavities, HNSCC is a complex and
heterogeneous disease. As such, HNSCC, the sixth most prevalent cancer globally, poses
a major public health concern [111]. In the US alone, HNSCC constitutes approximately
fifty thousand new diagnoses and ten thousand deaths per year. The most important risk
factors include tobacco use, alcohol consumption, and infection with human papilloma
virus (HPV) [112]. Age is also a factor, as cancer rates remain low in children and young
adults, and peak after 50 years of age [113].

HNSCC is a progressive disease with tumors developing in multiple stages of
pathogenesis [114]. Throughout development, tumor cells accrue epigenetic and genetic
mutations, such as amplifications, deletions, rearrangements and point mutations, which
result in changes in protein expression [114, 115]. Accumulation of mutations,
duplications and deletions in oncogenes and tumor suppressors leads to dysfunction in
multiple cellular pathways. Alterations in pathways including cell cycle checkpoints,
proliferation, differentiation, survival, invasion and migration have been identified in
HNSCC[112].

Tumor staging, determined by the extent of the tumor, if it has spread to nearby
lymph nodes, and level of metastasis is an important prognostic factor that generally
determines treatment options [116]. Early detection holds a better prognosis; however,

only about one third of patients present with early stage disease. Most HNSCC patients
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present with later stage disease that has already metastasized to the lymph nodes [117].
Considering all stages together, only 50% of HNSCC patients survive beyond 5 years
[118].

Recent advances in single modality treatments like surgery and localized
radiotherapy have improved outcomes of early stage patients [119]. Multimodal
approaches combining surgery, radiotherapy, and chemotherapy are currently used to
treat locally advanced HNSCC [120]. Patients with recurrent and metastatic disease,
where surgery is no longer an option, are often placed on regimens of palliative
chemotherapy [110]. Novel, patient specific drugs, based on tumor profile have begun to
enter the clinic, such as EGFR inhibitors and antibodies [121]. As more HNSCC related
genes and pathways are identified, targeted therapies will increasingly enter the clinic.
However, survival of more advanced cancers remains low due to local recurrence and

more distant metastases.

1.3.2 CSCs in Head and Neck Squamous Cell Carcinoma

A subpopulation of cancer stem cells within HNSCC was first identified in 2007
by Prince et al [37]. Since then, the role of CSCs in head and neck cancer carcinogenesis
has been established. HNSCC CSC specific markers and pathways have been discovered
within primary tumor samples and among cell lines, allowing further studies into key
regulators and novel therapeutic interventions.

The first marker used to identify and isolate HNSCC CSCs was CD44. CD44
expression negatively correlates with overall survival in oral cancers while CD44" cells
isolated from tumors are capable of self-renewal and serial xenotransplantation [122].

Subsequent HNSCC CSC specific surface markers have been discovered including CD10
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and CD133, both of which correlate to increased expression of self-renewal and
pluripotency pathways [66, 123]. Evidence suggests these cell surface proteins are not
simply markers, but play an active role in CSC program.

Additional functional CSC markers have been identified in HNSCC. Activity of
the detoxifying enzyme Aldehyde Dehydrogenase (ALDH) is elevated in HNSCC cell
populations with increased tumorigenic, chemoresistant, and invasion and migration
capabilities [124]. Similarly, high expression of ABC drug transporters is associated with
oral cancer progression. Indeed, cells capable of dye efflux through ABC drug
transporters, are considered HNSCC CSCs [125]. Elevated levels of epigenetic
regulators, like BMI-1 of the polycomb repressive complex 1, have become associated
with the CSC population and poor prognosis [126].

The pluripotency master regulators OCT4, SOX2, and NANOG have long been
shown to be aberrantly active in HNSCC. All three factors are reactivated in HNSCC cell
lines and oral cancer patients with the worst survival prognosis correlate with high OCT4
and NANOG expression [127, 128]. More recently, these transcription factors have been
reported to play an active role in maintaining HNSCC CSC stemness. All three factors
are upregulated in spheroid forming fractions of HNSCC [129]. Both OCT4 and SOX2
expression has been detected in primary oral cancer CSCs and are associated with early
stage tumors [130, 131]. NANOG also displays increased expression in CSCs but
interestingly is associated with late stage disease [132].

The discovery of CSCs has important implications for HNSCC patients. Markers

such as CD44, ALDH activity, and pluripotency related factors may serve as important
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prognostic tools or therapeutic targets. Evidence suggests that targeting HNSCC CSC

populations could be effective in preventing metastasis and overcoming resistance [133].

1.4 Protein Turnover

Cellular protein levels are in a constant state of turnover. Continuous synthesis
and degradation leads to steady state protein levels and cellular homeostasis [134].
Indeed, protein turnover plays an important role in regulating cellular fitness [135].
Concentrations, as well as spatio-temporal gradients, of proteins must be able to rapidly
respond to both intra and extra-cellular cues and signals [136].

Protein turnover, or degradation, impacts a variety of basic cellular functions.
Protein degradation works to recycle amino acids required for synthesis of new proteins
and can generate active proteins through proteolytic cleavage or post translational
modifications [137]. Another primary role of protein degradation is to serve as an
intracellular quality control system through elimination of misfolded or damaged
proteins. Accumulations of misfolded proteins can create non-physiological interactions
with other proteins that are particularly harmful to the cell. Proteins are damaged in
multiple ways, including genetic mutation, translational error, toxic factors from the
environment, or intracellular toxic agents resulting from aging or disease. Damaged
proteins must either be quickly repaired or eliminated in order to prevent further harm to
the cell [138]. More recently, regulated protein degradation has been shown to control
complex cellular processes including metabolism, cell cycle, transcription, signal
transduction and apoptosis [135, 139].

Due to the amount of vital cellular functions influenced by protein turnover, it is

not surprising that dysfunction in protein degradation has been implicated in multiple
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diseases [134]. Aberrant protein stabilization or accelerated degradation of target proteins
removes them from steady state levels, precipitating disease. Neurological diseases are
the most intensively studied diseases related to dysfunction in protein turnover. In many
cases, aggregates of disease specific proteins are unable to be degraded. In diseases such
as Parkinson’s disease, mutations in specific effector proteins have been identified and
found linked to pathology [140, 141]. Other examples include Angelman syndrome and
Liddle syndrome [142, 143]. Disruptions in protein turnover have also been identified in
cancer, where stabilization of oncogenes and destabilization of tumor suppressors
contribute to malignancy [144].

Proteins have developed specialized functions and are therefore degraded at
widely different rates. The standard measurement is also known as protein half-life [145,
146]. Protein half-lives can range from just a few minutes to hours, in the case of
transcription factors and regulatory proteins, to up to multiple days for structural proteins
[138]. In order to control the various cellular functions regulated by protein turnover,
cells must precisely control protein half-lives. The two predominant degradation systems
in the cell responsible for regulating protein half-lives are autophagy and the Ubiquitin

proteasome systems.

1.4.1 Autophagy

Derived from the Greek meaning “self-eating”, autophagy is the process
responsible for degradation of long-lived proteins, protein aggregates, and organelles. In
typical cellular contexts, autophagy contributes to cellular homeostasis and quality
control through protein degradation [147]. However, in times of cellular crisis, like

nutrient starvation or oxidative stress, autophagy is increasingly activated as a protective
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means [148]. Furthermore, dysregulation of autophagy has been shown to contribute to
various disease states. Aside from its general role of protein degradation
(macroautophagy), autophagy also encompasses sub-pathways involved in degradation of
membrane bound cargo (microautophagy), mitochondria (mitophagy), and chaperone
associated proteins [147].

Autophagy is a non-selective process that depends on the formation of a double
membrane autophagosome [149]. Gradually formed out of a golgi like isolation
membrane called the phagophore, the autophagosome engulfs a portion of the cytoplasm
in order to take up its cargo [150]. Once its cargo is sequestered, the autophagosome
fuses with lysosomes to form the autolysosome, where lysosomal acid proteases
subsequently degrade its contents.

Key protein complexes involved in the initiation of autophagy include the ULK
complex (ULK1/2), the mammalian ATG proteins (Atgl2, LC3), and the class III
phosphatidylinositol 3-kinase complex (Beclin-1) [151]. The kinase mTOR (mammalian
target of rapamycin), when activated, is an upstream suppressor of autophagy. Negative
regulation of the mTOR pathway by AMPK or p53 signaling promotes autophagy.

Inhibitors of critical steps in the autophagy pathway allow for experimental
manipulation. For example, chloroquine is an agent that impairs lysosomal acidification
while bafilomycin Alis an antibiotic drug that inhibits autophagosome and lysosomal
fusion [152]. Administration of either inhibitor in cell culture inhibits autophagy and will
result in accumulation of autophagy specific proteins like LC3 and p62 [153]. If a protein

of interest is also accumulated, it is likely degraded by autophagy.
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Figure 1.3 Schematic of Autophagy (Adapted fromYang, et al. Curr Opin Cell Biol. 2011)

1.4.2 The Ubiquitin Proteasome System

The Ubiquitin Proteasome System (UPS) is a highly regulated apparatus
responsible for intracellular protein turnover and degradation [154, 155]. The UPS is a
selective process orchestrated by a series of ubiquitin enzymes specific to the pathway.
Generally, the UPS is responsible for degradation of proteins with shorter half-lives.
However, the role of the UPS has been demonstrated in the turnover of up to 90% of all
cellular proteins [156]. As the name Ubiquitin suggests, the UPS is involved in the
regulation of a wide array of biological processes including antigen presentation, DNA
repair, protein trafficking, epigenetic regulation, and cell cycle [154, 157].

The 26S proteasome is the large 2.5-MDa, ATP dependent multi-unit complex
that catalyzes protein degradation in the UPS. The proteasome is composed of a 20S
protein subunit, capped by two 19S regulatory subunits [158]. The proteolytic core,
responsible for ATP dependent peptide-bond hydrolysis of substrate proteins, is
contained in the barrel shaped 20S subunit. The 19S regulatory subunits recognize, de-
ubiquitinate, unfold, and translocate proteins destined for degradation into the proteolytic
core [159]. After proteasome processing, small 2-20 amino acid long peptides fragments

remain, which are then reduced to single amino acids by nearby peptidases [160].
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Proteasomes are present in high concentrations in the cell and are localized throughout
the cytoplasm and nucleus [161]. The proteasome has become a drug target, as
fluctuations in proteasomal activity and defects in function have been linked to a variety
of diseases [162, 163]. Experimental methods used to ascertain half-lives of proteins
degraded by the UPS also target the proteasome with inhibitors like MG132.

