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Abstract

Background:

Glioblastoma is the most common and aggressive malignant primary brain tumor. Despite
aggressive standard treatment including surgery, radiation and chemotherapy, the median overall
survival for patients with glioblastoma is only about 14 to 16 months. Using a glioblastoma TCGA
dataset from 2013, we found that high NSUN5 mRNA expression is strongly associated with poor
survival in glioblastoma patients. NSUNS5 is a member of the Nol1/Nop2/Sun (NSUN) family of
methyltransferases. It was first characterized in yeast where it was found to methylate 25S
ribosomal RNA (rRNA). Moreover, NSUNS functions to modulate protein synthesis in yeast, as
its deletion leads to alterations in the rRNA structure, consequently leading to the favoured
translation of oxidative response mRNAs. However, the function of NSUNS in humans, as well as
its role in cancer remains obscure. Since protein synthesis is a major mechanism by which cancer
cells adapt to their environment and enhance their proliferation and survival, elevated NSUNS
expression and the consequent rRNA methylation could alter the structure and/or activity of

ribosomes to modulate the proteome and to drive tumorigenic phenotypes in glioblastoma.

Hypothesis and objectives:

Our hypothesis is that elevated NSUNS alters the structure and/or activity of ribosomes by
regulating the pattern of rRNA methylation, which leads to pro-tumorigenic translational
reprogramming thereby promoting glioblastoma progression. We will address our hypothesis by:
(1) investigating whether NSUNS5 methylates rRNAs, (2) determining whether NSUNS5 regulates
protein synthesis in glioblastoma cells, (3) determining the functional role of NSUNS in

glioblastoma, and (4) characterizing the NSUNS5-regulated proteome in glioblastoma cells.
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Results:

In this study, we demonstrate that: (1) NSUNS indeed methylates cytosine 3782 of human 28S
rRNA; (2) NSUNS regulates protein synthesis in glioblastoma cells; and (3) NSUNS promotes the
tumorigenic phenotypes of glioblastoma in vitro and in vivo. In Chapter 3, we demonstrate that
NSUNS is expressed in glioblastoma cells and patient tissues and that NSUNS methylates cytosine
3782 of human 28S rRNA. Furthermore, we identify cysteines 308 and 359 as the key cysteines
required for RNA methyltransferase activity of NSUNS. In Chapter 4, we show that NSUNS
promotes proliferation, sphere formation, resistance to temozolomide, and tumor
formation/progression of glioblastoma cells in mice. In Chapter 5, we demonstrate that NSUNS
promotes protein synthesis and regulates the proteome of glioblastoma cells, modulating the

expression of STAT3 and NSUN2.

Significance:

In this study, we determine that NSUNS plays a pro-tumorigenic role in glioblastoma. Since RNA
methyltransferases have been shown to be readily targetable, our study suggests that NSUNS is a
potential novel therapeutic target for glioblastoma. Moreover, this project will help us to determine
whether rRNA cytosine modification regulates translation, and whether it favors the translation of

cancer-associated genes in glioblastoma.
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translational control in cancer, STAT3, NSUN2
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A publication in ovarian cancer is included to the thesis as appendix I.

In the first two years of my PhD studies, before I started NSUNS project in glioblastoma, I had
worked on the Notch signaling pathway in both glioblastoma and ovarian cancer. Unfortunately,
the glioblastoma project did not work out. Therefore, I switched to the NSUNS project to complete
my PhD studies. The ovarian cancer project resulted in a first-author publication, which is included

to the thesis as an appendix.

Jiesi Zhou, Saket Jain, Abul K Azad, Xia Xu, Hai Chuan Yu, Zhihua Xu, Roseline Godbout,
YangXin Fu. Notch and TGFf form a positive regulatory loop and regulate EMT in epithelial
ovarian cancer cells. Cellular Signalling, Volume 28, Issue 8, August 2016, Pages 838-849. Jiesi
Zhou was the first author of this article. This project was conducted mainly by Jiesi Zhou with the
assistance of people noted bellow. Jiesi Zhou performed the cell culture and treatment, preparation
of whole cell lysates and cytosolic and nuclear fractions, Western blotting, immunocytochemistry,
and scratch assay. Saket Jain and Xia Xu performed the migration assay. Abul K Azad, and Hai
Chuan Yu generated new cell lines, and performed Western blotting. Zhihua Xu performed RT-
qPCR. The final version of the manuscript was written by Dr. YangXin Fu. Dr. Roseline Godbout

participated in the editing of the manuscript.
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Chapter 1 Introduction



1.1 Glioblastoma
1.1.1 Epidemiology and classification of glioblastoma

Glioblastoma is the most common and aggressive malignant primary brain tumor. According
to the 2021 report of the Central Brain Tumor Registry of the United States (CBTRUS),
glioblastoma accounts for 49.1% of all the primary malignant brain tumors and 14.3% of all the
primary brain tumors. The incidence rate is 3.2 case per 100,000 people in North America [1].
According to the American Brain Tumor Association, there is an estimated 13,000 newly
diagnosed glioblastoma cases per year in the United States. Despite aggressive standard treatments
including surgery, radiation and chemotherapy, the median overall survival for patients with
glioblastoma is only about 14 to 16 months [2-4].

Based on the 2007 WHO Classification of tumors of the central nervous system, glioblastoma
is classified as grade IV astrocytoma [5, 6]. In this classification, glioma is divided into several
major types (astrocytoma, ependymoma, oligodendroglioma, and oligoastrocytoma) based on the
histological tumor cell types and four grades based on the degree of anaplasia of the tumor cells
[5, 6]. Astrocytoma, accounting for about 75% of gliomas, are composed of pilocytic astrocytoma
(grade I, 5.0% of all gliomas), diffuse astrocytoma (grade II, 7.3%), anaplastic astrocytoma (grade
I, 6.8%), and glioblastoma (grade IV, 58.4%) (Figure 1.1) [7]. In the 2016 WHO Classification
of tumors of the central nervous system, the tumor molecular genetic features (including /DH
mutation, MGMT promoter methylation, 1p/19q-co-deletion, EGFR, PTEN, and TP53) are
included in the classification of glioma [8]. The incorporation of pathological features with
molecular genetics has improved diagnosis and provided clues for the development of targeted

therapies.
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Figure 1.1 The proportion of glioma subtypes.
Data are from 105,729 glioma patients from 2014 to 2018. This figure has been reused with
permission from Oxford University Press (Neuro-Oncology), License Number:

5172500364531,2021, Quinn T. Ostrom et al. [7, 9]

Using The Cancer Genome Atlas (TCGA) Research Network of glioblastoma in 2008,
researchers found core pathogenesis pathways and key mutated or high amplified genes in

glioblastoma, including EGFR, TP53, PTEN, NF1, IDHI, PDGFRA, PTEN, and RB1 [10]. A more
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detailed analysis revealed that amplification or mutational activation of receptor tyrosine kinase
(RTK)/Ras signaling/RTK-PI3K signaling pathways were found in approximately 90% of
glioblastoma samples [11]. Mutations in EGFR, PTEN, PI3K, NF1, and PDGFRA were found in
57%, 41%, 25%, 10%, and 10% of glioblastoma samples, respectively [11]. Inactivation of the
p53 and RB tumor suppressor signaling pathways was found in 86% and 79% of glioblastoma
samples, respectively [11]. Mutations in CDKN2A/B, TP53, MDM2/4, CDK4, and RB1 were found
in 61%, 28%, 14.8%, 14%, and 7.6% of glioblastoma samples, respectively [11]. Based on these
genomic abnormalities, glioblastoma is now classified into three main molecular subtypes:
Classical, Proneural, and Mesenchymal [10, 12].

The Classical subtype is characterized by amplification of EGFR (95%), expression of point-
mutated EGFR or EGFRVIII (55%), and expression of wild-type TP53 (100%) [10]. EGFR is an
important member of the receptor tyrosine kinase family. EGFR signaling is one of the key players
for cell proliferation, growth, development, and survival. It is activated by extracellular epidermal
growth factor (and other ligands) and delivers signals from the Ras, PI3K and STAT3 signaling
pathways to the nucleus to regulate cell proliferation, survival, and cell growth. EGFR
amplification and/or mutations occur in about 60% of GBM, which results in persistent activation
of the signaling networks that promote malignancy. The most common EGFR mutation leads to
the formation of EGFRVIII that has no ligand binding sites but is a constitutive self-activated
receptor.

The Proneural subtype is characterized by amplification of PDGFRA (35%) and expression of
mutated /DHI (30%) and mutated 7P53 (54%) [10]. Interestingly, /DHI mutations were only
found in 12 cases out of the total 116 samples tested and 11 of the 12 cases were of the Proneural

subtype. IDH1 is an isocitrate dehydrogenase that catalyzes the reversible conversion of isocitrate
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to a-ketoglutarate (a-KG) in glucose metabolism. /DH1 mutations are mostly found at arginine
132 (mainly R132H) [13, 14]. IDHI R132H loses the ability to produce a-KG but increases the
conversion of a-KG to 2-hydroxyglutarate (2-HG) [13]. 2-HG inhibits a-KG-
dependent dioxygenases, including histone demethylase and TET2 DNA hydroxylase. Therefore,
the accumulation of 2-HG causes the widespread abnormal methylation or hypermethylation of
DNAs and histones, contributing to tumorigenesis [13]. More than 73% of all grade II and III
gliomas (of all types) have been found to have /DHI mutated at R132 [14]. About 80% of
secondary glioblastomas have mutated /DH1 at R132, are believed to have progressed from grade
II and III gliomas [14]. More interestingly, 2-HG can be detected by magnetic resonance
spectroscopy and this detection can be used in the diagnosis and prognosis of IDH-mutated glioma
patients [15].
The Mesenchymal subtype is characterized by deletion mutation of NF'/ (37%), point mutation
of PTEN (32%), and high levels of expression of mesenchymal markers CHI3L1 and CD44 [10].
As two important suppressors of the AKT-mTOC signaling pathway, low expression of NF1 and
PTEN increases the effects of AKT signaling which promotes the proliferation, migration, and
invasion of tumor cells. CHI3L1 is a secreted glycoprotein that is associated with angiogenesis
and invasion of glioblastoma [16]. Knockdown of CHI3LI decreases, whereas overexpression of
CHI3L1 increases, migration and invasion of glioblastoma cell lines in vitro [16]. Knockdown of
CHI3L1 also inhibits the angiogenesis and tumorigenesis of glioblastoma xenografts in vivo [17].
CHI3LI is the direct target of STAT3 in the regulation of invasion and differentiation of glioma
cells [16, 17].
The Classical and Mesenchymal subtypes have better outcomes with temozolomide treatment,

whereas the Proneural subtype does not respond to temozolomide treatment [10]. In addition, for
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the prediction of prognosis and treatment outcome, glioblastoma can simply be classified as IDH -
mutated vs. IDH-wild-type or MGMT promoter-methylated vs. MGMT promoter-unmethylated
subtypes [14, 18, 19]. IDHI-mutated glioblastomas are more common in younger patients and
have a much better median survival (27 to 31 months) compared to /DHI-wild-type glioblastoma
(11 to 15 months) [14, 19]. MGMT promoter-methylated glioblastomas have a better response to
radiotherapy and/or temozolomide treatment compared to glioblastomas without MGMT promoter
methylation [18]. With combined radiotherapy and chemotherapy, the median survival of MGMT
promoter-methylated glioblastoma is 21.7 months compared to 12.7 months in MGMT promoter
unmethylated glioblastoma [18]. While /DHI mutation is a feature of the Proneural subtype,

MGMT promoter methylation is observed in all glioblastoma subtypes [10].

1.1.2 Treatment for glioblastoma

Without treatment, the median survival for glioblastoma patients is only 2 to 3 months [20, 21].
Even though complete surgical resection has better outcome than biopsies only [22, 23], the
median overall survival is still only about 4 months [24]. Compared with surgery, radiotherapy is
a much more effective treatment for glioblastoma. With 60 Gy of radiation treatment, the median
survival for glioblastoma patients increases to 10 to 12 months [2, 24]. Radiation mainly damages
the DNA of tumor cells, leading to activation of DNA repair pathways, cell cycle arrest and
apoptosis. p53 signalling plays a key role in the regulation of these cell damage processes.
However, inactivation of p53 signalling is found in about 86% of glioblastoma patient samples,
resulting in enhanced survival of tumor cells exposed to radiation [11].

Chemotherapy is also commonly used for the treatment of glioblastoma patients and the first

line chemotherapy drug is temozolomide [25]. Temozolomide is an alkylating agent that induces
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cytotoxicity by methylating the O° position of guanine, resulting in DNA damage [26]. Cancer
cells proliferate faster but have less capacity for DNA repair. Therefore, DNA chains are easier to
be cross linked with alkylating agent through addition of alkyl groups into the guanine bases and
causing a cytotoxic reaction. However, some glioblastoma cells express O-6-Methylguanine-DNA
Methyltransferase (MGMT) which removes the guanine methylation and allows the cells to
survive after temozolomide treatment [18].

Since 2006, the combination of surgery, radiotherapy and temozolomide has become the
standard treatment for glioblastoma. Specifically, glioblastoma patients are treated with surgery
and standard radiotherapy concurrent with temozolomide treatment for 6 weeks, followed by
adjuvant temozolomide treatment for 6 months. Despite this aggressive treatment, the median
overall survival is still only about 14 to 16 months [2-4]. There is a great need to develop novel
therapeutic strategies to improve patient outcomes. Targeted therapy, alternating electric field
therapy, and glioblastoma immunotherapy are among the novel approaches that have been
developed in the past two decades.

Targeted therapy is defined as treatment that targets specific mutated/abnormal molecules in
the tumor or on the surface of the tumor and is a more personalized form of treatment. With
significant discoveries made in 2008 and 2013 following analyses of glioblastoma patient datasets
from TCGA research network, the molecular mechanisms of glioblastoma pathophysiology are
increasingly being understood [11, 27]. Using these datasets, several new molecular therapeutic
targets were identified [27]. For instance, EGFR amplification and/or mutations occur in more than
60% of glioblastomas, which results in persistent activation of the signaling networks that promote
malignancy. The most common EGFR mutation is the EGFRVIII (variant III, deletion of exons 2—

7) [28, 29]. EGFR inhibitors (such as erlotinib and gefitinib) have been used in the clinic for the
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treatment of some EGFR-mutated glioblastomas. However, combination treatment with erlotinib
or gefitinib only increased progression-free survival time, with no effect on overall survival time
[30]. After treatment with EGFR inhibitors, surviving glioblastoma cells accumulate different
types of gene mutations and become resistant to the inhibitors [30]. Nowadays, some researchers
are trying to combine EGFR inhibitors with inhibitors that target different proteins, including
Palbociclib which targets cyclin-dependent kinase 4/6 (CDK4/6) and/or Crizotinib, a c-Met
pathway inhibitor [31, 32]. However, tumor cell heterogeneity is still a big challenge for the
development of targeted therapy.

Alternating electric field therapy consists of applying low intensity alternating electromagnetic
field to the brain to interfere with the mitosis of tumor cells. In a multicenter Phase III trial with
695 patients, alternating electric field therapy increased the median overall survival for patients
with glioblastoma to 20.5 months [3]. Alternating electric field therapy has been recommended as
the standard of care for glioblastoma patients by the American National Comprehensive Cancer
Network (NCCN). However, this treatment is still controversial, and there are some skepticism
about this treatment [33]. More accurate and precise clinical trials are needed to confirm the Phase
IIT trial results, and a better understanding of the mechanisms of this treatment is also necessary
before it can be used in the clinic as standard therapy.

Immunotherapy for glioblastoma primarily focuses on the intrinsic recognition of tumor
antigen targets, including tumor associated antigens (TAAs), viral antigens (CMV-pp65), and
tumor-specific antigens (TSAs) [34-36]. There is increasing evidence supporting immunotherapy
as an attractive additional treatment for glioblastoma to improve patient survival [37-39]. For
example, glioblastoma patients additionally treated with dendritic cells pulsed with mixed TAAs

(AIM-2, Mage-1, TRP-2, GP 100, HER-2, and IL-13RA2) showed an increase in median overall
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survival to more than 30 months [38] TSAs are widely generated because of the existence of tumor-
specific mutations. In this regard, one study showed that administration of EGFRvVIII vaccines
resulted in an overall survival of 26 months for newly diagnosed glioblastoma patients and
prolonged the survival time of recurrent EGFRvIII-positive glioblastoma patients by more than 3
months [39]. Similarly, glioblastoma patients who received the EGFRvVIII vaccine (CDX-110 +
GM-CSF) achieved a median survival of 23.2 months [40]. Immunotherapy can also focus on the
checkpoint pathways that activate or inhibit T-cell activity. Programmed death-ligand 1 (PD-1) and
its ligand 1 (PD-L1) mediate the inhibition of antitumor immune response, a main mechanism by
which tumor cells avoid immune detection. Two PD-1 inhibitors have been approved for use in the
clinic for melanoma and non-small cell lung cancer [41, 42]. PD-L1 is expressed in more than 70%
of human glioblastoma, and the administration of pembrolizumab (PD-1 monoclonal antibody)
before surgery improved the overall survival of glioblastoma patients by 6 months compared to
control group [43, 44]. However, in a large-scale phase III clinical trial, addition of anti-PD-1
therapy (nivolumab) to standard therapy failed to increase the survival of glioblastoma patients
treated by standard therapy [45]. There are still some challenges in the development of novel
therapeutic approaches for glioblastoma. There is no doubt that we need to better understand the
detailed molecular mechanisms of both resistance to treatment and therapeutic approaches to

improve the overall survival for glioblastoma patients [46, 47].

1.1.3 Mechanisms of treatment resistance in glioblastoma
There are two main reasons for treatment failure in glioblastoma. One is the invasive feature,
and the other is the stemness feature [48]. The invasive feature of glioblastoma helps the tumor

cells escape treatment, while the stemness feature promotes resistance to treatment [48].
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1.1.3.1 The invasive feature of glioblastoma

First, because of the infiltrating growth of glioblastoma, tumor cells invade into the
surrounding brain tissue at early stages [49]. As a result, surgery and radiotherapy cannot fully
eradicate all the tumor cells [49]. Thus, the invasive phenotype is associated with poorer patient
survival [10, 50, 51]. The mechanism whereby glioblastoma cells invade the surrounding brain is
not very clear. To date, research has focused on two possible mechanisms of infiltration. One is
related to the substrates in the extracellular matrix (ECM) including attractants produced by the
ECM itself and secretion of specific substrates produced by glioblastoma cells. The binding of
glioblastoma cells to these substrates promotes their movement and invasion. The second
mechanism is related to hypoxia whereby invasion of glioblastoma is associated with the oxygen
content and other nutrients in the surrounding microenvironment.

Brain parenchyma contains neurons, glial cells (including astrocytes, oligodendrocytes, and
microglia), and interstitial spaces. The interstitial spaces are filled with interstitial fluid and ECM
substrates [52]. The ECM is composed of a variety of proteoglycans, hyaluronic acid chain,
tenascins (such as tenascin R, tenascin C, tenascin W), link proteins, and protein ligands [53, 54].
Proteoglycans consist mainly of chondroitin sulfate proteoglycans such as neurocan, versican,
aggrecan, brevican, and phosphacan. Link proteins promote the binding of proteoglycans onto the
hyaluronic acid chain [54]. Tenascins allow accumulation of proteoglycans in the ECM [54].
Protein ligands including chemokines, growth factors, axon guidance molecules bind onto the
glycosaminoglycan chains of proteoglycans and are stored in the ECM [54]. All these components
in the ECM form a network that supports the nutrition, metabolism, communication, growth, and

movement of cells.
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Cell adhesion molecules (CAMs) on the surface of cells are responsible for interaction
between cells and/or binding to the ECM. CAMs are usually transmembrane receptors and have
an intracellular domain, a transmembrane domain, and an extracellular domain that binds with
other cells or to the ECM. There are mainly four types of CAMs, namely cadherins,
immunoglobulin-like CAMSs, selectins, and integrins. The first three types of CAMs are
responsible for interactions between cells, while integrins are mainly responsible for binding to
ECM components. By comparing the transmembrane CAMs in the normal brain tissue and
glioblastoma, researchers found that normal brain tissue expresses higher levels of integrin a3p1,
neural CAM, and CD44, whereas glioblastoma cells highly express a variety of integrins (such as
avB3, avBs, a2B1, a3p1, a5P1, a6pl), [ICAMI, CD58, CD44, and P75NTR [48, 55]. Integrins such
as avp3 and avfB5 play important roles in the angiogenesis and migration of cancer cells [56-58].
The expression of integrins is induced by growth factors and chemokines such as vascular
endothelial growth factor (VEGF), basic fibroblast growth factor, and tumor necrosis factor-alpha
[57, 59]. Integrin binds to the ECM and activate signaling pathways such as Erk and Akt signaling
pathways [60, 61].

Besides CAMs, glioblastoma cells secrete high levels of many specific proteoglycans into
the ECM to help the adhesion with its own receptors., brevican and tenascin W, all abundantly
secreted by glioblastoma cells, increase tumor invasiveness [62-66]. For instance, high levels of
Tenascin C are associated with severe peritumoral edema and inflammation reaction based on
patient MR imaging, and poor glioblastoma patient survival [67]. Tenascin C promotes the
expression of matrix metalloproteinase MMPs and contributes to migration and invasion of
glioblastoma [68, 69]. Moreover, tenascin C binds with integrin 0231 and promotes the stemness

of glioblastoma through the activation of the Notch signalling pathway [69]. Interestingly,
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activation of Notch, MAPK, and AKT signaling pathways further promotes the expression of
tenascin C in glioblastoma [70-72]. The regulation cis amplified in a positive feedback loop.
Hypoxia also plays a role in the invasion of glioblastoma in the surrounding
microenvironment. The most common pathological features of glioblastoma from the most internal
to the most external regions of the tumor include a central necrotic core, a hypoxic intermediate
region, malformed and malfunctioning blood vessels on the tumor surface, and a surrounding
region of severe edema (Figure 1.2) [73-77]. The microenvironment of tumor tissue is complex.
The hypoxic condition in the intermediate region of glioblastoma tumors is a source of stress for
the cells, resulting in increased invasion of tumors to the surrounding brain tissue [74, 78, 79].
Hypoxic conditions promote migration of tumor cells toward the blood vessels on the tumor
surface and secretion of angiogenesis factors to generate more blood vessels [74, 78, 79]. However,
because the newly generated blood vessels are malformed and malfunctioning, these vessels
cannot offer normal blood supply but increase the hydrostatic pressure to cause edema. Invasive
tumor cells are found in the edema area of brain tissue [49]. This pathological microenvironment
induces tumor cell heterogeneity including generation of GSCs and also promotes the infiltrating

growth of glioblastoma [80].
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Figure 1.2 The most common pathological features of glioblastoma.
The tumor includes a central necrotic core, a hypoxic intermediate region, malformed and
malfunctioning blood vessels on the tumor surface, and a surrounding region of severe edema.
This figure has been reused with permission from The Scientific World Journal, Creative

Commons Attribution License, Luca Persano et al. [81].

