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The replication and differentiation capacity of stem cells (stem cell potency) are important
determinants in a variety of human diseases. Impaired potency of endogenous stem cells is
a contributing factor to aging-related diseases, including neurodegenerative disease. Cell
therapies, aimed at treating neurodegenerative disease, use exogenous stem cells, whose
efficacy varies based on their potency. Previous reports have demonstrated that
mesenchymal stem cells (MSCs), are a promising source for stem cell therapies in
neurodegenerative disease. We previously reported the generation of fully defined MSCs
from palatine tonsil (T-MSC) biopsies of less than 1g of tissue, with extremely high
efficiency compared to extraction protocols from other sources.

However, clinical applications of MSCs are still limited by low replication potential and
telomere shortening in cells derived from elderly individuals. Furthermore, after expansion
in culture, T-MSCs show a reduced ability to differentiate due to accelerated aging in vitro.

Therefore, methods to control survival and enhance the differentiation capacity of aged

MSCs are urgently needed for the scale-up needs of regenerative medicine. This is a key



obstacle to the engineering of cell therapies for neurodegenerative diseases, as cells not
only need to be able to self-renew, but also to efficiently differentiate for clinical
applications. In these studies, we first developed a procedure to generate neuron-like cells
from T-MSCs and defined their neurogenic potential. Our results demonstrate that T-MSCs
extracted from pediatric donors have high neurogenic potency for 6-10 passages, compared
to bone-marrow derived MSCs. Next, we assessed the potential of ZSCAN4, an early
embryonic gene associated with developmental potency, to increase the differentiation
potential of aged MSCs with the future goal of enhancing their efficacy for the treatment
of neurodegenerative diseases. Our data indicate that expression of ZSCAN4 in these cells
increases stem cell characteristics and their ability to differentiate to neural stem-like cells.

In the next part of our work we studied the mechanism of ZSCAN4, the effect of
its interaction with another factor, RNF20, and their mutual significance to pluripotency
gene expression in cancer cell lines. Aberrant increases in stem cell potency factors in a
small number of transformed tumor cells, creates a sub-population of Cancer Stem Cells
(CSCs). Such cells are responsible for seeding metastases and driving tumor
aggressiveness, while being comparatively slower growing and more resistant to radiation
and common chemotherapies, versus bulk tumor cells. Thus, methods to reduce stem cell
potency in cancers may be beneficial. Previous findings in our lab show that ZSCAN4,
while not normally expressed in post-embryonic human cells, is expressed in human
cancers and cancer cell lines, leading us to theorize that ZSCAN4 may be mediating the
cancer stem cell phenotype in the same manner it has been reported to regulate stem cell
potency in pluripotent stem cells. Our results indicate that ZSCAN4 expression is

associated with cancer stem cells, and enhances pluripotency gene expression in cancer



stem cells. We further found that while ZSCAN4 can exert epigenetic effects
independently of RNF20, both proteins need to be present for ZSCAN4’s effects on
telomere length and expression of pluripotency genes.

Altering stem cell potency is important in regenerative medicine, where increased
stem cell potency is desirable, and for oncology, where reduced stem cell potency is sought.
Our results indicate that ZSCAN4, whose expression is otherwise restricted to early
development, positively regulates stem cell potency when expressed in either T-MSCs or
in cancer cell lines. Thus, ZSCAN4 is a promising target for use in regenerative medicine

and inhibition in cancers.
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Chapter 1: Introduction

1.1 Stem Cells

Stem Cells are developmentally primitive cells characterized by their ability to self-renew
and to differentiate into more specialized lineages of tissue specific cells. The range of
specialized cells that a stem cell is capable of differentiating into is called stem cell
potency. Stem cell potency varies widely, from a totipotent zygote, capable of
differentiating into any embryonic and extraembryonic cell type, to more lineage-
restricted multipotent stem cells such as neural stem cells or mesenchymal stem cells (1).
Endogenous stem cells play crucial roles in early development, as cells differentiate from
totipotent stem cells to pluripotent stem cells, to germ layer-restricted multipotent stem
cells and finally tissues-specific cells and their progenitors, which are cells with a limited
capacity for self-renewal and are lineage-restricted to one type of mature cell (Figure 1).
This process of progressive differentiation in development can be mimicked in vitro with

cultured stem cells.
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Figure 1: Stem cell hierarchy of potency

The most potent cell is the fertilized egg, which then develops into the blastocyst. Pluripotent stem cells can
be derived from the inner cell mass which, like in the gastrula, can generate the three germ layers: the
ectoderm, mesoderm and the endoderm. These cells are multipotent and can generate many lineage-specific
stem cells, which in turn, can differentiate to tissue specific stem cells and finally to terminally differentiated
functional cells.

1.1A. Stem Cell Phenotype

Aside from their ability to self-renew and to differentiate, stem cells can be characterized
by several other attributes. The stem cell phenotype can be distinguished by distinct gene
expression patterns, governed by generally loose, accessible DNA, as well as by relatively
long telomeres, a bulwark against attrition during cell division. These aspects are

intertwined and co-dependent, with all three working in concert to maintain cell stemness.

1.1.B. Pluripotent Stem cells
In vitro Pluripotent Stem Cells (PSCs) are either derived from early embryonic tissue
(embryonic stem cells or ESCs) or can be engineered by a de-differentiation process from

2



mature cell types (induced Pluripotent Stem Cells or iPSC). These cells are capable of
surviving, proliferating and, importantly, retaining their stem cell potency in cell culture
conditions. Their undifferentiated state can be maintained across hundreds of cell divisions
by the use of serum-free media and the presence of either exogenous growth factors or
“feeder cells” that secrete them. Withdrawal of these factors results in PSC differentiation
(2) to form embryoid bodies, which are 3D structures consisting of lineage-restricted stem
cells from all three germ layers (endoderm, mesoderm, ectoderm) (3). By altering the
composition of culture media during and after embryoid body development, one can select
for cells of a particular lineage. For instance, co-inhibition of TGF-B and BMP signaling
skews embryoid bodies towards the ectodermal lineage at the expense of endoderm and
mesoderm, while also inducing differentiation from ectodermal stem cells to yet more
restricted neural stem cells (4). Similar approaches can be used to generate a vast variety
of cell types from each germ layer (5, 6) As a result, PSCs can be used to generate nearly

any cell type needed for either research or therapeutic purposes.

1.1.C. Multipotent Stem Cells

Multipotent Stem Cells are more lineage-restricted, less potent stem cells either found in

post-embryonic tissues or generated in vitro by partial differentiation of PSCs as mentioned

above. Multipotent stem cells exist in a variety of tissues, such as intestinal stem cells in

intestinal crypts, responsible for the regular re-generation of intestinal epithelium (7).
Mesenchymal Stem Cells (MSCs) are a type of multipotent stem cell that (at least

classically) are restricted to the mesenchymal lineages of bone, fat, cartilage, and muscle

(8). MSCs are derived either from developmental mesoderm or neural crest cells



(ectoderm-derived) (9). MSCs exist perivascularly (pericytes), lining the blood vessels of
many tissues (8). In vivo, MSCs typically exist as quiescent cells which can be activated
by local environmental cues (typically injury) to proliferate, secrete immunomodulatory
factors, or differentiate in an effort to repair or replace damaged cells. Ex vivo, MSCs can
be extracted from various tissues and cultured adherently. MSCs have been reported from
bone marrow (10), adipose tissue (11), skin (12), skeletal muscle (13), dental pulp (14),
and fetal/neonatal tissues like amniotic fluid (15), or umbilical cord (16). Recently, MSCs
have been generated from tonsil tissue, both by our lab and others (17, 18). Interestingly,
MSCs have been reported to generate a variety of cell types outside of the mesenchymal

lineages, such as liver cells, pancreatic cells, and neural cells (19-21).

1.2 Epigenetics

As stem cells and their progeny share the same DNA, the differentiation process involves
major epigenetic changes to the chromatin, in order to open or close tissue specific
programs. Epigenetics is the study of the changes to the structure of the chromatin without
changes in the DNA sequence. Unlike the relatively loose and unstructured genome of
prokaryotes, eukaryotic DNA exists in complex with structural scaffold proteins known as
histones. Histones are globular proteins that form a hetero-octamer of two H2A-H2B
dimers and a tetramer of H3-H4 proteins. Together, this histone octamer interacts with the
DNA, resulting in a more structured genome. Histones have high abundances of positively
charged amino acids (Lysines and Arginines) that generate an overall positive charge to

the octamer, enabling electrostatic interactions with the negatively charged DNA.



1.2.A. Histones Acetylation and Chromatin Accessibility

Changes in the charge of histones affects the strength of the interaction between them and
their associated DNA. The N-terminal tails of the histones are generally outward facing
and can undergo post-translational modifications by cellular enzymes. The amino acids
Serine, Threonine and Tyrosine can be phosphorylated, while Lysine and Arginine can be
methylated (mono-, di-, or tri-) or acetylated. The addition of a phosphate group strongly
dispels the electrostatic interactions between DNA and histones and results in loosely
bound DNA. The addition of acetyl groups serves to reduce the positive charge of the
histones and results in a less dramatic, though still substantial loosening of the DNA-
histone interaction. Histone acetylation is promoted by histone acetyltransferase (HAT)
enzymes and antagonized by histone deacetylases (HDACS), the expression and activity of

these two classes thus underlie total acetylation levels in the cell (22).

1.2.B. Histone Mono-ubiquitylation

In a separate category is histone mono-ubiquitylation. While less studied than histone
acetylation, some histone lysines can also be mono-ubiquitinated, with an E3 ubiquitin
ligase attaching an 8.6kDa ubiquitin molecule to a lysine. While, like acetylations, this
does serve to mask the basic charge of a histone, the bulk of its effect is actually due to
steric interactions between nucleosomes. Nucleosomes can be understood as “beads on a
string” with stretches of free DNA between nucleosomes (Figure 2). In tightly packed
DNA, nucleosomes are effectively stacked adjacent to one another with little spacing and
resultantly, little accessibility for transcription. The addition of a ubiquitin molecule to a

histone serves to sterically break up that tight stacking (“ubiquitin crowbar”) and increase



separation between nucleosomes (23) (Figure 2). Ubiquitylation of histones is performed
by E3 ubiquitin ligases (RNF20/40, RING1A/1B) and antagonized by deubiquitnases
(BAP1, UBP8) the balance between their respective activities dictating the level of histone

ubiquitylation in a given cell (24-26).
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Figure 2: Overview of nucleosome structure.

DNA exists in complex with an octamer of histone proteins, forming a nucleosome. The strength of the
interaction between the DNA and histone proteins is dictated by relative levels of histone acetylation. The
relative spacing between the nucleosomes themselves is mediated by histone mono-ubiquitylation.

1.2.C. Histone Modifications and Gene Expression

The aforementioned histone acetylation and ubiquitylation govern the relative compaction
of chromatin and therefore, its accessibility for gene expression. In addition to these marks,
histones can be methylated with 1, 2, or 3 methyl groups (mono-, di-, or tri-methylation).
Unlike acetylation, histone methylation does not alter the underlying charge of the histone

and therefore does not affect the compaction of the chromatin directly (23). Depending on
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their location on a histone tail, methylations can either be repressive for gene expression
or facilitative. Tri-methylation of Histone H3 at lysine 4 (H3K4Me3) for example is
activating and is believed to function in the recruitment of chromatin remodeling enzymes,
as well as the recruitment of RNA polymerase Il to transcriptional start sites of genes(24)
Conversely, Tri-methylation of Histone H3 at lysine 9 (H3K9Me3) is repressive, serving
as a scaffold for additional histone methylases, DNA methylases, and transcriptionally
repressive proteins (24). Histone methylations are performed by Histone
methyltransferases (KMTSs) and removed by histone demethylases (KDMs) the balance of
which, akin to that in histone acetylation and ubiquitylation, is responsible for overall

histone methylation levels in the cell.

1.2.D. DNA Methylation

Finally, there is one epigenetic modification that occurs on DNA itself, not the histones.
DNA can be methylated on the 5-carbon of the base cytosine, resulting in 5-methylcytosine
(5mC). DNA methylation is strongly repressive for gene expression, acting to inhibit the
binding of transcription factors to promoters, inhibit the binding of RNA polymerase, and
to further prevent RNA polymerase processivity in the event it does bind(24, 25).
Methylated DNA further recruits methyl binding domain proteins (MBD1, MBD?2, etc.)
which serve to recruit additional repressive proteins and sterically inhibit transcription
factor and RNA polymerase binding to genes(26). DNA methylation levels are maintained
by the balance of DNA methyltransferase (DNMTs) and DNA demethylase (TET
enzymes) activity. Thus, while histone acetylation and ubiquitylation affect the

accessibility of DNA, and thereby gene expression, directly by altering DNA-histone



interaction strength, histone methylation and DNA methylation can affect gene expression
indirectly by recruitment of activating or inhibitory factors. The balance of all of these
effects in a given cell and at a given gene loci, determine whether, and to what extent, a

gene is expressed.

1.2.E. Stem Cell Epigenetics

Stem cells are characterized by globally open, transcriptionally accessible chromatin. This
phenotype is facilitated by high levels of histone acetylation and low levels of repressive
histone methylation, together contributing to a globally transcriptionally accessible
genome. This open chromatin phenotype is maintained by the balance of enzymes
responsible for the modification, or removal of, histone modifications. In order to maintain
the epigenetic phenotype of open, accessible chromatin, stem cells either express high
levels or have high activity of KATs, KDMs, and E3 Ubiquitin ligases, and low levels or
low activity of HDACs, KMTs, and DUBs. With loss of stem cell potency (due to
differentiation or cellular aging) this balance is shifted, leading to an epigenetic phenotype
of progressively closed chromatin (27-29).

The local epigenetic environment is even more important for the stem cell
phenotype. The chromatin state at the genes regulating pluripotency is an important
regulator of their expression. Expression of the core pluripotency factors NANOG, OCT4,
and SOX2 are regulated epigenetically, by a combination of histone acetylation, histone
methylation, and DNA methylation (30-32). Interestingly, expression of the core
pluripotency factors has been reported to reciprocally regulate the epigenetic state of the

cell, through regulation of chromatin modifiers (33).



Likewise, the chromatin status at telomeres is an important arbiter of telomere
length. Telomere length depends on the relative accessibility of telomeric chromatin to
extension machinery (34). The more open, accessible state of telomeric chromatin in stem
cells thereby enables telomere extension. The epigenetic state of stem cells is an important

factor underlying pluripotency gene expression and telomere extension.

1.3 Pluripotency Gene Expression

Differential gene expression is what gives a cell its phenotype. The gene expression
patterns of a keratinocyte, for example, will differ significantly from that of a neuron. The
phenotype of a stem cell is similarly underlain by the expression of specific genes. Most
importantly, and upstream to most potency-associated pathways, is the expression of the
core pluripotency factors NANOG, OCT4, and SOX2. These core factors work in concert
with one another to maintain a stem cell in an undifferentiated state, suppressing
differentiation. In stem cells, multiple self-renewal signaling pathways (Wnt, Notch, Akt)
converge to independently activate expression of OCT4 (aka POUS5SF1) and the self-
renewal factor BMI1 (35-38). BMI1 subsequently activates expression of SOX2 (39).
Finally, OCT4 and SOX2 cooperatively bind the promoter of NANOG, inducing its
expression (40). NANOG, OCT4, and SOX2 then cooperatively bind to and activate
expression of a variety of self-renewal and potency related genes, driving the
undifferentiated phenotype of a stem cell. As mentioned previously, the expression of
NANOG-OCT4-SOX2 depends on the epigenetic state of their promoters. Once
expressed, these factors then regulate expression of chromatin modifying genes that alter

the epigenetics of the whole genome, including their own promoters (41). NANOG-OCT4-



SOX2 have also been implicated in activating expression of TERT and TERC, the major
components of the enzyme telomerase, thereby contributing to telomere elongation (42).
Expression of the core pluripotency factors thus regulates telomere length, as well as

reciprocally regulating the cell’s epigenetic state.

1.4 Telomeres

Stem cells exhibit longer telomeres than differentiated cells, as well as better ability to
maintain those telomeres across cell divisions (43). Telomeres are regions of repetitive
hexomeric DNA sequences (TTAGGG) present at the end of eukaryotic chromosomes,
functioning to prevent the loss of genomic regions across cell divisions. Due to the linear
chromosomes of eukaryotes, every cell division (DNA replication) results in a mismatched
strand length between the newly synthesized lagging strands and their complementary
parental strands. This “end replication problem” causes one strand to be shorter than its
complement, leaving a 3’ overhang of roughly 50-200bp at the end of each chromosome.
To prevent the single-stranded overhang from activating the DNA damage response
(DDR), several telomere-specific proteins, known as the Shelterin complex, bind the single
stranded overhang and protect it from activating the DDR. However, since 50-200 bp are
lost from one strand during each cell division, over many cell divisions, unless maintained,
telomeres shorten considerably. When telomeres become critically short, shelterin no
longer fully protects the telomeres and DDR is activated, leading to cell senescence or
apoptosis (44). Telomeres thus serve as a biological clock setting a maximum number of

cell divisions for a given cell. As stem cells need to maintain long-term self-renewal
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capability, even across many cell divisions, they typically employ mechanisms to mitigate

telomere attrition. The most common mechanism of telomere maintenance is telomerase.

1.5 Telomerase

Telomerase is a reverse transcriptase, comprised of multiple subunits, with a major protein
component (TERT) and an RNA component (TERC), and is capable of adding TTAGGG
repeats ends of the telomere (45-47). Telomerase is highly expressed in the embryo (and
derived cells such as ESCs), with expression levels declining precipitously with
differentiation or aging (48). Lineage-restricted stem cells, such as HSCs or NSCs have
some telomerase expression, while MSCs and fully differentiated cell types have negligible

expression.