The ubiquitin gene encodes for a small, 76 amino acid protein weighing
approximately 8.5 kDa. Ubiquitin is covalently conjugated to lysine residues of substrate
proteins through an isopeptide linkage in a post translational process called ubiquitination
[164]. Substrates include a variety of cellular proteins, including other ubiquitin
molecules, which contain 7 lysine residues at Lys6, Lys11, Lys27, Lys29, Lys33, Lys48,
and Lys63. Enzymatic linkage of ubiquitin molecules, also known as polyubiquitination,
results in ubiquitin chains of varying length, structure, and function [165]. Examples
include Lysine 48 ubiquitination, which targets proteins for degradation by the 26S
proteasome, and Lysine 63 ubiquitination, which can activate transcription factors or
function in protein scaffolding.

Ubiquitination occurs through an enzymatic cascade in three steps: activation,
conjugation, and ligation. Each step is facilitated by a distinct ubiquitin enzyme. The
initial step, activation of the ubiquitin molecule by an ATP dependent E1 ubiquitin
enzyme, produces a ubiquitin-adenylate intermediate. Next, the activated ubiquitin is
transferred to the active site of an E2 ubiquitin enzyme via a trans(thio)esterification
reaction [166]. In the final ligation step, E3 ubiquitin enzymes facilitate the transfer,
either directly (HECT domain E3s) or indirectly (RING domain E3s), of the ubiquitin

molecule from the E2 enzyme to a lysine residue in the substrate protein. Successive
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rounds of the ubiquitination process result in ubiquitin chains [167]. The specificity of
ubiquitination increases with each step, as only two genes are responsible for El
ubiquitin enzymes and only 35 genes for E2 enzymes. However, there are well over six
hundred E3 ubiquitin ligases that recognize target substrate, thereby conferring
specificity to the UPS [168].

E3 ubiquitin ligases fall into two main structural families that differ in how
ubiquitin is transferred from E2 enzyme to substrate: the HECT (Homologous to the E6-
AP Carboxyl Terminus) domain and the RING domain (Really Interesting New Gene)
ligases [169]. HECT domain E3 ligases contain a catalytic cysteine residue that accepts
the ubiquitin molecule from the E2 ligase, forming a thioester intermediate. It is the
HECT domain E3 ligase that then directly transfers the ubiquitin to the substrate [170].
Approximately 30 HECT domain E3 ligases have been identified. Alternatively,
ubiquitination with RING domain E3 ligases is facilitated by E2 ligases. The RING E3
ligase simply acts as a scaffold between the E2 ligase and substrate [171]. RING domain
E3 ligases are the predominant family in mammals, with over 300 enzymes identified.
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Figure 1.4 The Ubiquitin Proteasome System (Adapted from Seissler, et al. Viruses. 2017)

g

198

20S

24



1.4.3 The E3 ubiquitin ligase RNF20

RNF20 (Ring Finger Protein 20) is a mammalian RING domain E3 ubiquitin
ligase that shares homology with BRE1 of S. cerevisiae. RNF20, in complex with
RNF40, is recognized as the main complex in monoubiquitination of the Lysine 120
residue of histone 2B (H2Bubl), a mark associated with actively transcribed genes.
RNF20 regulates transcriptional elongation via its cooperative interaction with the FACT
and PAF complexes [172]. In addition to transcription, RNF20 directed H2B
monoubiquitination facilitates repair of DNA double strand breaks through homologous
recombination, as well as mRNA end processing [173-175]. However, RNF20 E3
ubiquitin ligase activity is not limited to histone monoubiquitination, as it is also
responsible for sending several proteins to the proteasome for degradation via Lysine 48
polyubiquitination [176, 177].

As with other histone modifying enzymes, RNF20 and H2B ubiquitination status
play a critical role in the balance between stemness and differentiation. H2B de-
ubiquitination has been reported essential for Drosophila stem cell maintenance [178].
RNF20 directed H2Bubl is required for the differentiation of both embryonic and
multipotent stem cells through activation of pro differentiation genes [179]. Further,
increasing H2Bubl marks actively induces differentiation of stem cells. USP22, the
enzyme responsible for H2Bubl de-ubiquitination, is downregulated during this
differentiation process [180].

RNF20 is also involved in cancer, where it is suggested to play a role as a putative
tumor suppressor [181]. Indeed, H2Bubl levels are reduced in multiple cancers.

Downregulation of RNF20 promotes increased malignancy through selective gene
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expression in metastatic breast and parathyroid tumors [182, 183]. Interestingly, elevated
expression of USP22 correlates with a cancer stem cell phenotype in lung cancer [184].
RNF20 directed polyubiquitination of target proteins also suppresses tumorigenesis

through destabilization of cancer signaling pathways [176].

1.5 Scope of Work

Over the past two decades, the cancer stem cell hypothesis has become widely
accepted by the cancer field. Due to its therapeutic implications, new treatment targets
are continuously emerging. Of note, several developmental pathways and embryonic
transcription programs have been reported as critical for CSC tumorigenesis, metastasis,
and recurrence. The embryonic gene cluster ZSCAN4 has been found to play several
critical roles in preimplantation embryonic development and pluripotent stem cells [1].
Recently, the Zalzman lab has demonstrated that ZSCAN4 is reactivated in multiple
cancers, including HNSCC. However, a potential role of ZSCAN4 in cancer stem cells
has not been demonstrated.

In this work, we have determined mechanisms that regulate protein turnover and
important functions of ZSCAN4 in CSCs. We hypothesized that like other embryonic
factors, ZSCAN4 plays a role in maintaining the CSC phenotype. We developed three
types of HNSCC cell lines, with the appropriate isogenic controls, as tools to define the
role of ZSCAN4 in cancer stemness. The first was a cell line expressing a reporter gene
under the putative ZSCAN4 promoter that allowed us to monitor the cell populations
expressing ZSCAN4. The second were ZSCAN4 knockdown cells lines, and the third
allowed us to induce ZSCAN4 expression with the addition of tetracycline analog. We

next utilized CSC specific biochemical assays to determine the effects of loss and
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induction of ZSCAN4 on CSC properties both in vitro and in vivo. Chapter 2 presents our
findings.

While ZSCAN4 expression is transient, little is known about its protein half-life
or the mechanism(s) responsible for its turnover. Given the relevance of ZSCAN4 to
mES cell and CSC physiology, we next sought to examine how ZSCAN4 protein levels
are regulated. By controlling cellular translation, we determined the half-life of ZSCAN4
for the first time in human cells. Through inhibition of cellular degradation pathways, we
found the mechanism responsible for ZSCAN4 degradation. Finally, ZSCAN4 co-
immunoprecipitation and RNAi studies allowed us to identify and validate critical
regulators of ZSCAN4 protein levels. Our data is presented in Chapter 3.

However, key questions have been raised during the process, and are addressed in

Chapter 4, along with general conclusions and suggested future directions.
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Chapter 2: ZSCAN4 promotes survival and growth of head
and neck squamous cell carcinoma stem cells

2.1 Introduction

Cancers originating in the squamous cells that line the mucosal surfaces of the
upper aerodigestive tract of the head and neck are classified as head and neck squamous
cell carcinoma (HNSCC). HNSCC is a major public health concern, representing the
sixth most prevalent malignancy globally [111]. Despite progress in current treatment
options, HNSCC recurrence and metastasis overall has not significantly improved
survival over the past few decades, particularly in patients presenting with advanced
stage disease [121].

Recently, a subpopulation of cells within HNSCC tumors, termed Cancer Stem
Cells (CSCs), has been identified. CSCs, also known as tumor initiating cells, have the
ability to self-renew and efficiently elicit tumor formation [37, 66, 185-191]. These cells
present similarities to stem cells and are suggested to be the driving force of
tumorigenicity, contributing to an aggressive phenotype and tumor recurrence in multiple
cancers [191, 192]. Additional properties of CSCs include the ability to form spheroids
(tumorspheres) in non-adherent culture conditions [193] and resistance to genotoxic
drugs. HNSCC CSCs also maintain high expression of the surface marker CD44 [37, 191,
194, 195], the polycomb repressive complex members EZH2 and BMI1 [37, 75, 196,
197] and the core pluripotency related genes expressed in embryonic stem (ES) cells such
as OCT4, NANOG and SOX2 [66, 189, 198].

The Transcription factors OCT4, SOX2, and NANOG form a transcriptional network
responsible for the maintenance of ES cell self-renewal and pluripotent differentiation

potential [199]. Similarly, the early embryonic gene cluster Zscan4 is essential for the
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long term survival and preservation of developmental potency of mouse embryonic stem
(mES) cells [1, 10]. ZSCAN4 promotes genomic stability in mES cells and has been
shown to facilitate transcriptional reprogramming during the generation of induced
pluripotent stem (iPS) cells through activation of early embryonic genes [1, 9, 15]. In
combination with pluripotency transcription factors Oct4, Sox2, KIf4, and c-Myc,
ZSCAN4 promotes a higher efficiency of nuclear reprograming during generation of iPS

cell lines ¥

. ZSCAN4 is suggested to be involved in chromatin remodeling and
epigenetic regulation. Indeed, ZSCAN4 expression corresponds to epigenetic changes
such as histone H3 hyperacetylation, resulting in chromatin derepression that could
contribute to early gene activation [1]. Much like other embryonic and pluripotent genes,
the human ZSCAN4 has been proposed to have significance in cancer [16, 200].
However, to date, the function of ZSCAN4 in cancer has remained unknown.

Here we demonstrate ZSCAN4 as a novel cancer stemness factor. Our data
indicate that ZSCAN4 1is upregulated in head and neck squamous cell carcinoma
(HNSCC) cell lines and is enriched in and marks the CSC population. We show that
ZSCAN4 plays a critical role in promoting the CSC phenotype, as ZSCAN4
overexpression results in upregulation of CSC markers and the core pluripotency factors.
Further, ZSCAN4 expression alters the chromatin landscape and gene expression to a
profile more associated with embryonic stem cells, ultimately leading to a higher CSC
frequency in vitro and in vivo. Conversely, loss of ZSCAN4 leads to downregulation of
CSC markers and hypersensitivity to genotoxic drugs. Moreover, ZSCAN4 depletion

results in reduced ability to form tumorspheres in vitro and significantly affects xenograft

tumor growth in vivo. Overall, our studies indicate that ZSCAN4 is a critical factor for
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the maintenance of HNSCC cancer stem cells, suggesting it is a novel target for future

drug design and treatment of HNSCC.

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) [201]. 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
cell lines were 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 (Gibco / ThermoFisher Scientific), penicillin (100

U/mL), streptomycin (100 pg/mL; Gibco / ThermoFisher Scientific).