In addition to extracellular environment alterations, intracellular changes are also important for
the invasion of glioblastoma cells. Epithelial-to-mesenchymal transition (EMT) is an important
process for cancer cells to migrate and invade, and EMT-like processes also occur in glioblastoma
cells [82]. Elevated expression of mesenchymal markers such as Twist, Snail, Slug, fibronectin,
alpha-SMA is found in glioblastoma cells [82-85]. EMT-like transition can result from the intrinsic

genetic alterations found in glioblastoma cells causing the dysregulation of signaling pathways,
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such as abnormal activation of EFGR, Notch, and Wnt signaling [86-91], and by the factors from
the microenvironment, such as TGF-p, fibronectin from microglial and vascular cells, and hypoxic
conditions [85, 86, 92]. EMT-like processes lead to cytoskeleton transformation of glioblastoma
cells, rendering the cells more mesenchymal and motile, with increased expression of matrix
metalloproteinases (MMPs) and ADAMTS proteases that degrade different ECM components and

detach the cells from the ECM [93].

1.1.3.2 The stemness feature of glioblastoma

Because of tumor cell heterogeneity, some specific tumor cells are more resistant to
radiotherapy, temozolomide treatment or other novel treatments. These surviving cells develop
into new glioblastoma tumors, leading to recurrence after treatment. Glioblastoma stem cells
(GSCs) were identified by Canadian scientists in 2003 and 2004 as a small subpopulation of
CD133+ cells that can self-renew and differentiate into different lineages [94, 95]. GSCs are also
considered to be the glioblastoma-initiating cells [95]. More importantly, GSCs play a key role in
treatment resistance in glioblastoma (Figure 1.2) [18, 96-99]. First, GSCs are more resistant to
radiotherapy [96]. After radiation treatment, GSCs can increase the phosphorylation of checkpoint
proteins (e.g. Chk1, Chk2, and ATM) and activate the checkpoint response to DNA damage, which
allows more damaged DNA to be repaired [96]. Second, GSCs have been shown to be more
resistant to temozolomide treatment, because they express a higher level of MGMT that removes
the guanine methylation (DNA damage) caused by temozolomide [18, 99]. MGMT promoter
methylation, which leads to silencing of MGMT expression, is an important indicator of positive
temozolomide treatment response [18]. Moreover, GSCs also express higher levels of BCRP1 (an

ATP-binding cassette transporter) that pumps out chemotherapeutic drugs (e.g., carboplatin and
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paclitaxel) [99]. Third, GSCs can remain in the quiescent state to avoid the damage caused by
radiation and chemotherapeutic drugs. As a result, the GSCs that survive treatment can self-renew
and differentiate into different lineages, and these newly differentiated cells show increased
resistance to previous treatments.

In addition, some specific conditions (e.g., chemotherapy, radiotherapy, and hypoxia) induce
the dedifferentiation of non-GSCs to GSCs, resulting in an increase in the GSC population (Figure
1.3) [97, 99, 100]. This dedifferentiation can be activated through EMT and the activation of stem
cell-associated signaling pathways, such as Notch, Wnt, STAT3, and hedgehog signaling pathways
[101-107]. As mentioned previously, EMT is also associated with invasiveness and can be initiated
by factors from the microenvironment, hypoxic conditions, and/or dysregulation of signaling
pathways [85, 86, 92]. Therefore, the mechanisms of glioblastoma treatment resistance are not

through a single factor but are multifactorial.
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Figure 1.3 GSCs are resistant to treatment and form resistant recurring tumors.
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Radiation or chemotherapy kill most differentiated tumor cells but induce the generation of more
GSCs. After treatment, the remaining GSCs can differentiate into more resistant cells. Finally, the
recurrent tumor cells become more malignant and contain a larger population of GSCs. This figure
has been reused with permission from Journal of Stem Cell Research and Therapy, Creative

Commons Attribution License, Gina Lee et al. [80].
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1.2 mRNA translation and translational control in cancer

Cancer cells have different mRNA translation and protein synthesis from normal cells. They
usually increase the global protein synthesis or specifically increase the expression of a series of
proteins to benefit tumor development and progression, as well as enhance resistance to treatments
[108]. It is essential to know the regulation of all the components and steps involved in mRNA
translation in cancer. In this section, I will discuss mRNA translation and translational control in

cancer.

1.2.1 Translation processes

Translation is the process by which genetic information stored in mRNA is translated into
proteins. More specifically, it is a process whereby different tRNAs that carry specific amino acids
are paired onto a mRNA template one by one to form the amino acid sequences at the protein
synthetic machinery ribosome [109]. To correctly assemble mRNA, tRNAs and ribosome subunits,
and to regulate translation, a large number of translation-associated factors are also needed [109].
The process of translation is divided into three sub-processes including initiation, elongation, and
termination.

Translation initiation is well studied and considered to be associated with protein synthesis rate
[108, 110, 111]. The canonical translation initiation for eukaryotic mRNAs is cap dependent
translation initiation. First, the eukaryotic Initiation Factor 2 (e[F2) binds with Initiator Met-tRNA
and a GTP to form a ternary complex. This ternary complex binds to the 40S ribosome subunit,
elF1, elF1A, elF3, and elF5 to form a 43S preinitiation complex. Second, eIF4E, elF4G, and
elF4A bind together to form the eIF4F complex. eIF4E (as part of the eIF4F complex) binds to the

modified guanosine cap structure at the 5’ end of a mRNA, and further recruits the binding of
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elF4B and 43S complex to the cap to form a 48S complex (Figure 1.4A). Third, this 48S complex
unwinds the secondary structures and moves through the untranslated region to the start codon
(AUG). When the Initiator Met-tRNA pairs with the start codon, elF5 catalyzes the hydrolysis of
GTP in the elF2 ternary complex and promotes the release of elF2-GDP. After that, the 60S
ribosome subunit is recruited to form a complete ribosome 80S, and other initiation factors are
released from this 80S complex (Figure 1.4B) [109, 110, 112]. In addition, about 10-15% of
mRNAs have an alternative translation initiation process, whereby the 43S ternary complex binds
directly to the secondary structure or tertiary structure at the 5’ untranslated region (5" UTR) and
initiates the translation, termed cap-independent translation initiation or internal ribosome entry
site (IRES) dependent translation initiation [112, 113]. IRES was first found in poliovirus and
other RNA viruses [114]. The RNA virus inhibits the cap-dependent translation of its host and
promotes viral IRES-dependent translation [114]. Translation initiation of IRES structures does
not need the cap-binding initiation factors eIF4E, but still needs the assistance of a few initiation
factors depending on the type of IRES structure [115]. The binding of the 43S complex to IRES
structures also needs the assistance of a group of specific RNA binding proteins, termed IRES-
transacting factors (ITAFs) [116]. The canonical translation initiation manner is mainly associated
with the development of cells, while IRES-dependent initiation is increased in response to
environmental stresses including starvation, extremes in temperature, hypoxia, and DNA damage

[112, 117].
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Figure 1.4 The formation of the 80S pre-initiation complex.

(A) elF2 binds with Initiator Met-tRNA and a GTP to form a ternary complex. This ternary
complex binds with 40S ribosome subunit, elF1, eIF1A, elF3, and elF5 to form a 43S preinitiation
complex. Next, e[F4E, eIF4G, and elF4A bind together to form the eIF4F complex. eIF4E (as part
of the elF4F complex) binds to the G cap structure at the 5’ end of a mRNA, and further recruits
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the binding of eIF4B and 43S complex to the cap to form a 48S complex. (B) 48S complex unwinds
secondary structures and moves through the untranslated region to the start codon (AUG). When
the Initiator Met-tRNA pairs with the start codon, elF5 catalyzes the hydrolysis of GTP in the elF2
ternary complex and promotes the release of elF2-GDP. After that, the 60S ribosome subunit is
recruited to form a complete ribosome 80S. Initiation factors are then released from this 80S
complex. This figure has been reused with permission from Springer Nature (Nature Reviews

Molecular Cell Biology) License Number: 4630060730450, Richard Jackson et al. [118]

Translation elongation is the process of peptide chain synthesis, involving pairing of tRNAs on
the mRNA template, peptide bond formation and elongation, and ribosome translocation on the
mRNA template. Eukaryotic Elongation Factor 1A (eEF1A), eEF1B, and eEF2 are the three main
factors in the regulation of translation elongation. A complete elongation cycle can be divided into
three steps. First, eEF1 A binds with an aminoacyl-tRNA (aa-tRNA) and a GTP to form a ternary
complex and carries the aa-tRNA to the A site of a ribosome. When the anti-codon on the aa-tRNA
correctly matches with a codon on the mRNA, the GTP is hydrolyzed to GDP, and then the eEF1A-
GDP is released. Next, rRNA, acting as the ribosomal peptidyl-transferase, catalyzes aa-tRNA and
peptidyl-tRNA to form a new peptide bond. The peptidyl-tRNA at the P site is deacylated, and the
peptidyl chain is moved to aa-tRNA to form a new peptidyl-tRNA at the A site. Third, eEF2
catalyzes the translocation of the new peptidyl-tRNA from the A site to the P site. With completion
of an elongation cycle, eEF1 A-GDP is reactivated to eEF1 A-GTP by eEF1B. In addition, eEF2 is
a GTP-dependent protein and can be inactivated when it is phosphorylated by the EF-2 kinase.
Studies have shown that the PI3K/AKT/mTOR signaling pathway can regulate the
phosphorylation of eEF2 through the regulation of EF-2 kinase [119]. Moreover, the TGFf

signaling pathway can also regulate the phosphorylation of eEF2 through the inhibition of EF-2
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kinase [120]. These data provide strong evidence that signaling pathways regulate the ribosome
translocation (elongation) process.

Translation termination is the step that releases factors bound to the stop codon in the ribosome
and catalyze the release of the peptide chain from ribosome. When the translating ribosome reaches
the stop codon (including UAA, UAG, and UGA), eukaryotic release factor 1 (eRF1) binds to the
A site of the ribosome and triggers the release of the peptide chain [121]. The ribosome is further

disassembled, and the components are recycled for the next round translation [121].

1.2.2 Translational control in cancer

Theoretically, the dysregulation of any of the translation components, including translation
associated factors, mRNA structures, ribosomes, and tRNAs will cause the dysregulation of
translation. Dysregulation of translation is commonly associated with the development and
progression of cancers [108]. The dysregulation of translation associated factors, secondary
mRNA structures and specific motifs on the mRNA, as well as modifications of tRNAs in cancer
will be reviewed in this section. Ribosome biogenesis and modifications of rRNAs, which is the
focus of this project, will be discussed in the next section (section 1.3).
1.2.2.1 Dysregulation of translation associated factors in cancer

To date most research on translational control in cancer has focused on the dysregulation of
translation associated factors [108, 110, 111]. Among all the translation associated factors, elF4E
in the elF4F complex is the best-studied factor in the dysregulation of translation initiation in
cancer (Figure 1.5). eIF4E binds to the cap structure at the 5" end of a mRNA and recruits elF4B
and the 43S complex to form a 48S initiation complex, which is the rate limiting step for translation

initiation [122]. In quiescent cells, eIF4E is inactivated by binding to its binding partner 4EBP, as
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4EBP binding prevents interaction between elF4E and elF4G to form the elF4F complex [123,
124]. However, during mitosis or in stress conditions, 4EBP is phosphorylated, leading to release
of eIF4E [124]. elF4E is further phosphorylated at serine 209, which increases the binding affinity
with the cap structure at the 5’ end of a mRNA more than 3 fold and accelerates the protein
synthesis rate [125]. eIF4E is phosphorylated by a mitogen and stress activated kinase Mnkl, a
downstream effector of the MAPK and P38 MAPK signaling pathways [124, 126, 127]. Mnk1 has
been shown to be hyperactivated in various cancers as the result of dysregulation of the MAPK
signaling pathways [127-131]. Functionally, phosphorylation of eIF4E promotes the invasion and
metastasis of prostate and breast cancers through the regulation of metastasis associated genes
including MMP3, MMP9, VEGF, and Snail [128, 130, 132-134]. In addition to post-translational
modifications, elF4E is also regulated at the transcriptional level. In this regard, the elF4E gene
promoter has E-box sequences and e/FF4E is a direct target gene of c-Myc, an oncogene that is
implicated in many cancers [135-137]. elFF4E mRNA levels are increased by the dysregulation of
the c-Myc signaling pathways in cancer [108, 135]. In addition, mTOR directly binds to 4EBP and
phosphorylates 4EBP, leading to release and activation of eIF4E [138, 139]. Thus, dysregulation
of the PI3K/Akt/mTOR signaling pathway increases the function of eIF4E through inactivation of
4EBP (Figure 1.5) [110, 138-141].

The function and regulation of e[F4A and eIF4B are also well studied. elF4A is an ATP-
dependent helicase that unwinds the secondary structure of mRNAs [142]. elF4B is a cofactor of
elF4A; binding of elF4B to elF4A increases the ATP binding affinity of eIF4A by ~10-fold and
increases translation rates [142, 143]. elF4A is also a direct target of c-Myc and its expression is
affected by the c-Myc signaling pathways [137]. eIF4B is phosphorylated at Serine 422 by

ribosomal protein S6 kinase (S6K) and p90 ribosomal S6 kinase (RSK), which increases its
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binding to mRNAs and increases translation rates [144, 145]. The phosphorylation and activation
of elF4B through S6K and RSK is regulated by the PI3K/Akt/mTOR and RAS/MAPK signaling
pathways [144, 145]. More interestingly, elF4A expression is associated with cap-independent
translation. In this regard, e[F4A has been shown to be required for the unwinding of G-quadruplex
structures at the 5" UTR of mRNAs for IRES-mediated translation of many oncogenes such as
Notchl, BCL2, RUNXI1, CCND3, c-Myc, Myb, MDM?2, and LEF-1 in leukemia [146, 147].

eEF2 is an important factor being studied in the translation elongation step. eEF2, which
promotes the translocation of ribosomes, can be phosphorylated and thus completely inactivated
by the eEF2 kinase [148]. eEF2 kinase is phosphorylated and inactivated by S6 kinase, cdc2-cyclin
B and cdk2-cyclin A complexes [148-150]. Therefore, the PI3K/Akt/mTOR signaling pathways
or direct cell cycle signals increase eEF2 activity and thus promote the translocation of ribosomes
(Figure 1.5) [148-150]. Importantly, overexpression of eEF2 kinase can also inhibit global mRNA
translation, and has been found to be associated with resistance and survival of cancer cells under
nutrition deprivation conditions [151].

In addition, c-myc also binds to the promoters of the elF2a, elF4E and elF4G genes and the
expression of these factors is increased by the dysregulation of the c-Myc signaling pathways [135-
137]. elF2a activity is essential for the formation of the ternary complex in translation initiation.
However, elF2a can be phosphorylated at Ser 51 by GCN2 (amino acid deprivation activated
genes), HCR (haem-controlled repressor) and PKR (Protein kinase R) to inhibit the protein
synthesis under stress conditions such as heat shock and virus infection [152, 153]. The
phosphorylation of elF2a plays a role in the inhibitory regulation of cap-dependent translation

initiation [152, 153]. The overexpression of other translation-associated factors, such as elF2a,
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elF3, elF5A, and elF6, has been shown to be associated with the poor survival of patients with

different types of cancer [108, 110]
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Figure 1.5 Regulation of mRNA translation by the oncogenic signaling pathways.

elF4E expression is up-regulated through the c-Myc signaling pathways. eIF4E is hyperactivated
when phosphorylated via the Ras and AKT signaling pathways. The AKT signaling pathway can
also inactivate 4EBP which is an inhibitor of elF4E, thereby increasing the function of eIF4E. In
addition, both eIlF4B and eEF2 can also be regulated by the PI3K/AKT/mTOR signaling pathways
through the activation of ribosomal protein S6 kinase (S6K). This figure has been reused with
permission from Springer Nature (Nature Reviews Cancer) License Number: 4627990695708,
Morgan Truitt et al. [110]
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1.2.2.2 Structures and modifications of mRNA in cancer

The secondary structures at the 5" UTR of mRNAs such as the IRES and G-quadruplex
structures, as well as mRNA modifications, are gaining increasing attention in translational control.

IRES sequences that are associated with cap-independent translation were found at the 5’
UTR of 10% to 15% of all mRNAs, including proto-oncogene mRNAs, such as c-Myc, HIF-1a,
EGFR, and VEGF [154, 155]. For instance, c-Myc is highly expressed in Hela cells and liver
cancer cells, and the IRES translation initiation but not cap-dependent initiation of c-Myc is highly
active in these cancer cells [156]. When c-Myc IRES sequences were inserted into a luciferase
gene reporter vector and transfected into these two types of cancer cells, the translation rate of
IRES-regulated gene expression increased by more than 50 fold [156]. Moreover, mutations in c-
Myc IRES sequences have also been shown to be associated with c-Myc dysregulation and
tumorigenesis in multiple myeloma [157, 158]. For example, a “C” to “T” mutation in c-Myc IRES
sequences was found in 42% of multiple myeloma patients, contributing to the increased
expression of c-Myc [158]. When this mutated c-Myc IRES sequence was transfected into multiple
myeloma cells, the translation rate of luciferase reporter enzyme increased by ~6-fold compared
to wild type IRES [159]. In addition, IRES-dependent initiation is increased in response to
environmental stresses, including nutrient deprivation, heat shock, hypoxia, and DNA damage.
[112, 117]. For instance, while global protein expression was inhibited under stress conditions
such as hypoxic and serum starvation, the expression of c-Myc, VEGF, and HIF-la was
maintained via the IRES-mediated translation initiation in Hela cells [160].

G-quadruplex, a guanine-rich four-stranded structure at the 5" UTR of some mRNAs, has
been shown to affect the translation of oncogenes, such as NRAS, c-Myc, EGFR, and BCL2. G-

quadruplexes were first found to act as repressors in NRAS mRNA translation. Deletion or
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mutation of G-quadruplex structures in NRAS mRNA increases translation of NRAS by more than
3.5-fold [161]. Similarly, deletion of G-quadruplex structures in BCL2 mRNA increased
translation by 3.5 fold [162]. It has been shown that eI[F4A (RNA helicase) unwinds G-quadruplex
structures. For example, inhibition of elF4A did not alter c-Myc and CyclinD3 RNA levels but
inhibited MYC and Cyclin D3 protein levels because translation was obstructed by the G-
quadruplex structure when elF4A was inhibited [146]. Similarly, the unwinding of G-quadruplex
by elF4A is required for VEGF IRES cap-independent translation initiation under stress conditions
[163, 164].

NC-methyladenosine (m°®A), the most abundant modification in mRNAs, is catalyzed by the
methyltransferase like 3 (METTL3) complex [165-167]. The m°A at the 3' UTR of SOX2 recruits
the mRNA stabilizer human antigen R (HuR) and is required for the stability of SOX2 in
glioblastoma cells [168]. Knockdown of METTL3 in glioblastoma stem cells decreased SOX2
protein levels and inhibited the radiation resistance associated with glioblastoma stem cells, an
effect that could be rescued by the overexpression of 3'UTR-less SOX2 [168]. Moreover,
knockdown of METTL3 decreased the expression of 2110 m®A associated genes including 261
apoptosis and cellular stress response genes, and reduced the viability of HeLa cells [169]. In
contrast to the stability aspect, m®A can also be bound by m°A reader proteins such as YTHDF2
which marks mRNAs for degradation in processing bodies [170]. m®A can be demethylated by
demethylases, such as fat mass and obesity associated (FTO) and o-ketoglutarate-dependent
dioxygenase ALKB homologue 5 (ALKBHS) [171, 172]. Demethylation of m®A prevents mRNA
degradation in developing spermatogenic cells [173]. FTO has been shown to demethylate the m°A
of mRNAs such as PD-1 and SOX10 and prevent the binding of YTHDF2 and degradation of

mRNAs in processing bodies [174]. High levels of FTO promotes proliferation and inhibits
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treatment response in melanoma cells [174]. Similarly, knockdown of ALKBHS5 decreased the
expression of specific mRNAs including FOXM1 and BCL2 and inhibited the proliferation of
glioblastoma cells [172]. High levels of ALKBHS are associated with poor survival of
glioblastoma patients [172].
In addition, many mRNAs have upstream open reading frames (WUORFs) at the 5" UTR [175,

176]. The function of uORFs is not clear. Normally, uORFs suppress translation by blocking the
48S pre-initiation complex or contains premature stop codons to produce non-sense peptides [175-
178]. However, under stress conditions (hypoxia or starvation conditions), the 48S pre-initiation
complex shows a preference for scanning through uORFs to the main ORF, resulting in increased
expression of genes with uORFs such as GCN4, ATF4, and ATF5 [177].
1.2.2.3 tRNAs in the translation of cancer

Alterations in tRNA, tRNA synthetases, and tRNA modifications are also implicated in cancer.
For instance, tRNA expression has been shown to be globally increased by more than 3-fold in
breast cancer cells compared to normal breast cells, and by more than 10-fold in breast cancer
tissue compared to normal breast tissue [179]. The high expression of specific tRNAs such as
tRNA isoacceptors is associated with the elevated expression of many cell cycle genes (such as
cyclin D1) and transcription factors (such as c-Myc) [179]. Moreover, multi-tRNA synthetases
such as methionyl-tRNA, threonyl-tRNA, leucyl-tRNA, tryptophanyl-tRNA synthetases are
overexpressed in multiple cancers, and are considered to be poor prognosis markers [180].
Interestingly, many tRNAs are enzymatically cleaved under stress-induced conditions, and this
plays a role in translation regulation [181]. These tRNA-derived halves bind to the 3' UTRs of
multiple oncogenic mRNAs, such as elF4G, elF3B, AKT, and HMGAI, in breast cancer cells and

inhibit the translation of these mRNAs. The tRNA-derived halves are increased under stress
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conditions such as hypoxia or starvation, thereby suppressing the proliferation and invasion of
cancer cells [182]. In this regard, RNA methyltransferase NSUN2-mediated cytosine methylation
at the variable loop of tRNAs prevents the cleavage and degradation of tRNAs by the endonuclease
angiogenin [183]. NSUN2 is upregulated by the oncogene c-Myc in various cancer tissues, and
knockdown of NSUN2 increases the tRNA-derived halves and thus inhibits global protein

synthesis in cancer cells [184].
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1.3 Ribosome biogenesis and ribosomal regulation in cancer

As ribosomes are the site of mRNA translation and protein synthesis, the level of ribosome
synthesis and modifications of ribosomal RNAs and proteins can directly affect translation in
cancer cells. Therefore, ribosomal regulation is also an important mechanism of translational
control and dysregulation of this regulation is implicated in cancer. In this section, I will review

rRNA synthesis and modifications and ribosome biogenesis in normal biology and in cancer.