1.6 Alternative Lengthening of Telomeres

Telomerase, however, is not the only mechanism for telomere maintenance. Several
proposed mechanisms have been reported for telomerase-independent maintenance or
extension of telomeres, collectively described as Alternative Lengthening of Telomeres
(ALT) (49, 50) . ALT mechanisms are typically offshoots of DNA repair pathways,
wherein telomeres can be extended by homologous recombination, using homologous
DNA sequences from the same chromosome, a different chromosome, or from
extrachromosomal telomeric DNA (C-circles)(51). ALT has been reported in the cleavage
stage embryo, but not in stem cells, however, it is present in some telomerase negative of

human cancers (52).
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1.7 Telomeres in Pluripotent Stem Cells

As seen in Figure 3, the status of telomeric chromatin is important for mediating telomere
extension, whether via Telomerase or ALT. More open, accessible telomeric chromatin in
the presence of active telomere extension mechanisms, allows either the telomerase
complex or ALT (RAD52-RPA, among others) to bind to and subsequently extend the
telomere (53, 54). As the NANOG-OCT4-SOX2 pluripotency factors contribute to the
global open chromatin characteristic of stem cell and promote telomerase expression (55),
they positively regulate telomere length. Telomeres themselves can indirectly regulate the
chromatin state of the cell and thereby, affect pluripotency gene expression (56). Thus, all
three aspects of the stem cell phenotype, as detailed above, are co-dependent, and underly

the self-renewal and differentiation capacity of undifferentiated stem cells (3).
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Figure 3: Chromatin accessibility, stem cell pluripotency and telomere maintenance.
Accessible chromatin facilitates both the expression of the pluripotency genes SOX2, OCT4 and NANOG
and enables telomere maintenance. Pluripotency genes can affect the regulation of telomerase and ALT and
thereby contributes to telomere extension. It can also regulate chromatin accessibility through regulation of
chromatin modifying enzymes. Finally, the telomeres can indirectly regulate changes in chromatin structure
and potentially alter pluripotency gene expression.
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1.8 Stem Cells in Disease

Stem cells play a significant role in many human diseases. After development, remaining
reservoirs of stem cells are responsible for replacing cells lost or dysfunctional due to
aging, injury or disease state. As such, they must retain substantial stem cell potency to
retain their function across a human lifetime. A failure to preserve sufficient stem cell
population or differentiation capacity, can result in disease. Conversely, cancer cells can
aberrantly gain stem cell characteristics, rendering them more drug resistant, metastatic,
and aggressive than they would otherwise be. Understanding how altered stem cell potency

underlies disease is important for designing stem cell therapies.

1.8.A. Loss of Stem Cell Potency in Disease
Throughout a lifetime and across tissue types, there is a process of mature cells becoming
dysfunctional, senescent and/or dying (57). To retain tissue function, these cells are
replaced by the differentiation of endogenous stem cells. In response to
microenvironmental cues, resident stem cells both proliferate and differentiate, generating
the desired differentiated cell type, while retaining the reserve of undifferentiated stem
cells. Over the course of normal aging, this injury response becomes skewed, with a
progressively greater percentage of cells either failing to self-renew or failing to
differentiate. This results in a depletion of stem cell reservoirs and to human aging (58).
One example is seen in age-related cognitive decline. Even in the absence of a
specific disease process, with increasing age, there is increased incidence of mild cognitive

impairment (MCI) (59). Here too, loss of stem cell potency has been implicated. While the
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majority of neurogenesis occurs from development through adolescence, adults retain
several reservoirs of neural stem cells (NSCs) (60). Throughout life, upon loss of mature
neural cells due to injury or dysfunction, these losses are mitigated by neural stem cell
differentiation, replacing lost cells, and retaining cognitive function. However, as seen
with other adult stem cells, this population declines with age, failing either to self-renew
or differentiate (61). Therefore, even “normal aging” appears to involve a pathology of
impaired stem cell potency.

In addition to disease states inducing excessive stem cell activation and subsequent
exhaustion, several disease states alter stem cell potency directly. Models of PINK1
mutation-associated Parkinson’s Disease (PD) have shown that neural stem cells harboring
the mutation are unable to efficiently differentiate into dopaminergic neurons, which are
lost in PD (62). In the lysosomal storage disorder Gaucher’s Disease (GD), GBAL mutant
NSCs show a remarkably impaired ability to differentiate to dopaminergic neurons (63)
Similarly, in models of APP and APOE4 Alzheimer’s Disease, there is an impairment of
proliferation and neuronal differentiation of endogenous neural stem cells (64-66).
Together, these results suggest that decreased stem cell potency via depletion, exhaustion,
or impaired differentiation contributes not only to human disease, but even phenotypically
normal aging. There is thus a significant need for research into ways to restore or increase

stem cell potency, whether from endogenous or exogenous stem cell sources.

1.8.B. Gain of pluripotency-like characteristics in cancer cells
Many of the qualities of stem cell potency can be commandeered by a small population of

tumor cells in cancers. These cells, variously referred to as tumor-initiating cells,
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circulating tumor cells or cancer stem cells (CSCs), drive the phenotype of drug resistance,
metastasis and invasiveness in many cancers (67). The stem cell phenotype adopted by
these cells leads to more open chromatin (68, 69), enhanced expression of pluripotency-
associated genes (particularly the expression of the NANOG-OCT4-SOX2 network) (70-
72), and enhanced telomere maintenance (73-76).

The open chromatin of CSCs allows for important differences vs somatic stem cells.
CSCs, typically have epigenetically silenced tumor suppressor genes and epigenetically
activated pro-growth genes (77). Normal stem cell metabolism relies on glycolysis to a
greater degree than differentiated cells do. Due to the Warburg effect, tumor cell
metabolize is heavily skewed towards glycolysis compared to normal stem cells or normal
differentiated cells. Thus, the slower growing CSC population generally has more of a
balanced metabolism between glycolysis and oxidative phosphorylation, relative to bulk
tumor cells (78). Normal stem cells, as they need to divide frequently, also have
upregulated DNA repair mechanisms to minimize replication errors or DNA-damage (79)
CSCs likewise employ enhanced expression of DNA repair genes, giving them a significant
resistance to common chemoradiation therapies that work well against bulk tumor cells
(80). Finally, like normal stem cells, CSCs have greater telomerase expression than bulk
tumor cells, at least in telomerase positive cancers (81). These characteristics of normal
stem cells have thus been repurposed by CSCs, making them significant drivers of cancer
progression. Understanding the mechanisms by which CSCs are able to acquire their stem
cell phenotype will allow the development of therapeutics that can inhibit cancer stemness,

and thereby, more effectively treat cancer.

15



1.9 Zinc Finger and SCAN domain-containing 4 (ZSCAN4)

ZSCAN4 is an early developmentally-expressed gene (82) associated with stem cell
potency and telomere regulation (83). While its structure remains unsolved, it is known to
consist of an N-terminal SCAN domain, facilitating protein-protein interactions, as well as
4 zinc finger domains that facilitate the binding of DNA. ZSCAN4 is well conserved in
mammals, existing as a cluster of 6 expressed genes and 3 pseudogenes in mice (82). In
humans, the ZSCANA4 locus has been reduced to a single expressed gene. In both mice and
humans, ZSCAN4 is expressed transiently and with great specificity at the 2-cell stage of
the mouse embryo and the 8-cell stage of the human embryo (84). ZSCAN4 is also
expressed in mouse embryonic stem cells (MESCs) as well as in mouse iPSCs (82, 85) In
such systems, ZSCAN4 has been variously associated with chromatin remodeling, the
expression of pluripotency genes, long term culture survival, the maintenance and

extension of telomeres, and developmental potency (Figure 4).
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Figure 4: An illustration of the various and inter-related effects of transient
ZSCANA4 expression.
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1.9A ZSCAN4 in development

ZSCANA4 is transiently expressed in the early embryo (human 8-cell stage) where it is
associated with zygotic genome activation (ZGA) (86). The resultant epigenetic changes
beget gene expression changes that shift from the maternal and paternal programs to the
zygote (87). Of particular importance are the pluripotency genes in the developing inner
cell mass (needed to generate all downstream tissues), and the continued need to maintain
telomeres in the face of the massive proliferation required during development. The
importance of ZSCAN4 for ZGA has been demonstrated by knockdown and knockout
studies in mice, showing ZSCAN4 expression during ZGA is indispensable for uterine
implantation (88). ZSCAN4 expression in early development is short-lived, and it no
longer expressed in the 4-cell stage of mice (16-cell stage human) (82). Thereafter,

ZSCAN4 expression is negligible in all post-embryonic tissues.

1.9.B. ZSCAN4 and chromatin remodeling

ZSCANA4 is expressed transiently in mESCs and was found to be associated with significant
epigenetic changes, paralleling what is seen during the ZGA (89). In particular, ZSCAN4
positive mMESCs showed much higher levels of H3 histone acetylation at lysines 9
(H3K9ac), 14(H3K14Ac), 18(H3K18Ac) and 27 (H3K27Ac), as well as higher levels of
the activating tri-methylation H3K4Me3 (89). Ectopic expression of ZSCAN4 in mESCs
lead to increased levels of H3K27Ac and decreased levels of DNA methylation,
specifically at ZGA related genes that were previously silenced (90). Taken together, this
implicated ZSCAN4 as associated with epigenetic changes. However, it remained to be

found if ZSCAN4 asserts these effect or marks cells with open chromatin.
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1.9.C. ZSCAN4 and telomeres

Interestingly, while ZSCAN4 is transiently expressed during the 2-cell stage of
embryogenesis, it is transcribed in short bursts of expression in mESCs (83, 91). These
bursts are coupled with the expression of other genes that are specifically expressed during
the two-cell stage, suggesting that this may in part drive a pluripotent phenotype (91).
Further consequences of these outbreaks are a global shift from the heterochromatin state
to a euchromatin state and rapid telomere expansion (92, 93). ZSCAN4 knockdown ES
cells show significant reductions in telomere length followed by culture crisis, while
ZSCANA4 rescue increases telomere length, doing so in a telomerase-independent manner
(83). More recently, the telomerase-independent telomere lengthening was confirmed in
ESCs as well as implicated in telomerase-negative, ALT positive cancer cells (94, 95).
1.9.D. ZSCAN4 and stem cell pluripotency

ZSCANA4 is associated with the expression of the pluripotency associated genes NANOG,
OCT4 and SOX2 (82, 83). ZSCAN4 was also shown by our lab and others, to enhance
gene expression of the pluripotency factors Rex1, Nanog, Oct3/4, and Sox2, suggesting an
upstream, regulatory role in the expression of pluripotency genes (96, 97). ZSCAN4 is
also associated with stem cell potency. ZSCAN4 has been reported to promote the
maintenance of undifferentiated mESCs (98), as well as improving the reprogramming of
mouse fibroblasts to generate iPSCs (96). In the later study, ZSCAN4 was found to be
transiently activated during the reprogramming process, present in roughly 1% of iPSCs at

a given time.
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Furthermore, ectopic expression of ZSCAN4 during fibroblast reprogramming
leads to improved efficiency of iPSC generation, and ZSCAN4 was capable of replacing
the Yamanaka factor c-Myc in the process. Notably the effect of ectopic ZSCAN4 was
long lasting, with a short pulse early in reprogramming leading to improved iPSC
efficiency weeks later, analogous to ZSCAN4’s transient, but lasting effects in
development. Whether ZSCAN4 enhanced stem cell potency was assessed in a pair of
studies showing that respectively, ZSCAN4-overexpressing mouse iPSCs and mouse ESCs
were much more capable of generating viable embryos via tetraploid complementation
assay (99, 100). In the later work, highly passaged ESCs were shown to have severely
compromised potency, resulting in an inability to form viable embryos beyond 24 passages
(an example of the previously mentioned in vitro aging/loss of potency). With intermittent
pulses of ectopic ZSCAN4 every 3-4 passages, these ESCs were capable of forming viable
embryos beyond 48 passages (100). Overall, ZSCAN4 appears to exhibit conserved
functionality whether expressed embryonically, in mESCs, or iPSCs. Paralleling the
process of ZGA, ZSCAN4 expression leads to telomere extension, increased open
chromatin histone marks, decreased DNA methylation, increased pluripotency gene

expression, and increased stem cell potency.

1.7 SCOPE OF WORK

Given the association of ZSCAN4 with stem cell potency, in this work we used ZSCAN4
as a tool to enhance the stem cell potency of aged stem cells for regenerative applications,
while we knocked it out to reduce stem cell potency and thereby CSCs in cancer. In the

first part of the work, we developed a procedure to differentiate a small biopsy-derived

19



MSCs to the neuronal lineage. We then assessed the effect of ZSCAN4 on MSC potency
and neuronal differentiation of young and aged MSCs in order to enhance stem cell potency
for a future neuro-restorative therapies. Finally, we defined the interaction of ZSCAN4
with another factor, RNF20, and assessed their roles in cancer stemness. Our results
identify RNF20 as a functional partner needed to mediate the effects of ZSCAN4 on
potency genes. Establishing ZSCAN4 as a regulator of stem cell potency provides a
foundation on which to develop future therapies to modify stemness in both regenerative

medicine and oncology.
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Chapter 2: Enhancing the differentiation potential of young and aged

tonsillar-biopsy derived MSCs to the neuronal linage

2.1 Introduction

Cell-based regenerative therapies are an active and promising area of research, involved
involving the transplantation of exogenous cells to promote tissue repair. There are 22 FDA
approved cell-based therapies, and 416 active MSC-based clinical trials with 114 assessing
their use in CNS disease . Transplanted cells may either promote repair via interaction with
resident cells to stimulate endogenous regeneration or differentiate to replace lost
endogenous cells (cell replacement therapy).

The epigenetic and gene expression patterns of stem cells change with
differentiation, but also with aging. These changes can induce a reduction in stem cell
potency with aging both in vivo (with physiological aging) and when expanded in vitro (in
vitro aging). Several studies have demonstrated that a few passages in culture are enough
to cause a reduction in MSC potency (101-103). While pluripotent stem cells (ESCs and
iIPSCs) are more resistant to in vitro aging, here too, highly passaged cells show impaired

differentiation capacity (100, 104). Stem Cell aging thus hinders stem cell-based therapies.

2.1A Neurodegenerative Diseases

Neurodegenerative diseases are a cluster of severe, progressive neurological disorders
characterized by the death and dysfunction of cells in the central nervous system.
Neurodegenerative diseases are differentiated from one another by symptoms, which in

turn are caused by the dysfunction of different neural cell types and different areas of the
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brain. Current therapeutics are mostly aimed at slowing disease progression by restoring
neurotransmitters levels depleted due to neuronal cell death (105). Due to the progressive
nature of neurodegenerative diseases, by the time of diagnosis, significant downstream
damage has occurred, and therefore, regaining neurological function through these
approaches would be unlikely. A promising potential therapeutic avenue for
neurodegenerative diseases is therefore cell replacement therapy to restore the lost cells

and function.

2.1B Cell replacement therapy in neurodegenerative disease

The concept of cell replacement therapy in neurodegenerative diseases, was first reported
with the use of fetal ventral midbrain (FVM) tissue transplants in Parkinson’s Disease (PD)
models (106-108). Much of the clinical symptoms of PD, can be attributed to loss of
Dopaminergic neurons in the basal ganglia, specifically at the substantia nigra (109).
Therefore, cell replacement of dopaminergic neurons is an attractive approach as functional
cure PD. The majority of clinical trials to date has focused on the use of embryonic or fetal
derived stem cells or iPSCs (110). While the neurogenic potency of ESCs or fetal tissue is
high, these are inherently non-autologous, raising issues of immune rejection. Furthermore,
both ESCs and iPSCs can be tumorigenic, generating teratomas upon transplant. The
relative prevalence and ease of extraction of MSCs, and particularly T-MSCs, makes them
a promising stem cell source, but their neurogenic capacity has not been sufficiently

characterized.
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2.1C Tonsillar-biopsy derived mesenchymal stem cells (T-MSCs)

Tonsil-derived Mesenchymal Stem Cells (T-MSCs) are a promising source of stem cells
for neurogenic applications and were reported to generate Schwann cell-like cells and
Motor neuron-like cells (111, 112). Previous work in our lab has demonstrated that T-
MSCs extracted from a small tonsillar biopsies, can be extracted with higher efficiency
than other MSC sources, are highly proliferative, and can readily differentiate to
mesenchymal lineages (18). However, like all somatic stem cells, T-MSCs are subject to
cellular aging, both physiologic aging in vivo and culture aging in vitro. This replicative
aging process results in progressively shorter telomeres, eventually leading to growth arrest
and cellular senescence. Even prior to senescence, aged cells experience changes in their
phenotype, illustrated by changes in gene expression, and a loss of differentiation capacity
(113). Given the scale-up demands of clinical therapies where tens of millions of highly
potent stem cells may be required, cellular aging thus represents a barrier to the use of

MSCs in general, including T-MSCs.

2.1.D. Using ZSCAN4 to enhance stem cell potency

Prior work in mouse embryonic stem cells (mESCs) and induced pluripotent stem cells
(iPSCs) has posited a role for ZSCAN4 in maintaining or enhancing stem cell potency (96,
99, 100). ESCs and iPSCs will also lose differentiation capacity with extensive in vitro
culture. In mouse ESCs, however, intermittent expression of ectopic ZSCAN4 has been

shown to nearly double the passage number at which cells retain full developmental
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potency (100). Based on these findings, we hypothesized that a transient expression of

ZSCAN4 in aged T-MSCs may restore stem cell potency (Figure 5).
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Figure 5: Proposed mechanism of the involvement ZSCAN4 in telomere extension
and pluripotency.

In this model, the induction of ZSCAN4 may lead to chromatin remodeling which will then
increase pluripotency gene expression and telomere extension. Together, these aspects will
increase stem cell potency.

2.2 Results

2.2.A. Neurogenic Differentiation of T-MSCs

Current sources of MSCs generate a relatively low number of stem cells per gram of
tissue(114). Extraction from Bone marrow, the most common source of MSCs, typically
requires an inpatient procedure and risk to the donor (115, 116). Importantly, the
proliferative and differentiation capacities of MSCs vary by tissue source, with some
sources having a higher neurogenic capacity than others (117). MSCs generated from full
tonsillectomies (T-MSCs) have been shown to generate both motor neurons and Schwann
cells (111, 112). We have recently reported that small volume biopsies of palatine tonsils
(<1gtissue) can generate tens of millions of T-MSCs (18). These biopsies can be performed
as an outpatient procedure and offer little risk to the donor. T-MSCs, thus generated,

express an MSC marker profile comparable to Bone Marrow-derived MSCs (BM-MSCs),
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while demonstrating superior proliferation and the capacity to differentiate to
mesenchymal lineages (18). Here we developed a procedure to induce the differentiation
of tonsil biopsy-derived T-MSCs to the neuronal lineage and determined the neurogenic
potency of T-MSCs. We further assessed the effects of transient, ZSCAN4 expression to
enhance the neuronal differentiation of in vitro aged T-MSCs.