Generation of ZSCAN4 knockdown and controls cells. Two HNSCC cells (Tul67,
012SCC) were transfected with 1 pg 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 pg/ml Puromycin (ThermoFisher

Scientific). Knockdown was confirmed by immunostaining and by qPCR.
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Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR). RNA was
isolated with Trizol and 1 pg of total RNA was reverse transcribed by Superscript 111
(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 delta delta Ct method. A standard curve was made for reference gene by
serial dilutions of genomic DNA from 100 ng to 3.125 ng. The following primers were
used: ZSCAN4 forward 5’-ATCCACCTGCCTTAGTCCAC-3" and ZSCAN4 reverse 5’-
TCGAAGAACTGTTCCAGCCA-3°, RPLPO forward 5’-CAGCAAGTGGGAAGGTG
TAATCC-3’ and RPLPO reverse 5’-CCCATTCTATCATCAACGGGTACAA-3’, OCT4
forward 5’-TCTTCAGGAGATATGCAAAGC-3" and OCT4 reverse 5’-ATCCTCTCG
TTGTGCATAGT-3’, SOX2 forward 5’>CAAGGAGAGGCTTCTTGCTGA-3’ and SOX2
reverse 5’-CACAGAGATGGTTCGCCAGT-3’, and NANOG forward 5 AGCTACAAA

CAGGTGAAGAC-3’ and NANOG reverse 5’-TAGGAAGAGTAAAGGCTGGG-3".

Immunohistochemistry. Cells were fixed in 4% PFA for 10 min at room temperature.
Cells were permeabilized with 0.2% NP-40 for 10 min. Cells were then blocked for 10
min at room temperature in 1% BSA, 10% fetal bovine serum, and 0.2% Tween 20 and
incubated overnight at 4°C with the primary antibodies in a blocking solution: a Primary
antibodies (ThermoFisher Scientific) were incubated over night at the following
dilutions: mouse anti-ZSCAN4 (1:1000), mouse anti-NANOG (1:400), mouse anti-OCT4
(1:400), and mouse anti-SOX2 (1:100). Slides were incubated for 1 hour at room

temperature with secondary antibodies (Thermofisher Scientific; diluted in block
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solution): Alexa 488 Donkey anti Rabbit (1:400); Alexa568 Donkey anti mouse (1:800).
Nuclei were stained with DAPI (Roche Life Sciences) for 10 min at room temperature.
Scramble non-targeting (NTC) shRNA cells and empty vector cells were used as positive
controls. Additional controls were cells stained without primary antibody. Cells were

visualized under a Zeiss 510-confocal microscope.

Generation of pZSCAN4-mCherry cells

The region containing the ZSCAN4 promoter (2.5Kb upstream of transcription start
codon, and downstream 299 base pairs downstream) has been cloned into a lentiviral
vector (pEZX- LvPMO02). In this plasmid, the mCherry reporter gene and a puromycin
resistance gene have also been inserted downstream of the putative ZSCAN4 promoter.
One-way ANOVA of our qPCR results indicates a correlation between high mCherry and
ZSCAN4 expression (F(2=28.62; p<0.0005). A Tukey’s posthoc comparison suggests
that both negative (Neg) and low positive (Low-Pos) mCherry expressing cells have
lower ZSCAN4 levels compared to high positive (High-Pos) mCherry expressing cells

(p’s<0.01), validating a direct correlation between mCherry and ZSCAN4 expression.

Immunoblot

To detect endogenous ZSCAN4 in Tul67 cells, cells were harvested by accutase (Millipore).
Cytoskeleton buffer (10 mM PIPES, 300 mM sucrose, 100 mM NaCl, 3 mM MgClL, 1 mM
EGTA and 0.5% Triton X100) was used to fractionate cytosolic proteins. To isolate nuclear
lamina fractions, pellets were then lysed in urea solution (8 M Urea in 0.01 Tris pH 8 + 0.1 M

NaH,PO4) and sonicated. Equal amounts of protein were electrophoresed on 10%

polyacrylamide gels and transferred to a PVDF membrane. Membranes were blocked
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with 5% nonfat milk for 1 hour, incubated with the indicated primary antibodies for 2
hours at room temperature, rinsed, and then incubated with secondary antibody (1:5000)
for 1 hour. Secondary antibodies were visualized by ECL chemiluminescence

(ThermoFisher Scientific).

Antibody Company Dilution
ZSCAN4 Origene 1:1k
OCT4 BD Transduction Labs 1:1k
SOX2 Abcam 1:1k
NANOG Abcam 1:1k
BMI-1 Abcam 1:1k
EZH2 BD Transduction Labs 1:1k
H3K27ac Cell Signaling 1:1k
H3K56ac Cell Signaling 1:1k
H3K14ac Cell Signaling 1:1k
H3K18ac Cell Signaling 1:1k
H3K9%ac Cell Signaling 1:1k
H3 Cell Signaling 1:1k

Table 2.1 List of Antibody Dilutions.
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Tumorsphere Formation Assay

Monolayer cells were cultured in complete DMEM medium (Invitrogen) supplemented
with 10% fetal bovine serum (Atlanta Biologicals), 2 mM GlutaMAX (Invitrogen),
penicillin/streptomycin (50 U / 50 ug/ml; Invitrogen). Cells were harvested using
accutase (EMD Millipore), collected by centrifugation (500 RPM, 5 min), and replated at
density of 50,000 cells per well in 6 well ultra-low attachment dishes. The tumorsphere
growth was performed in DMEM F12 (Invitrogen), supplemented with 2% B27 serum
replacement (Invitrogen), 200 ng basic FGF (Affymetrix, eBioscience), 200 ng
recombinant human EGF (Biolegend), and 100 mg/ml Ampicillin (American
Bioanalytical). Tumorspheres were maintained in culture for the duration of 11 days. Size

and number of spheres were analyzed using ImageJ software.

Drug Treatment Assay

Cells were cultured in 2 cm” wells of 24 well plates (15,000 cells per well) for 24 hours.
Cells were treated in triplicate at multiple concentrations (0 ng-1600 ng) of Mitomycin C
(Sigma), Cisplatin (Sigma), or Bleomycin (Sigma). Cells were incubated in MMC: 8
hours, CPT: 24 hours or BLM: 3 days. Following treatment, cells were washed twice
with PBS and allowed to incubate in fresh drug free culture medium for 72 additional
hours. Wells were then incubated in 2.5 mg/ml MTT (Sigma) for 2 hours followed by
incubation with DMSO. Optical density (O.D) absorbance was measured on a plate

reader at 570 nm.

In vivo tumor growth

The in vivo experimental protocol conformed to the guidelines of the Institutional Animal
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Care and Use Committee of University of Maryland, School of Medicine (protocol #
0714014). Twenty three immune compromised NSG (NOD/SCID/IL2Ry-/-) [202] female
mice (Charles River), at 2 months of age, were subcutaneously injected into the flank
with 1 x 10° ZSCAN4 knockdown, non-targeting control (NTC) shRNA, or WT Tul67

cells.

Data analysis

Data were analyzed with individual t-tests, one-way ANOV As,or two-way ANOVAs
with repeated measure, as specified in figure legends. Significant interactions were
followed by Tukey or Bonferroni post-hoc comparisons when appropriate. STATSTICA
13 and GraphPad Prism 5 softwares were used for data analyses and formation of the

figures.

2.3 Results

2.3.1 ZSCAN4 is highly expressed in a fraction of HNSCC cells

In order to determine the expression of ZSCAN4 in HNSCC, we first screened a
panel of HNSCC cell lines (012SCC, SCCI13, Tul67, Tuls59) for ZSCAN4 by
quantitative reverse transcription PCR (qRT-PCR; Fig 2.1A) and immunoblot analysis
(Fig 2.1B). Our data indicate ZSCAN4 is expressed in HNSCC cells, while normal
human tissue controls are negative.

Prior studies in mES cells have shown that mZscan4 is transiently expressed in a
small fraction of cells in culture at a given time. However, with time ZSCAN4 expression
is gradually activated in all cells [200]. To study ZSCAN4 expression in HNSCC and to

enrich for ZSCAN4 expressing cells, a plasmid containing the mCherry reporter gene
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under the ZSCAN4 promoter (pZSCAN4-mCherry) was used to generate a lentiviral
vector. Two separate HNSCC lines (Tul67 and 012SCC) were stably transduced to
generate pZSCAN4-mCherry cells (Fig. 2.1C). We then sorted the cells by fluorescence
activated cell sorting (FACS) to collect mCherry negative cells and compared them to
low and high mCherry expressing cells. Our real time qRT-PCR analysis of ZSCAN4 in
the sorted cells validates a positive correlation between mCherry and ZSCAN4
expression levels (Fig. 2.1D). Our data indicate that the frequency of ZSCAN4
expression in cancer is similar to that in mES cells, as approximately 2.77+0.44% of the

012SCC cells and 0.7+0.03% of the Tul67 cells were mCherry positive (Fig 2.1E).
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Figure 2.1 Expression of ZSCAN4 is upregulated in Human head and neck cancers A, ZSCAN4 is
upregulated in HNSCC cell lines, as shown by qPCR and by B. Immunoblot analysis, whereas normal
human tonsil primary cell lines and normal human tonsil tissue controls from different donors are negative.
Error bars indicate S.E.M. C, A schematic illustration of mCherry reporter under the ZSCAN4 promoter
Lenti viral vector. D, ZSCAN4 expression correlates with mCherry expression as demonstrated by real-
time RT-qPCR assay. All data shown as mean+S.E.M. observed in triplicate in at least three independent
experiments. Asterisks indicate a significant difference from normal cells (a.) or from Neg (d.): *p<0.05,
**p<0.01, **p<0.001. E, FACS sorting of pZSCAN4-mCherry positive and negative cells
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2.3.2 ZSCAN4 marks tumorsphere forming cells in HNSCC

Cancer Stem Cells represent a rare portion of the tumor population [195]. Due to their
capacity for self-renewal, CSCs can be experimentally enriched for by their ability to
form spheroids (tumorspheres) in non-adherent culture conditions [188, 203]. Upon
tumorsphere formation, we found that 0.6%=0.06 of our Wild type (WT) Tul67 cells and
0.81+0.12% of our 012SCC cells possess tumorsphere-forming ability (Fig. 2.2A). After
8 days of tumorsphere formation, cells were collected to define ZSCAN4 protein levels
by immunoblot. We found that ZSCAN4 is elevated in tumorspheres compared to
monolayer controls (Fig. 2.2B).