1.3.1 Ribosomal DNAs (rDNAs), rRNA modifications, and ribosome biogenesis
1.3.1.1 Structure of nucleoli and rDNAs

Human rDNAs are located on the short arms of 5 pairs of acrocentric chromosomes, including
chromosomes 13, 14, 15, 20, and 21 [185]. Each chromosome has around 30 to 40 copies of rDNAs
that are clustered together, and there are totally around 300 to 400 copies of rDNAs in human cells
[186-188]. These tandem repeated rDNA sequences form numerous nucleolus organizer regions
(NORs), which form the core of the nucleolus [189].

Under the electron microscope, three types of components in the nucleolus can be recognized:
the fibrillary center (FC), the dense fibrillary component (DFC) area, and the granular component
(GC). The NORs are recognized as the FCs of the nucleolus where rDNAs accumulate and are
transcribed. At the outer edge of FCs, there is an irregular dense fibrillary area (known as the DFC)
which contains transcribing rDNAs, transcription factors, splicing factors, and modifying enzymes.
rDNA transcription, precursor-rRNA processing and modifications occur in these DFC regions
[189]. After splicing and modifications, the rRNAs are assembled with ribosomal proteins to form
ribosome subunits, a process that occurs mostly in the GC area of the nucleolus [189]. There are

more than 700 proteins in the nucleolus that are involved in ribosome biogenesis [190].
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The length of each rDNA is around 43 kb, including an ~30 kb of intergenic spacer (IGS)
region and a ~13 kb transcribed region (Figure 1.6) [191]. The IGS contains enhancers, spacer
promoter, upstream control elements (UCE), and core elements (e.g. promoter), and is involved in
the regulation of rDNA transcription (Figure 1.6) [192, 193]. From the 5' end to 3' end, the gene
sequences of the transcribed region are composed of a 5' external transcribed spacer (5'ETS), 18S
rRNA sequences, internal transcribed spacer 1 (ITS1), 5.8S rRNA sequences, internal transcribed

spacer 2 (ITS2), 28S rRNA sequences, and 3' external transcribed spacer (3'ETS) (Figure 1.6)

[192, 193].
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Figure 1.6 The structure of a rDNA repeat.

rDNA consists of an intergenic spacer (IGS) and a transcribed region. The IGS includes enhancers,
spacer promoter, UCE, and core promoter. From the 5' end to 3' end, the transcribed region is
composed of the 5'ETS, 18S rRNA sequences, ITS1, 5.8S rRNA sequences, ITS2, 28S rRNA
sequences, and 3'ETS. This figure has been modified with permission from ANNUAL REVIEWS,
License number: 4630641084964, Lawrence J. Weider, et. al.

1.3.1.2 rDNA transcription

rDNAs are transcribed into the precursor rRNA (47S rRNA) by rRNA polymerase 1. rRNA
Polymerase I is a large molecular complex of 580 kDa that contains 14 protein subunits with
different functions in the synthesis of precursor rRNA. The initiation of rDNA transcription

involves a series of transcription factors. The two most well-studied transcription initiation factors
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are Selective Factor 1 (SL1) and Upstream Binding Factor (UBF) (Figure 1.7) [194-201]. Two
UBFs are recruited and bind to the UCE region as a dimer. The UBF dimer bends and unwinds the
upstream region of rDNA, which allows the binding of other transcription initiation factors and
RNA Polymerase I [202]. Specifically, the UBF dimer recruits SL1 to bind to the promoter area
of rtDNAs, and then SL1 recruits RNA Polymerase I and other transcription initiation factors such
as TIF-1B to initiate transcription [194-197]. Unlike 47 rRNA, 5S rRNA is transcribed by RNA

Polymerase III.

Core promoter  S'ETS

Figure 1.7 Transcription initiation and the binding of its key factors.
Two UBFs are recruited to the UCE region, forming a dimer that binds to the UCE. The UBF
dimer bends and unwinds the upstream region of rDNA, and recruits the binding of SL1, other

transcription initiation factors, and RNA Polymerase I to initiate transcription.

rDNA transcription is regulated by a few signalling pathways through activation of the
transcription factors. For instance, UBF is phosphorylated through the PI3K/Akt/mTOR and
Ras/Raf/Mek/Erk signalling pathways [198-201]. After UBF phosphorylation, SL1 is recruited

and stably bound to UBF. However, the binding of SL1 can be dissociated by the regulation of the
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phosphatase PTEN [196, 197, 203]. In addition, c-Myc that is upregulated by multiple signalling
pathways, including the PI3K/Akt/mTOR and Ras/Raf/Mek/Erk signalling pathways directly
binds to the promoter area of rDNA and stimulates its transcription [204-208]. Normally, the
regulation of rDNA transcription is associated with nutrients, such as glucose and amino acids,
and growth factors. However, the abnormal activation of these pathways and key regulating
proteins, which is commonly observed in rapidly proliferating cancer cells, also promotes

abnormally active ribosomal biogenesis [209-211].

1.3.1.3 Ribosome synthesis

Ribosome synthesis mainly involves the processing of precursor rRNAs, modification of
rRNAs, and the assembly of rRNAs with ribosomal proteins. During the splicing process, 47S
rRNA is spliced into 18S rRNA, 5.8S rRNA, and 28S rRNA. Small nucleolar RNAs (snoRNAs)
play an important role in the rRNA splicing process. SnoRNAs have conserved antisense
sequences (10-20 nucleotides) to match with their target sites on 47S rRNA [212-217]. A number
of small nucleolar RNAs (e.g., U3, U8, U14 and U22 snoRNA) bind to the ETS or ITS region, and
guide the endonucleases and exonucleases to conduct the cleavage of the two flanking ETS, ITS1
and ITS2 [212-217].

18S rRNA, 5.8S rRNA, and 28S rRNA have three types of modifications including methylation
of the hydroxyl group at carbon 2 of ribose (2'-O methylation), uridine pseudouridylation, and base
modifications. In human rRNAs, totally 228 modification sites have been identified: 112 2'-O
methylation sites, 104 pseudouridylation sites (pseudouridine, V), and 12 base methylation sites
(including 2 sites for m°C, m®A, m%A, and ac*C, and 1 site for m'A, m’G, m*U and m'acp®P)

[218-220]. SnoRNAs guide the enzymes (methyltransferases and pseudouridine synthases) to the
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rRNAs for the modification process [221-224]. Generally, C/D box snoRNAs are associated with
2'-O methylation, whereas H/ACA box snoRNAs are associated with pseudouridylation [221-224].
Studies in yeast and bacteria have shown that the modification sites are predominantly located at
the functional center of rRNAs [218].

The assembly of rRNAs with ribosomal proteins takes place at the same time as precursor rRNA
splicing and modification (Figure 1.8). Ribosomal proteins are synthesized in the cytoplasm and
are transported into the nucleus through the nuclear pore. In human, 18S rRNA is assembled with
33 ribosomal proteins to form the small 40S ribosomal subunit (SSU) [225]. The 58S, 5.8S and 28S
rRNAs are assembled together with 46 ribosomal proteins to form the large 60S ribosomal subunit
(LSU) [225]. The 40S SSU and 60S LSU are exported to the cytoplasm where they attach to the
endoplasmic reticulum or exist free in the cytoplasm. For translation, SSU and LSU are assembled

to form an 80S ribosome.
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Ribosomal proteins
imported into the

Nature Reviews | Molecular Cell Biology
Figure 1.8 Ribosome biogenesis.
288, 18S, 5.8S rRNA are trancribed and modified in the nucleolus. 58 is transcribed in the nucleus,
and ribosomal proteins are synthesized in the cytoplasm and transported into the nucleolus. The
LSU and SSU are exported to the cytoplasm. This figure has been reused with permission from
Springer Nature (Nature Reviews Molecular Cell Biology), License Number: 4630681247127,
Shifeng Xue et al. [109]
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1.3.1.4 The functions of ribosomal structures and rRNA modifications

The ribosome is the site of mRNA translation and protein synthesis. rRNAs have two main
functions. The first one is to support the pairing, decoding, and proofreading of tRNA and mRNA
at the decoding center (also called tRNA-mRNA binding center). The decoding center has three
tRNA binding sites: aminoacyl-tRNA binding site (A site), peptidyl-tRNA binding site (P site)
and tRNA exit site (E site). The second function is to act as a peptidyltransferase that catalyzes the
peptide-bond formation at the peptidyl transferase center (PTC). The decoding center is mainly
formed by the 18S rRNA, while the PTC is formed by the 28S rRNA. Between the decoding center
and PTC, there are many sites and loops for interactions with tRNAs. The interaction between 18S
rRNA and 28S rRNA forms the intersubunit bridge. At the secondary structure level, 28S rRNA
is divided into six domains and 99 helices, while 18S rRNA is divided into 4 domains and 45
helices. PTC is located at helices 90 to 93 in domain V of 28S rRNA. The tRNA-mRNA binding
center is associated with helices 23, 24, 26, 28, 34, and 44 in the central, 3' major, and 3' minor
domains of 18S rRNAs. Helices 69 to 71 are located at the intersubunit bridge B2A and B3,
respectively. Because bridge B2A and B3 are between the decoding center and PTC, helices 69 to
71 are responsible for ribosome assembly, translation initiation and translation rate [226-228].
Deletion of helix 69 leads to a defect in the association between 50S and 30S subunits in bacteria
cells [228]. Helix 69 is required for the release of initiation factor 3 and the start codon selection;
deletion of helix 69 decreases the rate of translation initiation by 20-fold in bacteria cells [229].
The rRNA modifications are mainly located at PTC, decoding center, tRNA binding sites, and the
intersubunit bridge B2A and B3 areas [230].

Pseudouridine modifications occur at higher frequencies in the more complex eukaryotes [231].

There are 11 pseudouridine sites in E. coli, 44 sites in yeast, and 91 sites in human [231]. Generally,
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when uridine is pseudouridylated to become reactive pseudouridine, it will have an additional
hydrogen bond donor that helps stabilize interactions between RNAs [226]. More specifically,
pseudouridine modifications in rRNAs are involved in the regulation of pre-rRNA processing,
protein synthesis, and ribosome stabilization [230, 232]. For example, deletion of three
pseudouridine modifications at the decoding center slowed down the processing of pre-rRNA,
reduced the cleavage of 18S rRNA and the composition of 40S subunit, resulting in a decreased
growth rate in yeast [232]. Importantly, lack of a single pseudouridine (¥ 1191) at the P site of the
decoding center inhibited 40S subunit formation, protein synthesis, and cell growth [232]. In
another study, deletion of the six pseudouridine modifications at the central loop of PTC altered
the structure of 25S, decreased the total number of translating ribosomes, inhibited protein
synthesis by ~45%, and decreased growth rate in yeast [230]. Importantly, lack of a single key
pseudouridine (¥ 2919) out of the six pseudouridine in the PTC was enough to decrease protein
synthesis by ~20%, and decreased cell growth rate [230].

Generally, 2'-O methylation makes the nucleotides more hydrophobic, which could benefit
interactions with other bases [233]. At the decoding center of bacterial 23S rRNA, 2'-O-methylated
Gm?2251 binds to the C75 at the acceptor stem of tRNA at the P site, and the methyl group binds
to the base of U2449 and the ribose of C2065 at the peptidyl tRNA binding loop (P loop) of the
23S rRNA [234]. Moreover, the methyl group of Um2552 interacts with G2553 at the aminoacyl
tRNA binding loop (A loop), and the G2553 binds to C75 at the acceptor stem of tRNA at the A
site [234]. At the intersubunit bridge, the 2'-O methylation contributes to the interaction and
stability of the association. The methyl group of Gm1920 at helix 69 of 23S rRNA interacts with
C1496 of 16S rRNA, and the association makes the ribosome more stable at high temperatures

[234]. In yeast, deletion of methylation at G1572 in 18S rRNA as the result of mutation of snR57
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decreased growth rate by about 20% [235]. However, deletion of methylation of U2347 in 25S
rRNA by mutated snR65 increased growth rate by about 20% [235]. Usually, absence of 2'-O
methylation at a single nucleotide in 18S rRNA and 25S rRNA would not cause severe growth
defect but would lead to increased sensitivity to ribosome specific antibiotics [235].

In addition, the adenine methylation site m®A1832 is located at the P site of the decoding
center, and absence of A1832 methylation resulting from mutation of its catalyzing enzyme
methyltransferase-like 5 (METTLS) decreased protein synthesis rate and impaired the stemness of
mouse embryonic stem cells [236, 237]. The cytosine methylation site m°C2278 in yeast is located
at helices 69 to 71, and m>C2780 is located at the PTC center [238]. The C2780 methylation is the

focus of this project and will be further reviewed in the following sections.

1.3.2 Ribosomal regulation in cancer

Dysregulation of ribosome biogenesis, which collectively includes increased global ribosome
synthesis, abnormal rRNA modifications, overexpression of specific ribosomal proteins,
alterations in protein synthesis rates, and increased selective translation of cancer-associated
mRNAs, plays an important role in cancer progression (Figure 1.9) [239]. In this section, I will
discuss the role of dysregulation of rDNA transcription regulation, rRNA modifications, and

ribosomal proteins in cancer.
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Figure 1.9 Ribosomal regulation in cancer.

Dysregulation of ribosome biogenesis, including increased ribosome synthesis, abnormal rRNA
modifications, and overexpression of specific ribosomal proteins, alters protein synthesis rates or
increases the selective translation of cancer-associated mRNAs, thereby promoting cancer
development and progression. This figure has been modified with permission from Springer

Nature (Nature Reviews Cancer) License Number: 4627980815061 [239].

1.3.2.1 rDNA transcription regulation in cancer

rDNA transcription is mainly regulated by cell cycle associated kinases and the MAP kinase
signaling pathways. Elevated rDNA transcription is one of the steps in the dysregulation of cell
cycle associated kinases and the MAP kinase signaling pathways associated with the progression
of various cancers. Through the regulation of the main component RNA polymerase I,
transcription initiation factors (e.g., UBF, SL1, TIF-IA) and c-Myc, rDNA transcription is rapidly
increased more than 5-fold upon serum or growth factor treatment conditions, but gradually

inhibited under nutrient starvation and stress conditions [240, 241].
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Transcription of rDNA is activated at the interphase of the cell cycle, mainly through regulation
of the interaction between UBF and RNA polymerase 1. UBF is directly phosphorylated and
activated by cell cycle-associated kinase complexes in G1, S, and G2 phases [242]. In G1 phase,
UBF is phosphorylated at serine 484 by CDK4—Cyclin D1 and CDK2—Cyclin E, which is required
for binding to RNA polymerase I [242]. Replacement of serine 484 with alanine severely decreases
transcription of rDNA and inhibits cell growth by about 30% [242]. In S and G2 phases, serine
388 of UBF is phosphorylated by CDK2—Cyclin A and CDK2—Cyclin E, which is further required
for binding to RNA polymerase I [243]. Conversion of serine 388 to glycine (S388G) impairs the
binding of UBF to RNA polymerase I and thus inhibits the transcription of rDNA [243].
Overexpression of wild type UBF increases the activity of a reporter plasmid containing a rDNA
gene by about 3-fold in NIH 3T3 cells, whereas overexpression of UBF S388G fails to induce
rDNA transcription [243]. Importantly, the release of transcription components from the rDNA
promoter is the limiting step in the transcription rate, and the phosphorylation of UBF at threonine
117 and threonine 201 is required for UBF release from the rDNA promoter [200, 244]. ERK
directly binds and phosphorylates UBF at threonine 117 and threonine 201, increasing rDNA
transcription by about 3-fold [200]. Since Cyclin D1, CDKs and ERK are frequently dysregulated
and abnormally activated in various cancers, UBF phosphorylation and rDNA transcription are
associated with the progression of these cancers. For instance, upregulation of UBF was found in
more than 70% of hepatocellular carcinomas obtained from patients [210]. Inhibition of UBF
expression was shown to strongly inhibit the growth of hepatoma cells and even kill the cells in
vitro, while overexpression of UBF in human fibroblasts increased the proliferation rate by about

1.5-fold [210].
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TIF-IA is another key transcription initiation factor involved in activation of rDNA
transcription. Phosphorylation of TIF-1A is required for binding to SL1 and RNA polymerase I,
which is regulated by ERK signaling and RSK activation [241]. In serum-treated cells, ERK and
RSK directly interact with and phosphorylate TIF-IA at serine 633 and serine 649 [241].
Replacement of these two sites with other amino acids impairs rDNA transcription and cell
proliferation [241]. In addition, c-Myc was found to directly bind to the E-box located within the
promoter region of the rDNA genes and activation of c-Myc was required for rDNA transcription
[208, 245]. Meanwhile, c-Myc was also found to bind to the promoter of UBF, and increase the
expression of UBF to induce rDNA transcription [211]. The increase in rDNA transcription was
an important mechanism for c-Myc driven cancers [246, 247].

rDNA transcription is shut down during mitosis phase, mainly through dissociation of SL1
and UBF. Threonine 852 of TAFI110 (one of the subunits of SL1) is phosphorylated by Cdc2-
Cyclin B during M phase, which prevents binding of SL1 to UBF and inhibits rDNA transcription
[240, 248]. Moreover, rDNA transcription is also repressed by p53 activity. It has been shown that
p53 directly binds to TBP (one of the subunits of SL1) to inhibit the further binding of SL1 to UBF,
thereby repressing rDNA transcription. Inhibition of rDNA transcription is lost when p53 is
mutated at histidine 175 (His175) [249]. Inhibition of p53 increases, whereas overexpression of
p53 inhibits, pre-rRNA synthesis in cancer cells [250-252]. p53 expression is reversely associated

with rRNA synthesis and the nucleolar size in human breast carcinoma [73].

1.3.2.2 rRNA modifications in cancer
A total of 112 sites of 2'-O methylation sites and 104 sites of pseudouridylation have been

identified in human rRNAs [218-220]. 2'-O methylation of rRNA is conducted by a specific
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snoRNP complex consisting of a group of C/D box snoRNAs, rRNA 2'-O methyltransferase
fibrillarin (FBL), NOP56 and NOPS58. FBL methylates the ribose of the 2' hydroxyl group.
Pseudouridylation of rRNA is carried out by a specific snoRNP complex consisting of a group of
H/ACA box snoRNAs, Dyskerin (DKC1), NHP2, NOP10, and GAR1. H/ACA box snoRNAs
guide the complex to target its complementary sequence on rRNAs. DKC1 is a pseudouridine
synthase that catalyzes the isomerization of uridine. Modifications of rRNAs by FBL and DKC1
are associated with tumor progression.

FBL is overexpressed in breast cancer and prostate cancer tissues compared with the matched
normal tissues [253]. The expression of FBL is associated with the poorer survival of patients with
breast cancer, prostate cancer, and squamous cell cervical carcinoma [253-256]. High levels of
FBL increase the methylation status of most of its target sites in the ribosomes of breast cancer
cells, especially those at the decoding center of 18S rRNA [256]. The newly synthesized ribosomes
in cells with high FBL expression promote IRES-mediated translation of oncogenes, such as
IGFIR, FGF1, and EMCV [256, 257]. Moreover, FBL overexpression decreases translational
fidelity, resulting in a surplus of premature stop codons and amino acid misincorporations [256].
Knockdown of FBL or its C/D box snoRNP complex components (NOP56 and NOP58) markedly
inhibits the expression of snoRNAs and thus ribosome biogenesis [253].

The expression of FBL is regulated by c-Myc and p53 [253, 256]. Overexpression of c-Myc
increases, whereas knockdown of c-Myc decreases, the expression of FBL [253]. p53 binds to the
first intron of the FBL gene to inhibit its transcription; thus, FBL is expressed at low levels in wild
type p53 cancer cells, but is highly expressed in p53 mutated or inactivated cells [253, 256].
Interestingly, knockdown of FBL increases p53 expression by increasing IRES translation of p53

mRNA and by stabilizing p53 protein through increased levels of RPL5 and RPLI1 in the
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cytoplasm. The latter form a complex with p53 which prevents its degradation. p5S3 and FBL
regulate each other, forming a negative feedback loop [253, 256]. FBL knockdown inhibits,
whereas FBL overexpression increases, tumorigenesis of breast cancer [253, 256].