In our procedure, adherently cultured T-MSCs are seeded in ultra-low attachment
plates and cultured in non-adherent conditions in a neuronal induction/neuronal stem cell
media. (Figure 6A) After 72h of such culture, resultant spheres are dissociated and plated
adherently in Poly-D-Lysine and Laminin coated plates in a growth factor-reduced,
neuronal medium. (Figure 6B) After a further 72h, these cells then receive neuronal
medium with the neurotrophic factors BDNF, GDNF and cyclic AMP, which is partially
replaced every 3 days through the end of the protocol (Day 28). Cells exhibit significant
morphologic changes during the protocol, with a neuroblast-like morphotype by Day 11
(Figure 6C) and a neuron-like morphology by Day 28, replete with neurite-like projections

(Figure 6D).
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Figure 6: Procedure to generate neuronal-like cells from biopsies of tonsillar MSCs.
A) Adherently cultured T-MSCs are dissociated and plated in non-adherent conditions in neural induction
media for 72h. B) Resultant neurospheres are then dissociated and plated adherently and cultured in basal
neuronal media without growth factors for an additional 72h at which point they acquire a neuroblast-like
morphology. C) Further differentiation leads to a more pronounced neuron-like phenotype at Day 11 and a
neuron-like phenotype at Day 28 D). (Adapted from Arad & Brown et. al. CMBL. 2021. Data generated by
Dr. Michal Arad and Robert Brown. (118))

2.2.B. T-MSCs differentiate to neural stem-like cells with high efficiency
MSCs from a variety of tissues sources have been used to generate neuron-like cells, albeit
with varying efficiencies (117). We thus compared the neurogenic differentiation of T-

MSCs to that of BM-MSCs in our protocol. Seeding an equal number of MSCs in non-
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adherent, neural induction conditions for 72h led to formation of neurosphere-like clusters.
Notably, T-MSC derived spheres (Figure 7A) were significantly larger and more numerous
than BM-MSC derived spheres (Figure 7B). Quantification of the spheres resulted in T-
MSC’s generating 1.9-fold more total spheres (Figure 7C), and 5.9-fold large spheres
(>100um) than BM-MSCs (Figure 7D). These data show that T-MSCs exhibit better
survival and proliferation in neurosphere conditions, characteristics suggestive of higher

neurogenic potency.
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Figure 7: T-MSCs generate neurospheres with high efficiency.

Culture of T-MSCs (A) and BM-MSCs (B) in non-adherent, neural induction conditions for 72h results in
formation of 3D neurospheres. Representative images illustrate T-MSCs generate more numerous and larger
spheres compared to BM-MSCs. C) Quantification of sphere number confirms this with T-MSCs generation
more spheres as well as D) larger spheres. Statistical significance was determined by student t-tests. All
data shown as mean = S.EM. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001. (Adapted from Arad &
Brown et. al. CMBL. 2021. Data generated by Robert Brown. (118))
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Neurospheres are non-adherent, 3D clusters consisting mainly of neural stem/progenitor
cells. To determine if our MSC-derived spheres were indeed enriched for neural stem-like
cells, we performed RT-qPCR on collected spheres after 72h of culture. Our data show
drastic, significant upregulations of the neural stem cell markers Nestin (Figure 8A),
Musashi-1 (Figure 8B), and SOX2 (Figure 8C) in all 3 donor T-MSC lines tested. We also
observed significant upregulation in Nestin and Musashi-1 in BM-MSC derived spheres,

but no detectable SOX2.
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Figure 8: Upregulation of neural stem cell markers in MSC-derived neurospheres
RT-PCR of neurospheres from 5 T-MSC donors and BM-MSCs show that 72h of culture as neurospheres,
results in upregulation of neural stem cell markers: A) Nestin B) Musashi-1, and C) SOX2 compared to
isogenic undifferentiated MSCs. Statistical significance was determined by student t-tests. All data shown
as mean = S.E.M. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001. (Adapted from Arad & Brown et. al.
CMBL. 2021. Data generated by Robert Brown. (118)
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To confirm these findings, we next dissociated spheres and plated them adherently
on Poly-D-lysine and Laminin coated plates. 24h later, cells were fixed and immuno-
stained for Nestin and Musashi-1, as well as the progenitor marker SOX1. Our results
indicate substantial upregulation of all 3 marks in both T-MSC derived and BM-MSC
derived cells (Figure 9A-B). Notably, MSI-1 localization was primarily nuclear in
neurosphere-derived cells, indicative of active differentiation (124). Both staining intensity
and the number of MSI-1 positive and SOX1 positive cells was greater in T-MSC derived
cells than BM-MSC derived cells. Of further note, T-MSC derived cells showed a greater
percentage of Nestin+/MSI1+ co-positivity compared to BM-MSCs, suggestive of a
greater number of Neural stem-like cells in the population. Together, our data suggest that
T-MSCs acquire a neural stem/progenitor-like phenotype with as little as 72-96h of

differentiation and do so with a higher efficiency than BM-MSCs.
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Figure 9: Expression of NSC markers after 96 hours of neurogenic differentiation.
Representative immunofluorescence staining of differentiated T-MSCs and BM-MSCs at Day 4. A) With
differentiation, both T-MSC and BM-MSC derived cells show robust expression of Musashi-1 and Nestin,
with T-MSC-derived cells showing more positive cells and particularly, more co-positive cells than BM-
MSC derived cells. B) T-MSC derived cells, but not BM-MSC derived cells, express the neuronal progenitor
marker SOX1, which is co-positive with Nestin in most cells. (Adapted from Arad & Brown et. al. CMBL.
2021. Data generated by Robert Brown. (118))
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2.2.C. Neuronal differentiation of T-MSCs leads to upregulation of neuronal markers
As our T-MSCs demonstrated efficient differentiation to a neural stem/progenitor-like
population, we next assessed whether they could be further differentiated to a neuron-like
population. After 72h of neurosphere culture, dissociated cells were plated adherently on
Poly-D-lysine and Laminin coated plates and differentiated further, in the presence of
neurotrophic factors from Day 6 onward. At Day 11 and Day 28 cells were collected for
RT-gPCR to assess neuronal gene expression. Our results indicate a robust, significant
upregulation of the neuronal genes Doublecortin (DCX), Beta-3 Tubulin (Tujl),
Microtubule Associated Protein 2 (MAP2) , Neural Cell Adhesion Molecule 1 (NCAM-1),
and Post-Synaptic Density 95 (PSD95) in both T-MSC donor lines assessed at Day 11.
(Figure 10A) These genes remained significantly upregulated at Day 28, with the mature

neuronal marker Neurofilament Light Chain (NEFL) also upregulated (Figure 10B).
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Figure 10: Neuronal genes are upregulated with neuronal differentiation.

RT-gPCR of neuronal genes after A) 11 days and B) 28 days of neurogenic differentiation in two
representative donors. Gene expression was normalized to the housekeeping gene RPLPO and presented as
fold change compared to isogenic undifferentiated T-MSCs. Statistical significance was determined by
student t-tests. All data shown as mean + S.E.M. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001. (Adapted
from Arad & Brown et. al. CMBL. 2021. Data generated by Dr. Michal Arad and Robert Brown. (118)).
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To confirm these findings, we then performed immuno-staining of cells at Day 11 (Figure
11A-B) and Day 28 (Figure 11C-D). Consistent with our RT-qPCR results, we found the
neuronal markers MAP2, Tujl, and Pan-Neurofilament (marking neurofilament heavy,
medium, and light chains) to be robustly upregulated in Day 11 cells. Notably, these cells
were mostly stained co-positive for neuronal markers. Similarly, at Day 28, cells showed
robust upregulation of MAP2, Pan-neurofilament, Synaptophysin (SYP) and NEFL.
Intriguingly, some areas even showed a morphology similar to that of a neuronal network.
(Figure 11C). Taken together, our results show significant upregulation of neuronal
markers and phenotype, suggesting differentiation to neuron-like cells.
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Figure 11: Increase in neuronal markers with neurogenic differentiation
Immunofluorescence staining at Day 11 (A-B) and Day 28 (C-D) showing neuronal markers compared to
isogenic undifferentiated T-MSCs. Tujl and Pan-neurofilament (A) and MAP2 and Pan-neurofilament (B)
were upregulated at Day 11, with MAP2 and Pan-neurofilament (C) and NEFL and synaptophysin also

upregulated at Day 28. (Adapted from Arad & Brown et. al. CMBL. 2021. Data generated by Dr. Michal
Arad (118))

2.2.D. T-MSCs derived neuron-like cells express neurotransmitters and post-mitotic
neuronal markers
Aside from expression of neuronal markers, mature neuron-like cells can be identified by

the expression of neurotransmitters and genes associated with their function. Our
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differentiation protocol was designed for a general neuronal differentiation and was not
intended to enrich for a specific neuronal-sub-lineage. To determine which, if any,
neurotransmitters may be expressed by our differentiated cells, we performed RT-gPCR
for sub-lineage specific markers in our Day 28 cells. Initially screening in a single donor
line, we found that the noradrenergic marker Dopamine Beta-Hydroxylase (DBH), the
cholinergic marker Choline Acetyltransferase (ChAT), and the GABAergic markers
Vesicular GABA Transporter (VGAT) and Glutamate Decarboxylase (GAD65) were
undetectable. (Figure 12A-D) Vesicular Acetylcholine Transporter (VAChHT), another
cholinergic marker, was detected, but not upregulated at Day 28 compared to
undifferentiated T-MSCs (Figure 12E). Based on these data, we concluded that the
Adrenergic, Cholinergic, or GABAergic phenotypes can be excluded in neuron-like cells
using our protocol. Screening for the Glutamatergic lineage revealed high expression of
Glutaminase-1 (GLS1), but no significant change between Day 28 and undifferentiated T-
MSCs. (Figure 12F) As GLS1 is a widely expressed metabolic gene, not necessarily
specific for neuronal cells, we also assessed expression of Vesicular Glutamate Transporter
1 (VGLUT1), a more neuron-specific Glutamatergic marker, which we did find to be
upregulated at Day 28. (Figure 12G) Finally, we assessed a Dopaminergic phenotype with
the markers Dopamine Active Transporter (DAT), nuclear receptor related 1 protein
(NURR1), and Aromatic L-amino acid decarboxylase (AADC), all of which were found to
be upregulated at Day 28. (Figure 12H-J) These Glutamatergic and Dopaminergic markers
were further found to be upregulated at Day 28 in two additional T-MSC donor lines.

(Figure 12G-J)
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Figure 12: Neuronal-like cells express glutamatergic and dopaminergic markers.
Following 28 days of neuronal differentiation, gene Expression by RT-PCR screening showed no detectable
expression of the adrenergic marker DBH (A), the GABAergic markers GAD65 and VGAT (B,C) and the
cholinergic marker ChAT (D). Expression of the Cholinergic marker VChT (E) and the Glutamatergic
marker GLS1 (F) were unchanged compared to undifferentiated T-MSCs. Expression of the Glutamatergic
marker VGLUT1 (G) and the Dopaminergic markers DAT (H), NURR1 (1) and AADC (J) were all
upregulated across three T-MSC donor lines. Expression was normalized to expression of the housekeeping
gene RPLPO and presented as fold change compared to undifferentiated T-MSCs. Statistical significance
was determined by student t-tests. All data shown as mean £ S.EM. *p<0.05, **p<0.01, ***p<0.001,
****pP<(0.0001 (Adapted from Arad & Brown et. al. CMBL. 2021. Data generated by Robert Brown (118))

Having identified Dopaminergic and Glutamatergic marker upregulation by RT-gPCR, we
next performed immuno-staining for the neurotransmitters L-Dopamine and L-Glutamate.

Staining for L-Dopamine revealed that roughly 15% of Day 28 cells express Dopamine
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and that those cells also co-express the mature neuronal marker Pan-neurofilament and the
mature, post-mitotic neuronal marker NeuN. (Figure 13A-B) Thus, ~15% of our Day 28
cells appear to be post-mitotic, dopaminergic, neuron-like cells. Staining for L-Glutamate
revealed a similar, though slightly more abundant population with roughly 20% of cells
expressing L-Glutamate. (Figure 13C-D) . Likewise, those cells also co-expressed Pan-
neurofilament and NeuN, indicative of ~20% of our cells with a post-mitotic,

Glutamatergic neuron-like phenotype.
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Figure 13: Neurotransmitters and mature markers after 28 days of differentiation.
A) Immunofluorescence staining at Day 0 and Day 28 showing co-expression of L-Dopamine with the mature
neuronal marker Pan-neurofilament and B) the post mitotic marker NeuN. C) Immunofluorescence staining
at Day 0 and Day 28 showing co-expression of L-Glutamate with Pan-neurofilament and D) NeuN. Images
reflect positive staining areas with ~15% of overall cells expressing L-Dopamine and ~20% of cell expressing
L-Glutamate. (Adapted from Arad & Brown et. al. CMBL. 2021. Data generated by Robert Brown (118))
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2.2.E. Neuronal Differentiation is concomitant with the loss of the MSC phenotype

In assessing neuronal differentiation, it is important to determine that cells are lineage
committed. Thus, with increased expression of neuronal lineage markers, there needs to
be a concomitant decrease in markers of the T-MSC phenotype. T-MSCs are highly
proliferative cells, with a population doubling time of ~33h (18). Despite 25 days in
adherent culture during our differentiation protocol, we noticed that cells appeared to have
ceased proliferation. Cells counts at Day 28 revealed that our differentiated cells had only
undergone 1 to 2 population doublings across 25 days, a far cry from the doubling time of
undifferentiated cells. (Figure 14A) To further assess proliferation, we immuno-stained
Day 28 cells for the proliferative markers Ki67 and Cyclin A2. (Figure 14B). While
undifferentiated T-MSCs showed a high percentage of Ki67 and CyclinA2 positive cells
(86.1% and 82.9% respectively), by Day 28 only 18.2% and 14.5% of cells were Ki67-
positive and CyclinA2-positive, respectively (Figure 14C-D). These results, coupled with
the expression of the post-mitotic neuronal marker NeuN (Figure 14B, D), indicate a loss

of the proliferative phenotype characteristic of T-MSCs.
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Figure 14: Neurogenic differentiation for 28 days results in reduced proliferation.

A) Population doublings in neurogenic conditions. Cells were counted after 25 days and compared to the
numbers originally plated in two representative T-MSC donor lines. B) Representative images of
immunofluorescence staining for the proliferative markers Ki67 and Cyclin A2 in undifferentiated T-MSCs
and Day 28 neuro-differentiated cells. C) Quantification of K167 and Cyclin A2 staining showing the
percentage of positive cells at both points (n=6 per condition). Statistical significance was determined by
student t-tests. Data shown as mean +S.E.M. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001. (Adapted
from Arad & Brown et. al. CMBL. 2021. Data generated by Robert Brown (118))

T-MSCs, and MSCs in general, are also characterized by cell surface markers. Among
others, T-MSCs express high levels of CD73, CD90, and CD105, with undifferentiated
cells having >97% of cells co-expressing these marks (18). Initial RT-gPCR based
screening found that as little as 72h of differentiation (to the neurosphere/neural stem cell
stage) resulted in significant reductions in CD90 (Figure 15A), while CD73 and CD105
were unchanged. As the MSC phenotype depends on co-expression of all markers, this
reduction likely signifies a phenotypic loss. Undifferentiated T-MSCs also maintain a
fibroblast-like morphology and express several fibroblast markers. In addition to CD90,
we also found a downregulation of the fibroblast marker ACTA2, further suggestive of a
loss of the MSC phenotype (Figure 15B). Further differentiation to Day 11 resulted in a

downregulation of all 3 MSC cell surface marks as assessed by flow cytometry, with CD73,
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CD90 and CD105 significantly decreased compared to undifferentiated cells (Figure 15C-
E). Flow cytometry of co-stained cells revealed that less than 5% of Day 11 cells were co-
positive for CD90/CD105, CD73/CD105, or CD73/CD90, further demonstrating a loss of
the MSC phenotype (Figure 15F-H). Together, the robust reduction in proliferation and the
compromised expression of MSC markers suggests loss of the MSC phenotype and

commitment to the neuronal lineage.
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Figure 15: Loss of MSC-markers with neurogenic differentiation.
RT-gPCR in T-MSCs and neurospheres showing expression of A) the MSC marker CD90 and B) the
fibroblast marker ACTAZ in three representative donors. Gene expression is normalized to the housekeeping
gene RPLPO and presented as fold change relative to undifferentiated T-MSCs. Statistical significance was
determined by student t-tests. (C-E) Representative donor line flow cytometry analysis showing expression
levels of the MSC markers CD73, CD90 and CD105 after 11 days of neurogenic differentiation compared to
undifferentiated T-MSCs. (F-H) Representative donor line flow cytometry analysis showing co-expression
of MSC markers after 11 days of neurogenic differentiation. All data shown as mean =S.E.M. *p<0.05,
**p<0.01, ***p<0.001, ****P<0.0001 (Adapted from Arad & Brown et. al. CMBL. 2021. Data generated
by Robert Brown and Dr. Michal Arad (118))
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2.2.F Applying ZSCANA4 to restore stem cell gene expression in-vitro aged T-MSCs

Unpublished data from our lab (generated by Dr. Michal Arad) demonstrated a marked
reduction in neurogenic differentiation capacity from in vitro aged T-MSCs, reflecting a
loss of stem cell potency. Stem Cell potency is associated with a phenotype of open,
transcriptionally accessible chromatin and the expression of potency associated genes.
Several reports across differently sourced MSCs indicate that expression of the
pluripotency genes NANOG, OCT3/4, and/or SOX2 is associated with enhanced
differentiation potency, in mesenchymal lineages (119-121). As T-MSCs do not express
endogenous ZSCAN4, we hypothesized that ectopic expression of ZSCAN4 may lead to
chromatin remodeling, which in turn, would enhance the neurogenic differentiation

potency lost due to in vitro aging.