Next, to determine if ZSCAN4 activity contributes to tumorsphere formation, we
used our pZSCAN4-mCherry cells (Tul67) to select for mCherry/ZSCAN4 positive cells
by FACS sorting and performed a tumorsphere formation assay. Our data indicate that
enrichment of the culture with high mCherry/ZSCAN4 positive cells leads to
significantly enhanced ability to form tumorspheres when compared to WT cells (p<0.01)
and mCherry negative control cells (p<0.01) (Fig. 2.2C-E). Positive mCherry expression
also correlates positively with spheroid size (Fig. 2.2D). Consistent with the upregulation
of ZSCAN4 observed during tumorsphere formation, we noted that some negatively
sorted cells were able to reactivate mCherry in the tumorsphere conditions (Fig. 2E).
These findings suggest that ZSCAN4 expression is enriched for within the tumorsphere

population and correlates with an enhanced ability to form tumorspheres.
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Figure 2.2 ZSCAN4 marks cancer stem cells in HNSCC A, Representative image of tumorspheres in
WT HNSCC cell lines Tul67 and 012SCC. B, Immunoblot analyses indicate that ZSCAN4 expression is
enriched for in tumorspheres. C, Tumorsphere formation assay show a total increase in the number of
tumorspheres in mCherry/ZSCAN4 (Tu-mCherry) positive cells compared to tumorspheres from mCherry
negative and tumorspheres generated from WT cells (parental). D, Classification of tumorspheres
according to size demonstrate a major increase in the larger tumorspheres. E, Representative images
showing ZSCAN4 expression marks cells with higher ability to form tumorspheres as FACS sorting for
mCherry (mCh) positive and negative and subsequent tumorsphere formation leads to significant increase
in the number and size of tumorspheres when compared to mCherry negative cells. All data shown as

mean+S.E.M. observed in triplicate in at least three independent experiments. Asterisks indicate a
significant difference from Tu-mCherry-Positive cells: *p<0.05, **p<0.01.
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2.3.3 ZSCAN4 expression promotes the CSC phenotype

CSCs harness pluripotency mechanisms to improve survival and have been
reported to display higher expression levels of OCT4, NANOG, KLF4 and SOX2 [66,
84, 188-191]. These core pluripotency factors have been shown to not only to mark
CSCs, but to promote CSC survival and self-renewal [19, 66, 204, 205]. Furthermore,
these factors are associated with higher grade HNSCC tumors and poorer clinical survival
[19, 204]. Importantly, ZSCAN4 has previously been found to activate early embryonic
genes in mES cells [10, 206]. Therefore, we next sought to study the effects of ZSCAN4
expression on CSC markers. To that end, we developed a lentiviral vector in which
ZSCAN4 expression is triggered by addition of doxycycline (Dox), a tetracycline analog,
to the culture medium. Our vector also included an rTTA fused to GFP and a puromycine
selection gene. We then generated Dox inducible ZSCAN4 HNSCC cell lines (Tul67)
that we named thereafter tet-ZSCAN4. A short induction of ZSCAN4 by incubation with
Dox for 48 hours resulted in upregulation of ZSCAN4 expression (in Tul67 cells). Our
data by qRT-PCR show that ZSCAN4 induction leads to significant upregulation of
OCT4 (p<0.01), NANOG (p<0.0001), KLF4 (p<0.01) and SOX2 (p<0.01) (Fig. 2.3A).
Our results were further validated in another HNSCC cell line (012SCC) (Fig 2.3B).
ZSCAN4 induction also increased the expression of the CSC surface marker CD44, as
indicated by immunostaining (Fig. 2.3C). These data indicate ZSCAN4 expression leads

to an upregulation of CSC markers, including pluripotent stem cell factors.

2.3.4 ZSCAN4 induction facilitates chromatin remodeling
To accommodate the transcriptional programs that maintain pluripotency, ES and

iPS cells adopt an open chromatin state [207]. Indeed, for efficient iPS cell generation,
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transcriptional reprogramming and reacquisition of an open chromatin state is required
[208]. Interestingly, murine Zscan4 expression has been found to correlate with more
efficient nuclear reprogramming during generation of iPS cells, as well as with
heterochromatin decondensation marks in mES cells, specifically through histone
hyperacetylation [14, 209]. To determine if expression of human ZSCAN4 leads to
similar epigenetic changes in cancer cells, we examined acetylation patterns on Histone 3
Lysine residues 9, 14, 18, 27, and 56 (H3K9ac, H3Kl4ac, H3K18ac, H3K27ac,
H3K56ac) after ZSCAN4 induction. We show by immunoblot analysis that acetylated
histone marks are significantly elevated, particularly on Lysine residues 14, 18, 27 and 56
(Fig. 2.3D). These data suggest ZSCAN4 induction leads to a global H3
hyperacetylation. Therefore, to explore further functional relations between ZSCAN4, its
effect of H3 hyperacetylation and gene expression we performed multiple chromatin
immunoprecipitation (ChIP) assays with antibodies specific to H3K27ac, H3K14ac. We
used as a negative control the antibody for H3K9ac, as our immunoblot data showed this
histone acetylation mark remained at comparable levels after ZSCAN4 induction. As our
results indicated that ZSCAN4 significantly affects NANOG expression, we chose to
examine its promoter region using ChIP-qPCR. Interestingly, while chromatin mark
H3K9ac was not enriched at the NANOG promoter, H3K27ac and H3Kl14ac were
significantly enriched for after ZSCAN4 induction (Fig. 2.3E). Our data suggest that
induction of ZSCAN4 leads to functional hyperacetylation at NANOG promoter,
suggesting its role in chromatin decondensation and promoting CSC factor expression

and phenotype.
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Figure 2.3 Induction of ZSCAN4 promotes the cancer stem cell phenotype. ZSCAN4 induction results
in a significant increase in A,B, pluripotency factors expression (OCT4, NANOG, KLF4, and SOX2) in
HNSCC cell lines C, frequency of cells presenting the CSC marker CD44 and D, histone acetylation
marks.. E, Enrichment of histone acetylations at the NANOG promoter after ZSCAN4 induction. Data
shown as mean+S.E.M. *** Asterisks indicate p<0.001.
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2.3.5 ZSCAN4 induction increases tumorsphere formation ability in vitro and the
frequency of CSC derived tumors in vivo

Along with an increase in CSC markers, our data indicate that ZSCAN4 induction increases
both the number and size of tumorspheres in vitro as shown by a tumorsphere formation assay
(Fig. 2.4A, B). In order to determine whether the observed increased in tumorsphere number and
size is accompanied by an increased frequency of CSCs, we employed extreme limiting dilution
assays (ELDA). HNSCC tet-ZSCAN4 cells (Tul67 and 012SCC) were treated, or kept untreated,
for 48 hours in Dox to induce the expression of ZSCAN4. Next, cells were harvested, serially
double diluted at concentrations starting from 1,000 cells per well to less than 1 cell per well and
then grown in non-adherent tumorsphere-promoting culture conditions. Tumorspheres were
counted after 5 days in culture per each dilution, and CSC frequency was calculated using ELDA
software [210]. Our results indicate a significant, 3 fold increase (p<0.003) in the frequency of
tumorsphere initiating cells following ZSCAN4 induction for 48 hours prior to tumorsphere

formation (Fig. 2.4C).

CSCs are ultimately defined by their ability to form tumors upon injection at
extremely low cell numbers into immune-deficient mice. To validate our data, and
determine the frequency of CSCs, we utilized the ELDA in vivo assay in the immune
compromised NSG (NOD/SCID/IL2Ry-/-) mouse xenograft model [202]. tet-ZSCAN4
(Tul67) cells were treated or untreated with Dox for 48 hours in culture and then injected
into the right and left flanks of NSG mice at concentrations ranging from 100 to 100,000
cells and monitored over 60 days (Fig. 2.5A). No Dox was given to the mice throughout
the experiment. Remarkably, our data indicate that ZSCAN4 induction dramatically
increases the frequency of CSCs. We found that injection of 100,000 cells in both

condition formed tumors after approximately 20 days. However, ZSCAN4 induction led
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to measurable tumors at dilution of 10,000 cells per injection more rapidly than untreated
cells. Further, extreme dilution to 1,000 cells show that ZSCAN4 induced cells have the
ability to form tumors, while the untreated cells at the same concentrations formed no
tumors for the duration of the experiment for 60 days (Fig. 2.5B,C). Our results by
ELDA software show that ZSCAN4 induction prior to inoculation increases CSC
frequency by approximately 6 fold (Fig. 2.5D). Overall, our data show that ZSCAN4
induction significantly increases CSC frequency both in vitro and in vivo and further

suggests a predominant role for ZSCAN4 in the promotion of the CSC phenotype.
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Fig. 2.4. ZSCAN4 increases tumorsphere formation. A. Induction of ZSCAN4 by addition of
Dox for 48 hours (Dox+), prior to generation of tumorspheres, in tet-ZSCAN4 Tul67 cells or B.
012SCC cells, significantly increases the number and size of tumorspheres compared to untreated
isogenic controls (Dox-) and to wild type (WT) Dox+. Asterisks indicate a significant difference
from isogenic untreated and WT cells: ** p<0.01, *** p<0.001, **** p<0.0001. C. Illustration of
in vitro extreme limiting dilution assay (ELDA) and results show that ZSCAN4 induction prior to
tumorsphere formation assay significantly increases the frequency of CSC; p<0.003.
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Fig. 2.5. ZSCAN4 increases CSC frequency and tumor formation. A ELDA in vivo: An
illustration of mouse xenograft ELDA to study CSC frequency by extreme limiting dilution
assay. B-D. To perform in vivo ELDA, tet-ZSCAN4 (Tul67) cells treated or untreated with Dox,
were injected subcutaneously into the right and left flank of NOD/SCID gamma immunodeficient
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inoculation (n=8 tumors), in NSG mice and allowed to form tumors for up to 31 days.
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2.3.6 ZSCAN4 is required for maintenance of the CSC phenotype and tumorsphere
formation

We next sought to determine the effect of ZSCAN4 depletion on cancer stem cell
marker expression. Our results by qPCR and immunoblot assay show that ZSCAN4
depletion in HNSCC results in downregulation of the same pluripotency factors that are
upregulated after ZSCAN4 induction (Fig. 2.6A,B). Next, we examined additional CSC
markers EZH2 and BMI1. EZH2 has been shown to be enriched in a variety of cancer
type CSC subpopulations, including HNSCC where it is required for CSC survival [76,
211]. BMI-1 is upregulated in multiple cancers where it promotes the CSC phenotype and
its expression correlates with poor prognosis [75, 196, 197]. Consistent with the
reduction in the core pluripotency markers, our results indicate significant decreases in