Overexpression of DKCI is associated with the progression of colorectal, hepatocellular, and
prostate cancers [258, 259]. DKC1 is more highly expressed in colorectal cancer and glioma tissues
compared to matched normal para-tumor tissues [259, 260]. In the DKCI mutation mouse,
ribosomal RNA pseudouridylation sites are decreased by about 25% [261, 262]. The newly
synthesized ribosomes with lower rRNA pseudouridylation decrease tRNA binding and translation
fidelity, and more importantly, fail to translate mRNAs with IRES elements, including HIF-1a,
VEGTF, p53, p27, Bel-xL, and XIAP [261, 262]. For instance, DKC1 knockdown inhibits, whereas
DKCI1 overexpression increases the expression of HIF-1a and VEGF in colorectal cancer cells,
and thus regulates the angiogenesis and metastasis of colorectal cancer [259]. Inhibition of DKC1
in glioblastoma cells causes cell cycle arrest and inhibits the proliferation and migration of
glioblastoma cells [260]. The expression of HIF-1oo and MMP2 is decreased when DKCI is
knocked down in glioma cells [260]. Activation of IRES-dependent translation of p5S3 mRNA is
impaired in DKC1-depleted human breast cancer cells treated with deferoxamine [263].

Like FBL, DKCI is also a direct target of c-Myc [264]. c-Myc directly binds to the promoter
and the first intron of the DKC1 gene to regulate its expression [264]. Lack of DKC1 slows down
rRNA processing, decreases the total number of 80S ribosomes and inhibits the expression of FBL
in the nucleoli of hepatocytes [265]. Moreover, lack of DKCI induces the expression of p53 and
p21, resulting in complete inhibition of the cell cycle and proliferation [265]. Knockdown of DKC1
increased degradation of incomplete ribosomes, and increased free RPL5 and RPL11 in the

cytoplasm to prevent p53 protein degradation [253, 256].
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1.3.2.3 Ribosomal protein regulation in cancer

The dysregulation of ribosomal proteins has also been shown to be associated with cancer
[266-271]. For instance, overexpression of RPL13, RPL15 and RPL19 is associated with the
progression of gastric and intestinal cancers [268-270], while the expression of RPL22 is decreased
in lung cancer [267]. Ribosomal protein composition heterogeneity was found in different tissues
and even in cell lines. For instance, RPL10A, RPL38, RPS7, and RPS25 are found in significantly
lower levels in the ribosomes of mouse embryonic stem cells [272]. RPL10A and RPS25 are
located next to the mRNA exit tunnel of ribosome, and loss of RPL10A or RPS25 in ribosomes
selectively increases or decreases the translation of certain specific subgroups of mRNAs in mouse
embryonic stem cells [272]. Interestingly, RPL10A is involved in IRES translation: loss of
RPL10A impairs the translation of viral IRES elements such as Cripavirus and HCV IRES
elements and decreases cap-independent translation of Igf2, App, and Chmp2 mRNAs in mouse
embryonic stem cells [272]. Moreover, when the ribosome is damaged or degraded by physical or
cytotoxic factors, ribosomal proteins play a role in the stress response [273]. For instance, RPL5
and RPL11 released from nucleoli bind to MDM2, which prevents the interaction of MDM2 with
p53 and thereby inhibits the ubiquitination and degradation of p53 [273, 274].

In addition, the composition of ribosomal proteins in the whole ribosome is also associated
with the modification of rRNAs. For instance, loss of the methylation at 3 bases located in helix
70 and helix 71 of yeast 25S rRNA (cytosine methylation of C2278 and 2'-O methylation at G2288
and A2281) led to ribosome instability, and more importantly, caused the loss of many ribosomal
proteins in the 60S subunit (Rpl9, Rpl23, Rpl24, Rpl31, and Rpl38) [275]. These results indicate
that the methylation status of rRNA can affect the binding of ribosomal proteins, and thus the

conformation of ribosomes [275].
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1.4 RNA modifications, RNA cytosine methylation, and NSUN proteins
1.4.1 RNA modifications and enzymes

According to Modomics (a database of RNA modification), there are more than 160 types of
RNA modifications and 340 functional enzymes and co-factors involved in RNA modification
across all species [276]. RNA modifications at selective sites regulate the biology and function of
all RNAs, including splicing, nuclear export, stability, and translation of mRNAs, as well as the
expression, structure and functions of non-coding RNAs (e.g., tRNAs and rRNA), thereby altering
both mRNA levels and translation [277-279]. This regulatory mechanism via RNA modifications
has been referred to as epitranscriptomics or RNA epigenetics [277, 280].
1.4.1.1 tRNA modifications and enzymes

tRNAs have the most extensive nucleotide modifications among the RNAs, as there is an
average of 13 modifications out of a total of 76 nucleotides in most tRNAs [281]. More than 42
types of modifications have been found in eukaryotic tRNAs [282]. The modifications include ‘P,
2'-O-methylation, m>C, m®A, m'A, m’G, m?G, base thiolation, inosine modification, and some
more complex modifications (acp’U, mnm>U, ms?*i°A). Modifications are mainly located at the

anticodon loop, D loop, T loop and variable loop.

The modifications at the anticodon loop are directly associated with base pairing during the
translation process [281]. Modifications at the wobble position (position 34) of the anticodon loop
ensure correct and diverse codon recognition in mRNA decoding, and increases the fidelity and
efficiency of translation [283-285]. Many adenosines at position 34 are modified by adenosine
deaminase acting RNA (ADAR) to form inosine (I), and inosine at the wobble position can pair

with cytosine, adenine, and uracil. Inosine pairing increases translation efficiency and is required
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for cell cycle progression [285]. The thiolation and methoxycarbonyl methylation of Uridine 34
(mem’s?U) increases the binding rate of lysine tRNA (UUU) to the ribosomal A site and promotes
translation efficiency [283]. The cytosine 34 of mitochondrial methionine tRNA is methylated and
dioxygenased by NSUN3 and ABHI, respectively [284]. Modification at C34 is required for
protein synthesis and mitochondrial activity [284]. The isopentenyladenosine (i1°A37) modification
at position 37 of the anticodon loop prevents frameshifting during decoding [286]. Cytosine at
position 38 of many tRNAs is methylated by DNA methyltransferase homologue (DNMT?2), and

m>C modification prevents the codon mistranslation and fragmentation of tRNAs [287].

Modifications in the body of tRNAs such as at the T, D or variable loops, are mainly associated
with the stability and functional folding of the cloverleaf-like secondary structure of tRNAs. For
instance, pseudouridine synthase 1 (PUS1) catalyzes the pseudouridinylation at positions 27, 34,
36, and 67 of the isoleucine tRNA, thereby stabilizing the tRNA structure, a requirement for the
nuclear export of tRNAs [288-290]. PUS4 catalyzes the pseudouridinylation at position 55 in the
variable loop [290]. Deletion of PUS1 or PUS4 results in destabilization of the tRNA 3-
dimensional structure, leading to cell death [288, 290]. m>C at position 48, 49, or 50 in the variable
loop is methylated by NSUN2 [183], with methylation preventing the degradation of tRNAs. Loss

of NSUN2 increases the cleavage of tRNAs and decreases protein synthesis rates [183].

1.4.1.2 mRNA modifications and enzymes

mRNAs, serving as templates for protein synthesis, have multiple types of RNA modifications
including m®A, m°C, ¥, 2'-O-methylation, m'A, m°Am [165, 291-294]. m°A is the most abundant
modification, with an average of three m°A sites in every mRNA [165-167]. m°A sites are found

in the 3' UTR (57%), CDS (35%), 5" UTR (8%) of the mRNAs, but are mostly enriched near the
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stop codon [295]. m®A is methylated by methyltransferase like 3 (METTL3) with the assistance
of many interaction proteins such as METTL14, METTL16, Wilms' tumor 1-associating protein
(WTAP), and RNA-binding motif protein 15 (RBM15) [169, 296, 297]. The m°A methylation is

a marker of translation or turnover of mRNAs.

mSA methylation is recognized and bound by YTH domain family proteins including YTHDF1,
YTHDF2, YTHDC1, YTHDC2, and these proteins are termed ‘reader proteins of m®A’ [170, 295,
298]. YTHDF1 specifically binds to the m°®A sites of its target mRNAs and promotes the
translation efficiency of these mRNAs through further interactions with initiation factors and the
ribosomal subunits [298]. In contrast, YTHDF2, when specifically bound to the m°A sites of its
target mRNAs, transports them to decay sites, and causes their degradation through further binding
to degradation processing bodies [170]. 50% of the target mRNAs of YTHDF1 and YTHDEF2 are
the same [298]. Similarly, YTHDC2 binds to m°A sites at the coding region of its target mRNAs,
and promotes protein synthesis through interaction with small ribosomal subunits [295, 299].
YTHDCI1 mediates transcriptional silencing and translation repression by binding with RNA X-
inactive specific transcripts [297]. In addition, m®A can be demethylated by the fat mass and
obesity associated (FTO) or a-ketoglutarate-dependent dioxygenase AlkB homologue 5
(ALKBH5), with FTO and ALKBHS5 termed ‘eraser proteins of m°®A’ [171, 172]. The
demethylation of m°A sites located at the 3' UTR prevents the degradation of the target mRNAs

[173].

There are thousands of mRNAs with m>C sites in different mouse tissues and HeLa cells [292].
Each of these mRNAs has two to three m°C sites located in the CDS (45%), intron (20%), 5’ UTR

(19%), or 3" UTR (16%) [292]. The average methylation rate at each site is about 20% (mostly
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varying between 10% and 40%) [292]. An m°C site is found in ~4000 mRNAs, with 1,158 mRNAs
catalyzed by NSUN2, an mRNA m>C writer protein [292, 300]. Knockdown of NSUN2 decreased
by about 40%, while overexpression of NSUN2 increased by about 3-fold, total m°C methylation
levels [292]. m°C sites are required for the recognition and binding by ALYREF (mRNA m°C
reader protein) [292]. Once bound to ALYREF, the m°C mRNAs are exported from the nucleus to
the cytoplasm [292]. Moreover, the m°C sites in mRNAs have been found to be associated with
the stability of mRNAs [301]. m°C sites in mRNAs are recognised by the Y-box binding protein
1 (YBX1), with YBXI further recruiting embryonic lethal abnormal vision like 1 (ELAVLI, or
HuR) that stabilizes and promotes the translation of mRNAs [300, 301]. m>C in mRNAs is required

for YBX1 and ELAVLI1 to promote tumorigenesis in multiple cancers [301, 302].

There are 260 ¥ modification sites in 238 yeast mRNAs, and 96 ¥ modification sites in 89
human mRNAs [291]. The human ¥ modification sites are located in CDS (64.6%), 3' UTR
(31.2%), or 5" UTR (4.2%) [291]. The majority of ¥ sites are catalyzed by PUS proteins including
PUSI1, PUS2, PUS3, PUS4, PUS7, but not DKC1 [291]. Unlike the DKC1 complex, PUS proteins
recognize and target distinct RNA sequences and catalyze target RNAs independently. The total
number and modification levels of ¥ sites are increased upon nutrient deprivation or heat shock in
yeast, and serum starvation in human cells [291, 303]. For instance, yeast cells in log growth phase
have only 58% of the total ¥ sites found in yeast cells in post-diauxic growth phase, with 41% of
the W sites in log growth phase having only half of the modification of yeast cells in the post-
diauxic growth phase [291]. Knockdown of pseudouridine synthases decreases mRNA levels upon
heat shock [303]. These observations might suggest ¥ modifications are increased to protect the

stability of mRNAs under nutrient deprivation, serum starvation or heat shock [303].

47



1.4.1.3 rRNA modifications and enzymes

rRNA makes up about 80% of total RNA, and there are 228 modification sites with at least 10
types of RNA modifications in human rRNA including 104 ¥ sites, 112 2'-O-methylation sites, 2
m>C, m°A, m%A, ac*C sites, each, and 1 m'A, m’G, m*U and m'acp?¥ site, each [220]. Two main
modifications (pseudouridylation and 2’-O-methylation) are associated with the stability of the
rRNA structure, and interaction with tRNA and translational factors. In addition to DKC1 and FBL
which regulate these two modifications as previously described, some studies have focused on
m®A and m>C modifications in rRNA. For instance, m®A1832 is located at the decoding center of
mouse 18S rRNA and is methylated by METTLS. Deletion of A1832 methylation decreases
protein synthesis rate and impairs the stemness of mouse embryonic stem cells [236, 237].
Similarly, m®A4220 is located at the PTC of human 28S rRNA and is methylated by Zinc Finger
CCHC-Type Containing 4 (ZCCHC4) [237, 304]. Knockout of ZCCHC4 decreases global protein
synthesis and proliferation of hepatocellular carcinoma cells [304]. The cytosine methylation site
m>C2278 in yeast is located at helices 69 to 71, and m>C2780 is located at the PTC center [238].

m>C2278 is methylated by NSUNS5, whereas m>C2780 is methylated by NSUNI [238].

1.4.2 RNA cytosine methyltransferase NSUN proteins

RNA modifications such as P, 2'-O-methylation, m®A, m°C, and their related enzymes such
as DKC1, PUSs, FBL, METTL3, NSUN2, DNMT2 have been discussed in previous sections.
Many studies have focused on m®A and its associated enzymes [305]. However, in recent years,
the role of RNA 5-methylcytosine (m°C), which is mediated by a family of Noll/Nop2/SUN
domain (NSUN) RNA methyltransferases and DNA methyltransferase homologue DNMT2

(TRDMT1), in regulating the structure, biology, and function of RNAs has been gaining
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significant interest [238, 284, 306-313]. Importantly, dysregulation of m°>C and NSUN proteins
have been implicated in diseases, including cancer [314-316].
1.4.2.1 The function of NSUN proteins and their cytosine targets

There are seven members of the NSUN family (NSUN1-7). These proteins are responsible for
methylation of cytosines at different sites in RNAs including tRNAs, rRNAs, mRNAs,
mitochondrial tRNAs, and mitochondrial rRNAs [317]. Among all the NSUN proteins, NSUN2 is
the most well-studied. Only limited research has been carried out with the other NSUN proteins
so far.

NSUN?2 is traditionally thought to mainly methylate tRNAs; however, recent studies show that
NSUN2 also methylates mRNAs and regulates mRNA stability and translation. NSUN2
methylates cytosine 48 or 49 at the variable loop of 80% of tRNAs in mouse and human skin
fibroblasts [183]. The methylation of tRNA by NSUN2 prevents the binding, cleavage, and
degradation of tRNAs by the endonuclease angiogenin [183]. The absence of NSUN2 increases
the amount of cleaved tRNA fragments in the cells, which increases cellular stress and decreases
global protein synthesis [183, 184]. In 2017, NSUN2 was found to catalyze the m°C site on 1,158
mRNASs [292]. Knockdown of NSUN2 decreased by about 40%, while overexpression of NSUN2
increased by about 3-fold, total m°C methylation levels [292]. Interestingly, NSUN2 methylates
cell cycle-associated mRNAs, including CDK1, p27, and p16 [318-320]. NSUN2 levels increase
in the presence of serum, and NSUN?2 is highly expressed during the S phase of cell cycle [319].
NSUN2 methylates C1733 at the 3' UTR of CDK1 mRNA, which is required for the stability of
CDK1 in the S and G2/M phases of the cell cycle [319]. Overexpression of NUSN2 induces the
expression of CDK1 and thus promotes cell cycle progression [319]. In contrast, NSUN2

methylates cytosine 64 at the 5" UTR of p27 mRNA in HeLa cells, but the methylation of p27
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mRNA inhibits p27 expression at the translational level [318]. However, how methylation of p27
leads to a decrease in translation is unknown [318].

Compared with the low expression of NSUN2 in normal tissues, NSUN?2 is highly expressed
in many tumor tissues including prostate, breast, oral, colorectal, stomach, and liver cancers [184,
321]. The elevated levels of NSUN2 shown by immunohistochemistry (IHC) staining are
accompanied by elevated levels of Ki-67, giving rise to the idea that NSUN2 is a proliferative
marker in cancers [321]. NSUN2 is a direct target of c-Myc and is required for c-Myc-induced
proliferation and progression in keratinocytes [184]. The expression of NSUN?2 is upregulated by
c-Myc in various cancer tissues, and knockdown of NSUN2 reduces growth of squamous cell
carcinoma xenografts [184, 322]. Knockdown of NSUN?2 also inhibits hepatocellular carcinoma
cell proliferation and invasion through the impairment of the cell cycle. HepG2 hepatocellular
carcinoma cells are retained in the G2 phase of the cell cycle, which could be due to decreased
expression of CDK1 as a result of NSUN2 knockdown [323, 324]. Moreover, knockdown of
NSUN?2 resulted in abnormal spindle structure formation during mitosis, with normal mitosis being
decreased by more than 50% in HCC1954 blood lymphocytes and breast cancer cell lines [325].
Interestingly, the spindle impairment caused by NSUN2 knockdown can be rescued by NSUN2
with mutations at the catalytic cysteines [325]. This result suggests that the function of NSUN2 in
spindle assembly is independent of functions associated with methylated NSUN2 [325].

NSUNTI (also called NOP2) is responsible for the methylation of cytosine 2870 (C2870) in
yeast 255 rRNA, and NSUN! knockdown leads to severe defects in yeast pre-rRNA processing
[238]. In human, NSUNI is predicted to methylate C4447 in 28S rRNA [238]. Human NSUNI1 is
associated with the maintenance of ribosomes and has been shown to be a proliferation marker

[326, 327]. The expression of NSUNI is associated with the progression of hepatocellular
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carcinoma [328]. However, the detailed role of NSUNI in cancer is still unknown. In addition,
NSUNI has also been found to inhibit the transcription of the HIV-1 virus in human immune cells
[329]. NSUNI binds to and methylates a cytosine in HIV-1 TAR RNA. This methylation prevents
binding of the HIV-1 protein Tat to TAR RNA and promotes viral latency [329].

NSUN3 has been shown to be localized in the mitochondria and methylates cytosine 34 at the
first nucleotide (wobble position) of the anticodon loop in methionine mitochondrial tRNAs [284].
5-methylcytosine is further oxidized by dioxygenase ABHI1 to form 5-formylcytosine. Both
methylation and oxidation of cytosine 34 are required for the recognition of different methionine
codons and the encoding of methionine in mitochondria [308, 313]. NSUN3 knockout decreases
protein synthesis in mitochondria, and inhibits mitochondrial activity [284]. Reduced modification
of cytosine 34 by NSUN3 causes the inhibition of cell growth, the deregulation of embryonic stem
cell differentiation, and is also associated with many mitochondrial diseases, including early-onset
mitochondrial encephalomyopathy and seizures [313, 330, 331].

NSUN4 has dual functions in mitochondrial rRNA biogenesis [332-335]. It contributes to the
methylation of cytosine 911 in mouse mitochondrial SSU 12S rRNA and forms a tight complex
with mitochondrial transcription termination factor 4 (MTERF4) which plays an essential role in
LSU and SSU assembly to form monosomes. The methylation of cytosine 911 by NSUN4 is
independent of interaction with MTERF4 [334]. NSUN4 knockout strongly inhibits protein
synthesis in mitochondria, and deletion of NSUN4 causes embryonic lethality in the mouse [334].
However, the function of methylated cytosine 911 at mitochondrial SSU rRNA is unknown.

NSUNG6 has been shown to be localized in the cytoplasm, and methylates cytosine 72 at the
acceptor stem of threonine and cysteine tRNAs in human embryonic kidney 293T (HEK293T)

cells [307]. However, a well folded structure including the CCA tail structure at the 3’ end and
51



base pairings of tRNAs are required for the binding of NSUNG6 to the tRNAs and their methylation
by NSUNG6, suggesting that the cytosine 72 methylation modification happens at a late step of
tRNA biogenesis [336, 337]. Moreover, cysteine 373 of NSUNG6 has been predicted to be the
catalytic cysteine and is required for the methylation of cytosine 72 [307].

NSUN7 mutations including mutations in exon 4 and exon 7 are found in mice with sperm
motility defects as well as in human asthenospermia [338-341]. NSUN7 methylates m°C of an
enhancer RNA termed the peroxisome proliferator-activated receptor-gamma coactivator la
(PGC-1a). Deletion of NSUN7 causes instability of PGC-1a and decreases the expression of PGC-
lo targeted genes such as Prkl, Sirt5, Idh3b, and Hmox2.

NSUNS is the focus of this project, the detailed information about NSUNS5 will be introduced
in 1.4.3.
1.4.2.2 The two functional cysteines of NSUN proteins

All NSUN proteins have a similar catalytic domain that contains two conserved cysteines and
an S-Adenosyl methionine (SAM)-binding pocket [314, 317, 342]. NSUN proteins use SAM as a
substrate for methyl groups and add the methyl group to the carbon 5 position of cytosine to form
m°C (Figure 1.10). The methylation process by NSUN proteins is not required for interaction with
other proteins or cofactors [307, 318]. SAM becomes S-Adenosylhomocysteine (SAH) after the
methylation reaction. The two cysteines of NSUN proteins have different functions in RNA
methylation. The first cysteine is also called the catalytic cysteine, which forms a covalent link
with carbon 6 of its target cytosine, and activates carbon 5 to receive the methyl group from SAM
[314, 317, 342]. The second cysteine is also called the releasing cysteine, which releases the

covalent binding, thereby releasing the target RNA [314, 317, 342].
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Figure 1.10 Cytosine methylation by NSUN proteins.

NSUN proteins use SAM as a substrate for methyl groups and add the methyl group to the carbon
5 position of cytosine to form m’C. SAM becomes S-Adenosylhomocysteine (SAH) after the
methylation reaction. This figure has been modified with permission from Genetics Research

International, Creative Commons Attribution License, Mehrdad Ghavifekr Fakhr et al.