2.2.G. ZSCANA4 enhances pluripotency gene expression in in-vitro aged T-MSCs
Using aged T-MSC lines transduced with a tetracycline-inducible ZSCAN4 expression
vector (Figure 16A), we cultured cells for 72h in the presence or absence of Doxycycline
to induce ectopic ZSCAN4 expression. Remarkably, yet consistent with reports in
mESCs and iPSCs, ZSCAN4 induction led to increased pluripotency gene expression

across all 4 donor lines tested. (Figure 16B-E).
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Figure 16: ZSCAN4 induction in T-MSCs increases pluripotency gene expression.

A) Illustration of Dox-inducible ZSCAN4 vector, wherein Doxycycline leads to expression of ZSCAN4. (B-
E) RT-gPCR in three in vitro aged tet-ZSCAN4 T-MSC donor lines. Gene expression fold change was
normalized to RPLPO relative to uninduced cells (NoDOX). Significance was determined by multiple
separate student t-tests. All data shown as mean = S.E.M. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001
(Unpublished data generated by Robert Brown)

To determine if the effect of ZSCAN4 on pluripotency genes is mediated through
chromatin remodeling, we then performed Chromatin Immunoprecipitation (ChIP) in
Doxycycline treated or untreated T-MSCs using antibodies for the open chromatin marks
H3K14ac and H4K8Ac. Consistent with the increased pluripotency gene expression in
response to ZSCANA4, our results reveal that ZSCAN4 induction resulted in increased open

chromatin marks at both pluripotency gene open reading frames (Figure 17A-C), and
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pluripotency gene promoters (Figure 17D-F). This data suggest that ZSCAN4 induces open

chromatin at pluripotency genes, leading to increased gene expression.
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Figure 17: ZSCAN4 induction for 2 days in T-MSCs increases histone acetylation at

pluripotency genes.

ChIP-PCR show relative histone acetylation at pluripotency gene open reading frames (A-C) and
pluripotency gene promoters (D-F) in ZSCAN4-induced and uninduced T-MSCs. Results are shown as a
percentage of ChlP input chromatin. Statistical significance was determined by student t-tests. All data shown
as mean £ S.EM. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001 (Unpublished data generated by Robert
Brown)

2.2.H. ZSCANA4 facilitates histone acetylation and telomere extension of aged T-MSCs
ZSCAN4 has been reported to positively regulate telomere length and stability in
pluripotent stem cells (83, 122) As telomere attrition is a driving force underlying stem cell
aging(48), we expected that ZSCAN4 induction would lead to telomere extension in aged
T-MSCs. Indeed, after induction of ZSCANA4, we found significant telomere extension of
27.7% in aged T-MSCs (Figure 18A). Previous studies have found that ZSCAN4-mediated

extension of telomeres is telomerase-independent (87). As our T-MSCs are telomerase-
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negative, for telomere extension to occur, the telomeric DNA must be accessible for ALT
machinery(58). We therefore looked at the relative accessibility of telomeric chromatin
after ZSCAN4 induction. Via ChIP, we found that there was a substantial increase in the
open chromatin mark H3K14Ac (Figure 18B), suggesting, that, similar to its role at
pluripotency genes, ZSCAN4 is inducing open chromatin at the telomeres, which may

enable telomere extension.
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Figure 18: ZSCAN4 facilitates telomere lengthening and histone acetylation in T-

MSCs.

A) Telomere gPCR showing relative telomere length in ZSCAN4-induced and uninduced T-MSCs.
Telomere signal is normalized to the single copy gene RPLPO and shown as fold change relative to uninduced
cells B) ChIP-gPCR showing histone acetylation levels at the telomere in ZSCAN4-induced and uninduced
T-MSCs. Results are presented as a percentage of ChIP input chromatin. Statistical significance was
determined by student t-tests. All data shown as mean +SEM. *p<0.05, **p<0.01, ***p<0.001,
****pP<(0.0001 (Unpublished data generated by Robert Brown)

2.3.1. ZSCAN4 enhances the differentiation of aged T-MSCs to neural stem-like cells.
Our findings that ZSCAN4 induces open chromatin, pluripotency gene expression, and
telomere extension, are all suggestive of enhanced stem cell potency. We thus assessed
whether ZSCAN4 induction, prior to neurogenic differentiation, would actually enhance
the differentiation capacity of aged T-MSCs. After 72h of ZSCAN4 induction with

Doxycycline, T-MSCs were plated in non-adherent neurosphere conditions for 72h. A
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visible difference was shown, with fewer and larger spheres in the untreated compared to
spheres of ZSCAN4-induced cells. (Figure 19A). Quantification of spheres revealed that
there were indeed significantly more spheres in the ZSCAN4-induced condition (Figure
19B), suggestive of increased neurogenic potency. We further assessed the phenotype of
our neurosphere-derived cells by RT-gPCR for the neural stem cell markers Vimentin,
Nestin, and Mushashi-1, all of which showed increased expression in ZSCAN4-induced
cells (Figure 19C)). Taken together, these data suggest that ZSCAN4 induction enhances

the ability of aged T-MSCs to generate neural stem-like cells.
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Figure 19: The effect of ZSCAN4 on neurosphere formation from aged MSCs.

A) Representative images of neurospheres (72h) generated from tet-ZSCAN4 MSCs with (Dox+) or without
(Dox-) induction. B). Quantification of neurospheres via ImageJ in at least 6 wells per condition. Neurosphere
defined as >75um. Significance was determined by student T-test. C) RT-PCR of neurospheres from tet-
ZSCAN4 T-MSCs either with or without ZSCAN4 induction. Results presented as fold change relative to
the uninduced cells and normalized to RPLPO. All data shown as mean +S.E.M. *p<0.05, **p<0.01,
***p<0.001, ****P<0.0001. (Unpublished data generated by Robert Brown)
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2.3J. ZSCAN4 enhances histone acetylation at Neural Stem Cell and Neuronal -
associated genes
Our previous data suggest that ZSCAN4’s enhancement of pluripotency gene expression
and telomere length may be epigenetically mediated (histone acetylation). We therefore
assessed whether the chromatin of neural stem cell or neuronal genes was similarly being
altered by ZSCAN4 induction, potentially explaining the enhanced differentiation
observed. Upon ZSCAN4 induction in T-MSCs, we found significant increases in
histone acetylation at the gene bodies of the neural stem cell-associated gene NESTIN
and the neuronal genes MAP2, TUBB3 (Beta-3-Tubulin), and PSD95 (Figure 20 A-D).
These results demonstrate that, prior to neurogenic differentiation, the chromatin of
neural stem cell and neuronal genes in ZSCAN4-induced cells is more acetylated and
therefore more amenable to gene expression, potentially explaining the ZSCAN4-

mediated enhancement of neurogenic potency.
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Figure 20: The effect of ZSCAN4 induction on histone acetylation at neurogenic

genes in aged T-MSCs.
ChIP-PCR results after ZSCAN4 induction for 72h in aged T-MSCs show increases in histone acetylation

at the gene bodies of A) Nestin, B) MAP2, C) TUBBS3, and D) PSD95. Results presented as percentage of
ChIP input chromatin. All data shown as mean £ S.E.M. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001.

(Unpublished data generated by Robert Brown)

2.4. Discussion

Whether by cell replacement or stimulation of endogenous regeneration, MSC-based cell
therapies have shown potential in neurodegenerative disease. Partially differentiate cells

(neural stem cell-like) have shown improved outcomes compared to undifferentiated cells,
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thus the ability of MSCs to differentiate to the neuronal lineage is integral to their
effectiveness. The generation of neuron-like cells have been reported from BM-MSCs,
adipose-derived MSC, and umbilical cord-derived MSCs. Recently, neuron-like cells from
full-tonsillectomy derived MSCs have been described albeit only characterized for the
motor neuron lineage (112). Here, we report for the first time the differentiation of small
tonsil-biopsy derived MSCs (T-MSCs) to post-mitotic, neuron-like cells validating their

neuropotency for potential therapeutic usage.

Basal neuropotency in MSCs varies depending on source of the cells (117). BM-
MSCs are among the best characterized of MSC sources, however, they have been reported
to have low neurogenic potency compared to other types of MSCs (123). As BM-MSCs
remain the most common MSC source used in clinical trials, we compared the neurogenic
capacity of our T-MSCs to that of commercially available BM-MSCs. Our results indicate
that T-MSCs do show significantly increased neurogenic potency compared to BM-MSCs,
at least through the neurosphere/neural stem cell stage of differentiation. It is worth noting
that MSCs are derived from one of two developmental sources, either from mesoderm, or
from neural crest cells (neuroectoderm)(9). BM-MSCs are derived from mesoderm, while
T-MSCs, like all head and neck structural tissues, have a neural crest origin. T-MSC origin
from neuroectoderm instead of mesoderm could potentially explain its superior neurogenic

capacity compared to BM-MSCs.

Aside from improved neurogenesis, T-MSCs offer advantages over other MSC
sources for cell therapy. T-MSCs generated from our extraction protocol result in 5 orders
of magnitude more cells from 1 gram of tissue than reported extraction of MSCs from bone

marrow aspirate(18). Coupled with their increased proliferative capacity, T-MScs appear
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the best able of known MSC sources to meet the scale-up needs of clinical treatments and

stem cell banking.

Previous studies on the neurogenic potential of MSCs have relied on expression of
neuronal markers post-differentiation. In our study, we characterized differentiated cells at
the neural stem cell stage, immature neuronal stage, and at the post-mitotic, mature
neuronal stage. As mature neurons are not a viable source for stem cell transplantation, our
characterization of T-MSCs at the neural stem cell-like stage suggests our cells can be
partially differentiated prior to transplantation. Our study also evaluated expression of
neurotransmitters, suggesting their differentiation potential to multiple neuronal sub-
lineages. This is important for neurodegenerative cell replacement therapies in which a
specific neuronal sub-type is often desired. Notably, our differentiation protocol was not
optimized for a specific neuronal sub-lineage and thus, future work will be necessary to

fully assess their dopaminergic, glutamatergic or other sub-lineage potential.

T-MSCs, like all MSCs, are still hindered by replicative aging and the associated
loss of stem cell potency. Due to this constraint, clinical applications of MSCs are limited
to low passage cells, making the cell numbers needed for therapeutic efficacy hard to
achieve. Notably, highly passaged cells will often still proliferate well and express MSC
markers, but no longer efficiently differentiate. Thus, methods to enhance MSC potency or

to maintain it across many passages are needed.

Here we applied ZSCANA4 for the first time in human T-MSCs with the expectation
it would similarly enhance stem cell potency. Our results show that the aspects of the stem
cell phenotype enhanced by ZSCAN4 in PSCs, namely open chromatin, pluripotency gene

expression, and telomere length, are similarly increased in T-MSCs. This conservation of
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ZSCAN4’s effects between species and between various stem cell types demonstrates its
utility as a likely universal enhancer of stem cell potency. While our work revealed an
enhancement in T-MSC differentiation to neural stem cells, ZSCAN4’s effects on the
phenotype of undifferentiated T-MSCs suggest a more general enhancement of stem cell
potency. This is evidenced by concurrent work in our lab showing ZSCAN4 induction in

T-MSCs also increases their osteogenic potency.

In total, this work demonstrates a novel stem cell source for cell therapies in
neurodegenerative disease. It further reveals a novel method to enhance stem cell potency,

bypassing the barrier imposed by cellular aging on MSC-based therapies.

2.5. Materials and Methods

Isolation and expansion of MSCs from human tonsillar biopsies

Tonsillar biopsy-derived MSC harvesting procedures were generated as previously
described in detail(18). Briefly, the protocol was approved with informed consent by the
University of Maryland, Baltimore institutional review board (IRB protocol #HP-
00062781-1) and cell lines were characterized as we previously described(18). T-MSC
lines were cultured in complete T-MSC medium: DMEM (Invitrogen) 10% FBS (Takara);
1 mM sodium pyruvate (Invitrogen), 0.1 mM non-essential amino acids (NEAA;
Invitrogen), 2 mM GlutaMAX (Invitrogen), 0.1 mM beta-mercaptoethanol (Life
Technologies/Gibco), and penicillin /streptomycin (50 U/50 pg/ml; Invitrogen). For all cell
lines, medium was changed every 3 days and cells were routinely split every 4-7 days when
70% confluence was reached, using Accutase (EMD Millipore). Unless stated otherwise,

cells from each expansion were cryopreserved and to maintain reproducibility of
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differentiation, all cells were used up to eleven passages. Five donors were used in this
research: 2 pediatric donors (3-7 years old): 1 female, 1 male, and 3 adult donors (20-35):
2 females, 1 male. Bone marrow derived MSCs (BM-MSCs) were purchased from Sigma

and cultured alongside T-MSCs as above.

Generation of tetracycline-inducible ZSCAN4 T-MSC lines

Established T-MSC lines were transduced with a tetracycline inducible ZSCAN4
expression vector as previously described(124). Transduced lines were selected for 10
days with 1ug/mL Puromycin and expanded. Tet-inducible cells were cultured as above,

albeit in media containing tetracycline-free FBS (Novus).

Neurosphere formation

Cells were harvested by using Accutase (EMD Millipore). To generate neurospheres,
harvested T-MSCs or BM-MSCs were cultured at a density of 6x10° cells per well in ultra-
low attachment 6-well plates (Corning) in neurosphere medium containing DMEM/F12
(Invitrogen) and neurobasal medium (Invitrogen), (1:1 ratio), supplemented with 2 mM
GlutaMAX, penicillin/streptomycin (50 U/50 ug/ml; Invitrogen), 0.5X B27 Supplement
(Invitrogen), 0.5X N2 Supplement (Invitrogen), 20 ng/ml basic FGF (Biolegend) and 20
ng/ml Recombinant human EGF (Biolegend). These conditions were maintained for 72h,
after which spheres were imaged on a light microscope and the size and number of spheres

analyzed using ImageJ software.
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Differentiation to a neural stem cell phenotype

Following 3 days of culture, neurospheres were collected, gently dissociated by Accutase
and plated in 6-well cell culture plates (Corning) or on glass chamber slides (Fisher
Scientific) pre-coated with a layer of Poly-D-lysine (30 min, room temperature; Sigma)
and a second layer of Laminin (2 hours, 37° C; Sigma). The cells were then grown for 3
days in basal neuronal medium containing neurobasal medium, 1X B27 supplement, 2 mM
GlutaMAX. Culture with penicillin and streptomycin at this stage appeared to cause
significantly decreased viability. Therefore, cells were maintained instead in 100 pg/ml

Ampicillin (American Bioanalytical).

Neuroblast differentiation and promotion of neuronal maturation

On day 6 of the procedure, following 48 hours of adherent culture, cells were supplemented
with an enriched neuronal growth medium which included: the basal neuronal medium
supplemented with 20 ng/ mL BDNF (Gibco), 20 ng/ mL GDNF (Gibco) and 500 uM
Dibutyryl cAMP (Sigma) and 100ug/mL ampicillin (American Bioanalytical). Notably, a
full media change after 3 days in these conditions often resulted in stress, cell death and
loss of the culture, a phenomenon similar to that seen in primary neuron cell culture. Half
of the medium was therefore removed and replaced every 3 days with fresh enriched

neuronal growth medium.

52



RNA extraction and Reverse transcription

Total RNA was extracted from differentiated or undifferentiated control cells using the
Qiagen RNeasy mini Kit, following the manufacturer instructions. cONA was generated
by using 1 pg of total RNA by Superscript Il (Invitrogen) again following the

manufacturer’s protocol.

Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR)

To determine the expression of neuronal differentiation related genes by RT-gPCR,
10ng cDNA was used per well in triplicates using Power-Up SYBR green (Applied
Biosystems) following the manufacturer’s protocol. Reactions were run on the
QuantStudio 3 Real-Time PCR System (Applied Biosystems). Fold induction was
calculated by the delta-delta Ct method using housekeeping genes RPLPO or GAPDH as

controls. Primers are listed in Table 2.

Immunocytochemistry

Cells were fixed in 4% PFA in DPBS with 10 ug/mL sucrose for 10 min at room
temperature. Cells were then blocked for 10 min at room temperature in 1% BSA, 10%
fetal bovine serum, and 0.2% Tween-20 in DPBS. Primary antibodies (Table 1) were
incubated overnight at 4°C in blocking solution. Following washes, slides were then
incubated for 90 min at room temperature with secondary antibodies (Thermo Fisher
Scientific Inc.; diluted in block solution): Alexa 488 Donkey anti mouse (1:400) and Alexa
568 Donkey anti rabbit (1:800). Nuclei were stained with DAPI or TO-PRO-3 stain.

Undifferentiated T-MSCs and cells without primary antibody were used as controls. All
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samples were visualized under a Zeiss 510-confocal microscope or a Nikon CSU-W1

Spinning disk field scanning-confocal microscope system.

Surface membrane markers profiling by flow cytometry

Undifferentiated cells or differentiated neuroblasts were washed in phosphate-buffered
saline (PBS) (Invitrogen), and fixed in 4% paraformaldehyde (Alfa Aesar) in DPBS for 10
minutes. Cells were then stained for 30 minutes on ice with PE-conjugated anti-CD73,
Alexa-647 conjugated anti-CD90 and Alexa-488 conjugated anti-CD105 (Biolegend)
(Table 1). Samples were washed twice and taken for analysis by a flow cytometer (FACS

Canto II; BD Biosciences) and data analyzed using FCS Express 7 software.

Chromatin Immunoprecipitation (ChIP) and ChIP-qgPCR

Chromatin Immunoprecipitations were performed using a SimpleChlIP® Enzymatic
Chromatin IP Kit (Cell signaling #9003) according to manufacturer’s protocol. Antibodies
used are listed in Table 1. Resultant DNA was used as gPCR template, and run using
primers for pluripotency gene bodies and promoters (Table 2). Data was calculated as a

percentage of ChIP Input DNA.

Genomic DNA extraction and telomere-PCR

For telomere length analysis, tet-ZSCAN4 T-MSCs were collected after 72h of
Doxycycline treatment to induce ZSCAN4. Genomic DNA was extracted using a
Wizard® Genomic DNA Purification Kit (Promega) and concentration determined via

Nanodrop. 10ng of DNA from Doxycycline treated or untreated cells was used as template
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for Telomere-qPCR as described by Cawthon(125). Telomere signal was normalized to

that of the single copy gene RPLPO. Primers are listed in Table 2.