BMI1 and EZH2 (Fig. 2.6B). These data suggest that depletion of ZSCAN4 alters

HNSCC CSC potency.
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Figure 2.6. ZSCAN4 is required for the expression of cancer stem cell markers A, Real-time RT-qPCR
analysis of ZSCAN4 knockdown (KD) in Tul67 and 012SCC indicate that loss of ZSCAN4 results in
decease expression of the pluripotent stem cell factors NANOG, OCT3/4. and KLF4 compared to non-
targeting control (NTC) shRNA in isogenic HNSCC control cells. Asterisks indicate: *p<0.05, **p<0.01,
**%p<00.01 (t-test). B, Immunoblot analysis validate the reduction in pluripotency and CSC factors after
ZSCAN4 knockdown. Compared to wild type (WT) and isogenic cells expressing NTC-shRNA expressing
normal levels of ZSCAN4.
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To determine if ZSCAN4 is necessary for tumorsphere formation and survival of
cancer stem cells, we preformed tumorsphere formation assays in ZSCAN4 knockdown
cell lines and isogenic NTC-shRNA control cells. Our results indicate that ZSCAN4
depletion leads to a dramatic reduction in both overall tumorsphere number and size (Fig.
2.7A-C) (p<0.01). Further, ZSCAN4 knockdown leads to reduced ability to form large
spheres compared to both NTC-shRNA and Empty vector cells controls (Fig. 2.7C)
(»<0.0001). Our data suggest that the source of these effects lies in a reduced self-
renewal capacity to form spheres following ZSCAN4 depletion. Collectively, our data

indicate that ZSCAN4 is essential for the survival and self-renewal of HNSCC CSCs.
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Figure 2.7 ZSCAN4 is essential for tumorsphere growth and survival A, Representative images of
tumorspheres in ZSCAN4 control vs depleted cells. B, ZSCAN4 Knockdown (KD) results in fewer and C,
smaller tumorspheres when compared to both control cell lines (Empty and NTC-shRNA). 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=0.07
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2.3.7 ZSCAN4 depletion leads to hypersensitivity to genotoxic drugs

Another hallmark of CSCs is multi-drug resistance, a major factor contributing to
cancer recurrence (reviewed in [212]). Therefore, we examined the role of ZSCAN4 in
response to genotoxic drugs. To define the effect of ZSCAN4 on drug resistance, we
measured cell viability after increasing doses of the DNA damaging drugs in ZSCAN4
depleted and control Tul67 cells. Drugs tested include Cisplatin (CPT), one of the major
DNA crosslinking chemotherapeutic drugs used to treat HNSCC, Mitomycin C (MMC),
another DNA crosslinker, and Bleomycin (BLM), a radiomimetic agent. As shown in
(Fig 2.8 A,B), treatment of ZSCAN4 depleted cells with the crosslinking drugs MMC
and CPT results in significantly decreased cell viability compared to isogenic control
NTC shRNA cells. Treatment of ZSCAN4 depleted Tul67 cells with BLM, a
radiomimetic drug that simulates the DNA damage caused by radiation treatment,
resulted in dramatically reduced cell viability compared to NTC-shRNA isogenic controls
(Fig. 2.8C). These effects were confirmed by three separate two-way ANOVAs with
repeated measure of drug exposure providing significant cell line by drug exposure
interaction (MMC: F3y=5.46, p<0.05; CPT: F3y=9.8, p<0.01; BLM: F3y=85.7, p<0.0001).
Bonferroni posthoc tests for each drug verified significant reduction in cell viability
following ZSCAN4 depletion for each of the comparisons (all p’s<0.05). Altogether, our
data indicate that ZSCAN4 depletion leads to hypersensitivity to genotoxic drugs, further

implicating ZSCAN4 as a functional marker for CSCs.
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Figure 2.8 ZSCAN4 Depletion leads to hypersensitivity to genotoxic drugs. ZSCAN4 depleted cells
display hypersensitivity to genotoxic drugs when compared to non-template control (NTC) shRNA.
Increasing doses of A, Cisplatin (CPT), B, Mitomycin C (MMC), and C, Bleomycin (BLM) and their
viability was measured by MTT assay. 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.

2.3.8 ZSCAN4 depletion severely affects tumor growth

CSCs maintain an enhanced ability to form tumors [29, 192]. We therefore next studied
the impact of ZSCAN4 depletion on tumor formation in vivo using the immune
compromised NSG mouse as a xenograft model. We subcutaneously injected either 1 x
10° ZSCAN4 knockdown, non-targeting control (NTC) shRNA, or WT Tul67 cells into
the flanks of female NSG mice (Fig. 2.9A). Our data indicate that ZSCAN4 depletion
leads to a drastic tumor growth inhibition (Fig. 2.9B). WT and NTC shRNA control cells
display robust tumor formation within two weeks while knockdown cells take
approximately three weeks to reach a palpable size. After 32 days of growth, control
tumors reach an average size of 450mm’ while ZSCAN4 knockdown tumors present an
89% growth inhibition in tumor size. This observation was supported by a two-way
ANOVA with repeated measures analysis (F24=6.25; p<0.0001). A Bonferroni posthoc
test verified a significant difference in tumor volume between ZSCAN4 knockdown
treated group and the two control groups (NTC-shRNA: Days 20-31 and WT: Days 24-
31). Overall, our results suggest that ZSCAN4 depletion severely affects tumor growth in

Vvivo.
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Figure 2.9 ZSCAN4 depletion severely affects tumor growth
A, An illustration of mouse xenograft cancer tumor model. Cells were injected subcutaneously with either
ZSCAN4 Knockdown (n=10), or NTC-shRNA as controls (n=10) in NGS mice and allowed to form tumors

for up to 31 days. B, Mean+SEM of tumor volume (mm3) as measured at indicated days following
injection. Asterisks represent a significant difference between ZSCAN4 Knockdown and the other groups
at the marked days: * p<0.05, *** p<0.001. ZSCAN4 Knockdown cells were significantly smaller starting
from day 14 and continuously. C, Representative pictures of NTC-shRNA and ZSCAN4 depleted tumors
in 30 mm plates, harvested at the termination of the experiment.

2.4 Discussion

HNSCC remains a growing public health issue as its incidence is expected to
continue to rise worldwide [111]. Advances in single modality treatments of early stage
malignancy have improved some patient outcomes. Surgical and localized radio-
therapeutic innovations have led to improved tissue functionality and upgraded
reconstructive surgical procedures reduce defects caused by invasive surgeries [119].
However, late stage HNSCC, constituting over 60% of all diagnosed HNSCC cases,
remains difficult to treat [110, 120]. For locally advanced and metastatic HNSCC, multi-
modal treatment involving combinations of surgery, radiotherapy, and chemotherapy

have become the standard of care [110]. Unfortunately, these therapies have not
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significantly improved survival, with treatment failure attributed to local tumor
recurrence and metastasis [213]. Therefore, new therapeutic approaches are needed.

Recent studies have reported a population of CSCs within HNSCC tumors [214].
Here we demonstrate for the first time the critical role of ZSCAN4 in the maintenance
and promotion of HNSCC CSCs. We show that ZSCAN4 is highly expressed in HNSCC
cell lines and is limited to a small percentage of the total HNSCC population, much like
the CSC population. After selecting for ZSCAN4 positive cells, we observed both an
increase ability to form tumorspheres in vitro and a significant increase in CSC frequency
and tumor formation in vivo. Further, we observed higher levels of ZSCAN4 after
enrichment of the CSC population through tumorsphere formation assay. Altogether,
these findings suggest that high levels of ZSCAN4 mark the HNSCC CSC population.

Our findings suggest that ZSCAN4 not only marks CSCs, but that ZSCAN4
facilitates the CSC phenotype. Prior studies detail the function of ZSCAN4 in the
maintenance of pluripotent stem cells such as mES and iPS cells through activation of
early embryonic genes. Like ZSCAN4, embryonic factors OCT4, SOX2, and NANOG
are reactivated in cancer and have further been classified as CSC markers that regulate
self-renewal and contribute to tumor aggressiveness and metastasis. We demonstrate that
upon induction of ZSCAN4 in HNSCC, CSC markers including CD44 and embryonic
factors OCT4, SOX2, NANOG and KLF4 are upregulated.

Similar to findings in mES cells, ZSCAN4 expression led to a derepressed
chromatin state marked by histone hyperacetylation [209]. We found that a short
induction of ZSCAN4 leads to a global change in chromatin state as acetylation marks

increased on Lysine residues 9, 14, 18, 27, and 56 of Histone 3. We further found that

51



hyperacetylation was localized to the NANOG promoter. As in mES cells, open
chromatin in CSCs may contribute to maintenance of potency through activation of
embryonic transcription networks or could contribute to a more rapid DNA damage
response to genotoxic therapeutics [209, 215].

The ZSCAN4 induced CSC phenotype was also demonstrated by functional
assays. In vitro, ZSCAN4 induced cells increased the CSC frequency, as determined by
spheroid formation and ELDA. Remarkably, in vivo, ZSCAN4 induction increased CSC
frequency over 6 fold. These results demonstrate that ZSCAN4 increases the number of
CSCs in culture, leading to more robust tumors initiation in vivo.

Importantly, we demonstrate that ZSCAN4 maintains the CSC phenotype. Loss of
ZSCAN4 by gene knockdown leads to a decrease in CSC markers including pluripotency
factors and polycomb repressive complex genes. Moreover, upon the loss of ZSCAN4,
tumorsphere size and overall number was significantly reduced. Consistent with these
findings, ZSCAN4 knockdown leads to hypersensitivity to DNA damaging drugs
currently used in the clinic. Increased sensitivity to Mitomycin C, Cisplatin, and
Bleomycin after knockdown indicates a role for ZSCAN4 in drug resistance, another
CSC trait.

Remarkably and consistently, ZSCAN4 knockdown results in dramatically
reduced tumor formation ability in vivo. We observed an 89% growth inhibition in
knockdown tumors compared to control tumors, indicating that anti-ZSCAN4 treatment
could be effective on its own. Additional studies will be required to determine the

combined effects of genotoxic drugs and targeted ZSCAN4 inhibition in vivo.
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Our findings that ZSCAN4 marks, promotes, and maintains the most highly
tumorigenic population of cells suggest that it may serve as a unique target for
eradicating the most resistant cancer cells that underlie recurrence following HNSCC
treatment. While the current acceptable treatment for HNSCC following surgery consists
of radiation therapy or cisplatin treatment, our data suggests additional targeted inhibition

of ZSCAN4 could function synergistically to enhance its efficacy.
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Chapter 3: ZSCAN4 is negatively regulated by the ubiquitin-

proteasome system and the E3 ubiquitin ligase RNF20

3.1 Introduction

The embryonic gene Zscan4 (Zinc finger and SCAN domain containing 4)
promotes telomere and genomic stability in mouse embryonic stem (ES) cells [200].
Knockdown of Zscan4 in mouse ES cells results in telomere shortening and karyotype
abnormalities, slowing cell proliferation until reaching culture crisis. Zscan4 is highly but
transiently expressed [200], with protein expression bursts that facilitate chromatin
remodeling [9, 10] and transcriptional reprogramming during the generation of induced
pluripotent stem (iPS) cells [14, 15, 216]. A short expression burst of Zscan4 was further
demonstrated to replace Myc and enhance the efficiency of mouse iPS cell formation
through activation of early embryonic genes [15]. The human ZSCAN4 has been shown
to interact with factors important for telomere maintenance [16, 217], and has been
suggested to play a role in cancer [16, 200]. Given the important role of ZSCAN4 and its
transitory nature in the cell [2, 200], maintaining the delicate balance between its protein
synthesis and degradation is critical for stem cell and potentially cancer cell function.