So far, the two functional cysteines of NSUN proteins have mainly been studied in yeast. The
location of these two cysteines in yeast NSUNI (NOP2) has been determined: the first cysteine
(cysteine 478) is in motif IV and catalyzes the methylation of target cytosines, whereas the second
cysteine (cysteine 424) is in motif VI and helps to release NSUNI1 from target RNAs after
methylation [238]. Similarly, the functions of these two cysteines in yeast NSUN2 have also been
reported: the first cysteine (cysteine 321) in motif [V catalyzes the methylation of target cytosines,
whereas the second cysteine (cysteine 271) in motif VI helps to release NSUN2 from its target
RNAs after methylation [292, 320, 343-345]. Consistently, a study of the two cysteines of Rcml1
(the yeast NSUNS) showed the same results: the catalytic cysteine (cysteine 404) is in motif IV,
and the releasing cysteine (cysteine 330) is in motif VI [238]. However, the locations of these two
cysteines in human NSUNS have not been studied.
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Alignment of the amino acid sequences of NSUN proteins (NSUN1 to NSUNG6) revealed three
main conserved amino acid sequences: ILDMCAAPGK, DRILLDAPCS, and GGYLVYSTCS
(Figure 1.11). There are totally three conserved cysteines in these NSUN proteins (each of these
conserved sequences has a conserved cysteine) (Figure 1.11). NSUN1 (NCBI Reference Sequence:
NP _006161.2) has C388, C459, and C513. NSUN2 (NCBI Reference Sequence: NP_001180384.1)
has C149, C236, and C286. NSUN3 (NCBI Reference Sequence: NP_071355.1) has C139, C214,
and C265. NSUN4 (NCBI Reference Sequence: NP 950245.2) has C181, C258, and C310.
NSUNS5 (NCBI Reference Sequence: NP_683759.1) has C234, C308, and C359. NSUN6 (NCBI
Reference Sequence: NP_872349.1) has C242, C326, and C373. In addition, the location of these
three cysteines in human NSUNS can also been identified upon comparison of the amino acid
sequences of the yeast homolog with the human homolog (Figure 3.20). However, the functions

of these cysteines in human NSUNS5 need to be further studied.
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Figure 1.11 The conserved sequences and cysteines in the NSUN proteins.
The amino acid sequences of human NSUN proteins (NSUN1 to NSUN6) were downloaded from
NCBI Protein and aligned with MultAlin (Multiple sequence alignment with hierarchical

clustering). There are three main conserved sequences among the NSUN proteins:
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ILDMCCAPGKT, DRILLDAPCS, and GGYLVYCTCS. All the NSUN proteins have three

conserved cysteine as described above.

1.4.3 NSUNS and its cytosine targets on rRNA

Using a glioblastoma TCGA dataset from 2013 (540 glioblastoma samples), we found that
high NSUN5 mRNA expression is strongly associated with poor survival in glioblastoma patients
(Figure 3.1). In addition, when glioblastomas in TCGA (273 patients) and GSE4290 datasets (86
patients) were divided into 3 groups based on 42 probes [346], NSUNS5 was found to be deleted or
downregulated in the group with the best outcome (with survival time being more than twice as
long as that of the other two groups) [346]. NSUNS is one of the 26 deleted genes on chromosome
7 associated with a human neurodevelopmental disease named Williams-Beurren syndrome [347].
However, the biological function of NSUN5 in human cells and in glioblastoma needs to be
carefully investigated.

In mouse hippocampus and corpus callosum, NSUNS is specifically expressed in
oligodendrocytes and oligodendrocyte precursors, but not in neurons or astrocytes [348, 349].
NSUNS is required for the proliferation of oligodendrocyte lineage cells that play a role in the
long-term potentiation of hippocampal ability and the myelin sheath growth of neuronal axons
[348, 349]. Nsun5 knockout mice suffer from impairment of memory and cognition, and
hypotrophy of the corpus callosum [348, 349]. Interestingly, NSUNJ5 knockout decreases CDK1
and CDK2 protein levels by 30% to 40%, but does not affect CDK/ and CDK2 mRNA levels [349].
However, how NSUNS affects the translation of CDK1 and CDK2 is unknown.

In yeast, Recm1 (the yeast homologue of NSUNS) is a rRNA cytosine methyltransferase [238,

312]. Reml is responsible for the methylation of C2278 in 25S rRNA of yeast [238, 275, 312].
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Deletion of Reml alters the rRNA structure that favors the translation of oxidative stress-
responsive mRNAs, leading to increased stress response and lifespan [312]. More importantly,
similar to yeast 25S rRNA that has only two cytosine methylation sites (C2278 and C2870), human
28S rRNA (total length of 5028 nucleotides) also has only two cytosine methylation sites at C3782
and C4447 [238, 310, 350]. Yeast 25S rRNA and human 28S rRNA have similar secondary
structures in helix 71 of rRNA domain IV containing the C2278 (or C3782) methylation site.
Therefore, NSUNS is predicted to be responsible for the methylation of C3782 in human 28S

rRNA (Figure 1.12) [238].
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Figure 1.12 The C3782 methylation site in human 28S rRNA is located in a region with a
similar secondary structure to that of the C2278 methylation site in yeast 25S rRNA.

Yeast and human have a similar secondary structure in helix 68 to helix 71 of 25S (or 28S) rRNA
domain IV containing methylated C2278 and C3782. This figure has been reused with permission
from Oxford University Press (Neuro-Oncology), License Number: 4627360701453, Sunny

Sharma et al. [238].
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(C3782, the target of NSUNS, is located in the middle of helix 69 and helix 71 of domain IV of
28S rRNA, which is at the intersubunit bridge and the aminoacyl tRNA binding loop between the
decoding center and the peptidyl transferase center of the ribosome [226-228]. Both helix 69 and
helix 71 of the 25S rRNA (or 28S rRNA) are conserved intersubunit bridge structures (B2a and
B3, respectively) among prokaryotic and eukaryotic ribosomes [351]. Deletion of helix 69 leads
to defective association between 50S and 30S subunits in bacterial cells [228]. Moreover, the loop
of helix 69 interacts with the tRNA at the A site and the stem of helix 69 interacts with the tRNA
at the P site, and helps the correct binding of tRNAs at the peptidyl transferase activity site [352].
Helix 69 is also required for the release of initiation factor 3 and start codon selection, with deletion
of helix 69 decreasing the rate of translation initiation by 20-fold [229].

According to the maps shown in the SnoRna-LBME database, about 24 nucleotides (~14% of
total nucleotides from A3670 to A3840) are modified at helices 67 to 71 in the intersubunit and
decoding center of human 28S rRNA, including 10 2'-O methylation sites and 14 pseudouridine
sites. Base methylation modification of C3782 at helix 70 is in the middle of this sequence. The
functional impact of modifications in helix 69 to helix 71 has been studied. First, when 3 to 5
modifications in helix 69 of 25S rRNAs in bacteria are deleted, the 25S rRNAs are instable [227].
Consequently, protein synthesis rates and cell growth are dramatically decreased, and the cells are
more sensitive to temperature and neomycin (which binds to helix 44 and helix 69, and inhibits
translation) [227, 353]. Second, loss of methylation at 3 bases of helix 70 to helix 71 in yeast
(cytosine methylation of C2278 and 2'-O methylation at G2288 and A2281) leads to the instability
of the 60S ribosome subunit and the whole ribosome. The cells grow more slowly than wild type

cells in competition assays, and are more sensitive to anisomycin (which binds to the A site and
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inhibits translation) [275]. In addition, the methyl group of m5C1942 in bacteria (C3782 in human)
interacts with tRNA at the A site [234]. However, the function of m>C1942 is unknown.

From studies in yeast and mouse, we know that: (a) NSUNS5 is an RNA cytosine
methyltransferase and is predicted to methylate C3782 in human 28S rRNA; (b) NSUNS is
specifically expressed in human oligodendrocyte lineage cells and is associated with the survival
of glioblastoma patients; and (c) NSUNS5 regulates protein expression (e.g., CDK1 and CDK2) at
the translational level through alteration of the rRNA structure. In addition, base on the biological
functions of cytosine targets, and the conserved catalytic cysteines of the NSUN proteins, we can
deduce that NSUNS may affect the function of ribosomes through the methylation of C3782 in
human 28S rRNA and that NSUNS could have other mRNA targets and methylation independent
functions as well. Increasing evidence indicates that NSUN proteins are implicated in cancer.

However, the role of NSUNS in cancer needs to be thoroughly or carefully investigated.

59



1.5 Hypothesis of the project

My thesis centers on glioblastoma, translation control in cancer, ribosomal regulation in cancer,
and the function of RNA cytosine methyltransferase NSUN proteins. The central question that I
am asking is whether rRNA cytosine methylation by NSUNS regulates ribosome conformation,
the subsequent mRNA translation, and the resulting translatome in glioblastoma cells. I
hypothesize that elevated NSUNS alters the structure and/or activity of ribosomes by regulating
the pattern of rRNA methylation, which leads to pro-tumorigenic translational reprogramming and

thereby promotes the progression of glioblastoma. (Figure 1.13).

Tumor formation, progression,
and treatment resistance in
glioblastoma

Ribosome Translatome alteration
conformation (selective translation of cancer
associated genes)

Figure 1.13 Diagram depicting the central hypothesis of this project.
NSUNS promotes tumor formation and progression of glioblastoma through the regulation of

ribosome conformation in ribosomal biogenesis that reprograms the translatome.
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Chapter 2 Materials and Methods
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2.1 TCGA glioblastoma datasets analysis

Analysis of TCGA glioblastoma (GBM) datasets including DNA copy number variation,
somatic mutation, DNA methylation, exon expression RNAseq, gene expression AffyU133a array,
gene expression RNAseq were performed using the UCSC Xena platform. The correlation between
genes in TCGA datasets and GBM patient survival was determined using Kaplan-Meier survival
analysis according to the guidelines offered by UCSC Xena. Specifically, only primary
glioblastoma tumors were selected, and the survival curves were generated automatically at the
median cut-off site with statistical analysis also generated automatically. Images were downloaded
from the platform.

The R2 Genomics Analysis and Visualization platform was used to analyze NSUNS5
expression as a function of overall survival and progression-free survival in glioblastoma patients
and all grades of glioma patients [354]. The Kaplan Meier Scanner and Tumor Glioblastoma-
TCGA-540 dataset was selected for analysis. NSUNS was analyzed using both overall survival
and progression-free survival datasets. Survival curves were generated automatically at the cut-off
site where high mRNA expression samples compared against the low mRNA expression samples
had the lowest P-values. The Tumor Glioma-French-284 Dataset from the Erasmus University
Medical Center including 276 all grades of glioma samples from 1989 to 2005 was also used in
the analysis [354]. NSUNS was scanned automatically with overall survival dataset, and the

Kaplan Meier curve with the lowest P-value was generated.

2.2 Cell culture
Nine glioblastoma cell lines (A172, CLA, T98, U87, M021, M016, M049, M103, and U251)

were obtained from Dr. Roseline Godbout, and the cell lines were described in publications from
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their lab [355-357]. The mainly used cell lines including U251, U87, and T98 cells were
authenticated by their STR codes. Seven glioblastoma patient-derived neurosphere cultures were
established by Dr. Godbout (A4-003, A4-004, A4-007, A4-010, A4-012) or Dr. Kenn Petruk
(ED511 and ED512) from the University of Alberta. Five patient-derived neurosphere cultures
(12EF, 48EF, 25M, 50M, 53M) were obtained from Dr. Mary Hitt and established by Dr. Samuel
Weiss from the University of Calgary, and these neurosphere cultures have been described in two
publications [358, 359]. Glioblastoma cell lines were cultured in Dulbecco's Modified Eagle
Medium (DMEM) low glucose with 10% fetal bovine serum (Gibco, Thermo Fisher), 100 U/ml
penicillin and 100 pg/ml streptomycin (Gibco, Thermo Fisher). Glioblastoma patient-derived
primary cells were cultured in DMEM/F12 with 20 ng/ml EGF (Gibco, Thermo Fisher), 20 ng/m
1 basic FGF (Gibco, Thermo Fisher), and 1X B27 supplement (Gibco, Thermo Fisher). Both
glioblastoma cell lines and glioblastoma patient-derived primary cells were frozen and stored in
DMEM low glucose medium with 20% fetal bovine serum and 10% DMSO. HEK293T cells were
cultured in DMEM high glucose with 10% fetal bovine serum and 100 U/ml penicillin and 100

pg/ml streptomycin (Gibco, ThermoFisher).

2.3 Total RNA extraction and complementary DNA (cDNA) synthesis

Total RNA extraction and cDNA synthesis were performed as described in our previous
publication [360]. Total RNA was extracted using the TRIzol reagent (Ambion, Life Technologies)
following the manufacturer's instructions. The RNA concentration was measured by DU 730 Life
science UV/Vis spectrophotometer at 260 nm wavelength. The cDNAs were synthesized using

Reverse Transcriptase (SuperScript II Reverse Transcriptase, Invitrogen) following the
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manufacturer's instructions. The RNase inhibitor (RNaseOUT Recombinant Ribonuclease

Inhibitor, Invitrogen) was used to inhibit RNA degradation.

2.4 Quantitative real-time PCR

Quantitative real-time PCR were performed as described in our previous publication [360].
PCR primer sequences for NSUNS, NSUN2, STAT3, and GAPDH were designed as follows:
hNSUNS Forward (For): 5'-CTT CTG AAG AAC CAA GGG AAG A-3', hNSUNS Reverse (Rev):
5'-AGC CAG TTC ACA GCA AGA G-3"; NSUN2 For: 5'-GTG GAA TAA ACG TCA GCC
AAA-3', NSUN2 Rev: 5'-CTT AGA GGG ATC TGT GGG TTTC-3"; STAT3 For: 5'- GAG AAG
GAC ATC AGC GGT AAG-3', STAT3 Rev: 5-CGA TGG AGA CAC CAG GAT ATT-3%
hGAPDH For: 5'-GGA CCT GAC CTG CCG TCT AGA A-3', hGAPDH Rev: 5'-GGT GTC GCT
GTT GAA GTC AGA G-3'. These primers were purchased from Integrated DNA Technologies
(IDT). Power SYBR Green PCR master mix which contains SYBR™ Green 1 Fluorescence Dye,
DNA Polymerase, dNTPs, and reaction buffer (Applied Biosystems), was used for quantitative
real-time PCR following the manufacturer's instructions. Threshold cycle (CT) values of
fluorescence signals were compared amongst the samples. Threshold cycle (CT) values of all the
samples were exported and analyzed. The CT value of GAPDH was used as the internal control

for each sample.

2.5 Protein extraction
Cultured cells were lysed with RIPA buffer containing Complete Protease Inhibitor cocktail
(Roche) and phosphatase inhibitors as described previously [360]. RIPA buffer is composed of

1.0% Triton X-100, 0.1% SDS, 50 mM Tris-Cl pH 8.0, | mM EDTA, 150 mM NaCl, 1.0% DOC
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(sodium deoxycholate), 1X Protease Inhibitor cocktail, 10 mM NaP,07, 10 mM NaF, 1 mM
NazOVa. The cell lysates were sonicated, and centrifuged at 13,000g for 15 minutes at 4°C. After
centrifugation, cell debris was pelleted, and the supernatant was transferred to a new tube. Protein
concentration in the supernatant was measured using the DC Protein Assay Kit (Bio-Rad)

following the manufacturer's instructions and quantified using a FLUOstar Omega reader.

2.6 Western blotting

Western blotting was performed as described in our previous publication [360]. Briefly, 30 ug
to 50 pg proteins were loaded in an SDS-PAGE gel and separated by electrophoresis. Following
electrophoresis, proteins were transferred from the gel to nitrocellulose membranes (Bio-Rad) at
constant voltage. The membranes were blocked with 5% dry milk powder in TBST and incubated
with primary antibodies in 5% BSA in TBST overnight. The membranes were then incubated with
secondary antibodies in 5% dry milk powder in TBST for 1 hour. The blots were scanned using a
Li-Cor Odyssey Infrared imaging system. Processing of the images and densitometry analyses
were performed using Li-Cor Odyssey imager software. The following primary antibodies were
used at 1:1000 dilution: NSUNS5 (H-10), mouse monoclonal antibody (#K1411, Santa Cruz
Biotechnology); NSUN2, rabbit polyclonal antibody (#20854-1-AP, Proteintech); STAT3
(124H6), mouse monoclonal antibody (#9193, Cell Signaling); and B-Actin, mouse monoclonal
antibody (#A5441, Sigma-Aldrich). The following secondary antibodies were used at 1:50000
dilution: IR Dye 800CW, Donkey anti-Rabbit (#C70918-03, Li-Cor), and IR Dye 800CW, Donkey

anti-Mouse (#C50422-04, Li-Cor)

2.7 NSUNS CRISPR guide RNA design and plasmid production
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To knockout NSUNS in glioblastoma cells, NSUNS5 knockout plasmids were generated using
the method described in the publication from Dr. Lynne Postovit’s lab [361]. Two NSUNS
CRISPR guide RNA target sequences were designed by Dr. Scott Findlay from Dr. Postovit’s lab.
The all-in-one CRISPR/Cas9 sequences are as follows: Human NSUNS gRNA target sequence 1:
GCGCCGGCCTCCTCCGTG (Exon II, sense) and human NSUNS5 gRNA target sequence 2:
GAGCTTCTTCTCCGCACGG (Exon II, antisense). The NSUNS gRNA target sequences were
each integrated into the guide RNA template at the site indicated by X’s:
GTGACGTAGAAAGTAATAATTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAA
ATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGGTTTATATA

TCTTGTGGAAAGGACGAAACACCX XXX X X XX XXX XXX XXXXGTTTTAGAGCTAGA

AATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGT
CGGTGCTTTTTTCTAGACACAATTGCATGAAGAATCTGCTTAGGGTTAGGCGTTTTGC
GCTGCTTCGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACTAGTTA
TTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGT
TACATAACTTACGGTAAA. The oligos of NSUNS guide RNA sequences were purchased from
IDT and ligated into the CRISPR/Cas9 plasmid using T4 DNA Ligase following the
manufacturer’s directions (Invitrogen).

After ligation, the plasmids were transformed into One Shot TOP10 Competent E. coli cells
(Thermo Fisher) following the manufacturer’s directions. Following blue/white selection, the
plasmids from six white colonies (indicating successful uptake of plasmid) were purified using
QIAprep Spin Miniprep Kit (QIAGEN) following the manufacturer's instructions. Insertion of the

NSUNS CRISPR guide RNA was verified by sequencing.
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2.8 NSUNS CRISPR knockout

To investigate whether C3782 of 28S rRNA is the methylation target of NSUNS, NSUNS
was knocked out in HEK293T and U251 cells which express endogenous NSUNS. The CRISPR
knockout method is described in the publication from Dr. Postovit’s lab [361]. Briefly, 5 pg of
NSUNS CRISPR knockout plasmid DNA was mixed with 15 ul of Lipofectamine 2000
(Invitrogen), topped up with calcium-free Dulbecco’s PBS (Gibco, Thermo Fisher) to 150 ul, and
distributed evenly to each HEK293T or U251 plate with cells at 50% confluency in a 10 cm dish).
72 hours post-transfection, the cells were sorted by flow cytometry using m-Cherry which is
included in the plasmid into the 96-well plates with each well containing a single cell. The single
cell clones were expanded and screened for NSUNS expression by Western blotting. The clones
that express NSUNS5 were defined as NSUNS5 wild-type and those that have lost NSUNS
expression were defined as NSUNS5 knockout. The NSUNS wild-type and knockout clones were

further confirmed by genomic DNA sequencing as described below.

2.9 Genomic DNA sequencing for indels induced by CRISPR in NSUNS5 gene

To determine whether mutations in NSUN5 DNA were induced by CRISPR in HEK293T and
glioblastoma cells, genomic DNA sequencing was conducted. The protocol is described in the
application note “Using Sanger sequencing to facilitate CRISPR and TALEN-mediated genome
editing workflows” by Thermo Fisher Scientific. Total DNA from 293T/wild-type (clone #37),
293T/NSUNS knockout cells (clone #22), U251/wild-type, and U251/NSUNS knockout cells was
extracted using the PureLink Genomic DNA Mini Kit (Invitrogen) following the manufacturer’s
instructions. Primers were designed to amplify the CRISPR NSUNS5 guide RNA target sequences,

with the following sequences: NSUNS CRISPR Forward Primer: 5'-GCG ACT TGC TCC AGT
67



CC-3', and NSUNS5 CRISPR Reverse Primer: 5'-AGA ACG TGA AGC AGC TGT-3'. PCR was
carried out to amplify the CRISPR NSUNS5 guide RNA target sequences using AmpliTaq Gold
360 Master Mix (Applied Biosystems) following the manufacturer's instructions using an
annealing temperature of 50°C. Amplified PCR DNA products were electrophoresed through 2%
agarose gel in TAE buffer (UltraPure™ TAE Buffer, Thermo Fisher) and visualized by staining
with ethidium bromide. TOPO cloning and transformation were further conducted using TOPO
TA Cloning Kit (Thermo Fisher). Briefly, PCR products were ligated into TOPO TA vector and
transformed into One Shot TOP10 Competent E. coli. The successfully transformed bacterial
colonies were selected via blue/white selection, and their plasmids were extracted using QIAprep
Spin Miniprep Kit (QIAGEN) following the manufacturer's instructions. Agarose gel
electrophoresis (0.8% agarose in TEA buffer) was performed to confirm the presence of plasmid
DNA, and the concentration of plasmid DNAs was measured using a DU 730 Life science UV/Vis
spectrophotometer. 575 ng of each plasmid DNA was mixed with 0.25 uM TOPO vector specific
M13 forward primer in a final volume of 10 pl and the plasmids were sent to Molecular Biology
Service Unit in the University of Alberta for Sanger sequencing. The sequencing data were
compared with NSUNS wild type DNA sequence using multiple sequence alignment on Multalin
online platform [362].

Based on the NSUNS expression and genomic sequencing results, the following colonies
were selected for experiments: 293T/wild-type (clone #37), 293T/NSUNS knockout cells (clone

#22), U251/wild-type (clone A1), and U251/NSUNS knockout (clone B1).