Statistical analysis

Data are shown as the meanS.E.M of multiple independent experiments with multiple
donors in biological replicates. Student’s t-test or one-way ANOVAs were performed for
statistical analyses. A significant result in ANOVA was followed by a Fisher LSD post-
hoc test. In all statistical analyses, p<0.05 was considered statistically significant.
Statistical analyses and graph generation were performed with GraphPad Prism 7.03

software.
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Table 1: Antibody List

Antibody Host Dilution | Source Application
species
Pan-neurofilament (Smi-312) Mouse | 1:1000 | Biolegend | IF
Beta 3-Tubulin (Tujl) rabbit | 1:200 CST IF
MAP2 rabbit | 1:50 CST IF
Synaptophysin mouse | 1:200 CST IF
Neurofilament light mouse | 1:100 Biolegend | IF
PSD95 rabbit | 1:250 CST IF
Musashi-1 rabbit | 1:500 Invitrogen | IF
Nestin mouse | 1:2000 | CST IF
CD73 (PE conjugate) mouse | 1:50 Biolegend | Flow
CD90 (Alexa 647 conjugate) mouse | 1:50 Biolegend | Flow
CD105 (Alexa 488 conjugate) mouse | 1:50 Biolegend | Flow
KI-67 rabbit | 1:100 Invitrogen | IF
CyclinA2 rabbit | 1:100 CST IF
L-Dopamine rabbit | 1:200 Abcam IF
L-Glutamate rabbit | 1:100 Sigma- IF
Aldrich

RBFOX3 (NeuN) mouse | 1:500 Novus IF
H3K14Ac Rabbit | 1:50 CST ChipP
H4K8AC Rabbit | 1:50 CST ChipP
Normal Rabbit IgG Rabbit | 1:50 CST ChlP
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Table 2:Primer List

Forward (5'-3") Reverse (5'-3")
Nestin GCTACTGAAAAGTTCCAGCTGG CTGAAAGCTGAGGGAAGTCTTG
DCX GGAAGCACAAGGACCTGTAC TAGGCTTGGATTTGTACTCTGG
ACTA2 GTTACTACTGCTGAGCGTGAGA GATGCTGTTGTAGGTGGTTTCA
Beta3-tub | CATCTTTGGTCAGAGTGGGG GTCGCAGTTTTCACACTCCT
NEFL GAGATTGCAGCTTACAGGAAAC GGTGGACATCAGATAGGAGCT
MAP2 TGGAGGTGGTAATGTCAAGATTG GGGGACTGTGTAATGATCTCAG
PSD95 CCTGGAGAATGTGCTAGAGATT GGTAGATCTCCTCAAAGCTGTC
MSI 1 GCCATGCTGATGTTC GACA CTACGATGTCCTCGCTCTCA
CD73 CAG TAC CAG GGC ACT ATC TGG AGT GGCCCCTTTGCTTTAAT
CD90 ATGAACCTGGCCATCAGCA GTGTGCTCAGGCACCCC
CD105 CCA CTA GCC AGG TCT CGA AG GAT GCA GGA AGACACTGC TG
SOX2 CAAGGAGAGGCTTCTTGCTGA CACAGAGATGGTTCGCCAGT
RPLPO CAGCAAGTGGGAAGGTGTAATCC CCCATTCTATCATCAACGGGT
GAPDH CAAGATCATCACGAATGCCTC GCATGGACTGTGGTCATGAGTC
OCT4 TCT TCA GGA GAT ATG CAA AGC ATCCTCTCGTTG TGC ATAGT
NANOG AGC TAC AAA CAG GTG AAG AC TAG GAA GAG TAA AGG CTG GG
pNANOG | GAAAGACATGACAAATCACCAGAC CAACTAGCTCCATTTTCCTCTTTC
gNANOG | GGA ACA ATT CAA CCT GGA GCA ATT ACATTA AGG CCTTCCCCAG
pOCT4 TTACTTAAGTCGACAGAGGTCAGC TGGTCTAGTGCTTGATTCTGTTTG
gOCT4 CTCACTTCACTGCACTGTACTC TTGTGTTCCCAATTCCTTCCTT
pSOX2 CGGTTGAATGAAGACAGTCTAGTG CGACTAGAAGTTAGGAGACCCAAA
gSOX2 ACCTACATGAACGGCTCGC GGGACATGTGAAGTCTGCTG
hTELO GGTTTTTGAGGGTGAGGGTGAGGGT | TCCCGACTATCCCTATCCCTATCCCT
GAGGGTGAGGGT ATCCCTATCCCTA
ZSCAN4 | ATCCACCTGCCTTAGTCCAC TCGAAGAACTGTTCCAGCCA
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Chapter 3: Regulation of the cancer stem cell phenotype by ZSCAN4

3.1 Introduction

3.1A Stem Cells in Cancer

While cell stemness is an important consideration in regenerative medicine applications, it
also plays a major role in malignancies. Many of the characteristics of stem cells that
support their function can be appropriated by a small subpopulation of tumor cells that
drive cancer progression, metastasis, drug resistance and thereby, cancer deaths. Like non-
malignant stem cells, this population, known as Cancer stem cells (CSCs), are able to self-
renew and to differentiate to all the various cell types that make up a bulk tumor. CSCs can
be distinguished from bulk tumor cells by several aspects of stemness that they share with
non-cancer stem cells, such as self-renewal, metabolic changes, open chromatin, telomere

maintenance, pluripotency gene expression, and expression of drug resistance genes.

3.1.B. CSC phenotype

Compared to bulk tumor cells CSCs are distinguished by a capacity for self-renewal and
the ability to (re)generate an entire tumor from a single cell. Outside of these attributes,
CSCs are characterized by more open chromatin signatures, differential gene expression,
and enhanced telomere maintenance (68, 70, 71, 73, 74, 76, 126)

In non-cancer stem cells, there is a well-established association between open
chromatin and increased stem cell potency. Starting from a totipotent or pluripotent stem
cell, during differentiation chromatin is gradually closed and gene expression resultantly
silenced, until a differentiated cell is left with open chromatin only at the genes needed for

its specialized function(27). This is paralleled in the tumor environment, with CSCs
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harboring more open chromatin which is closed upon differentiation to a bulk tumor cell
phenotype. One important difference is that the differentiated, non-CSC, tumor cells still
retain significantly more open chromatin and generalized gene expression than a
differentiated somatic cell would. Finally, unlike somatic cells, where differentiation is
unidirectional, tumor cells have significant plasticity and can often shift back and forth
between a CSC phenotype and a non-CSC phenotype, depending on microenvironmental
cues (127).

Gene expression patterns are often quite distinct in CSCs compared to non-CSCs.
While these patterns differ between CSCs in different types of tumors, the common threads
are increased expression of pluripotency-associated genes, increased metabolic genes
involved in oxidative phosphorylation, genes involved in drug-resistance, DNA damage
response genes, and cell surface receptor genes that mediate immune evasion and
migration. Increased expression of those genes confers the CSC phenotype on a given

cancer cell and that expression is dependent on having open chromatin.

Both CSCs and non-CSCs express high levels of telomere extension-related proteins.
In the vast majority of cancers, telomere maintenance is accomplished by telomerase
expression and activity, with those not expressing telomerase seeing an increase in ALT-
pathway proteins(51). Compared to somatic cells in the tissue of origin, cancer cells can
have either shorter, similar, or longer telomeres, which are stable regardless of the telomere
extension mechanisms employed (73, 128). Several reports have shown that CSCs harbor
upregulated telomerase compared to bulk tumor cells (73, 75, 81). Thus, telomere

maintenance is also an important characteristic of the CSC population.
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3.1.C. CSC targeting therapies

Given the role of CSCs in promoting tumor characteristics that drive cancer progression
and death, the selecting targeting of CSCs is an area of intensive study in oncology. While
more generalized cancer therapies can be quite effective at killing non-CSC, bulk tumor
cells, the survival of CSCs enables tumor recurrence and metastasis post-treatment. Thus,
an approach targeting CSCs, with (or even without) concomitant targeting of bulk tumor
cells has the potential to more effectively cure cancers. While there are no (as of yet) FDA-
approved drugs specifically targeting cancer stem cells, clinical trials are ongoing,
primarily with monoclonal antibodies targeting CSC-associated cell surface receptors
(129) Another avenue of CSC treatment is differentiation therapy, wherein a CSC can be
induced to differentiate and thereby become more benign. A notable success story is the
use of retinoids to treat Acute Promyelocytic Leukemia (APL), with retinoic acid treatment
inhibiting self-renewal and forcing differentiation of the CSC-like population(130).
Targeting CSCs in additional cancers and using additional CSC markers, is thus a

promising approach for cancer therapy (Figure 21).
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Figure 21: CSC targeting as a therapeutic approach

Tumor cells are heterogeneous, holding a majority of non/low tumorigenic cells and a small subset of CSCs.
CSCs can be experimentally identified by their ability to generate differentiated tumors after transplantation
into an immunocompromised mouse or generate 3D tumorspheres in vitro. This model suggests CSC-specific
therapies in combination with conventional chemotherapies may kill both CSC and bulk tumor populations,
thereby preventing cancer recurrence.
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Therapeutic targeting of CSCs is a promising strategy for cancer treatment. While
more selective than the chemotherapies aimed at highly proliferative, bulk tumor cells,
CSC-targeting therapies are still not fully selective for CSCs, potentially damaging healthy
cells (particularly healthy stem cells). This is due to many reported CSC-markers not being
specific to cancers, as they are typically also expressed in both somatic and germline stem
cells. Thus, there is a continuing need to refine anti-CSC therapies by identifying and

characterizing novel (ideally CSC-specific) factors that underlie cancer stemness.

3.1D ZSCAN4 in cancer

As described previously, ZSCAN4 is an early developmental gene whose expression is
confined to the early embryo, with negligible expression in somatic cells. Unpublished
work in our lab by Dr. Alex Meltzer demonstrated that ZSCAN4 is aberrantly re-expressed
in many human cancers and in human cancer cell lines. Furthermore, ZSCAN4 in stem
cells appears to regulate stem cell potency in ESCs, iPSCs, and, per our results in Chapter
2, in somatic T-MSCs. We therefore hypothesized that ZSCAN4 may be playing a similar
role in human cancers, with its expression conferring a CSC phenotype. As in Chapter 2,
we expected ZSCAN4 to: 1) increase open chromatin, 2) increase pluripotency gene

expression and 3) extend the telomeres, together leading to increased cancer stemness.

3.1.E. Ring Finger Protein 20 (RNF20)

To target cancer stemness by way of ZSCAN4, a better mechanistic understanding of how
ZSCAN4 may promote stemness is needed. While ZSCAN4 expression in cancer cells is
transient and thereby harder to target, ZSCAN4 does interact with many other proteins in

the cell. Previous data in our lab demonstrated an interaction between ZSCAN4 and the
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E3 Ubiquitin ligase RNF20(124). Previous characterization of this interaction determined
that RNF20 regulated ZSCAN4 stability by polyubiquitinating the latter, leading to
proteasomal degradation (124). RNF20’s ubiquitin ligase activity, however, does not end
with polyubiquitination of cellular proteins. RNF20 is also responsible for mono-
ubiquitination of Histone H2B, an important step in converting closed chromatin to a more
open conformation (131). While histone acetylation and methylation levels determine the
strength of the interaction between DNA and the histone octamer it wraps around, histone
mono-ubiquitination levels determine how separated nucleosomes are from each other
(132). To have truly open, transcriptionally accessible chromatin, both intra-nucleosomal

and inter-nucleosomal effects must work in concert.

3.2 Results

3.2A ZSCAN4 is associated with cancer stem cells in HNSCC lines

Given the role of ZSCAN4 in promoting the stem cell phenotype, in this part of the work,
we set to define the significance of its interaction with the ubiquitin ligase RNF20, and the
role both factors play in chromatin remodeling at pluripotency genes. Previous findings in
the lab have established that ZSCAN4 is aberrantly re-expressed in a variety of humans
cancers and human cancer cell lines. Given the role of ZSCAN4 in underlying stem cell
potency, reported in PSCs by others and in T-MSCs in Chapter 2, we hypothesized that
ZSCAN4 may similarly underlie stemness in human cancer lines. We first assessed
whether ZSCAN4 was associated with stemness in human Head and Neck squamous cell
carcinoma (HNSCC) lines as HNSCC have been reported to harbor a significant CSC

population, as well as express the core pluripotency factors (133, 134). As ZSCANA4 is
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transiently expressed and only in a small number of cells at a time, we transduced, and
subsequently selected, the HNSCC lines Tul67 and 012SCC with a promoter-reporter
lentivector where mCherry expression is driven by the ZSCAN4 promoter (Figure 22A).
To enrich for cancer stem cells, we cultured both lines in spheroid conditions to generate
3D-tumorspheres. Culturing both lines as tumorspheres resulted in substantially increased
percentages of mCherry+ cells, indicating that CSCs were associated with ZSCAN4
expression (Figure 22B-C). Several markers of CSCs have been reported in HNSCC,
including the cell surface marker CD44 and the enzyme ALDH1Al (135). We thus
immuno-stained our pZSCAN4-mCherry cells for these markers and assessed their
expression in mCherry-positive (ZSCAN4+) and mCherry-negative (ZSCAN4-) cells by
flow cytometry. In both HNSCC lines, mCherry+ (ZSCAN4+) cells had significantly
higher percentages of both CD44+ and ALDH1A1+ cells (Figure 22D-G). Furthermore,
mCherry+ cells also had a higher percentage of CD44+/ALDH1A1+ co-positive cells,
likely representing true cancer stem cells. Together, this data suggests that ZSCAN4

expression is associated with cancer stem cells.
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Figure 22: ZSCAN4 is associated with cancer stem cells in head and neck cancer lines.

Illustration of ZSCAN4 promoter reporter system where mCherry expression is driven by the ZSCAN4
promoter. B) Flow cytometry results of mCherry expression in cell cultured as monolayers or tumorspheres
in Tul67 and C) 012SCC. Statistical significance determined by student’s t-tests. D) Flow cytometry
analysis (FCS Express) showing the expression distributions of CD44 and ALDH1A1 in mCherry+ and
mCherry- populations in Tul67 and E) 012SCC cells. F) Quantification of flow cytometry data showing
percentage of cells positive and co-positive for CD44 and ALDH1A1 in mCherry+ and mCherry negative
Tul67 and G) 012SCC cells. Statistical significance determined by independent student t-tests. All data
shown as mean =+S.E.M. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001, *****p<0.00001,
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generated by Robert Brown. (97))
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3.2.B. ZSCAN4 regulates pluripotency and CSC-associated gene expression

Given the chromatin changes mediated by ZSCAN4 at pluripotency gene promoters, we
next asked whether those changes were functional, that is, would they affecting gene
expression. Using our tet-inducible HNSCC lines (Tul67 and 012SCC) we found that
ZSCAN4 induction for 48h led to robust, significant increases in the pluripotency genes
Nanog, OCT4, and SOX2. (Figure 23A-B). This supports concurrent work in the lab which
found pluripotency genes are upregulated in HNSCC lines in response to ZSCAN4(101).
We further found that the CSC-associated genes BMI1, MDR1, and ABCG2 were also
upregulated, suggesting ZSCAN4 is driving both pluripotency and CSC gene expression
in HNSCC. To determine if ZSCAN4’s effects were specific to HNSCC, we also induced
ZSCAN4 in the additional tet-inducible cancer lines U20S (Osteosarcoma), SW480
(Colorectal cancer), and SKBR-3 (Breast Cancer). Despite some variability, at least one
pluripotency gene was significantly upregulated in each cell line, with most of the CSC-
associated genes also upregulated in response to ZSCAN4 induction. (Figure 23C-E). This
data suggests ZSCAN4 may regulate pluripotency gene expression and CSC gene

expression across multiple distinct cancer backgrounds.
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Figure 23: ZSCAN4 induction leads to increased CSC-associated gene expression.
RT-gPCR in ZSCAN4-induced and uninduced cells in A) Tul67, B) 012SCC, C) U20S, D) SKBR-3, E)
SW480 cell lines. Data presented as fold change relative to uninduced cells, with all genes normalized to the
housekeeping gene RPLPO. Statistical significance was determined by independent student t-tests. All data
shown as mean £ S.E.M. *p<0.05, **p<0.01, ***p<0.001, ****P<(0.0001. (Unpublished data generated by
Robert Brown)

While ectopic overexpression of ZSCAN4 in cancer lines led to increased pluripotency
gene expression, parallel experiments in the lab demonstrated that ShRNA depletion of
ZSCAN4 in HNSCC lines resulted in diminished pluripotency gene expression (97). To
assess whether ZSCAN4 is necessary for such gene expression, we desired a more robust
ZSCAN4 depletion system. In collaboration with the UMB’s CRISPR Core facility and
the laboratory of Tami Kingsbury, we were able to generate multiple ZSCAN4 knockouts
in both Tul67 and U20S, validated by Sanger sequencing and ICE analysis, as well as by
Western blot. We then assessed pluripotency gene expression in these validated lines by
RT-gPCR. Our results revealed significant clonal variation, with two clones of Tul67
showing a trend of reduced Nanog and SOX2 expression, while one clone showed

increased Nanog and SOX2 compared to WT cells. (Figure 24A) As the functions of the
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core pluripotency genes are co-operative, the observed increases in NANOG and SOX2,
while OCT4 remained unchanged potentially reflects differentiation, rather than a true
increase in pluripotency. In our U20S cells, Nanog expression was unchanged, while both
KO clones demonstrated reductions in OCT4 and SOX2. (Fig. 24B). The discrepancies
among our KO clones led us to hypothesize that clonal variation could also be masking the
true effect of ZSCAN4-KO on pluripotency gene expression. As an alternative approach,
we used a tet-inducible CRISPR-Cas9 KO system for ZSCAN4 in U20S. In response to
incubation with Doxycycline, the Cas9 protein and ZSCANA4-targeting sgRNA are
expressed, leading to gene knockout. This system allows us to assess cells both shortly
after ZSCAN4-KO, as well as generating a bulk knockout population to avoid clonal
variation. Remarkably, inducing ZSCAN4 knockout in these cells led to major reductions
in the expression of Nanog, OCT4, and SOX2, compared to the empty sgRNA control
(Fig.24C). We further assessed this effect by immunostaining and found that the
pluripotency markers OCT4 and KLF4 were reduced on the protein level as well. (Fig.24D)
Our results suggest that ZSCAN4 depletion does indeed lead to reduced pluripotency gene
expression, though long term culture in the absence of ZSCAN4 (as occurs with KO clones)

may allow for compensatory mechanisms to alter their expression.
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Figure 24: ZSCAN4 depletion leads to reduction in pluripotency gene expression.
RT-gPCR results showing pluripotency gene expression in A) Tul67 CRISPR-Cas9 knockout clones and B)
U20S CRISPR-Cas9 knockout clones. Data is presented as fold change relative to WT with expression
normalized to the housekeeping gene RPLPO. Statistical significance was determined by one way ANOVA
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Representative immunofluorescence images showing expression of the pluripotency genes OCT4 and KLF4
in U20S inducible ZSCAN4 knockout cells. All data shown as mean +S.EM. *p<0.05, **p<0.01,
***n<0.001, ****P<0.0001 (Unpublished data generated by Robert Brown)