Concentrations and spatial gradients of specific proteins must be able to rapidly
change in response to extracellular cues and according to current cell state [136]. Small
protein imbalances can drastically impact such important cellular processes. Therefore,
intracellular protein degradation and turnover play an important role in cell life cycle

[135]. Two major pathways responsible for the degradation of proteins in cells are
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autophagy and the ubiquitin proteasome system (UPS). Autophagy is the process
responsible for degradation of longer lived, structural proteins and organelles. This
process depends on the formation of a double membrane autophagosome, which takes up
its cargo and subsequently fuses with lysosomes, leading to degradation [147, 150]. The
canonical UPS is an ATP-dependent degradation pathway [156]. Proteins are marked for
proteasomal degradation by ubiquitin, a small 8.5 kDa regulatory protein, which is added
to lysine residues of the target protein. Polyubiquitination, or formation of a ubiquitin
side chain, specifically on lysine residue 48 of the ubiquitin moieties, targets proteins to
the 26S proteasome for degradation. The ubiquitination process involves three steps:
activation of the ubiquitin molecule by E1 ubiquitin enzymes, conjugation of ubiquitin to
an E2 ubiquitin ligase, and ligation of the ubiquitin molecule to substrate. E3 ubiquitin
ligases play a particularly important role as they connote substrate specificity and
facilitate the ligation of the ubiquitin molecule to the target protein [164].

Transient expression of high levels of Zscan4 [200] leads to acquisition of stem
cell properties and potency [9, 10]. Therefore, stringent regulation of the ZSCAN4
protein is required to effectively control its cellular functions. However, the regulation of
human ZSCAN4 protein, and more specifically its turnover dynamics, remains obscure.
As a growing body of evidence suggests a vital role for ZSCAN4 in stem cells and
cancer, knowledge of its protein regulation is critical. In this study, we demonstrate for
the first time that ZSCAN4 protein degradation is regulated by the ubiquitin-proteasome
system. Further, we identify the E3 ubiquitin ligase RNF20 as an important negative

regulator of ZSCAN4 protein stability.
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3.2 Materials and Methods

Cell Culture

Tul67 cells were obtained from the University of Texas MD Anderson Cancer Center
(Houston, TX, USA). All cell lines used in this study were grown in complete DMEM
medium (Invitrogen) supplemented with 10% fetal bovine serum (Sigma), 2 mM
GlutaMAX, penicillin (100 U/mL), streptomycin (100 pg/mL) and were tested free of

mycoplasma.

RNF20 knockdown by siRNA

Wild type (WT) Tul67 cells were grown in monolayer to 70% confluence and
transfected with 25 nM of either ON-TARGETplus individual siRNAs (targeting
sequences GCUAAACAGUGGAGAUAAU and GUAUCAUCCUUAAACGUUA) or
SMARTpool siRNA reagent targeting human RNF20 (Dharmacon). For non-targeting
control conditions, Tul67 cells were transfected with 25 nM MISSION siRNA
Fluorescent Universal Negative Control siRNA (Sigma,). Cells were transfected using
DharmaFECT reagent (Dharmacon) according to manufacturer’s instructions.

Knockdown was confirmed after 48h incubation by immunoblot.

Determination of ZSCAN4 half-life

WT and doxycycline (Dox) inducible tet-ZSCAN4 Tul67 cells were treated with 1ug/mL
Dox (or kept untreated) for 24h to induce ZSCAN4. For RNF20 knockdown, WT Tul67
cells were transfected for 48h with either NTC-siRNA, pool RNF20 siRNA or RFN20

siRNA1-2 as described above. Cells were treated with 25 pg/ml CHX (Sigma), for the
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indicated time points. Total cell lysate in RIPA buffer was loaded on 10% SDS PAGE gel
and immunoblotted with ZSCAN4 antibodies (1:1000; Origene;) or controls, B-actin
(1:1000; Millipore) and Lamin B antibodies (1:2000; Santa Cruz). Band intensities of
ZSCAN4 were quantified using Image] software [218] and normalized to controls. The
relative levels of ZSCAN4 in sample not treated with CHX was considered as initial level
of ZSCAN4 and considered as 1 unit. The half-life of ZSCAN4 was determined using

formula t1/2=In2/k (k is the slope of the degradation curve).

Autophagy Pathway Assay

tet-ZSCAN4 Tul67 cells were treated for 24h with Dox and then autophagy inhibitors:
5nM of Bafilomycin Al or 25 uM of Chloroquine (Sigma) were added for 24h. Whole
cell lysate (50 pg) in RIPA buffer was used on 8 % SDS-PAGE analyzed by immunoblot
to visualize the following antigens: anti-ZSCAN4 (1:1000; Origene), anti-p62 (1:5000;
Sigma), anti-LC3 (1:1000; CellSignaling Technology), Anti-Beta Actin (1:10,000;

Millipore). All data shown represent at least 3 independent experiments.

Immunoblot Analysis

Nuclear proteins were fractionated using Nuclear Extraction Kit following manufacture’s
protocol (Active Motif). Total cell lysate was prepared in RIPA buffer and sonicated. For
the detection of endogenous ZSCAN4 in Tul67 cells, cells were harvested by accutase
(Millipore) and Cytoskeleton buffer (10 mM PIPES, 300 mM sucrose, 100 mM NacCl, 3
mM MgCl, | mM EGTA and 0.5% Triton X100) was used to fractionate cytosolic
proteins. Then, pellets were lysed in urea solution (8 M Urea in 0.01 Tris pH 8 + 0.1 M

NaH,PO4) and sonicated. Nuclear proteins were electrophoresed in 8% polyacrylamide
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gels and transferred to a PVDF membrane. Immunoblot was performed using the
following primary antibodies: ZSCAN4 (Origene;1:1000), GAPDH (Santa Cruz; 1:5000),
Actin (Sigma; 1:500), Lamin B (Santa Cruz; 1:2000) and with HRP (horseradish
peroxidase) conjugated secondary antibodies (Millipore; 1:5000). Protein bands were
detected using Pierce ECL Western Blotting Substrate (Thermo Scientific). SuperSignal
West Femto (Thermo Scientific) was used to detect endogenous ZSCAN4 in Tul67 cells.

All immunoblots shown represent at least 3 independent experiments.

Ubiquitination Assay

WT Tul67 cells were treated with indicated concentration of MG132 for 3-12h. Cells
treated with vehicle only were used as controls. Nuclear protein was isolated using urea
extraction buffer. Then, 100 pg of nuclear lysate was diluted in IP-RIPA buffer with
0.1% SDS and denatured by heating to 90° C for 10 minutes. Samples were taken for co-

immunoprecipitation and immunoblot analyses.

Co-Immunoprecipitation

WT Tul67 were lysed in RIPA buffer and sonicated. Protein A/G beads (Invitrogen)
were incubated with 1 pg of anti-ZSCAN4 in 100 uL of RIPA buffer without SDS for 1h
at room temperature. Then, the beads were washed twice with RIPA buffer and
crosslinked to the beads with 5 mM BS3 solution (ThermoFisher Scientific) according to
manufacturer’s protocols. Then the beads were pre-cleared with 100 pug of nuclear lysate
in 100 pl IP buffer without SDS (Cell Signaling Technology) overnight at 4°C. Cell

lysates were loaded and bound antigens were eluted with 25 pL RIPA with 0.1% SDS
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and 25 pL of 2x loading dye. Proteins were separated in 10% SDS PAGE and

immunoblotted with corresponding antibodies.

Immunofluorescence Confocal Microscopy

Cells were fixed in ice cold methanol/acetic acid (3:1). The fixed cells were dropped on
microscope slides. Antigen retrieval was performed followed by blocking for 10 min at
room temperature. Primary antibody was incubated overnight at 4°C for the following
antigens: ZSCAN4 (Origene, 1:1000), RNF20 (Cell Signaling, 1:2000), and Ubiquitin
Lysine 48 (Millipore 1: 2000). The slides were washed and incubated with secondary
antibodies conjugated with Alexa-488 or 568 at room temperature for 1h and then treated
with DAPI and To-Pro-3 to stain the nuclei. Slides were mounted and visualized by a
Zeiss 510-confocal microscope. Co-localization analyses were performed by Imagel

software [218].

Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR). RNA was
isolated by Trizol (Life Technologies) and 1 pg of total RNA was reverse transcribed by
Superscript III (Invitrogen) following the manufacturer’s protocol. Then, 10 ng cDNA
was used per well in triplicates using SYBR green (Roche) following the manufacturer’s
protocol. Real time PCR was performed on LightCycler 480 (Roche). Fold induction was
calculated by the absolute quantification method. Primers used: ZSCAN4 forward 5’-
ATCCACCTGCCTTAGTCCAC-3’ and ZSCAN4 reverse 5’-
TCGAAGAACTGTTCCAGCCA-3’, and RPLPO reverse 5°-

CCCATTCTATCATCAACGGGTACAA-3’.
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Statistical analyses. All data and representative images shown are the result of at least
three independent experiments, with biological replicates. Student’s t-test, one-way or
two-way ANOV As with repeated measures were followed by Tukey’s posthoc
comparison tests (when appropriate) for statistical analyses. Statistical analyses were
performed with STATISTICA-12 and GraphPad-Prism7 software. All P values <0.05

were considered as statistically significant.

3.3 Results

3.3.1 ZSCAN4 protein turnover and half-life

Zscan4 expression is transient and limited to a small fraction of cells, suggesting
it requires tight regulation at the protein level. Interestingly, ZSCAN4 has been found to
be relatively stable in mouse ES cells, with a half-life of up to 6h [12]. While normal
physiological expression is limited to early stage embryonic cells, ZSCAN4 has been
shown to be aberrantly reactivated in cancer [16]. Therefore, we chose to study ZSCAN4
protein stability in the human head and neck cancer cell line Tul67. To determine
ZSCAN4 half-life, Tul67 cells were incubated with the protein translation inhibitor
cycloheximide (CHX) and ZSCAN4 concentration was monitored by immunoblot over
10h. The CHX chase assay indicates that ZSCAN4 protein half-life is 8.3h (Fig. 3.1A,
B).