2.10 NSUNS knockdown and CaCl: mediated transfection
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NSUNS was knocked down with shRNA in U251 and T98 cells and A4-012 patient-derived
neurospheres, which express endogenous NSUNS5 (based on Western blotting results). The
NSUNS shRNA Kit (Origene Biotechnology company, Catalogue: TL302876) was used which
includes four unique human NSUNS shRNA constructs in the lentiviral GFP vector and one
scrambled negative control non-effective shRNA in lentiviral GFP vector. The sequences of the
four unique 29-mer NSUNS5 shRNAs are as follows:

1. TTGGTGTACTCCAGCAACTTCCAGAACGT,

2. ACCAGTCACTTGGCTGCTCTTCTGAAGAA,

3. AGACCACACTCAGCAGTGGCTTCTTCGTT,

4. GGCCAAGGTGCTAGTGTATGAGTTGTTGT.

The plasmids were transfected using the CaClz-mediated third-generation lentivirus transfection
method as previously described by Sambrook et al. [363]. Briefly, 5 pg of plasmid was mixed with
5 pg of the packaging plasmids (RRE, REV, and VSVG), and water (Biotech Grade, Fisher
BioReagents) was added to reach 450 pl, and mixed by vortexing. 50 pl of 2.5M CaCl; was added
to the mixture, followed by 500 ul 2X HBS (HEPES-Buffered Saline, pH 7.05, Fisher Scientific)
to allow binding of plasmids to cell membranes. The mixture was incubated for five minutes at
room temperature and distributed evenly onto HEK293T cells cultured in 9 ml fresh medium in a
10 cm dish. The next day, the medium was replaced with 7 ml fresh medium to help concentrate
the virus. On the third day, the HEK293T culture medium containing the infectious viral particles
was used to infect U251 cells or A4-012 neurospheres (the latter were first digested with StemPro
Accutase (Gibco) into single cells prior to infection), and 48 hours post-infection, the cells were
collected and cultured in fresh or sphere culture medium. Using this method, U251/shRandom,

U251/shNSUNS5  #1, U251/shNSUNS #2, U251/shNSUNS #3, U251/shNSUNS5 #4, A4-
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012/shRandom, A4-012/shNSUNS #1, A4-012/shNSUNS #2, A4-012/shNSUNS #3, and A4-
012/shNSUNS #4, T98/shRandom, T98/shNSUNS #3, T98/shNSUNS #4 cells were generated.
The infection efficiency of the cells was determined by fluorescence microscopy as the plasmids
contain the marker GFP. Thus, fluorescence-activated cell sorting (FACS) analysis was conducted
when necessary.

The CaClo-mediated third-generation lentivirus transfection system was also used for the
overexpression of pLenti-NSUNS in U87 cells and 50M patient-derived neurospheres, which do
not express endogenous NSUNS. The plasmids, pLenti-Vector-Myc-DDK and pLenti-NSUNS-
Myc-DDK, were purchased from Origene Biotechnology company (Catalogue: RC200144L3).
Through this method, the U87/pLenti-Vector, U87/pLenti-NSUNS, 50M/pLenti-Vector, and

50M/pLenti-NSUNS cells were generated.

2.11 RNA bisulfite sequencing

RNA bisulfite sequencing was used to determine the methylation status of cytosine 3782 and
cytosine 4447 of 28S rRNA in HEK293T and glioblastoma cells. This method was previously
described in the Rcml (the yeast homolog of NSUNS) study [312]. First, total RNA from
293T/wild-type (clone #37), 293T/NSUNS knockout cells (clone #22), U251/wild-type,
U251/NSUNS5 knockout cells, U87/CMV-Vector, U87/CMV-NSUNS5 and U87/CMV-NSUNS5
single clone #2 was extracted as described in the RNA extraction section (add the section number
here). Second, 500 ng total RNA from each sample was used to conduct bisulfite conversion using
EZ RNA Methylation Kit (ZYMO Research) by following the protocol provide in the kit [312].
Unmethylated cytosines were converted to uracil through sulphonation, hydrolytic deamination,

and alkali desulphonation, while methylated cytosines remained unchanged. Third, the RNA from
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the bisulfite conversion step was reverse transcribed into cDNA as described in section 2.3. Fourth,
the following primers were designed to anneal to the converted C3782 and C4447-containing
sequences; 28S rRNA 3782 For: 5'- TGT GGG TAA ATG GTG GGA GTA-3"; 28S rRNA 3782
Rev: 5'-AAC ACC AAA AAC CTC CCA CCT A-3’; 28S rRNA 4447 For: 5'-GAT TGT GAA
AGT GGG GTT TTA TG-3’; 28S rRNA 4447 Rev: 5'-AAA CCC AAC TCA CAT TCC CTA
TT-3". These primers were used for PCR to amplify two potential methylation sites (C3782, C4447)
on human 28S rRNA using AmpliTaq Gold 360 Master Mix Kit (Applied Biosystems). The
annealing temperature was 50°C for the two sets of primers. 2% agarose gel electrophoresis was
used to confirm the amplification of C3782 and C4447-containing sequences. Fifth, TOPO cloning
and transformation were further conducted using TOPO TA Cloning Kit (Thermo Fisher) as
described in section 2.9. Sixth, 12 plasmids extracted from the positive colonies were applied to
Sanger sequencing and sequencing analysis as described above [362]. The sequencing data were
compared with unconverted 28S rRNA sequence using multiple sequence alignment on Multalin

online platform [362] to determine the methylation status of C3782 and C4447.

2.12 Immunofluorescence staining

To determine the localization of NSUNS in glioblastoma cells, immunofluorescence staining
was conducted as described in a publication from Dr. Godbout’s lab [364]. First, cells were seeded
on coverslips placed in 24-well plates. After cells reached 50% confluence, immunostaining was
performed directly in the well. Cells were washed with PBS, fixed with 4% paraformaldehyde in
PBS (Santa Cruz Biotechnology), and permeabilized with 0.2% Triton X-100 (Sigma) in PBS.
NSUNS5 mouse monoclonal primary antibody (#K 1411, Santa Cruz Biotechnology) was diluted 1

to 100 in the 0.2% Triton X-100 permeabilization buffer. After 2 hours of incubation with primary
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antibody, the cells were washed with 0.2% Triton X-100 and incubated with Alexa-Fluor 488-
conjugated anti-mouse secondary antibody (Cell Signaling) for 1 hour (1:200 dilution), followed
by incubation in DAPI (1 pg/ml in PBS) for 5 minutes. Coverslips were mounted onto slides. The

images were taken using confocal microscope and AMG EVOS FL microscope.

2.13 Site-directed mutagenesis

To determine the function of catalytic cysteines of NSUNS, site-directed mutagenesis was
conducted to create pLenti-NSUN5 C308A, pLenti-NSUNS5 C359A, and pLenti-NSUNS
C308A/C359A plasmids where cytosine (C)308 and/or C359 were converted into alanine (A)
using QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). First, two sets of mutagenic
primers targeting NSUNS cysteine 308 and cysteine 359 were designed using Quick Change
Primer Design system, in which cysteine (UGC) was mutated to alanine (GCC). The NSUNS
cysteine 308 mutagenic primers were:
Forward:5'-CTGCTGGATCCTTCCGCCAGTGGCTCGGGTAT-3',
Reverse:5'-ATACCCGAGCCACTGGCGGAAGGATCCAGCAG-3', and the NSUNS cysteine
359 mutagenic primers were:
Forward: 5'-TCGTCTACTCCACGGCCTCCCTCTGCCAGG-3',
Reverse: 5'-CCTGGCAGAGGGAGGCCGTGGAGTAGACGA-3'. Second, pLenti-NSUNS
plasmid served as a template for site-directed mutagenesis using QuikChange Lightning Site-
Directed Mutagenesis Kit (Agilent). Briefly, pLenti-NSUNS plasmid, the two sets of primers listed
above, and QuikChange Lightning kit components (enzyme, dNTPs, and reaction buffer) were
used in PCR reactions to generate mutated NSUNS. After PCR, Dpn I enzyme (provided in the kit)

was added to the reaction mixtures to digest the parental pLenti-NSUNS5 plasmid template, and the
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newly synthesized cysteine-mutated pLenti-NSUNS plasmid was transformed and amplified using
XL10-Gold ultracompetent cells (provided in the kit). pLenti-NSUNS C308A and pLenti-NSUNS
C359A were both generated using this approach. Sanger sequencing was performed to confirm the
presence of the mutated residues in pLenti-NSUNS plasmid as described in section 2.9. To
generate the double mutant, site-directed mutagenesis was further conducted using pLenti-NSUNS

C308A to generate the pLenti-NSUNS C308A/C359A plasmid.

2.14 Neutral red uptake assay

Cell viability with or without temozolomide (TMZ) treatment was measured using the neutral
red uptake assay, following the protocol provided by Repetto et al. [365, 366]. The neutral red
uptake assay is based on the absorption of the neutral red dye in the lysosomes of viable cells, and
cell numbers are quantitatively estimated by the absorbance intensity of the dye at the wavelength
of 580 nm.

To detect change in the number of viable cells over time, glioblastoma cells were seeded into
multiple 96-well plates with 500 or 1000 cells per well. Cell viability was measured on day 1, day
3, and day 5 as follows. The culture medium was replaced with fresh medium containing 33 pg/ml
of neutral red dye (Sigma) and cells were incubated for 3 hours. The cells were then washed with
PBS twice to remove the dye in medium, and the dye absorbed by the cells was extracted using
100 pl of dye extraction solution (50% ethanol and 1% acetic acid). The plate was gently shaken
to ensure even distribution of dye. The intensity of the dye was measured using FLUOstar Omega
microplate reader. The neutral red absorbance intensities were standardized to day 1 for each cell

line.
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The sensitivity of cells to temozolomide, the first-line chemotherapeutic agent for
glioblastoma, was measured using the neutral red assay [2]. Temozolomide is an alkylating agent
that methylates the O° position of guanine, subsequently leading to DNA damage and apoptosis
[2]. U251/shRandom, U251/shNSUNS5 #3, and U251/shNSUNS5S #4, T98/shRandom,
T98/shNSUNS #3, T98/shNSUNS #4 cells were seeded into 96-well plates with 1000 cells per
well. The next day, the culture medium was replaced with fresh medium, and cells treated with
increasing concentrations of temozolomide (untreated, 62.5, 150, 250, and 500 uM) for 96 hours.
Cell viability was measured using the neutral red uptake assay described above. The intensity of
the dye was measured using a FLUOstar Omega microplate reader. The survival curves and the
half maximal inhibitory concentrations (ICso) for temozolomide treatment were obtained using

GraphPad Prism 6 software.

2.15 Clonogenic survival assay

To determine the sensitivity of single cells to temozolomide, the clonogenic assay was used.
The clonogenic assay measures the ability of single cells to grow into colonies upon treatment with
drugs, and the method has been described in previous publications [367-370]. U251/shRandom,
U251/shNSUNS #3, and U251/shNSUNS #4, T98/shRandom, T98/shNSUNS #3, T98/shNSUNS
#4 cells were seeded at 300, 300, 600, 1200, 2400, and 4800 cells per well in 6-well plates. The
next day, the cells with 300, 300, 600, 1200, 2400, and 4800 cells per well were treated with 0,
6.25, 12.5, 25, 50, and 100 uM temozolomide, respectively, for 48 hours. Cells were allowed to
proliferate until colonies (defined as >50 cells) formed. To quantify the colonies, the cells were
washed with PBS, fixed with 4% paraformaldehyde, and stained with 0.5% crystal violet (Sigma-

Aldrich) in 70% ethanol for an hour at room temperature. The colonies were counted both
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manually and automatically. The plating efficiency (PE) is the number of colonies divided by the
number of seeded cells in the 0 pM temozolomide-treated well. The survival fraction (SF) is the
number of colonies divided by the number of plated cells and PE (SF = number of colonies/
(number of seeding cells*PE). The survival curves and the ICso of temozolomide treatment were

obtained using GraphPad Prism 6 software.

2.16 Sphere formation assay

To determine whether NSUNS regulates the stem cell phenotype, sphere formation assays
were performed in glioblastoma cells as previously described [371]. Briefly, cells were washed
with modified Hank’s Balanced Salt Solution (HBSS) and resuspended in DMEM/F12 sphere
culture medium, which contains 20 ng/ml EGF (Gibco, Thermo Fisher), 20 ng/ml basic FGF
(Gibco, Thermo Fisher), and 1X B27 supplement (Gibco, Thermo Fisher). Specific numbers of
cells (100 cells, 200 cells, or 500 cells in 100 pl) were seeded in ultralow attachment 96-well plates.
After culturing cells for 7 to 14 days, sphere numbers were counted. Images of the spheres were
taken using AMG EVOS FL microscope and 10X or 20X lens.

For sphere formation assay of patient-derived primary glioblastoma cultures, cells were
seeded in regular 96-well plates. For limiting dilution sphere formation assay, the following
numbers of cells per well were seeded into 96 well plates in a volume of 100 ul: 1024, 512, 256,
128, 64,32, 16, 8, 4, 2, 1, and 0.5 cells. Eight wells were seeded for each cell concentration in two

replicate plates.

2.17 Mice intracranial xenograft model
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To determine whether NSUNS regulates the growth of glioblastoma tumors in vivo, control
and NSUNS5-depleted glioblastoma cells were xenografted into the brains of non-obese diabetic,
severe combined immunodeficient, and IL2 receptor gamma chain complete mutation (NSG) mice.
U251 cells were used in this orthotopic mouse model as the cell line was already known to form
tumors in mice [372]. Specifically, U251/shRandom-luciferase-tdTomato vs U251/shNSUNS #4-
luciferase-tdTomato cells were utilized. The procedure was performed following the method
published by Bauman et al. and described in publications from Dr. Donna Senger’s lab [373-375].
Briefly, glioblastoma cells were harvested, counted, and resuspended in serum-free medium to
achieve the concentration of 10,000 cells/ul or 50,000 cells/ul for U251 cells. Mice were subjected
to 3% isoflurane in oxygen as anesthesia and they were positioned on a stereotactic platform for
injection. The respiration and body temperature of the mice were monitored throughout the process.
A 1 cm sagittal incision over the parietal bone was made, and a burrhole 2 mm to the right of the
medline and 1 mm posterior to the bregma (coronal suture) was drilled [373-375]. 50,000 cells (or
250,000 cells in 5 pl of serum-free media were injected by syringe injector at a rate of 1 pl/min
into the skull at 3 mm depth followed by stapling of the scalp [373-375]. The mice were weighted
weekly and euthanized when the weight lost surpassed 20% of its highest body weight. GraphPad

Prism 6 was used to generate mice survival curves.

2.18 IVIS bioluminescence imaging

To monitor the growth of xenografted glioblastoma tumors, the mice injected with cells
carrying the luciferase gene were imaged weekly using the IVIS bioluminescence imaging system.
Briefly, mice were anesthetized with 3% isoflurane in oxygen. After anesthesia, 500 pl of D-

Luciferin, Potassium Salt (GoldBio) in PBS solution was intraperitoneally injected. Mice were
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transferred to the scanner and scanned using the living image software. Bioluminescence imaging

was conducted weekly, and tumor growth and survival were analyzed.

2.19 Immunohistochemistry of the xenografted tumors

Upon euthanasia, mouse brains containing tumors were paraffin-embedded and sectioned.
Tissue sections were used for Hematoxylin and Eosin (H&E) staining and IHC. U251 tumors were
detected and expression of NSUNS in the tumors was determined by IHC using an antibody that
specifically recognizes a human mitochondrial protein (anti-mitochondria, Chemicon MAB1273,
clone 113-1 at 1:1500 dilution) and an NSUNS5-specific antibody (#K1411, Santa Cruz
Biotechnology, at 1:400), respectively. H&E staining and IHC protocols, performed by Darryl
Glubrecht in Dr. Roseline Godbout’s lab, have been previously described [357, 376]. Briefly,
paraffin-embedded tissue sections were heated to 60°C for 10 minutes, and deparaffinized with
xylene 3 times for 10 minutes each. Tissue sections were then hydrated in 100%, 100%, 100%,
100%, 80%, and 50% ethanol solution by dipping 20 times, followed by ddH20 and then TBS.
The antigens on the sections were exposed with antigen retrieval solution containing citraconic
anhydride, 98% (Aldrich 125318-100g) diluted in ddH20 to 0.05%, pH 7.4. Tissue sections were
then placed in a Nordic Ware Tender Cooker pressure cooker, and heated at 750W for 6 minutes,
then cooled for 15 minutes. Endogenous peroxidases were blocked with 0.5% fish gelatin in TBST
(0.05% Tween 20) for 30 minutes. Tissue sections were incubated with primary antibodies diluted
in Dako antibody diluent overnight at 4°C in a sealed humidified chamber. To block endogenous
peroxidases, the slides were treated with 3% H>O in TBS for 15 minutes and washed 2 times in
TBST (0.05% Tween 20) for 5 minutes. Secondary antibody (Dakocytomation Envision+ System

Labelled Polymer HRP anti-mouse) was then added for 60 minutes. Dako Liquid DAB+ Substrate
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Chromagen System was added, and the slides were monitored under a microscope to achieve an
appropriate signal strength. The reaction was terminated by rinsing with water. The stained
sections were dipped in Harris hematoxylin for 10 seconds for counterstaining and washed with

running water for 3 minutes. Sections were dehydrated and mounted with coverslips.

2.20 Puromycin protein synthesis assay

To determine the effect of NSUNS on protein synthesis rates in glioblastoma cells, the
puromycin protein synthesis assay was performed. Puromycin mimics the 3' end of the
aminoacylated tRNA and is incorporated into the nascent peptide chain, which causes the
termination of translation and the release of this puromycin-containing premature translating
peptide [377, 378]. After puromycin treatment, the nascent synthesized peptide chains containing
puromycin can be visualized by Western blotting using an anti-puromycin antibody as described
by Grewal et al. [377, 378]. Briefly, glioblastoma cells were treated with 10 pg/ml Puromycin
Hydrochloride (Sigma) for 15 minutes. The cells were washed with PBS and cell lysates were
prepared as described in section 2.6. The protein lysates were run on SDS-PAGE gels and
transferred to nitrocellulose membranes for puromycin detection via anti-puromycin antibody
(clone 12D10 Millipore, Sigma). Ponceau S acid (Sigma-Aldrich) staining was used to confirm
even loading. IR Dye 800CW, Donkey anti-Mouse (#C50422-04, Li-Cor) was used as the

secondary antibody.

2.21 Liquid chromatography—mass spectrometry (LC-MS/MS)
To examine differential protein expression in glioblastoma cells with NSUNS knockdown or

overexpression, three cell lysate replicates (R1, R2, R3) from each of U251/shRandom and
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U251/shNSUNS5#4 cells, as well as from SOM/pLenti-Vector and SOM/pLenti-NSUNS cells were
prepared and analysed by LC-MS/MS. The experiment was performed and analyzed by Dr. Dylan
Dieters in Dr. Postovit’s lab as previously described [379]. Briefly, cells were cultured to 80%
confluence and pelleted. Whole cell lysates were prepared using lysis buffer (8 M urea, 10 mM
DTT, 50 mM ABC (Ammonium Bicarbonate, Thermo Fisher Scientific), and 2% SDS). Proteins
from 25 pg of cell lysate were precipitated with chloroform/methanol following Wessel and
Fliigge’s method [380]. Next, On-pellet in-solution digestion was conducted as described by Duan
et al. [381]. Briefly, 100 puL of 50 mM ABC (pH 8) was added to the precipitated protein to
resuspend the protein, followed by LysC (Wako Chemicals, USA) at a 1:100 ratio and mass
spectrometry grade trypsin/LysC mix (Promega, Madison, WI, USA) at a 1:50 ratio. The mixture
was incubated at 37°C overnight with constant mixing (300 rpm). The next day, additional
trypsin/LysC at a 1:100 ratio was added and mixed at 1400 rpm for 4 hours. Ten pl of 10% formic
acid (FA) was added to acidify the digests. The digests were analyzed by LC-MS/MS and MS data
were analysed in MaxQuant of the Human Uniprot database [382, 383]. The data were further
analyzed to generate heat maps, volcano plot maps, and tables for comparison of U251/shRandom

vs. U251/shNSUNS5#4 cells, and S0M/pLenti-Vector vs. 50M/pLenti-NSUNS cells.
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Chapter 3 NSUNS Expression and RNA Methyltransferase Activity in

Glioblastoma Cells
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3.1 NSUNS5 expression is strongly associated with poor outcome in glioblastoma patients
Since The Cancer Genome Atlas (TCGA) research network established the first genomic
sequencing dataset of glioblastoma patients in 2008, gene expression profiling of glioblastoma has
been increasingly used to better understand this cancer [11]. In 2013, glioblastoma TCGA datasets
increased to include a total of 543 glioblastoma samples, with more comprehensive genomic
sequencing data provided for these samples [27]. TCGA analysis resulted in the identification of
key mutated or high amplified genes in glioblastoma, including EGFR, TP53, PTEN, NF1, MGMT,
IDHI, PDGFRA, PTEN, and RBI, resulting in the discovery of core pathogenesis pathways
allowing the classification of glioblastoma into different molecular subtypes [10, 11, 27].