3.2.C. ZSCANA4 positively regulates open chromatin at pluripotency genes

Our findings that ZSCAN4 positively regulates pluripotency gene expression led us to ask
how ZSCAN4 may be doing so. Work in mESC and iPSC, as well as our results in T-MSCs
(Chapter 2), led us to hypothesize that ZSCAN4 may enhance cancer stemness by inducing
open chromatin, thereby enhancing pluripotency gene expression. Concurrent work in our
lab revealed that ZSCAN4 induction in HNSCC lines leads to increased open chromatin
marks, both globally and at Nanog and OCT4 promoters (97). While open chromatin marks

are suggestive of open chromatin, to further assess chromatin accessibility at pluripotency
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gene loci, we performed Chromatin Accessibility by Real Time PCR (ChART-PCR). In
this technique, fully natured chromatin is digested in situ by an endonuclease (DNasel or
MNase). The digested chromatin is then extracted, with DNA purified and used as template
for RT-qPCR. More open, accessible chromatin is more easily digested by the
endonuclease and therefore yields a weaker signal by PCR. This signal, relative to an
undigested input control, can be compared across treatment conditions to determine
differences in chromatin accessibility. In our tet-inducible ZSCAN4 Tul67 line, we
cultured cells with or without Doxycycline for 72h and then performed a DNasel digest on
extracted nuclei. Our results indicate a robust increase in chromatin accessibility at the
promoters of Nanog, SOX2, and OCT4, in response to ZSCAN4 expression. (Fig.25A).
Conversely, we digested two CRISPR-Cas9 ZSCAN4 KO clones of Tul67 cells with
DNasel. Our results demonstrate a remarkable reduction in chromatin accessibility in
Tul67 ZSCAN4 KO cells (Fig.25B), which, when coupled with the data from ZSCAN4
overexpression in Tul67, suggest ZSCANA4 is indeed regulating the chromatin accessibility
of pluripotency gene promoters. In an effort to extend our findings beyond HNSCC, we
also performed a DNasel digest of two KO clones of U20S. As with ZSCAN4 KO in
Tul67, we found that ZSCAN4 KO in U20S resulted in significantly reduced chromatin
accessibility at pluripotency gene promoters (Fig.25C), yet further evidence that ZSCAN4
regulates pluripotency genes epigenetically. Additionally, we utilized a tet-inducible Cas9
system in U20S cells. Treatment of these cells with Doxycycline leads to expression of
Cas9 protein and ZSCAN4-targeting sgRNA. Thus, these cells give temporal control over
the knockout of ZSCAN4, compared to our clonal KO lines which have been ZSCAN4

depleted for dozens of cell divisions during expansion. After knockout induction, we
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performed ChIP for open chromatin marks. Our induced-KO cells demonstrated significant
reductions in the open chromatin marks H3K18Ac and H4K8Ac (Fig.25D-F), further
confirming that ZSCAN4 appears to regulate open chromatin, both across cell lines and

across modes of depletion.
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Figure 25: ZSCAN4’s effect on chromatin accessibility and histone acetylation at
pluripotency gene promoters.

A) ChART-qPCR results in Tul67 tet-ZSCAN4 cells showing chromatin accessibility at pluripotency gene
promoters. Results presented as a percentage of undigested input DNA. Statistical significance determined
by student t-tests. B) ChART-PCR results in Tul67 ZSCAN4 knockout cells and C) U20S ZSCAN4
knockout cells showing chromatin accessibility at pluripotency gene promoters. Results presented as a
percentage of undigested input DNA. Statistical significance determined by one way ANOVA with Fisher’s
LSD. D-F) ZSCAN4 depletion leads to reduction in histone acetylation at pluripotency gene promoters.
ChIP-gPCR in U20S inducible ZSCAN4 knockout cells showing histone acetylation levels at pluripotency
gene promoters. Results presented as a percentage of ChIP Input. Statistical significance determined by
student t-tests. All data shown as mean £S.EM. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001.
(Unpublished data generated by Robert Brown)

3.2.D. ZSCANA4 positively regulates telomeric open chromatin and telomere length
As mentioned in the introduction, maintenance of telomere length across cell divisions is
a characteristic of both pluripotent stem cells and cancer cells, particularly cancer stem

cells. Given ZSCAN4’s association with cancer stem cells in HNSCC and its role in
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regulating pluripotency and cancer stem cell gene expression, as well as ZSCAN4’s
regulation of telomeres in T-MSCs (Chapter 2) and mESC (83), we assessed whether
ZSCANA4 also regulates the telomeres of cancer cells. Excitingly, just 48h of ZSCAN4
induction in both Tul67 and U20S tet-inducible lines, led to significant increases in
telomere length as assessed by Telomere RT-gPCR. (Fig.26A-B). As Tul67 cells are
telomerase-positive, while U20S cells are telomerase-negative, this suggests ZSCAN4-
mediated telomere extension is independent of telomerase, a finding that has been
reported in mESC (83, 122) and implied by telomere extension in our telomerase-
negative T-MSCs (Figure 18). As both Tul167 and U20S do express endogenous
ZSCAN4, we also assessed whether ZSCAN4 depletion would lead to telomere
shortening. Using our CRISPR-Cas9 ZSCAN4 KO clonal lines, we assessed the effect of
ZSCAN4-KO on Tul67 and U20S telomere length. Remarkably, all three ZSCAN4-KO
clones in Tul67 showed significantly reduced telomere length. (Fig.26C) The two
ZSCAN4-KO clones in U20S displayed some variation, with one clone showing
significantly reduced telomeres while the other showed no significant change in telomere
length. (Fig.26D). To gain insights into the mechanism ZSCAN4 may be employing to
regulate telomere length, we next looked at telomeric chromatin. The relative compaction
of telomeric chromatin governs its accessibility to both telomerase and homologous
recombination enzymes in ALT (34, 54). As ZSCAN4 appears to regulate pluripotency
gene expression by epigenetic changes, we anticipated that ZSCAN4 may open the
telomeric chromatin, facilitating telomere elongation. Our findings by ChIP-PCR in tet-
inducible Tul67 reveal that induction of ZSCAN4 results in increased histone acetylation

(H3K27, H4K5, and H4K8) as well as the euchromatin associated tri-methylation mark,
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H3K4Me3 (Fig. 26E). These data reveal that ZSCAN4 is indeed opening telomeric
chromatin, and suggest that enhancement of telomere accessibility may be the mechanism

behind ZSCAN4-mediated telomere regulation.
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Figure 26: ZSCAN4 positively regulates telomere length and histone acetylation at

the telomere.

Telomere-qPCR showing relative telomere length in A) Tul67 tet-ZSCAN4 cells and B) U20S tet-ZSCAN4
cells. Results are presented as fold change relative to uninduced cells (NoDOX) with telomeres normalized
to the expression of the single-copy gene RPLPO. Statistical significance was determined by student t-tests.
C) Telomere-gPCR showing relative telomere length in Tul67 ZSCAN4 knockout cells and D) U20S
ZSCAN4 knockout cells. Results presented as fold change relative to WT cells with telomeres normalized
to the expression of the single-copy gene RPLPOQ. Statistical significance was determined by one way
ANOVA with Fisher’s LSD. E) ChIP-gPCR in Tul67 tet-ZSCANA4 cells showing levels of open chromatin
marks at the telomere. Results are presented as a percentage of ChIP input. Statistical significance was
determined by student t-tests. All data shown as mean =S.EM. *p<0.05, **p<0.01, ***p<0.001,
****pP<(0.0001. (Unpublished data generated by Robert Brown)
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3.2E: ZSCANA4 regulates in vitro cancer stemness in HNSCC lines

Thus far we have demonstrated that ZSCAN4 regulates the chromatin of cancer cell lines,
with such epigenetic changes potentially responsible for ZSCAN4-mediated pluripotency
gene expression and telomere extension. As its effects are all characteristics of cancer stem
cells, we next wanted to determine if ZSCAN4 would regulate functional cancer stemness.
Since CSCs have the ability to self-renew and generate a tumor from a single cell, relative
cancer stemness can be assessed in vitro by an extreme limiting dilution assay (ELDA).
Adherent cells in culture are detached into a single cell solution and then serial dilutions of
cells are made and added to wells of an ultra-low attachment plate. Upon culture in non-
adherent, serum-free conditions, CSCs will generate 3D tumorspheres, while non-CSCs
will not. Thus, by quantifying the number of wells per dilution containing at least one
tumorsphere, we can calculate the frequency of tumorsphere-forming cells (CSCs) and
compare between conditions. For our in vitro ELDA, we made serial dilutions of Tul67
WT and ZSCAN4-KO clonal lines and plated them. After 10 days in non-adherent culture,
we quantified the resultant wells containing tumorspheres. Remarkably, both ZSCAN4-
KO clones showed significant reductions in CSC frequency (Fig.27A), suggesting that
endogenous levels of ZSCAN4 promote cancer stemness. To further confirm this finding,
we performed ELDA in Tul67 cells using an shRNA mediated ZSCAN4-knockdown
system. Compared to a scrambled shRNA control, and consistent with our findings in
ZSCAN4-KO cells, ZSCAN4-KD cells also showed a significant reduction in CSC
frequency (Fig.27B), further bolstering the idea that ZSCAN4 is important for cancer

stemness. To explore the converse, that is, does ZSCAN4 overexpression increase cancer
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stemness, we induced ZSCAN4 in our tet-inducible Tul67 and 012SCC lines and then
plated them for ELDA. While ZSCAN4-induction in both cells lines resulted in increased
CSC frequencies, they did not reach significance (Fig.27C-D). Taken with the depletion
data from KO and KD, however, our data suggest a role for ZSCAN4 in the regulation of

in vitro cancer stemness.
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Figure 27: ZSCANA4 regulates in vitro cancer stemness in head and neck cancer lines.
A) In vitro extreme limiting dilution assay results in Tul67 WT and ZSCAN4 knockout cells showing
calculated cancer stem cell frequency. B) In vitro ELDA results in Tul67 ZSCAN4 knockdown cells and
scrambled control. C) In vitro ELDA results in Tul67 tet-ZSCAN4 and D) 012SCC tet-ZSCAN4 cells.
Cancer stem cell frequency calculations for all experiments were performed via L-Calc software and
statistical significance determined by Chi-square test. All data presented as mean frequency with range
representing a 95% confidence interval. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001. (Unpublished data
generated by Robert Brown)

3.2.G. ZSCANA4 is required for maintenance of H2B-Ub levels at pluripotency genes

Prior work in our lab had revealed that ZSCAN4 and the E3 Ubiquitin ligase RNF20 co-
localize and co-immunoprecipitate (124). That work also found that RNF20 is responsible
for the polyubiquitylation and degradation of ZSCAN4 (124). RNF20 also plays an
important role in chromatin structure via its mono-ubiquitylation of Histone H2B
(H2BUD). Therefore, to assess significance of RNF20 in mediating ZSCAN4 in chromatin
modifications, we performed Westerns blots for H2BUb across our ZSCAN4 depletion cell
lines. In Tul67 ZSCAN4-KD cells (Fig.29A), there does appear to be reduced H2BUb and

RNF20, yet in Tul67-KO cells only one clone shows reduction in H2BUb (Fig.29B).
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Likewise in U20S-KO, H2BUD is substantially reduced in one clone, but increased in the
other, while RNF20 is unchanged and increased, respectively (Fig.29C). Our inducible
KO U20S cells show increased H2BUb and RNF20 (Fig.29D). Our results demonstrate
that, at least on the global level, neither H2BUb nor RNF20 is consistently reduced when

ZSCANA4 is depleted.
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Figure 28: ZSCAN4 depletion does not consistently affect RNF20 or H2BUD levels.
Immuno-blotting for RNF20 and H2B-Ub levels in A) Tul67 ZSCAN4 knockdown and scrambled control,
B) Tul67 ZSCAN4 knockout clones, C) U20S ZSCAN4 knockout clones, and D) U20S inducible ZSCAN4
knockout cells and empty vector control. Quantification shows relative expression after normalization to
either total Histone H2B or Total Protein quantification (TPQ) via Ponceau staining. (Unpublished data
generated by Robert Brown)

H2BUb and RNF20 levels being unaltered globally, however, does not necessarily reflect

the situation at specific genes. We therefore performed ChIP to determine whether the
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localization of RNF20 and H2BUD at pluripotency gene was affected by loss of ZSCANA4.
We first performed ChIP in our Tul67 ZSCAN4-KD cells and found that both H2BUb and
RNF20 were reduced at the promoters of NANOG, OCT4, and SOX2 (Fig 30A-C). We
subsequently performed ChIP in our Tul67 ZSCAN4-KO lines. Here, again, the results
demonstrated clonal variability with one clone showing significant changes in both H2B
and RNF20 and the other did not. In the clone that did show changes, the results were very
interesting. Here, there was significantly reduced H2BUb at pluripotency promoters, while
also having increased RNF20 levels at those same promoters. (Fig 30D-F). This data,
coupled with the Tul67-KD data, suggests that even when RNF20 is present or even
increased, its activity on H2B ubiquitylation may be impaired. To exclude clonal variation
and assess this effect in a different cell background, we finally performed this ChiIP in our
U20S inducible KO line. Here, we found robust reductions in both RNF20 and H2BUD at
pluripotency gene promoters. (Fig 30G-I). This suggests there may be a temporal
component to how ZSCAN4 depletion affects RNF20 function. Both Tul67-KD and
U20S inducible KO cells have been without ZSCANA4 for a relatively short period of time.
Tul67 KO clones, on the other hand, have undergone dozens of cell divisions in the
absence of ZSCAN4. Thus, early on, ZSCAN4 depletion may lead to reduced RNF20 and
H2BUb at pluripotency promoters, but over a longer period, compensatory mechanisms
may rescue RNF20 localization, but not necessarily its function (H2B mono-
ubiquitylation). Intriguingly, we also found that there was reduced RNA Polymerase 1l
(POLR2A) at pluripotency gene promoters in our U20S inducible KO cells. (Fig 30G-1).
As RNA polymerase Il is required for gene transcription, its reduction provides one

possible mechanism for the reduced pluripotency gene expressed seen with ZSCAN4
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depletion (Figure 24). Independently, both RNF20 and H2BUb have been reported to
promote RNA Polymerase transcriptional activity. Thus, the loss of localization of one or
both factors may underlie both the lack of RNA polymerase recruitment and the lack of

pluripotency gene expression in the absence of ZSCAN4.
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Figure 29: ZSCAN4 depletion impairs H2BUb at pluripotency gene promoters.