ZSCAN4 is weakly expressed in the human cell line Tul67. Therefore, in order to
further study ZSCAN4 in these cells, we developed a doxycycline (Dox) inducible
ZSCAN4 lentiviral vector. We used this vector to generate inducible ZSCAN4 cells

(Tul67) and named them tet-ZSCAN4. Addition of Dox, a tetracycline analog, to the

60



media results in ZSCAN4 induction. Our immunoblot analysis reveals that ZSCAN4 is
induced in these cells as early as 12h (Fig. 3.1C) and as expected, is localized to the
nucleus (Fig. 3.1D). Using our tet-ZSCAN4 cell line, we then analyzed the stability of
the ZSCAN4 protein. Cells were treated for 24h with Dox and then incubated with CHX.
ZSCAN4 concentration was again monitored by immunoblot over 10h. Our CHX chase
assay indicates that the induced ectopic ZSCAN4 protein half-life of 8.0h is similar to the
endogenous ZSCAN4, suggesting its utility as a tool to further study ZSCAN4 stability
(Fig. 3.1E, F). These data together suggest that the stability of the human ZSCAN4 in

human cancer cells is similar to that of mouse ES cells [12].
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Figure 3.1 Human ZSCAN4 protein half-life and cellular localization. A. Immunoblot analysis of
ZSCAN4 in wild type Tul67 cells after treatment with the translational inhibitor cycloheximide (CHX)
results in decreased ZSCAN4 protein concentration. B. Protein half-life analysis indicates that endogenous
ZSCAN4 protein half-life is 8.3h. C. Immunoblot analyses show addition of Dox to medium for 0-48h
(Dox (h)) results in higher expression of ZSCAN4, and ZSCAN4-FLAG is induced as early as 12h. D.
Fractionation of the cells content to cytoplasmic (C) and nuclear (N) proteins, show the endogenous
ZSCAN4 (anti-ZSCAN4) as well as the FLAG-tagged ectopic ZSCAN4 (anti-FLAG), are localized to the
nucleus. E. Isogenic Doxycycline (Dox) induced tet-ZSCAN4 cells after treatment with CHX by
immunoblot and F. protein half-life analysis indicate that the ectopic ZSCAN4 protein half-life is 8.0h.
Images and results represent data of at least three independent experiments.
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3.3.2 ZSCAN4 degradation is proteasome dependent

We next sought to determine the pathway responsible for ZSCAN4 turnover and
degradation. We first examined the possible clearance of ZSCAN4 by autophagy. tet-
ZSCAN4 cells (Tul67) were incubated for 12h with autophagy inhibitors Bafilomycin
A1 and Chloroquine [150]. Our immunoblot analysis shows that both p62 and LC-3, two
proteins specifically degraded by autophagy, accumulate in the cells (Fig 3.2A). These
results indicate that the autophagy pathway was successfully inhibited. However,
ZSCAN4 levels remained unchanged (Fig 3.2A), excluding autophagy as the mechanism
responsible for ZSCAN4 turnover.

This prompted us to examine the UPS. We incubated tet-ZSCAN4 cells with the
proteasome inhibitor MG132 at multiple time points. Our data indicate a time dependent
accumulation of ZSCAN4 through the 12h incubation (Fig 3.2B). Furthermore, we show
a time dependence (Fig 3.2C) and a dose response (Fig 3.2D) to proteasome inhibition by
MG132. These data show that UPS inhibition results in ZSCAN4 accumulation and
suggests it is the pathway by which ZSCAN4 protein is degraded.

To exclude that the response was specific to the exogenous ZSCAN4 induction,
we treated wild type (WT) Tul67 cells with SuM MG132 for 0-12h. Our results validate
that endogenous ZSCAN4 accumulates with proteasome inhibition (Fig 3.2E). These
data indicate that both the endogenous and the induced ZSCAN4 proteins are not

degraded by autophagy but instead in a proteasome dependent manner.
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Figure 3.2 ZSCAN4 degradation is proteasome dependent A. Immunoblot analyses indicate that
inhibition of autophagy with Bafilomycin A1 and Chloroquine results in accumulation of autophagy targets
p62 and LC-3. However, ZSCAN4 was not affected. B. Overexpression of ZSCAN4 by Dox followed by
inhibition of the proteasome with the proteasomal inhibitor MG132 demonstrates ZSCAN4 accumulates in
the cells. C-D. Kinetics experiments show that accumulation of ZSCAN4 following proteasome inhibition
by MG132 occurs in a time and dose dependent manner. E. Similar studies performed in wild type (WT)
cells show the accumulation of the endogenous ZSCAN4 with the treatment of proteasome inhibitor
MG132 suggesting this pathway is significant for the regulation of ZSCAN4 protein.
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3.3.3 ZSCAN4 is marked for proteasomal degradation by lysine 48 ubiquitination

Proteins turnover allows for clearance of non-functional proteins. Proteins
destined for degradation by the proteasome are tagged by ubiquitin side chains [219].
Lysine 48 ubiquitin side chains, also known as K48 polyubiquitination, connote
specificity to proteasomal degradation [164]. Therefore, we next examined if ZSCAN4 is
lysine 48 polyubiquitinated by inhibiting the proteasome with MG132 for 12h in WT
Tul67 cells. Then, we selected for covalently bound K48 ubiquitin chains by performing
ZSCAN4 1P experiments in denaturing conditions. Following ZSCAN4 IP, we
immunoblotted with a lysine 48 ubiquitin (K48-Ub) antibody and observed a strong
ubiquitin signal at the 50 kDa molecular weight of ZSCAN4 (Fig 3.3A). Moreover, a
large smear above the 50 kDa band indicates ZSCAN4 with bound ubiquitin side chains
of varying lengths (Fig 3.3B).

To further validate the lysine 48 polyubiquitination of ZSCAN4 protein, WT
Tul67 cells were treated with or without MG132 for 5h and co-immunostained for anti-
K48-Ub and anti-ZSCAN4 (Fig 3.3C). Co-localization analysis indicates that about 5%
of ZSCAN4 co-localizes with K48-Ub in the untreated conditions, whereas this fraction
is 4 fold higher following 5h inhibition of the proteasome with MG132 (Fig 3.3D, E).
Our data suggest that ZSCAN4 is targeted to the proteasome via canonical lysine 48

polyubiquitination.
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Figure 3.3 ZSCAN4 is ubiquitinated on Lysine 48 (K48Ub) A. ZSCAN4 pull down assay by
immunoprecipitation (IP) of endogenous ZSCAN4 followed by ZSCAN4 immunoblot. B. Denaturing
conditions where used to demonstrate covalently bound ubiquitin followed by ZSCAN4-IP and
immunoblot with Lysine 48 specific ubiquitin antibody (anti-K48Ub). MG132 treated and cells indicate
that ZSCAN4 is polyubiquitinated. Untreated cells were used as controls. C. Representative images of
confocal microscopy analysis showing co-immunostaining in Tul67 wild type (WT) cells treated with
MG132 (+MG132) or untreated (-MG132) controls using anti-ZSCAN4 (green) and anti-K48 ubiquitin
(red) indicates the ubiquitinated form of ZSCAN4 co-localizes with K48Ub, suggesting its degradation in
proteasomes. D. Colocalization analyses with ImageJ show an increase in the number of ZSCAN4 foci
colocalized with K48Ub and E. the % of ZSCAN4 foci colocalized with K48Ub based on centers of mass-
particles coincidence following treatment with MG132 (+MG132) compared to untreated isogenic control
cells (Tul67). (n=6 per group and average of >300 foci analyzed per group.) Asterisks indicate * p< 0.05,
** p<0.01.
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3.3.4 The E3 ubiquitin ligase RNF20 negative regulates ZSCAN4 protein stability

To further characterize the ZSCAN4 ubiquitination mechanism, we performed
ZSCAN4 immunoprecipitation (IP) followed by mass spectrometry. Ranking atop the list
of interacting proteins, we found the E3 ubiquitin ligase RNF20. Co-IP for ZSCAN4
followed by RNF20 immunoblot validates that ZSCAN4 associates with RNF20 (Fig
3.4A). Immunofluorescence staining followed by confocal microscopy confirm the co-
localization between ZSCAN4 and RNF20, which also increases after ZSCAN4
induction (Fig 3.4B).

RNF20, also known as BRE], is an E3 ubiquitin ligase that has been implicated in
protein degradation [177]. Therefore, we next sought to study the effect of RNF20
depletion on ZSCAN4 protein stability. WT Tul67 cells were transfected with RNF20
RNAIi (siRNA) for 48h and compared to isogenic cells transfected with non-targeting
control (NTC-siRNA). Interestingly, our immunoblot analyses reveal that depletion of
RNF20 by SMARTpool siRNA, or independently by two different RNF20 siRNA
sequences, results in an increase in ZSCAN4 protein when compared to NTC-siRNA
(Fig 3.4C). Conversely, our quantitative reverse transcription PCR (qQRT-PCR) analysis
in the RNF20 knockdown cells excludes transcriptional regulation of ZSCAN4 by
RNF20 (Fig 3.4D). These results were validated in multiple independent experiments in
triplicates and suggest that RNF20 regulates ZSCAN4 levels in a post-translational
manner.

To determine the effect of RNF20 depletion on ZSCAN4 half-life, we preformed
protein half-life analysis by CHX following RNF20 knockdown (pool siRNA) in WT

Tul67 cells. As expected, the half-life of ZSCAN4 remains at 8.1h in NTC-siRNA
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transfected cells (Fig 3.4E, F). However, our data indicate that RNF20 knockdown
stabilizes ZSCAN4, as protein levels remained stable for the entire duration of the assay
(10h) (Fig 3.4G, H). Data was reproduced in three independent experiments (n=3;
p<0.001). These results suggest that RNF20 depletion leads to accumulation of ZSCAN4

protein and indicate that RNF20 negatively regulates ZSCAN4 protein stability.
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Figure 3.4 The E3 ubiquitin ligase RNF20 negatively regulates and interacts with ZSCAN4 A. Co-IP
of ZSCAN4 and immunoblot with anti-RNF20 displays interaction. B. Confocal microscope images in
untreated tet-ZSCAN4 cells (Dox-) show co-localization of RNF20 (red) and ZSCAN4 (green). DNA is
stained with DAPI (blue). Furthermore, co-localization increases following ZSCAN4 induction (Dox+). C.
Immunoblot analyses show successful RNF20 knockdown by SMARTpool siRNA and two different
siRNA (RNAi 1 and RNAi 2) compared to non-template controls (NTC). Conversely, RNF20 depletion
results in a significant increase in ZSCAN4. D. qRT-PCR analysis in RNF20 depleted by the indicated
siRNAs show no significant change in ZSCAN4 expression compared to NTC-siRNA controls. E-F.
Protein half-life analyses after treatment with CHX and immunoblot with corresponding antibodies indicate
that NTC-siRNA do not alter the ZSCAN4 protein half-life which remains about 8 h, yet, as shown in G-H.
Knockdown of RNF20 (pool siRNA) leads to stabilization of ZSCAN4 protein. All data shown represent
three independent experiments.