The newest RNA Sequencing datasets (20,500 mRNAs in 153 glioblastoma samples) were
generated by the University of North Carolina TCGA genome characterization center in 2013,
whereas the Broad Institute of MIT and Harvard University cancer genomic characterization center
generated the AffyU133a array dataset (13,500 mRNAs in 540 glioblastoma samples) in 2013. We
have analyzed the relationship between NSUNS mRNA expression and survival of glioblastoma
patients using both datasets. Analyzing the RNA sequencing exon expression dataset on the UCSC
Xena platform, we found that NSUN5 was strongly associated with poor overall survival of
glioblastoma patients (p =3.5e-04) (Figure 3.1 A). The p value was generated upon comparison
of high versus low NSUNJ expression, with the cut-off for high versus low NSUN5 RNA levels
set at the median point. Consistently, analyzing the Glioblastoma-TCGA-Affymetrix UI33A
microarray dataset using the R2 Genomics Analysis and Visualization platform, we found that
high NSUNS5 expression is strongly associated with poor overall survival in glioblastoma patients
(Figure 3.1 B). In this analysis, the overall survival curve was automatically generated based on

low (n = 130) versus high levels (n = 374) NSUNS5 mRNA, with a p value of 3.4e-05. We also
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analyzed the Glioblastoma-TCGA-Affymetrix U133A mRNA expression profiling for association
between NSUNS expression and progression-free survival of glioblastoma patients. Consistent
with overall survival, high NSUN5 mRNA levels were also associated with shorter progression-
free survival in glioblastoma patients (Figure 3.1 C). When a progression-free survival curve was
automatically generated based on low (n = 149) versus high (n = 355) NSUNS mRNA levels, the
p value was 6.4e-04. This suggests that glioblastomas with high levels of NSUNS5 mRNA recur

much earlier than glioblastomas with low NSUNS mRNA levels.
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Figure 3.1 High NSUNS5 expression is strongly associated with poor overall survival of
glioblastoma patients.

(A) The exon expression RNAseq profile of TCGA Glioblastoma dataset containing 153 patients
were analysed on the UCSC Xena platform. Kaplan Meier survival analysis showed that
glioblastoma patients with high NSUN5 mRNA levels had shorter overall survival than those with
low NSUN5 mRNA levels. The cut-off for low versus high NSUN5 RNA levels represents the

median position. P value obtained upon comparing high NSUN5 expression group (n = 77) and
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low NSUNS3S expression group (n = 76) was 3.5e-04, Log-rank test statistics was 12.78. (B and C)
The Affymetrix U133A mRNA expression profiling of Glioblastoma-TCGA-2013 dataset
containing 540 patients (504 with survival information) was analysed on the R2 Genomics
Analysis and Visualization Platform. The survival curve was automatically generated at scan cut-
off site (where the P value was the lowest). (B) Kaplan Meier survival analysis showed that
glioblastoma patients with high NSUN5 mRNA expression (n = 374) had shorter overall survival
than those with low NSUNS5 mRNA expression (n = 130). The P value was 3.4e-05, and Bonferroni
correction test statistics was 0.017. (C) Glioblastoma patients with high NSUN5 mRNA levels (n
= 355) had shorter progression-free survival than those with lower NSUN5 RNA levels (n = 149).

The P value was 6.4e-04, and Bonferroni correction test statistics was 0.313.

To confirm the results from the TCGA datasets, we also analyzed another glioma datasets
(French 284 dataset Affymetrix HU133) that contains 276 samples from the Erasmus University
Medical Center from 1989 to 2005 including 244 high grade gliomas and 32 low grade gliomas
patients [354]. Consistent with the results from TCGA datasets, the analysis showed that high
NSUNS5 mRNA levels were strongly associated with poor overall survival in these glioma patients.
In this analysis, the overall survival curve was automatically generated, resulting in 156 gliomas
with low NSUNS and 117 gliomas with high NSUNS5 mRNA levels, with a p value of 3.2e-07

(Figure 3.2).
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Figure 3.2 High NSUNS expression is strongly associated with poor overall survival of glioma
patients.

Analysis of Tumor Glioma-French-284 dataset of glioma patients showed that patients with high
NSUN5 mRNA levels had shorter overall survival. Kaplan Meier survival analysis showed that
glioma patients with high NSUN5 mRNA expression (n=117) had shorter overall survival than
those with low NSUN5 mRNA expression (n=156). The p value was 3.2e-07, and Bonferroni

correction test statistics was 8.2e-05.

Moreover, we also investigated the somatic DNA copy number status of the NSUNS5 gene and
DNA methylation status of the NSUNS5 gene promoter, as well as their associations with
glioblastoma survival. Analysis of the TCGA-GBM copy number gistic2 thresholded dataset (n =
577) and somatic mutation (SNP and INDEL) dataset (n = 314) on the UCSC Xena platform
showed that more than 80% of glioblastoma samples (469 in 573 samples) had NSUNS5 copy
number amplification (more than two copies), but only about 1% of glioblastoma samples (4 in
311 samples) had NSUNS5 somatic mutations (including single-nucleotide polymorphisms and

small insertion/deletion mutation variants). Somatic copy number alterations were associated with
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glioblastoma global survival and progression free survival (P = 1.2e-04 and 4.7e-04, respectively)
(Figure 3.3). Analysis of the TCGA-GBM DNA methylation 27k dataset (n=288) on the UCSC
Xena platform showed that lower NSUNS5 CpG islands methylation was associated with shorter
glioblastoma global survival and progression free survival (P = 3.7e-02 and 8.1e-05, respectively)
(Figure 3.4), which is consistent with our finding that high NSUN5 expression is associated with
the shorter survival of glioblastoma patients (Figure 3.1). This is because promoter methylation
represses gene expression and therefore lower methylation of the NSUN5 promoter is associated

with higher expression of NSUNS in the glioblastoma.
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Figure 3.3 DNA copy number amplification of the NSUNS5 gene of the NSUNS5 gene was
associated with the survival of glioblastoma patients.

The TCGA-GBM copy number gistic2 thresholded dataset (n = 577) was analysed on the UCSC
Xena platform. (A and B) Kaplan Meier survival analysis showed that glioblastoma patients with
NSUNS3S copy number amplification (n = 461) had shorter overall survival and progression-free

survival than those with no DNA copy number change (n = 98). The P value for overall survival
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and progression-free survival was 1.2e-04 and 4.7¢-04, respectively. The Log-rank test statistics

was 20.75 and 17.82, respectively. Amplification = 3 copies, high amplification > 4 copies.
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Figure 3.4 DNA methylation of the NSUN5 gene promoter is associated with survival of
glioblastoma patients.

The TCGA-GBM DNA methylation 27k dataset (n = 288) was analysed on the UCSC Xena
platform. Kaplan Meier survival analysis showed that glioblastoma patients with low CpG islands
methylation of the NSUN5 gene promoter (n = 141) had shorter overall survival (A) and
progression-free survival (B) than those with high NSUNS CpG islands methylation (n = 142).
The P value for overall survival and progression-free survival was 3.7e-02 and 8.1e-05,

respectively, and the Log-rank test statistics was 4.331 and 15.54, respectively.

In summary, our analysis of TCGA and other datasets indicate that high NSUNS expression
is associated with shorter overall and progression-free survival for high-grade gliomas including
grade III gliomas and glioblastoma. Thus, NSUNS is a potential prognostic marker for poor

prognosis in high grade glioma patients.
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3.2 NSUNS is expressed in glioblastoma cells and mainly located in the nucleus

Our analysis of TCGA and other datasets revealed that high NSUN5 mRNA levels are
strongly associated with poor survival in glioblastoma patients. To determine whether NSUNS5
contributes to the formation and/or progression of glioblastoma, we first examined the expression
of NSUNS5 in human glioblastoma cell lines and patient-derived neurosphere cultures. Nine
glioblastoma cell lines (A172, CLA, T98, U87, M021, M016, M049, M103, and U251) were
obtained from Dr. Roseline Godbout’s lab. These cell lines have been described in many
publications [355-357]. Seven glioblastoma patient-derived neurosphere cultures established by
Dr. Godbout’s lab (A4-003, A4-004, A4-007, A4-010, A4-012) and Dr. Kenneth Petruk’s lab
(ED511 and EDS512) were also examined. In addition, we obtained five patient-derived
neurosphere cultures (12EF, 48EF, 25M, 50M, 53M) from Dr. Mary Hitt’s lab who obtained them
directly from Dr. Godbout’s lab. The latter five neurosphere cultures were established by Dr.
Samuel Weiss’ lab at the University of Calgary, and described in the following publications [358,
359].

Quantitative RT-PCR (RT-qPCR) showed that NSUN5 was expressed at variable levels in
glioblastoma cell lines (Figure 3.5A). Western blotting revealed NSUNS protein in 7 out of 9
glioblastoma cell lines, which is consistent with the mRNA data (Figure 3.5B). Because patient-
derived glioblastoma cells maintained as neurospheres more closely represent the genotype and
phenotype of primary tumors compared to glioblastoma cell lines established under standard
growth conditions [384, 385], we also examined NSUNS5 protein levels in patient-derived
neurosphere cultures. Western blotting showed that NSUNS5 was expressed in 8 out of 12 patient-
derived primary glioblastoma neurosphere cultures (Figure 3.5C). The NSUNS antibody we used

for this study is specific because it detects a single protein band of the right size (47 kDa) and the
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band disappeared when NSUNS5 was knocked out via CRISPR (see Figure 3.16) or was
dramatically decreased when NSUNS was knocked down via shRNAs (see Figure 4.2). Moreover,
this antibody detects ectopically expressed NSUNS in transfected cell lines (see Figure 4.3). This
antibody has also been used by others to detect NSUNS [386, 387]. Based on our Western blotting
data, we selected U87, 50M, 25M cells that do not express endogenous NSUNS for NSUNS
overexpression and U251, T98, A4-012 cells that express high levels of NSUNS for NSUNS

knockout or knockdown experiments.
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Figure 3.5 NSUNS expression in glioblastoma cell lines and glioblastoma patient-derived
neurosphere cultures.

(A) NSUNS5 mRNA levels were examined by RT-qPCR in 9 glioblastoma cell lines. The expression
of NSUNS is normalized against GAPDH (the internal control) and presented as fold change
relative to that of U87 cells that expresses the lowest levels of NSUN5S mRNA. The result is from
one experiment. (B) NSUNS protein levels in 9 glioblastoma cell lines were examined by Western
blotting. B-actin was the loading control. (C) NSUNS protein levels in 12 patient-derived primary
glioblastoma cultures were examined by Western blotting. B-actin was the loading control. U87

and U251 are the negative and positive control, respectively.

As NSUNS is predicted to be an rRNA cytosine methyltransferase and modification of rRNAs
(a predominant step of ribosome biogenesis) takes place in the nucleus (mainly in the nucleolus)
[388, 389], we examined the subcellular localization of NSUNS in glioblastoma cells. To do this,
we performed immunocytochemistry in U251 cells that express endogenous NSUNS and U87 cells
that were stably transfected with a CMV-NSUNS expression construct. As shown in Figures 3.6
and 3.7, both endogenous NSUNS in U251 cells and overexpressed NSUNS in U87 cells were
localized to the nucleus and found mainly in the nucleolus. Additionally, the localization of
NSUNS was also examined in two glioblastoma patient tissues (A4-009 glioblastoma and A4-001
grade III astrocytoma) using IHC. We found that NSUNS was differentially expressed in the two
tissues and located in the nucleus of most of the cells in A4-009 tissue, but only a few cells in A4-
001 tissue (Figure 3.8). Therefore, our combined results show that NSUNS is located in the
nucleus and mainly in the nucleolus of glioblastoma cells, which is consistent with the prediction

that NSUNS 1s an RNA cytosine methyltransferase that plays a role in ribosome modification [312].
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Figure 3.6 Endogenous NSUNS in U251 cells is localized in the nucleus and is found mainly
in the nucleolus.

Immunocytochemistry was performed to examine the subcellular localization of NSUNS in U251
cells using an anti-NSUNS5 antibody. IgG was the negative control. DAPI was used to stain the
nucleus. A single cell immunostained with NSUNS antibody is shown at a higher magnification in
the bottom panel. The results show that endogenous NSUNS in U251 cells is localized in the
nucleus and highly present in the nucleolus. Merged images of DAPI and NSUNS show that
NSUNS is expressed in all U251 cells. Immunofluorescence images were captured with a confocal

microscope using a 20X objective. Scale bar = 50 um.
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Figure 3.7 Overexpressed NSUNS in U87 cells localizes to the nucleus and is found mainly in
the nucleolus.

Immunocytochemistry was performed to detect overexpressed NSUNS in U87 CMV-NSUNS cells
using an anti-NSUNS antibody. U87 cells transfected with empty vector were included as the
negative control. DAPI was used to stain the nucleus. A single cell immunostained with NSUNS5
antibody is shown in the bottom panel. The results show that NSUNS is not detected in U87 cells
transfected with empty vector and that overexpressed NSUNS5 in U87 cells localizes to the nucleus
and is primarily found in the nucleolus. Merged images of DAPI and NSUNS staining showed that
3 in 7 cells were positive for NSUNS, suggesting a transfection efficiency of ~40% for the CMV-
NSUNS vector. Immunofluorescence images were captured using a confocal microscope with a

20X objective. Scale bar = 50 um.
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Figure 3.8 Immunostaining of NSUNS in two human glioma tissues.

(A) IHC staining shows high levels of NSUNS5 expression in A4-009 glioblastoma tissue. The
brown stain represents positive signals (red arrows), with most of the immunostaining found in the
nuclei of tumor cells. (B) IHC staining shows low expression of NSUNS in the A4-001 grade III
astrocytoma tissue. Nuclei were counterstained with hematoxylin. All the images were taken with

a 20X objective.
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3.3 NSUNS methylates C3782 of 28S rRNA in HEK293T and glioblastoma cells

There are three types of rRNA modifications: pseudouridylation, 2'-O methylation of ribose
and base modifications [219]. Technological advances have resulted in improved mapping of these
rRNA modifications in yeast and human [219, 238, 390]. Most modified sites are at the functional
center of the rRNA structure in both yeast and human. In yeast rRNAs, there are 113 modified
sites: 55 2'-O methylations of ribose, 47 pseudouridines, and 10 base methylations. Among the
base methylations, there are only two cytosine methylation sites: cytosine 2278 (C2278) and
cytosine 2870 (C2870) of 25S rRNA in yeast [219, 238, 390]. Reml (the yeast homologue of
NSUNS5) and Nop2 (the yeast homologue of NSUN1) are responsible for methylating C2278 and
C2870, respectively [238]. In human rRNAs, there are 212 modified sites in rRNAs: 106 2'-O
methylations of ribose, 95 pseudouridines, and 10 base methylations. Similarly, there are only two
cytosine methylation sites: C3782 and C4447 of 28S rRNA [219, 225]. Because of the similarity
between human 28S and yeast 25S rRNA secondary structures at the two cytosine methylation
sites (Figure 1.4), NSUNS5 and NSUNT1 are predicted to methylate C3782 and C4447 of human
28S rRNA, respectively [238]. However, whether NSUNS5 indeed methylates C3782 in
mammalian cells was unknown when we started the project. To address this question, we knocked
out the expression of NSUNS5 in HEK293T and U251 cells, and overexpressed NSUNS in U87
cells that does not express endogenous NSUNS5. We measured the change in C3782 methylation
status in response to NSUNS5 expression using RNA bisulfite sequencing.

HEK?293T cells are easy to transfect and express endogenous NSUNS. We therefore first used
293T cells to determine whether NSUNS is responsible for C3782 methylation of human 28S
rRNA. We used CRIPSR/Cas9 technology to knock out NSUNS5 expression in 293T cells. Briefly,

293T cells were transfected with CRISPR/Cas9 NSUNS knockout plasmids and sorted by FACS
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into 96-well plates with one single cell per well (positively transfected cells express mCherry red
fluorescent protein). The single cells were then expanded and NSUNS expression in these clonal
populations was examined by Western blotting. Among the successfully propagated 44 clones that
we examined, two clones (#12 and #22) lost NSUNS5 expression, and two clones (#4 and #38) had
reduced NSUNS protein levels (Figure 3.9A). Clone #37 (normal NSUNS expression), clones #4
and #38 (reduced NSUNY), as well as clone #12 and clone #22 (loss of NSUNS) were propagated

further and NSUNS5 expression status in these clones was confirmed by Western blotting (Figure

3.9B).
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Figure 3.9 NSUNS expression in 44 CRISPR clones of HEK293T cells.

(A) NSUN:S protein levels in 44 CRISPR clones were examined by Western blotting. Clones #12
and #22 lost NSUNS expression. Clones #4 and #38 displayed a reduced level of NSUNS. B-actin
was the loading control. (B) Clones #37, #4, #12, #22, and #38 were further propagated for longer-
term studies and NSUNS expression in these cells was examined by Western blotting. f-actin was

the loading control.
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Next, we performed genomic DNA sequencing to confirm that lost or reduced expression of
NSUNS in the HEK293T clones in Figure 3.9B was due to indels (insertions/deletions) in exon 2
of the NSUN5 gene induced by the NSUNS5 CRISPR knockout plasmid. Briefly, genomic DNA
was isolated from clones #37, #4, #12, #22, and #38. DNA sequences at CRISPR guide RNA target
sites of exon Il of the NSUN5 gene were amplified by PCR and cloned into Topo cloning plasmids.
The plasmids were transformed into bacteria and plasmid DNA was isolated from multiple
bacterial colonies (2 for #37 and 6 each for #4, #12, #22 and #38) for sequencing. As expected,
clone #37 had wild type DNA sequence at the NSUNS5 guide RNA target site (Figure 3.10). Clones
#12 and #22 each had two different types of frameshift DNA mutations (deletion of 8 nucleotides
and insertion of one nucleotide in clone #12 and deletion of 4 nucleotides and insertion of 8
nucleotides in clone #22), which explained the loss of NSUNS protein expression in these clones
(Figure 3.10). Both clones #4 and #38 had one deletion of 8 nucleotides and wild type DNA
(Figure 3.10). Because somatic human genes have two alleles, it is not surprising that the two
alleles have different types of mutations after CRISPR/Cas9 knockout and DNA double strand
break repair. The presence of the wild type allele in clones #4 and #38 explained why NSUNS
expression was reduced, but not lost in these two clones (Figure 3.10). Our sequencing results
thus confirmed that appropriate frame-shift mutations were induced in clones #12 and #22, which

caused loss of NSUNS protein expression.
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NSUNS DNA sequence at CRISPR guide RNA target site

Original CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 1 CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 2 CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Clone #37 ¢, 1ble 3 CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 4 CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 1 CGGCCTCCTC AGTGCG-——-- A AGAAGCTGCA GCCGCACCTG GCCAAGG
Sample 2 CGGCCTCCTC AGTGCG-——-- A AGAAGCTGCA GCCGCACCTG GCCAAGG
Clone #4 Sample 3 CGGCCTCCTC AGTGCG-—-—-- A AGAAGCTGCA GCCGCACCTG GCCAAGG
Sample 4 CGGCCTCCTC AGTGCG-—--—-- A AGAAGCTGCA GCCGCACCTG GCCAAGG
Sample 5 CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 6 CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 1 CGGCCTCCTC AGT-GCG--A AGAAGCTGCA GCCGCACCTG GCCAAGG
Sample 2 CGGCCTCCTC AGT-GCG--A AGAAGCTGCA GCCGCACCTG GCCAAGG
Clone #12  Sample 3 CGGCCTCCTC AGT-GCG---n-A  AGAAGCTGCA GCCGCACCTG GCCAAGG
Sample 4 CGGCCTCCTC AGT-GCG--—-A AGAAGCTGCA GCCGCACCTG GCCAAGG
Sample 5 CGGCCTCCTC CGTTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 6 CGGCCTCCTC CGTTGCGGAGA ANAAGCTGCG GCCGCACCTG GCCAAGG
Sample 1 CGGCCTCCT -- -- -- GCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 2 CGGCCTCCT -- -- -- GCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Clone #22  Sample 3 CGGCCTCCT - ---- GCGGAGA  AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 4 CGGCCTCCT -- - -- GCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 5 CGGCCTCCTC AGTGCG-—--- A AGAAACTGCA GCCGCACCTG GCCAAGG
Sample 6 CGGCCTCCTC AGTGCG---- A AGAAGCTGCA GCCGCACCTG GCCAAGG
Sample 1 CGGCCTCCTC AGTGCG----- A AGAAGCTGCA GCCGCACCTG GCCAAGG
Sample 2 CGGCCTCCTC AGTGCG----- A AGAAGCTGCG GCCGCACCTG GCCAAGG
Clone #38 ¢, e 3 CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 4 CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 5 CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG

Figure 3.10 Genomic DNA sequencing results for indels induced by CRISPR in the NSUNS5
gene of HEK293T CRISPR clones.

The NSUN5 DNA at the CRISPR guide RNA target site in 293T clones #37, #4, #12, #22, and #38
cells was sequenced by Sanger sequencing. The results show that clone #37 still has the wild type
sequence; clone #12 has two different types of mutations (deletion of 8 nucleotides and insertion
of one nucleotide); clone #22 has two different types of mutation (deletion of 4 nucleotides and
deletion of 8 nucleotides); both clone #4 and clone #38 have one type of mutation (deletion of 8

nucleotides) and wild type sequence.

Bisulfite treatment converts unmethylated cytosines in RNAs into uracils that would be
converted to thymines in the RT-PCR step of bisulfite sequencing. Methylated cytosines are not

affected by bisulfite treatment. Bisulfite sequencing has been widely used to determine the cytosine
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methylation status in genomic DNA or RNA. To determine whether NSUNS is responsible for
methylation of C3782 of human 28S rRNA, we isolated RNA from the HEK293T CRISPR clones
described above and performed RNA bisulfite sequencing. Total RNA was isolated from one wild
type (clone #37) and two NSUNS knockout 293T clones (#12 and #22). The RNA samples were
treated with bisulfite and reverse transcribed to cDNA as described in the Material and Methods
chapter (Figure 2.11). The regions of 28S rRNA containing C3782 or C4447 were amplified by
PCR and cloned into the TOPO vector. After transformation and white/blue colony screening,
plasmid DNA was isolated from white colonies and subject to sequencing analysis.