(A-C) ChIP-gPCR in Tul67 ZSCAN4-knockdown cells showing RNF20 and H2B-Ub levels at pluripotency
gene promoters. Data shown as percentage of ChIP input DNA, with statistical significance determined by
independent t-tests. D-F) ChIP-gPCR in Tul67 ZSCANA4-knockout clones showing RNF20 and H2B-Ub
levels at pluripotency gene promoters. Data shown as percentage of ChIP Input DNA, with statistical
significance determined by one way ANOVA with Fisher’s LSD. G-1) ChIP-PCR in U20S inducible
ZSCAN4 KO cells showing H2B-Ub, RNF20, and POLR2A levels at pluripotency gene promoters. Data
shown as percentage of ChIP input DNA, with statistical significance determined by independent student t-
tests. All data shown as mean = S.EM. *p<0.05, **p<0.01, ***p<0.001, ****P<0.0001. (Unpublished data

generated by Robert Brown and Dr. Benjamin Portney)
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3.2.H. ZSCANZ4’s effects on pluripotency gene expression require RNF20

As ZSCAN4 appears necessary for optimal H2B monoubiquitylation and RNA polymerase
localization at pluripotency genes, we next asked whether RNF20 was necessary for
ZSCAN4’s effects on pluripotency genes. We previously (Fig 23) showed that ZSCAN4
overexpression in multiple cell lines leads to increased pluripotency gene expression. To
assess RNF20’s potential contribution to ZSCAN4-induced gene expression, we knocked
down RNF20 by siRNA transfection in our tet-inducible Tul67, 012SCC, and U20S lines.
24h transfecting cells with either RNF20 siRNA or a universal non-targeting control
(NTC), we treated cells with Doxycycline for 48h. Thus, ZSCAN4 expression occurred
against a backdrop of RNF20 depletion, allowing us to determine whether RNF20 was
required for ZSCAN4-induced gene expression. Notably, we found that, while ZSCAN4
induction led to increased pluripotency gene expression as expected, this effect was
abolished when RNF20 was knocked down. This effect was seen across pluripotency
genes and among all cell lines tested. (Fig 31A-C) ZSCAN4’s effects on pluripotency gene

expression thus appear to be RNF20-dependent.
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Figure 30: ZSCAN4 effect on pluripotency gene expression is RNF20-dependent.
Gene expression RT-gPCR in A) Tul67 tet-ZSCAN4, B) 012SCC tet-ZSCAN4, and C) U20S tet-ZSCAN4
cells transfected with either NTC or RNF20-KD siRNA for 24h and then treated with Doxycycline for an
additional 48h. Results are presented as fold change relative to the uninduced conditions (NoDOX). All data
shown as mean + S.E.M. Statistical significance was determined by one way ANOVA with Fisher’s LSD
for comparisons: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (Unpublished data generated by Robert
Brown)
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3.2.1. ZSCAN4 can facilitate histone acetylation independent of RNF20

In both T-MSCs and cancer lines, ZSCAN4’s exerts an epigenetic effect on pluripotency
genes, inducing open chromatin and allowing for gene expression. Given that ZSCAN4
requires RNF20 for pluripotency gene expression, we next looked for a potential
mechanism. We first assessed whether ZSCAN4’s effect on global chromatin as we
reported previously(97) was RNF20-dependent. Again, we induced ZSCAN4 in 3 tet-
inducible cell lines after prior transfection with either RNF20 siRNA or NTC. We then
performed Western blotting to determine RNF20’s contribution to global histone
modifications. As shown in Figure 9, both RNF20 and H2BUDb were massively decreased
by RNF20-KD across all three cell lines. In 012SCC cells (Fig.32A), H3K14ac and
H3K18ac were clearly increased in response to ZSCAN4 whether or not RNF20 was
present. H4K5Ac and H4K8Ac also showed an increase, albeit somewhat blunted, in
response to ZSCAN4 when RNF20 was depleted. In Tul67 cells (Fig 32B), this was not
the case, with H3K18ac, H3K4me3, H4K5Ac, and H4K8Ac all increasing with ZSCAN4,
regardless of RNF20 status. In U20S cells (Fig. 32C), H4K8ac did appear blunted or even
reduced when ZSCAN4 was induced in RNF20 knockdown, but H3K18ac, H3K4me3, and
H4K5ac all appeared RNF20-independent. On the whole, then, ZSCAN4-induced open

chromatin marks are not dependent on RNF20, at least globally speaking.
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A 012SCC tet-ZSCAN4 B Tul67 tet-ZSCAN4 C U20S tet-ZSCAN4
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Immuno-blotting was performed in A) 012SCC tet-ZSCAN4 cells, B) Tul67 tet-ZSCAN4 cells, and C)
U20S tet-ZSCANA4 cells transfected with either NTC or RNF20-KD siRNA for 24h and then treated with
Doxycycline for an additional 48h. Total Histone H2B or total protein quantification (by Ponceau stain) were
used as loading controls. Quantification is relative to respective loading control from the same experiment.
(Unpublished data generated by Robert Brown)

Given that there were significant differences between global levels of H2BUb and
their level at pluripotency gene promoters, we next wanted to assess ZSCAN4’s effects on
open chromatin marks at specific gene targets, with or without RNF20 knockdown. For
this experiment we performed a ChIP on tet-inducible Tul67 cells with or without
concurrent RNF20 knockdown. Our results on the promoters of NANOG and OCT4
demonstrate that increases in the open chromatin marks H3K4me3, H3K14ac, H3K18ac,
H4K5ac and H4K8ac occur whether or not RNF20 is depleted, and are therefore RNF20-
independent (Figure 33A-B) One histone mark (H3K27Ac) did appear RNF20-dependent,
though in the context of so many RNF20-independent marks, its importance remains
unclear. To confirm that the RNF20-dependence of ZSCAN4-mediated histone changes

was functional, we performed a DNasel digest and ChART-PCR on tet-inducible 012SCC
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cells, with or without concomitant RNF20KD. Consistent with Western and ChlIP results
showing open chromatin mark increases regardless of RNF20, we found that the NANOG
and OCT4 promoters were significantly more accessible in response to ZSCAN4, an effect
that was also independent of RNF20 (Fig 33C). ZSCAN4 therefore induces open
chromatin in an RNF20-independent manner and epigenetics therefore do not explain the

RNF20-dependent transcription of pluripotency genes.
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Figure 32: ZSCAN4 mediated induction of open chromatin is RNF20-independent.
ChIP-gPCR in Tul67 tet-ZSCANA4 cells transfected with either NTC or RNF20-KD siRNA for 24h and then
treated with Doxycycline for an additional 48h. After ChIP using antibodies for H4K4me3, H3K14ac,
H3K18ac, H3K27ac, H4K5ac, H4K8ac, or control rabbit IgG, ChIP’d DNA was used as template for RT-
PCR using primers for the promoters of A) OCT4 or B) NANOG. Data presented as percentage of ChlP
input from the same treatment condition. C) ChART-PCR in 012SCC tet-ZSCAN4 cells transfected with
either NTC or RNF20-KD siRNA for 24h and then treated with Doxycycline for an additional 48h. After
digestion, RT-PCR was performed on digested DNA using primers for promoters of NANOG and OCT4.
Data shown as percentage of undigested input DNA from the same treatment condition. All data shown as
mean +S.E.M. Statistical significance was determined by one way ANOVA with Fisher’s LSD for
comparisons: *p<0.05, **p<0.01, ***p<0.001. (Unpublished data generated by Robert Brown)
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3.2.J. RNF20 is necessary for RNA polymerase localization at pluripotency genes

A potential explanation for ZSCAN4’s failure to increase pluripotency gene expression
comes from the biology of RNF20 itself. RNF20 and its mono-ubiquitination of H2B have
been reported to positively regulate general transcription(136-139). Various mechanisms
for this have been reported, falling into two camps: independent facilitation of
transcriptional accessibility via RNF20/H2B-Ub opening the chromatin for subsequent
POLR2A transcription, or an actual interaction between RNF20 or H2BUb and POLR2A
itself. In our cells, the former mechanism would mean POLR2A would still be present at
target genes, but simply unable to transcribe when RNF20 is knocked down. In the latter
mechanism of interaction/recruitment, loss of RNF20 should lead to a loss of POLR2A
localization and a loss of transcription and gene expression. To determine how RNF20 may
be affecting transcription, we performed ChIP in tet-inducible Tul67 cells with or without
RNF20-KD. Our results indicate that RNF20 depletion led not just to reduced RNF20 at
pluripotency gene promoters, but also to a substantial, significant reduction in POLR2A at
these same promoters (Fig 34A-C). This indicates that RNF20 is not just required to
effectively prime these genes for POLR2A transcription, but is actually needed for proper
localization of POLR2A, either through recruitment or a yet to be identified mechanism.
The consequence of this for ZSCAN4-induced gene expression is that ZSCAN4 can induce
open chromatin marks and physically open pluripotency gene promoters, but in the absence
of RNF20, POLR2A does not localize to that open chromatin and thus, more open
chromatin does not translate to increased gene expression. Together, our data suggest that

RNF20 is requisite for ZSCAN4-mediated increases in pluripotency gene expression.
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Figure 33: RNF20 is required for RNA Polymerase localization at pluripotency gene

promoters.

ChIP-gPCR in Tul67 tet-ZSCAN4 cells transfected with either NTC or RNF20-KD siRNA for 24h and then
treated with Doxycycline for an additional 48h. After ChIP using antibodies for RNF20, RNAPOL II, or
control rabbit IgG, ChIP’d DNA was used as template for RT-PCR using primers for the promoters of
A)Nanog, B)OCT4, C)SOX2. Data is shown as percentage of ChIP input from the same treatment condition.
Statistical significance was determined by one way ANOVA with Fisher’s LSD for relevant comparisons:
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (Unpublished data generated by Robert Brown)

3.2.K. RNF20 is required for ZSCAN4-mediated telomere extension

Having established the relationship between ZSCAN4 and RNF20 on pluripotency gene
expression and chromatin dynamics, we finally wanted to study a third aspect of the stem
cell phenotype, the telomeres. We previously illustrated that ZSCAN4 induces telomere
extension, both in T-MSCs (Figure 18) and in cancer cell lines (Figure 26A-B), appearing
to do so by increasing the openness of telomeric chromatin (Figure 26 E). RNF20 and
resultant H2B mono-ubiquitination have been reported to play a significant role at the
telomeres, with loss of RNF20 or H2BUD leading to telomere shortening and increased
H2BUb levels leading to telomere lengthening(140). Like ZSCAN4, RNF20/H2BUb
appear to regulate telomere length by increasing telomere accessibility, whether to
telomerase, homologous recombination machinery, or other ALT mechanisms(141). We
thus hypothesized that, given its known importance at the telomere, RNF20 may be
required by ZSCAN4 to exert its effect on telomere extension. To test this, using our tet-

inducible Tul67 and 012SCC lines, we induced ZSCAN4 expression with or without
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concomitant RNF20-KD. Our results in both cell lines show a significant increase in
telomere length in response to ZSCAN4, but no ZSCAN4-induced extension occurred
when RNF20 was depleted.(Figure 35A-B) We then assessed whether ZSCAN4’s effects
on telomeric chromatin may be likewise RNF20-dependent. We therefore performed a
DNasel digest and subsequent ChART-PCR to determine relative telomere accessibility.
ZSCAN4 induction alone was able to cause a modest, yet significant increase in telomeric
sensitivity to DNasel, indicative of more open chromatin (Figure 35C). When RNF20 was
knocked down, this ZSCAN4 mediated effect was lost. Notably, RNF20 knockdown led
to a massive increase in telomere accessibility, possibly masking a more mild effect of
ZSCANA4. This unexpected finding merits further study in the future as the consensus of
reports is that RNF20 increases telomere accessibility. Overall our data reveal that

ZSCAN4 requires RNF20 for its effects on telomere extension and telomeric chromatin

accessibility.
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Figure 34: ZSCAN4 effects on telomere chromatin are RNF20-dependent.

A) Telomere-qPCR in Tul67 tet-ZSCANA4 cells and B) 012SCC tet-ZSCANA4 cells after either RNF20 siRNA
or NTC for 72h and ZSCAN4 induction for 48h showing telomere signal normalized to the single copy gene
RPLPO. Results presented as fold change relative to uninduced (NoDOX) cells. C) Telomere ChART-PCR
in 012SCC tet-ZSCANA4 cells following DNasel digest on native chromatin. Results presented as percentage
of undigested input. All Data are shown as mean + S.E.M Statistical significance determined by one way
ANOVA with significant results followed by Fisher’s LSD: *p<0.05, **p<0.01, ***p<0.001. (Unpublished
data generated by Robert Brown)
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3.3 Discussion

Cancer stem cells are drivers of cancer progression, recurrence and deaths in many
different tumor types, including head and neck cancers (HNSCC). CSCs demonstrate
increased tumorigenicity in both in vitro and in vivo research models, and expression of
CSC-associated markers are prognostic for treatment response, metastatic potential, and
mortality across cancer types. Thus, identifying regulators of the CSC phenotype is
important, both as prognostic biomarkers and as targets for developing future cancer

treatments.

As discussed, ZSCAN4 is aberrantly re-expressed in many human cancers and
cancer cell lines. ZSCAN4’s otherwise restricted expression to the early embryo posits it
as a specific marker in human cancer. Similar to reports in murine ESCs and iPSCs,
ZSCAN4 expression in cancers is restricted to a small percentage of cells, a characteristic
suggestive of CSCs. Our findings in HNSCC cell lines demonstrate that ZSCAN4
expression in enriched for, but enriching for CSCs, with ZSCAN4 expression further
associated with classical HNSCC CSC markers. ZSCAN4 expression therefore has

potential as a biomarker for relative cancer stemness, at least in HNSCC.

Current cancer therapies are generally efficacious against bulk tumor cells, but less
so against CSCs, making the targeting of mediators of the CSC phenotype key for reducing
tumor recurrence, metastasis and thereby cancer deaths. Our findings that ZSCAN4 is not
just associated with the cancer stem cell phenotype, but actually drives it by inducing open
chromatin, pluripotency gene expression and telomere elongation, identify it as a potential
drug target. The research into targeting of CSCs has focused primarily on cancer stem cell

surface markers like CD44, CD133 or EpCAM. These markers, however, are not specific
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to CSCs, being shared by many types of non-cancer stem cells as well. Thus, by depleting
these populations with monoclonal antibodies, one’s normal stem cell populations are also
depleted, resulting in potential side effects, particularly in the long term. Additionally,
many cell surface markers may be dispensable to the CSC phenotype, allowing CSCs that
do not express these markers to promote cancer progression instead(142). Our results
position ZSCAN4 as an upstream regulator of many cancer stem cell characteristics,
suggesting its inhibition may be more efficacious than targeting downstream pathways.
Indeed our results show ZSCAN4 depletion leads to compromised CSC frequency in
HNSCC lines, both in vitro (Figure 5) and in vivo (97). ZSCAN4 as a drug target is beset
with some drawbacks. ZSCAN4’s localization is intracellular (nuclear) making it
inaccessible to monoclonal antibodies. Further, ZSCAN4’s structure is not solved, nor has
its effect on the chromatin been fully elucidated. Thus, rational drug design targeting
ZSCANA4 is difficult. Finding factors necessary for ZSCAN4 to exert its effects is thus a

promising avenue to inhibit ZSCAN4 indirectly.

An interaction between ZSCAN4 and the E3 ubiquitin ligase RNF20 was
previously reported by our lab(124). Here, RNF20 negatively regulated ZSCAN4 levels
via polyubiquitylation and degradation. ZSCAN4 and RNF20 were shown to co-localize
in the nucleus, as well as co-immunoprecipitate.(124) Recent unpublished work in our lab
has revealed that ZSCAN4 and RNF20 directly interact in vitro, suggesting a direct binding
mechanism. We thus explored the relationship between these two proteins, thinking that
their protein-protein interaction may be important for ZSCAN4’s effects. By way of
ZSCANA4 depletion, we found that RNF20 was still able to perform global H2B mono-

ubiquitylation, suggesting RNF20 does not require ZSCAN4 for this effect. This makes
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sense as, unlike ZSCAN4, RNF20 is a widely expressed protein responsible for
maintenance ubiquitylations throughout the genome and the loss of a rarely expressed
protein like ZSCAN4 may not affect this function. However, ZSCAN4 depletion did lead
to reduced H2B mono-ubiquitylation at pluripotency genes, known genomic targets of
ZSCAN4 regulation. Given the interaction between ZSCAN4 and RNF20 we first thought
ZSCAN4, when expressed, may be recruiting RNF20 to pluripotency genes. While this
idea was supported by our results in short-term ZSCAN4 depletion systems where both
RNF20 and H2BUb levels were reduced at pluripotency genes, long-term ZSCAN4
depletion (clonal knockout lines) showed RNF20 levels were actually higher at these loci,
despite still showing reduced H2BUb. Thus direct recruitment by ZSCAN4 could play a
role in RNF20 localization and H2BUb at pluripotency genes early on, but even when
RNF20 levels are adequate, its function is impaired. This suggests RNF20 may require
some effect (likely epigenetic) of ZSCAN4 as a pre-requisite for its ubiquitylation activities

on H2B.

Conversely, we found that ZSCAN4’s effects on the chromatin at pluripotency
genes are RNF20-independent. Even when RNF20 is depleted, induction of ZSCAN4
increases both global histone acetylation and histone acetylation at pluripotency genes,
suggesting this effect is independent of and potentially upstream to H2BUb. However, our
finding that ZSCAN4’s enhancement of pluripotency gene expression requires RNF20
suggests H2BUD is still required for ZSCAN4-mediated gene expression. RNF20 itself
has been reported to recruit RNA polymerase Il during gene transcription(143). Our results
show that when RNF20 is depleted, RNA polymerase localization at pluripotency genes is

also reduced. This reduction is present whether or not ZSCAN4 is overexpressed,
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suggesting RNA Polymerase 1l recruitment is independent of ZSCAN4 or ZSCAN4-
induced histone acetylation. Taken together, this data suggests that RNF20 must be present

at pluripotency genes for ZSCAN4’s effects on transcription.

Our understanding of the interplay between RNF20 and ZSCAN4’s effects on the
chromatin of and expression of pluripotency genes may allow for the development of
therapeutic targets. RNF20, due to its multiple roles in the cell and near ubiquitous
expression, is not an ideal target for inhibition. Indeed knockout of RNF20 has been shown
to be embryonic lethal in mice and RNF20 knockout in cell lines has been reported to be
deleterious(144). As both RNF20 mediated H2B ubiquitylation and ZSCAN4-mediated
histone acetylation appear necessary for pluripotency gene expression, countering their
epigenetic effects may be beneficial. Either ablating ZSCAN4-induced histone acetylation
by promoting HDAC activity, or ablating RNF20-induced histone ubiquitylation by

promoting DUB activity, could blunt their CSC-promoting effects on gene expression.

In total, our work reveals ZSCANA4 as a driver of the CSC phenotype and characterizes its
functional relationship with its previously reported interactor RNF20, with our mechanistic

understanding paving the way for potential therapeutic targeting.

3.4 Materials and Methods

Cancer Cell Line Culture

Head and neck squamous cell carcinoma (HNSCC) cell lines TU167 were obtained from
the University of Texas MD Anderson Cancer Center (Houston, TX, USA). The cells used
in our laboratory were originally generated by Dr. Gary Clayman and were reported to be
free of cross contamination (145). The cell line 012SCC was donated by Bert O’Malley

from the University of Pennsylvania School of Medicine (Philadelphia, PA, USA). U20S,
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SKBR-3, and SW480 cell lines were obtained from ATCC. All cell lines were routinely
tested for mycoplasma or treated with PlasmoCure (InvivoGen) and tested as negative. All
tumor cell lines were cultured in complete DMEM medium (Invitrogen) supplemented with
10% fetal bovine serum (Novus), 2 mM GlutaMAX, penicillin (100 U/mL), streptomycin
(100 pg/mL).

Generation of mCherry promoter-reporter lines

The genomic region containing the ZSCAN4 promoter (2.5 Kb upstream of transcriptional
start codon, and 299 base pairs downstream) was cloned into a lentiviral vector (pEZX-
LvPMO02; GeneCopoeia) in which the mCherry reporter gene is downstream to the reported
ZSCAN4 promoter, with the puromycin resistance gene under control of the constitutive

promoter SV40. Tul67 and 012SCC cell lines were transduced with pZSCAN4-mCherry
lentivirus and selected with puromycin.