69



3.4 Discussion

ZSCAN4 plays a critical role in ES telomere regulation and genomic stability.
ZSCAN4 has been indicated as a nuclear reprogramming factor [9], and only a short
induction improves the developmental potency of ES cells. Previous reports have
suggested that the human ZSCAN4 is aberrantly activated in cancer [200], and interacts
with the shelterin components important for telomere stability [16, 217]. However, to
date, little is known about ZSCAN4 protein turnover or regulation.

Previous studies have shown that transient ZSCAN4 expression must be tightly
controlled in order to exert its important role in preservation of stem cell lifespan. This
suggests the importance of regulating ZSCAN4 not just transcriptionally, but more
importantly at the protein level. Here we show for the first time, the specific regulation of
ZSCAN4 protein turnover and the pathway through which this is achieved. Our ZSCAN4
degradation assay demonstrated that the half-life of ZSCAN4 is 8h. We show that
ZSCAN4 is not degraded by autophagy, but instead is regulated by a proteasome
dependent pathway. Our data reveal that inhibition of the proteasome results in
accumulation of ZSCAN4 in a time and dose dependent manner. Proteins are targeted to
the proteasome for degradation by ligation of ubiquitin side chains [154, 219].
Specifically, chains linked through lysine 48 ubiquitination serve as the signal for
proteasomal degradation. Our Co-IP assays confirm that ZSCAN4 is lysine 48
polyubiquitinated. These data are further validated by co-localization studies between
ZSCAN4 and lysine 48 specific poly-ubiquitin. Thus, we infer that the UPS plays a

critical role in modulating ZSCAN4 levels and activity in the cell.
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The enzymes responsible for specific ubiquitination of proteins are termed E3
ubiquitin ligases. E3 ubiquitin ligases facilitate the transfer of ubiquitin moieties by
bringing E2 ubiquitin conjugating enzymes and substrate into close contact [154]. Our
ZSCAN4 pull down assay followed by mass spectrometry identifies RNF20 as an
interacting E3 ubiquitin ligase. RNF20, also known as BREI, has been implicated in
epigenetic regulation [172, 220] and as a putative tumor suppressor in cancer [181].
RNF20 was also shown to promote the polyubiquitination and proteasomal degradation
of proteins [177]. Our data confirm the interaction between ZSCAN4 and RNF20 through
co-immunostaining and co-IP. Importantly, our results show that depletion of RNF20
does not affect ZSCAN4 RNA transcription, yet it leads to the accumulation and
stabilization of ZSCAN4 protein, suggesting it as a novel negative regulator of ZSCAN4
protein stability. Due to the important role of ZSCAN4 in the generation of iPS cells, our
results have important implications in telomere and genomic stability regulation, stem

cell biology, and cancer.
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Chapter 4: Conclusions, Perspectives, and Future Directions

4.1 Conclusions

Our results provide important insight into a new mechanism by which CSCs
maintain their capacity to self-renew and differentiate into a heterogeneous tumor. This is
the first study to report the role of ZSCAN4 in CSCs and our data suggests that ZSCAN4
is a novel regulator of the CSC phenotype.

We found that ZSCAN4 was enriched for and mark the HNSCC CSC population.
Remarkably, induction of ZSCAN4 increased the frequency of CSCs within HNSCC cell
lines. ZSCAN4 showed similar activity to its homolog in mES cells as induction led to a
rapid accumulation of open chromatin marks, many of which were localized to the
promoter regions of pluripotency transcription factors. Indeed, ZSCAN4 induction led to
increased expression of pluripotency factors and CSC stem cell markers. Furthermore,
extreme limiting dilution in vivo indicated that ZSCAN4 leads to a significant increase in
tumor forming frequency. Thus, we conclude that ZSCAN4 promotes the CSC
phenotype.

We further provided evidence that ZSCAN4 is essential in maintaining the CSC
phenotype. Knockdown of ZSCAN4 resulted in decreased CSC frequency and self-
renewal capability. Loss of ZSCAN4 led to decreased expression of CSC markers and
pluripotency factors, as well as increased hypersensitivity to genotoxic drugs. Finally,
knockdown of ZSCAN4 resulted in decreased tumor formation in vivo. Thus, ZSCAN4
appears to maintain the CSC population and be required for tumorigenesis in vivo. Due to

CSC derived tumor recurrence, new therapies targeting CSC factors are increasingly
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entering the clinic. As its knockdown resulted in decreased CSC maintenance and
increased sensitivity to conventional cancer drugs, ZSCAN4 is an attractive therapeutic
target.

Given the significance of ZSCAN4 as a critical cancer stemness factor, we next
chose to analyze ZSCAN4 protein turnover in cancer cells. Prior studies reported that
ZSCAN4 transcription is tightly regulated, but did not explore regulation of ZSCAN4
protein. Our results provide insight into the pathway and mediators that regulate
ZSCANA4 protein levels in human cancer cells. We determined the half-life of ZSCAN4
protein to be 8.0 hours. Interestingly, we found that ZSCAN4 is not degraded through the
autophagic pathway but via the ubiquitin proteasome system. ZSCAN4 is lysine 48
polyubiquitinated, a signal for proteasomal degradation. We provided evidence that
ZSCAN4 interacts with the E3 ubiquitin ligase RNF20, a putative tumor suppressor that
plays a role in protein degradation and cellular differentiation. Further, we demonstrated
that RNF20 negatively regulates ZSCAN4 protein stability, as knockdown stabilizes
ZSCAN4 levels. As RNF20 has been reported to mediate cancer suppression, analysis of
ZSCAN4 and RNF20 protein levels could be of diagnostic and prognostic value for

cancer patients.

4.2 Outstanding Questions and Future Directions

4.2.1 How is ZSCAN4 expression regulated in CSCs?

Our data show that ZSCAN4 protein turnover is controlled through the UPS and
regulated by the E3 ubiquitin ligase RNF20 (See Chapter 3). We also demonstrated that
ZSCAN4 expression is increased during spheroid formation through use of our reporter

construct. While ZSCAN4 expression is well characterized during embryonic
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development and in mES cells, there is still little known of the factors that control
ZSCAN4 expression in cancer and CSCs [221-223].

ZSCAN4 is expressed during the 2-cell stage in mouse embryogenesis and
subsequently quickly shut down, suggesting tight control [2]. In mES cells, ZSCAN4
expression is brief and limited to a small fraction of the cells at a given time. Evidence
suggests that DNA damaging agents and the PI3-Kinase pathway regulate ZSCAN4
expression in mES cells [12]. Additionally, telomere shortening could activate ZSCAN4
expression through the telomere positioning effect. Due to its localization at the distal end
of the g-arm of chromosome 19, telomere shortening could de-compact sub-telomeric
chromatin, making the ZSCAN4 promoter more accessible to the transcriptional
machinery [224]. While ZSCAN4 expression in adult tissue is low, recent reports suggest
that ZSCAN4 is activated in the presence of inflammation. DNA damage, the PI3-Kinase
pathway, and inflammation could play a role in ZSCAN4 expression in cancer as they
have all been implicated in cancer and cancer stem cells [27].

Data in our cancer cell lines with the ZSCAN4 reporter indicate that ZSCAN4
expression is indeed transient, as 100% positive mCherry/ZSCAN4 cells lose ZSCAN4
expression after 14 days. Further studies into mechanisms regulating the ZSCAN4
promoter in CSCs may elucidate the signaling mechanisms that govern ZSCAN4

transcription.

4.2.2 How does ZSCAN4 facilitate an open chromatin state?

In mES cells, ZSCAN4 expression correlates with a rapid opening and reset of the
chromatin state, as demonstrated by an increase of open chromatin marks [9]. Our data in

HNSCC shows that induction of ZSCAN4 also results in an increase of open chromatin
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marks and correlates with pluripotent expression. However, the mechanism by which
ZSCAN4 facilitates these epigenetic changes remains unknown. Through ZSCAN4
pulldown followed by mass spectroscopy, our lab has identified several histone
modifying and chromatin remodeling enzymes. Confirmation and functional exploration
of these interactions with ZSCAN4 is needed. As ZSCAN4 associated histone acetylation
promotes the CSC phenotype, inhibitors of histone acetylating and de-acetylating

enzymes currently used in the clinic could potentially destabilize the CSC state [225].

4.2.3 Is ZSCAN4 activity on telomeres mediated through its epigenetic effect on
telomeric chromatin?

ZSCAN4 has been predominantly studied in relation to its telomere elongation
function [1]. In mES cells, ZSCAN4 localizes to telomeres and promotes their elongation
through recombination. ZSCAN4 has been shown to elongate telomeres in induced
pluripotent stem cells as well. Interestingly, data from our lab demonstrates that ZSCAN4
promotes telomere elongation in HNSCC [20].

Like any other sequence, telomeric DNA 1is organized into chromatin, where can
fluctuate between an open and closed state [226]. In order for telomere elongation
machinery to access the DNA, telomeric chromatin undergoing lengthening typically
maintains a more open state. Our data showed that induction of ZSCAN4 promotes a
more open chromatin state and some of these open chromatin marks increase at
pluripotent gene promoters. However, future work should examine the chromatin
dynamics at telomeres after ZSCAN4 induction. Localization of open chromatin marks at

telomeres can be assessed by chromatin immunoprecipitation. If increased open marks
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localize to telomeres, their necessity in ZSCAN4 mediated telomere elongation can be

assessed via inhibition of histone modifying enzymes.

4.2.4 Is ZSCAN4 involved in DNA repair?

A major attribute of CSCs is an increased ability to resist traditional genotoxic
therapies. CSCs achieve this through multiple mechanisms, including rapid upregulation
of the DNA repair machinery [95]. In mES cells, ZSCAN4 contributes to genome
stability and is upregulated in response to DNA damage. Data previously generated by
our laboratory demonstrates that ZSCAN4 forms a complex with the DNA double strand
break repair enzymes MREI1A and RADS50. These enzymes are involved in two main
double strand repair pathways: homologous recombination and non-homologous end
joining [227]. Our data in HNSCC demonstrate that ZSCAN4 knockdown cells exhibit
hypersensitivity to double strand break inducing chemotherapeutic agents (See Chapter
2). Therefore, ZSCAN4 might play a role in DNA repair. Investigation into ZSCAN4
expression after DNA damage as well as identification of the repair mechanism by which
ZSCAN4 functions could potentially provide new avenues of therapeutic intervention in
the ZSCAN4 CSC mechanism.

While future efforts will explore the ZSCAN4 mechanism in more depth, the
work presented here uncovers a novel role for ZSCAN4 in cancer stemness. With
previous work on ZSCAN4 focused in mES cells we have shown that human ZSCAN4 is
critical for both the promotion and maintenance of CSCs. We further identified
previously undiscovered protein interactions that directly influence ZSCAN4 protein

stability and function. Along with limited expression after embryonic development, this
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new evidence substantiates pursuing a cancer therapeutic strategy that focuses on

targeting the ZSCAN4 pathway.
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