Generation of tetracycline inducible ZSCAN4 lines

Cancer cell lines were transduced with a tetracycline inducible ZSCAN4 expression vector
as previously described(124). Transduced lines were selected for 10 days with 1ug/mL

Puromycin and expanded. Tet-inducible cells were cultured as above, albeit in media

containing tetracycline-free FBS (Nowvus).
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Generation of ZSCAN4 shRNA knockdown lines

ZSCAN4 shRNAs vectors as previously described (97) were stably transfected into Tul67
or 012SCC cells by Effectene (QIAGEN) according to the manufacturer’s protocol. As
controls, isogenic cell lines were also generated expressing a non-targeting control ShRNA
(NTC-shRNA). Cell lines were selected with 1 ug/ml Puromycin (ThermoFisher
Scientific). Knockdown was confirmed by immunostaining and by qPCR.

Generation of CRISPR-Cas9 ZSCAN4 knockout lines

In Collaboration with the CRISPR Services Core at University of Maryland Baltimore’s
Center for Innovative Biomedical Resources (CIBR) and the lab of Dr. Tami Kingsbury,
clonal CRISPR-Cas9 knockout lines were generated in Tul67 and U20S cell lines. For
both lines, cells were nucleofected with Cas9 mRNA and sgRNA targeting Exon 3 of
ZSCAN4. Bulk cell populations were screened for successful ZSCAN4 gene edits by
Sanger sequencing and plated as single cells for generation of clones. Ater expansion,
clonal lines were tested for successful gene edits by Sanger sequencing and subsequent
ICE analysis. Successful knockout of ZSCAN4 was further confirmed via Western Blot.
After clonal expansion, cells were expanded and used for experiments between passages 3
and 6. For inducible ZSCAN4 knockout cells, U20S cells were transduced with lentivirus
containing tetracycline-inducible Cas9 expression vector with sgRNA targeting Exon 3 of
ZSCANA4. Cells were selected with puromycin. After inducing with Doxycycline for 72h,
cells were evaluated for gene edits by Sanger sequencing and ICE analysis. The inducible

Cas9 vector without an sgRNA (Empty) was used as control.
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RNA extraction and RT-gPCR

Total RNA was extracted from cells by RNAEasy Kit (Qiagen) with 1 pg of total RNA
reverse transcribed by Superscript 111 (Invitrogen) following the manufacturer's protocols.
Then, 10 ng cDNA was used per well in triplicates using Power-Up SYBR green PCR
master mix (Applied Biosystems) following the manufacturer's protocol. Real time PCR
was performed via a Quantstudio 3 system (Applied Biosystems)). Fold induction was
calculated by the ddCt method. Gene expression was normalized to the housekeeping gene
RPLPO. Primers are listed in Table 4.

Genomic DNA extraction and Telomere PCR

For telomere length analysis, treated cells were collected, genomic DNA was extracted
using a Wizard® Genomic DNA Purification Kit (Promega) and concentration determined
via Nanodrop. 10ng of DNA from each condition was used as template for Telomere-PCR
as described by Cawthon(125). Telomere signal was normalized to that of the single copy
gene RPLPO. Primers are listed in Table 4.

Immunofluorescence staining

Cells were fixed in 4% Paraformaldehyde in PBS for 15 minutes, washed and then
blocked/permeabilized in 5% FBS/1.5% BSA and 0.2% Tween-20 in PBS for 30 minutes.
Primary antibodies were diluted in blocking buffer and incubated overnight at 4 degrees
C. The following day, cells were washed, and incubated with secondary antibodies for 1h
in PBS. Cells were then washed, incubated with 1ug/mL DAPI (Fisher Scientific) for 10
minutes, washed again, then mounted with Vectashield Antifade Mounting media (Vector
Labs). Stainings were imaged on a DMi8b fluorescent microscope (Leica). All antibodies

listed in Table 3.
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Chromatin Immunoprecipitation (ChIP)

Chromatin Immunoprecipitations were performed using a SimpleChIP® Enzymatic
Chromatin IP Kit (Cell signaling #9003) according to manufacturer’s protocol. Antibodies
are listed in table 3. Resultant DNA was used as RT-PCR template, and run using primers
for pluripotency gene bodies and promoters (Table 4). Data was calculated as a percentage
of ChIP Input DNA.

Chromatin Accessibility by RT-PCR (ChART-PCR)

~5 million cell nuclei were lysed in a hypotonic chromatin lysis buffer (L0mM Tris HCI
7.5pH, 5mM MgCI2, 1mM CaCl2, 10mM KCI, 300mM sucrose, 0.1% Triton-X) and
nuclei isolated. Nuclei were re-suspended in DNase digestion buffer (L0mM Tris HCI
7.5pH, 5mM MgCI2, 1mM CaCl2, 10mM KCI, 300mM sucrose) and volume divided
evenly between tubes, with each tube receiving either various amounts (1Unit, 2Unit, or
4Units) of DNasel enzyme (Promega) or no enzyme for the undigested control. Digestion
was halted by the addition of 0.05M EDTA and heating to 70 degrees C for 15 minutes.
Digested DNA or undigested control DNA was then extracted using a Wizard Genomic
DNA extraction kit (Promega) and concentration determined by Nanodrop One
(ThermoFisher). 50ng of gDNA was used as template for RT-PCR, with digested samples

calculated as a percentage of their undigested control. Primers are listed in Table 4.
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In vitro Extreme Limiting Dilution Assay (ELDA)

Cells were dissociated with 0.25% Trypsin into single cell solution and serial dilutions
made, such that each well of a 96-well plate received 4000, 2000, 1000, 500, 250, 125,
62.5, 31.25, 15.625, 7.8125, or 3.90625 cells each. Each dilution was plated in octuplicate.
Cells were cultured for up to 10 days in a serum-free tumorsphere media consisting of
DMEM/F12, 1X B-27 Supplement, 20ng/mL bFGF, 20ng/mL EGF, and 50ug/mL
Ampicillin. Individual wells were then assessed for the presence or absence of 3D spheres
>50um.. Results were then analyzed with L-calc software (STEMCELL technologies) to
determine the CSC frequencies in each treatment condition and to compare frequencies

between conditions via Chi-squared test.

Protein Extraction and Western Blotting

Cells were lysed in Cytoskeleton buffer (10 mM PIPES, 300 mM sucrose, 100 mM NacCl,
3 mM MgCl12, 1 mM EGTA, and 0.5% Triton X100), and the nuclear fraction was isolated.
Next, pellets were lysed in urea solution (8§ M Urea in 0.01 Tris pH 8 +0.1 M NaH2PO4)
and sonicated. Samples were electrophoresed in polyacrylamide gels. PVDF membranes
were blocked with 5% nonfat milk or Superblock (Thermo Fisher Scientific) for 1 h, then
incubated overnight at 4 °C with the indicated primary antibodies in blocking solution
(Supplementary Table 2). Membranes were washed and incubated with secondary
antibodies (1:5000) for 1h. Secondary antibodies were visualized by ECL
Chemiluminescence (ThermoFisher Scientific) by developing on film. Primary antibodies

listed in table 3.
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Statistical Analysis

Data are shown as the meanS.E.M of multiple independent experiments with multiple
donors in biological replicates. Student’s t-test or one-way ANOVAs were performed for
statistical analyses. A significant result in ANOVA was followed by a Fisher LSD post-
hoc test. In all statistical analyses, p<0.05 was considered statistically significant.
Statistical analyses and graph generation were performed with GraphPad Prism 7.03

software.
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Table 3-Antibody list

Antibody Host Dilution Source Application
species
H3K14Ac rabbit 1:50/1:1000 | CST ChIP/Western
H3K18Ac rabbit 1:50/1:1000 | CST ChIP/Western
H3K27Ac rabbit 1:50/1:1000 | CST ChiP
H4K5Ac rabbit 1:50/1:1000 | CST ChIP/Western
H4K8ACc rabbit 1:50/1:1000 | CST ChIP/Western
H3K4me3 rabbit 1:50/1:1000 | CST ChIP/Western
Normal rabbit 1gG rabbit 1:50/1:1000 | CST ChlP/Western
H2B rabbit 1:1000 CST Western
H2B-Ub rabbit 1:50/1:1000 | CST ChIP/Western
RNF20 rabbit 1:50/1:1000 | CST ChIP/Western
POLR2A rabbit 1:50/1:1000 | CST ChIP/Western
OCT4 mouse 1:100 BD IF
KLF4 rabbit 1:200 CST IF
CD44 (eFluor450 mouse 1:100 eBiosciences | Flow
conjugate)
ALDH1Al recombinant | 1:50 Abcam Flow
(Alexa647 conjugate)
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Table 4-Primers Used

Forward (5'-3") Reverse (5'-3")
SOX2 CAAGGAGAGGCTTCTTGCTGA CACAGAGATGGTTCGCCAGT
RPLPO CAGCAAGTGGGAAGGTGTAATCC CCCATTCTATCATCAACGGGT
OCT4 TCT TCA GGA GAT ATG CAA AGC ATCCTCTCGTTG TGC ATAGT
NANO AGC TAC AAA CAG GTG AAG AC TAG GAA GAG TAA AGG CTG GG
G
pNANO | GAA AGA CAT GAC AAATCACCAGAC CAACTAGCTCCATTTTCCTCTTTC
G
pOCT4 | TTACTT AAG TCG ACA GAG GTC AGC TGG TCT AGT GCT TGATTCTGT TTG
pSOX2 CGG TTG AAT GAA GAC AGT CTAGTG CGA CTA GAA GTT AGG AGA CCC AAA
hTELO | GGTTTTTGAGGGTGAGGGTGAGGGTGAGG | TCCCGACTATCCCTATCCCTATCCCTATCC
GTGAGGGT CTATCCCTA
ZSCAN | ATCCACCTGCCTTAGTCCAC TCGAAGAACTGTTCCAGCCA
4
BMI1 GGC TCG CATTCATTT TCT GCT GAA CAATAC ACGTTT TAC AGA AGG A
ABCG2 | GCC ACA GAG ATC ATA GAG CCT TCA CCC CCG GAAAGT TGA TG
MDR1 GGG AGC TTAACACCCGACTT CAG CAG CTGACAGTCCAAGA
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Chapter 4: Conclusions and Future Directions

4.1 Stem Cell Potency and therapeutic use of T-MSCs

Several types of MSCs have been reported to differentiate to the neuronal lineage,
neurogenic potency being a requirement for their use in cell replacement therapies. Our T-
MSCs were previously reported to have superior extraction efficiency over other sources
of MSCs, along with equivalent or superior proliferative capacity and differentiation
capacity to mesenchymal lineages, compared to BM-MSCs(18). Thus, even in an
undifferentiated state, T-MSC’s are an excellent candidate for cell therapies or for cell
replacement therapies involving differentiation to mesenchymal cell types. Our results
characterizing the neurogenic potential of T-MSCs support their use in replacement
therapies of CNS disease, in particular.

4.2 Therapeutic use of T-MSCs in Neurodegenerative Disease

For cell replacement therapies in neurodegenerative disease, the transplanted cells must be
able to differentiate to the type of cells requiring replacement. Complete neuronal
differentiation includes loss of their original MSC phenotype, cessation of proliferation,
expression of mature neuronal markers, and expression of neurotransmitters. Our results
indicate that T-MSCs, upon differentiation in our protocol, results in post-mitotic, neuron-
like cells with neurotransmitter expression. This recommends them as an excellent stem
cell source for replacement therapies in neurodegenerative disease. To further characterize
these cells, future work will be required to direct their differentiation to specific neuronal
sub-lineages, as well as to assess secretion of expressed neurotransmitters as well as

electrophysiologic maturity, the gold standard in proving functionality(146).
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4.3 Using ZSCAN4 to enhance cell stemness

While T-MSCs possess advantages over other MSC sources, their use is still constrained
by issues of cellular aging, either physiologic aging with older donors or in vitro aging with
cell culture. ZSCANA4, consistent with its established role in supporting stem cell potency
in murine pluripotent stem cells, enhances the stem cell potency of T-MSCs, bypassing an
otherwise critical barrier to the widespread therapeutic use of these cells. Our evaluation
of several aspects of stem cell potency (epigenetics, pluripotency gene expression and
telomere length) with ZSCAN4 induction in aged T-MSCs gives further insight into the
mechanism underlying its conserved effects across species and across cell types. Future
work will more completely assess ZSCAN4’s enhancement of neurogenic differentiation
in T-MSCs, as well as determine whether ZSCAN4 improves differentiation to other
lineages. Future mechanistic analysis will hopefully elucidate the exact mechanism by
which ZSCAN4 exerts its effects, offering a target for pharmaceutical intervention, either

activating ZSCANA4 to increase stem cell potency or inhibiting it to decrease potency.

4.4 ZSCANA4 as a cancer stem cell marker and target

CSCs are drivers of cancer progression, metastasis, drug resistance and thereby cancer
deaths. The use of CSC specific biomarkers to identify CSCs in tumor samples can help
to guide the intensity and type of treatment regimen used, as well as provide a prognostic
marker for likelihood of progression. Current CSC markers are neither entirely specific to
cancer cells, nor expressed in all CSCs. Thus, treatments based around them can be
expected to adversely impact a patient’s normal stem cell reserves, as well as not eliminate

all CSCs. ZSCAN4, due to its transient expression is even more rarely expressed than
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other CSC markers. This characteristic makes it a more specific potential biomarker for
bona fide CSCs than commonly used markers (CD44, CD133, etc.). Our findings that
ZSCANA4 is a driver of the CSC phenotype, inducing open chromatin, pluripotency gene
expression, telomere elongation and in vitro stemness, suggest its expression is integral to
CSCs, and is therefore a therapeutic target. Future work on determining the exact
mechanism by which ZSCAN4 exerts its effects may give insight into strategies to inhibit
its function in cancer, thereby impairing CSCs. Together with traditional bulk tumor
chemoradiation therapies, such a strategy should lead to increased treatment response,
decreased relapse rates and increased survival in HNSCC. The fact that ZSCAN4 is
expressed in, and some of its effects appear conserved in, disparate cancer lines, suggests
ZSCANA4 targeting could be efficacious in reducing cancer stemness in a variety of cancers,

though more evidence will be needed in each specific type of cancer.

4.5 Co-operative effects of RNF20 and ZSCAN4

Aside from targeting ZSCAN4 directly, it could be indirectly inhibited identifying and
blocking necessary co-factors needed for its effects. One potential co-factor is RNF20,
previously reported to interact with and negatively regulate ZSCAN4 levels. Both
ZSCAN4 and RNF20 appear to independently alter the epigenetics of the cell, with
ZSCAN4 facilitating histone acetylations and RNF20 causing histone mono-
ubiquitylation. Our work to elucidate the relationship between the two proteins suggests
that ZSCAN4 does not require RNF20 or H2BUD for its effects on histone acetylation
globally or at pluripotency gene promoters. RNF20, while not requiring ZSCAN4 or

ZSCAN4-mediated acetylation for its effect on global H2B-Ub, does appear to require
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them for H2B-Ub at pluripotency genes. Given the known interaction between RNF20 and
ZSCAN4, and our results in short term ZSCAN4 depletion, ZSCAN4 may be responsible
for recruitment of RNF20 to pluripotency genes, where it exerts its effect on H2B-Ub. In
longer term ZSCAN4-depletion, however, RNF20 is able to localize to pluripotency genes,
but H2B-Ub levels remain down, as does gene expression. While not mutually exclusive,
our results suggest that it is the lack of ZSCAN4’s function (histone acetylation at
pluripotency genes) that impairs H2BUD levels, not necessarily the lack of ZSCAN4 as a
recruitment factor for RNF20. Conversely, RNF20 is necessary for ZSCAN4-induced
pluripotency gene expression, appearing to do so by recruiting RNA Polymerase Il. Thus,
both ZSCAN4 and RNF20 are necessary for pluripotency gene expression, a key factor in
the cancer stem cell phenotype. Telomere length, another important aspect of the cancer
stem cell phenotype, appears to be similarly regulated. This knowledge can be used to

inform future therapeutic approaches to reduce cancer stemness.

4.6 Targeting RNF20-ZSCAN4 in cancers

ZSCAN4 alone is an excellent therapeutic target in cancer. Its negligible expression in
post-embryonic cells portend a low side effect profile with systemic inhibition. However,
as it is localized to the nucleus, monoclonal antibodies are unlikely to be helpful. RNF20
on the other hand has a solved structure and known enzymatic activity, but its ubiquitous
expression across cell types and multiple functions in the cell augur a significant side effect
profile. Indeed, RNF20 knockout models have shown embryonic lethality and deleterious
effects in cell culture(144). If ZSCANA4 recruits RNF20 to pluripotency genes, then their

direct interaction can be targeted and inhibited. Our data showing RNF20 can still localize,
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but not function, in the absence of ZSCAN4 suggests it is the lack of ZSCAN4-induced
histone acetylation that impairs RNF20 function. All is not lost, however, as each protein’s
chromatin effects offer potential treatment targets. As ZSCAN4’s effects on histone
acetylation appear to be responsible for its effects on gene expression and telomere
elongation, blocking or reversing these effects with epigenetic therapies, such as small
molecule histone acetyltransferase (HAT) inhibitors or histone deacetylase (HDAC)
activators. Without ZSCAN4-based histone acetylation, pluripotency gene expression
would likely be hindered, as would cancer stemness. One other potential avenue would be
to target ZSCAN4 by increasing RNF20 levels or activity. Previous work found RNF20
negatively regulates ZSCAN4 levels, significantly reducing its protein half-life(124). By
clearing ZSCAN4, induced high levels of RNF20 could prevent it from exerting its effects
on cancer stemness. In total, the mechanistic insights into the ZSCAN4-RNF20
relationship gained from this work, can help to guide future development of therapeutics

to inhibit cancer stemness.

Overall, means to alter stem cell potency are of great importance to the fields of
both regenerative medicine and oncology. In this work we have identified ZSCAN4 as one
such factor and demonstrated its use as a tool to increase the stem cell potency of tonsil-
derived MSCs for future neuro-regenerative applications. Conversely, we defined
ZSCAN4 as a mediator of cancer stemness in HNSCC (and potentially other cancers)
which posits it as a target to impair CSCs. Mechanistic insights into the relationship
between ZSCAN4 and RNF20 further our understanding of ZSCAN4 biology, guiding the

development of future therapeutics.
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