The sequencing results showed that most cytosines (C) in the 28S rRNA sequences were
converted into thymines (T) by bisulfite treatment, with a conversion efficiency > 99%. C3782
was not converted to thymine by bisulfite treatment in the wild-type clone (#37), indicating that
C3782 is methylated in wild type 293T cells. In contrast, C3782 was converted into thymine in the
two NSUNS knockout clones (#12 and #22), indicating that NSUNS knockout led to loss of C3782
methylation (Figure 3.11). These results confirm that NSUNS is responsible for the methylation

of C3782 on 28S rRNA in 293T cells.
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Original C3782 sequence

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10
Sample 11

Clone #37

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10
Sample 11
Sample 12

Clone #12

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

Clone #22

AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAACTATG
AGTAATTATG
AGTAATTATG

AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG

AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG
AGTAATTATG

Sample 10 AGTAATTATG
Sample 11 AGTAATTATG

ATTTTTTTAA
ACTTTTTTAA
ANTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTITTTAA
ATTTTTTTAA
ATTTTTTTAA

ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA

ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA
ATTTTTTTAA

/C3782

AGTAACTATG ACTCTCTTAAGGTAGCCAAATGCCTCGTCATCTAATTAGT GACGCGCATG

GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA

GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA

GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA

TGTTTTGTTA
TGTTTTGITA

TTTAATTAGT
TITAATTAGT

TGTTTTGTTA TTTAATTAGT

TGTTTIGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTIGTITA
TGTTTTGTTA
TGTTTITGITA
TGTTTTGTTA
TGTTTIGTTA

TGTTTIGTITA
TGTTTTGITA
TGTTTTGTTA
TGTTTTIGITA
TGTTTTGTTA
TGTTTIGTITA
TGTTTTGTTA
TGTTTTIGTITA
TGTTTTGTITA
TGTTTTGTTA
TGTTTTIGITA
TGTTTTGTTA

TGTITTIGTITA
TGTTTTGTTA
TGTTTTIGTITA
TGTTTTGTITA
TGTTTIGTITA
TGTTTTIGTITA
TGTTTTGTTA
TGTITTIGTITA
TGTTTTGTTA
TGTTTIGTITA
TGTTTTGTITA

TTTAATTAGT
TCTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TITAATTAGT
TTTAATTAGT
TTTAATTAGT

TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT

TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT
TTTAATTAGT

GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG

GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGCATG
GACGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG

GATGCGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG

Figure 3.11 NSUNS is responsible for methylation of C3782 in 293T 28S rRNA.

RNA from the 293T clones (#37 for wild-type and #12 and 22 for NSUNS knockout) were
analyzed by bisulfite sequencing to determine the methylation status of C3782 in 28S rRNA.
Compared with the original sequence, > 99% of cytosines (C) were converted into thymines (T),
indicating the success of the experiments. C3782 in wild-type clone #37 (n = 11) remained
unconverted, while C3782 in NSUNS knockout clones #12 (n=12) and 22 (n = 11) was converted
to thymine, indicating that C3782 methylation was lost in the NSUNS knockout clones. The results

confirm that NSUNS is responsible for the methylation of C3782 in 293T 28S rRNA.

Another 28s rRNA cytosine methylation site, C4447, has been predicted to be the target of

NSUNT, but not NSUNS [238]. As a negative control for C3782, we also measured the methylation
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status of C4447 in the 293T clones. As expected, sequencing results showed that C4447 remained

methylated in both NSUNS wild-type and knockout 293T clones (Figure 3.12), confirming that

C4447 in 28S rRNA is not the target of NSUNS [238].

Original C4447 sequence TTCATAGCGACGTCGCTTTT

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

Clone #37

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5

Clone #12

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5

Clone #22

TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TTTATAGTGA
TITATAGTGA
TITATAGTGA
TTTATAGTGA
TNTATAGTGA

TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TTTATAGTGA

TTTATAGTGA
TITATAGTGA
TITATAGTGA
TTTATAGTGA
TTCATAGTGA

TGTTGTTTIT
TGTTGTTTIT
TGTTGTTTIT
TGTTGTTTIT
TGTITGTTTTIT
TGTTGTTTTIT
TGTTGTTTIT
TGTITGTTTTIT
TGTTGTITTTT

TGTTGTTTIT
TGTTGTTTIT
TGTTGTTTTIT
TGTTGTTTIT
TGTITGTTTTIT

TGTTGNTTTT
TGTTGTTTTIT
TGTCGTTITTT
TGTITGTTTTIT
TGTTGTTTTIT

e

TGATCCTTCG

TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG

TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG

TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG

C4447

ATGTCGGCTCTTCCTATCAT TGTGAAGCAG

ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT

ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT

ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT

TITTTATTAT
TITTTATTAT
TITTTATTAT
TITTTATTAT
TTTTTATTAT
TITTTATTAT
TITTTATTAT
TTTTTATTAT
TITTITATTAT

TITTTATTAT
TITTTATTAT
TITTTATTAT
TITTTATTAT
TTTTTATTAT

TTTTTATTAT
TITTTATTAT
TITITATTAT
TTTTTATTAT
TICTTATTAT

TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGCAG
TGTGAAGTAN
TGTGAAGCAG

TGTGAAGTAG
TGTGAAGTAG
TGTGAAGCAG
TGTGAAGTAG
TGTGAAGTAG

TGTGAAGTAG
TGTGAAGTAG
TGTGAAGCAG
TGTGAAGTAG
TGTGAAGTAG

Figure 3.12 NSUNS knockout does not change methylation of C4447 in 293T 28S rRNA.
RNA from the 293T clones (#37 for wild-type and #12 and #22 for NSUNS knockout) were
analyzed by bisulfite sequencing to determine the methylation status of C4447 in 28S rRNA.
Compared with the original sequence, more than 99% of cytosines (C) were converted into
thymines (T). C4447 was not converted to thymine in the NSUNS wild-type (#37, n = 9) and two
NSUNS knockout 293T cell clones (#12, n = 5 and #22, n = 5), indicating that C4447 remains
methylated with or without NSUNS. Thus, C4447 in 28S rRNA is not the target of NSUNS in
293T cells.

After determining that NSUNS is required for the methylation of C3782 in 28S rRNA 0of293T
cells, we wanted to ensure that NSUNS is also responsible for methylation of C3782 in 28S rRNA
in glioblastoma cells. Using the same CRISPR/Cas9 NSUNS5 knockout plasmids described for

293T cells, we generated NSUNS knockout clones in U251 cells (Figure 3.13). Unlike 293T cells,
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we got only 8 CRISPR clones after single cell seeding in two 96-well plates. Plate A had two
clones that expressed NSUNS, and plate B had 6 clones (two clones expressed NSUNS and 4
clones either did not express NSUNS or expressed considerably reduced levels of NSUNS) (Fig.

3.13).

A U251 B U251

‘WTA1 WTA23 WTB27 WTB29 KOB1 KOB2 KOB21KOB22

WI  NSUNSKOB1

NSUNS | S S s NSUNS

batin | oupererereresepas oo | S
R —

Figure 3.13 NSUNS expression in U251 CRISPR clones.

(A) NSUNS protein levels in 8 CRISPR clones of U251 cells were examined by Western blotting.
Results show that NSUNS is expressed at 4 wild-type clones (WTA1, WTA23, WTB27, and
WTB29), but not in 3 knockout clones (KOB1, KOB2, and KOB22). Clone KO21 expresses a
very weak and slightly smaller form of NSUNS. (B) As we suspected that there was leak-through
between the WTB29 and KOBI1 wells, we repeated the Western blotting using wild-type U251 and
knockout clone KOB1 and confirmed loss of NSUNS expression in KOB1. B-actin and Tubulin

were the loading control.

We then selected one clone that expressed NSUNS5 (WTAT) and 3 clones that had lost NSUNS
expression (KOB1, KOB21 and KOB22) for genomic sequencing to examine the mutations at the
CRISPR guide RNA target site of the NSUNJS gene as described for 293T cells. Genomic DNA
sequencing results showed that clone WTA1 had a wild type NSUNS sequence at the CRISPR
guide RNA target site, whereas all three clones without NSUNS expression had three different
types of DNA mutations, suggesting that U251 has three copies of the NSUN5 gene (Figure 3.14).
This is consistent with our finding that the NSUNS5 gene is found at high copy numbers in more

than 80% of glioblastoma samples (Figure 3.3). Mutations identified in KOB1 (1-nucleotide
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insertion, 1-nucleotide deletion, and 8-nucleotide deletion) and in KOB22 (1-nucleotide insertion,
2-nucleotide deletion, and 8-nucleotide deletion) were frameshift mutations, which explains loss
of NSUNS protein expression in these clones. KOB21 had 1-nucleotide insertion, 4-nucleotide
deletion, and 18-nucleotide deletion. Although an 18-nucleotide deletion will not cause a
frameshift mutation, it will generate a deletion of 6 amino acids in the NSUNS protein, which is
consistent with the presence of a weak and smaller band of NSUNS as determined by Western

blotting (Figure 3.13).

NSUNS DNA sequence at CRISPR guide RNA target site

Original CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 1  CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG

Clone WIA1 Sample 2 CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 3  CGGCCTCCTC CGTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG

Sample 1 CGGCCTCCTC CGTTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG

Sample 2 CGGCCTCCTC € <o aeeme wmeme A AGAAGCTGCG GCCGCACCTG GCCAAGG

Clone KOB1 S"™Pl¢ 3 CGGCCTCCTC € oo oom oo A AGAAGCTGCG GCCGCACCTG GCCAAGG
one Sample 4 CGGCCTCCTC --GTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 5 CGGCCTCCTC --GTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG

Sample 6 CGGCCTCCTC --GTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG

Sample 1  CGGCCTCCTC CGTTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG

Sample 2 CGGCCTCCTC CGTTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG

Clone KOB21 SamPle 3 CGGCCTCCTC CGTTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 4 CGGOOTCCTC CG =ommem mmmmm —mem e meeee oo GCCGCACCTG GCCAAGG

Sample 5 CGGOOTCCTC CG wmmmem mmmmm —mem e memee oo GCCGCACCTG GCCAAGG

Sample 6  CGGCCTCCTC AGTGCGenmenees A AGAAGCTGCA GCCGCACCTG GCCAAGG

Sample 1 CGGCCTCCTC CGTTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG

Sample 2 CGGCCTCCTC CGTTGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG

Clone KOB22 gapple 3 CGGCCTCCTC -—--TGCGGAGA AGAAGCTGCG GCCGCACCTG GCCAAGG
Sample 4 CGGCCTCCTC AGTGCG-—-A AGAAGCTGCA GCCGCACCTG GCCAAGG

Sample 5 CGGCCTCCTC AGTGCG-——-A AGAAGCTGCA GCCGCACCTG GCCAAGG

Sample 6 CGGCCTCCTC AGTGCG-—-A AGAAGCTGCA GCCGCACCTG GCCAAGG

Figure 3.14 Genomic DNA sequencing results for indels induced by CRISPR in the NSUN5
gene of U251 CRISPR clones.

DNA sequences at the CRISPR guide RNA target site of the NSUNS gene in U251 WTA1, KOBI,
KOB21, and KOB22 clones were obtained by Sanger sequencing. The results show that clone
WTAL has wild type NSUN5 DNA sequence. However, all the other clones had three different

types of DNA mutations. Clone KOB1 had 1-nucleotide insertion mutation, 1-nucleotide deletion
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mutation, and 8-nucleotide deletion mutation. Clone KOB22 had 1-nucleotide insertion mutation,
2-nucleotide deletion mutation, and 8-nucleotide deletion mutation. Clone KOB21 had 1-
nucleotide insertion mutation, 4-nucleotide deletion mutation, and 18-nucleotide deletion mutation.

After NSUNS5 knockout in U251 cells was confirmed as described above, we selected WTA1
(wild type) and KOB1 (NSUNS knockout) clones for bisulfite sequencing analysis to determine
whether NSUNS is responsible for methylation of C3782 in 28S rRNA in U251 cells. Indeed, the
sequencing results showed that C3782 was methylated in WTA1, but not in KOBI1 cells (Figure
3.15), confirming that NSUNS is responsible for methylation of C3782 in glioblastoma cells.

Similarly, as observed in 293T cells, NSUNS knockout did not change C4447 methylation in U251

cells (Figure 3.16).
C3782
Original C3782 sequence AGTAACTATG ACTCTCTTAAGGTAGCCAAATGCCTCGTCATCTAATTAGT GACGCGCATG
Sample 1 AGTAATTATG ATTTTTTTAA GGTAGTCAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
Sample 2 AGTAACTATG ACTTTTTTAA GGTAGTCAAA TGTCTTGTTA TTTAATTAGT GATGTGTATG
Sample 3 AGTAATTATG ATTTTCTTAA GGTAGTCAAA TGTTTTGTTA TITAATTAGT GATGTGTATG
Sample 4 AGTAATTATG ATTTTTTTAA GGTAGTCAAA TGTCTTGTTA TTTAATTAGT GATGTGTATG
U251/NSUNS Sample 5 AGTAATTATG ATTTTTTTAA GGTAGTCAAA TGTTTTGTTA TTTAATTAGT GACGTGTATG
WTAL1 Sample 6 AGTAATTATG ACTTTTTTAA GGTAGTCAAA TGTTTTGTTA TTTAATTAGT GATGCGTATG
Sample 7 AGTAATTATG ATTTTTTTAA GGTAGTCAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
Sample 8 AGTAATTATG ATTTTTTTAA GGTAGTCAAA TGTTTTGTTA TTTAATTAGT GATGTGCATG
Sample 9 AGTAATTATG ATTCTTTTAA GGTAGTCAAA TGTTTTGTTA TTITAATTAGT GATGTGTATG
Sample 10 AGTAATTATG ACTTTCTTAA GGTAGCCAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
Sample 1 AGTAATTATG ATTTITTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
Sample 2 AGTAATTATG ATTTITTTAA GGTAGCTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
Sample 3 AGTAATTATG ATTTITTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
U251/NSUNS Sample4 AGTAATTATG ACTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
KOB1 Sample 5 AGTAATTATG ATTTITTTAA GGTAGTTAAA TGTTITGTTA TTTAATCAGT GATGTGTATG
Sample 6 AGTAATTATG ATTTITTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
Sample 7 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTCTTGTTA TTTAATTAGT GATGTGTATG
Sample 8 AGTAATTATG ATTTITTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
Sample 9 AGTAATTATG ATTCTCTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG

Figure 3.15 NSUNS is responsible for methylation of C3782 in U251 28S rRNA.

RNA from the U251 clones (WTAT for wild-type and KOB1 for NSUNS knockout) were analyzed
by bisulfite sequencing to determine the methylation status of C3782 in 28S rRNA. Compared
with the original sequence, > 99% of cytosines (C) were converted into thymines (T), indicating

the success of the experiments. C3782 in wild-type clone WTAT1 (n = 10) remained unconverted,
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while C3782 in knockout clone KOBI1 (n = 9) was converted to thymine, indicating that C3782
methylation was lost in NSUNS knockout clones. The results confirmed that NSUNS is responsible
for the methylation of C3782 in U251 28S rRNA.

C4447

N

Original C4447 sequence TTCATAGCGACGTCGCTTTT TGATCCTTOG ATGTCGGCTCTTCCTATCAT

TGTGAAGCAG

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Samnple 6
Sample 7
Sample 8
Sample &
Sample 10

TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TTTATAGTGA
TITATAGTGA

U251/NSUNS
Wild tvpe Al

TITATAGTGA
ITTATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
ITTATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample &
Sample 7
Sample §
Sample &
Sample 10

U251/NSUNS
Knockout B1

TGITGTTTTT
TGITGTTTTT
TGITGTTTTT
IGTTGTTTTT
TGTTGTTTTT
TGITGTTTTT
TGITGTTTTT
TGTITGTTTTT
IGTTGTTTTT
TGITGTTTTT

IGTTGTTTTT
TGTTGTTTTT
TGITGTTTTT
TGITGTTTTT
TGTITGTTTTT
IGTTGTTTTT
TGTTGTTTTY
TGITGTTTTT
TGITGTTTTIT
TGITGTTTTT

TGATTTTTCG
TGATTTTTCG
TGATITITCG
TGATTTITOG
TGATTTTTCG
TGATTTTTCG
TGATICTTICG
TGATITITCG
TGATTTTITOG
TGATTTTITCG

TGATTTTITCG
TGATTTTTCG
TGATTTTTCG
TGATTTTITCG
TGATCTTTCG
TGATTTTITOCG
TGATTTTTCG
TGATTTTTCG
TGATTTITCG
TGATTTITCG

ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTIT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGCTT
ATGTTGGTTT
ATGTTGGTTT

ATGTTGGTTT

ATGTTGGTTT

ATGTTGGTTT
ATGTTGGCTT
ATGTTGGTTT
ATGTTGGTTT

ATGTTGGTTT
ATGTTGGCTT
ATGTTGGTTT
ATGTTGGTTT

TITTTATTAT
TITITATTAT
TITITATTAT
TITITATTAT
TTTTTATTAT
TITITATTAT
TITTTATTAT
TITTTATTAT
TITITATTAT
TTTTTATTAT

TITITATTAT
ITITTATTAT
TTTTTATTAT
TITTTATTAT
TITTTATTAT
TITITATTAT
ITTITTATTAT
TITTTATTAT
TITITATTAT
TITITATTAT

TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG

TGTGAAGTAG
TGTCGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG

Figure 3.16 NSUNS knockout does not change methylation of C4447 in U251 28S rRNA.

RNA from the U251 clones (WTAT1 for wild-type and KOB1 for NSUNS knockout) were analyzed
by bisulfite sequencing to determine the methylation status of C4447 in 28S rRNA. Compared
with the original sequence, > 99% of cytosines (C) were converted into thymines (T). C4447 was
not converted to thymine in NSUNS wild type (WTAT1, n = 10) and NSUNS knockout clone
(KOBI, n=10), indicating that C4447 remained methylated even though NSUNS5 expression was
knocked out. The results suggest that C4447 in 28S rRNA is not the target of NSUNS in U251

cells.

Next, we examined whether overexpressed NSUNS was able to induce methylation of C3782
in 28S rRNA of glioblastoma cells that do not normally express NSUNS. U87 cells that do not
express endogenous NSUNS (Figure 3.5B) were stably transfected with an empty CMV vector or

a CMV-NSUNS5 expression construct. The expression of NSUNS5 was confirmed by Western
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blotting (Figure 3.17A). RNA bisulfite sequencing showed that C3782 was not methylated in U87
CMV-Vector cells (the first block in Figure 3.18) but was methylated in 3 out of 9 samples of
U87 CMV-NSUNS cells (the second block in Figure 3.18). The partial methylation of C3782 in
NSUNS5-overexpressing U87 cells prompted us to determine the transfection efficiency using
immunocytochemistry. Our results showed that approximately 40% of the CMV-NSUNS
transfected U87 cells expressed NSUNS (the second column in Figure 3.17B). To select NSUNS5-
expressing cells, we used cloning rings to obtain clones derived from the pooled NSUNS5-
transfected U87 cells. We propagated 5 clones and examined NSUNS expression using
immunocytochemistry in these clones. Results showed that all cells in clone #2 (clone N2)
expressed NSUNS (the third column in Figure 3.17B). Consistent with the expression of NSUNS
in all the cells of U87 CMV-NSUNS clone N2, RNA bisulfite sequencing showed that C3782 was
methylated in all the samples from these cells (the third block in Figure 3.18). These results
demonstrate that NSUNS is necessary and sufficient for methylation of C3782 in 28S rRNA in

glioblastoma cells.

U87
CMV-Vector CMV-NSUNS
NSUN3 e
-Actin
b —— —
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Figure 3.17 Overexpression of NSUNS in U87 cells.
(A) Western blotting confirmed that NSUNS was expressed in U§7 CMV-NSUNS cells, but not

in U87 CMV-Vector cells. B-Actin was the loading control. (B) Immunofluorescence images of
U87/CMV-Vector, U87/CMV-NSUNS5, and U87/CMV-NSUNS clone N2 were captured under a
fluorescence microscope. DAPI was used to stain the nucleus and anti-NSUNS antibody was used
to immunostain NSUNS. Results show that the U87/CMV-Vector does not express NSUNS,
whereas overexpressed NSUNS in U87/CMV-NSUNS and U87/CMV-NSUNS clone N2 cells was
localized to the nucleus. Merged DAPI/NSUNS images showed that about 40% of U87/CMV-
NSUNS cells (second column) and approximately 100% of U87/CMV-NSUNS clone N2
expressed NSUNS (third column). The scale bar = 200 pm.
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C3782

Original C3782 sequence AGTAACTATG ACTCTCTTAAGGTAGCCAAATGCCTCGTCATCTAATTAGT

U87/
CMV-Vector

U87/

CMV-NSUNS

U87/

CMV-NSUNS
Single clone N2

Sample 1 AGTAATTATG
Sample 2 AGTAATTATG
Sample 3 AGTAATTATG
Sample 4 AGTAATTATG
Sample 5 AGTAATTATG
Sample 6 AGTAATTATG
Sample 7 AGTAATTATG
Sample 8 AGTAATTATG
Sample 9 AGTAATTATG
Sample 10 AGTAATTATG
Sample 1 AGTAATTATG
Sample 2  AGTAATTATG
Sample3 AGTAACTATG
Sample 4 AGTAATTATG
Sample 5 AGTAATTATG
Sample 6 AGTAATTATG
Sample 7 AGTAATTATG
Sample 8 AGTAATTATG
Sample 9 AGTAACTATG
Sample 1  AGTAATTATG
Sample 2  AGTAATTATG
Sample 3 AGTAATTATG
Sample 4 AGTAATTATG
Sample 5 AGTAATTATG
Sample 6 AGTAATTATG
Sample 7  AGTAATTATG
Sample 8 AGTAATTATG
Sample 9  AGTAATTATG
Sample 10 AGTAATTATG
Sample 11 AGTAATTATG
Sample 12 AGTAATTATG

ATTITTTTAA
ATTITTTTAA
ATTTTTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTTTTTTAA
ATTITTTTAA
ATTITTTTAA

ATTITTTTAA
ACTTTTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA

ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ATTITTTTAA
ACTTTTTTAA

GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGCTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA

GGTAGTTAAA
GGTAGTTAAA
GGTAGTTAAA
GGTAGTCAAA
GGTAGTTAAA
GGTAGCTAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTTAAA

GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
GGTAGTCAAA
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TGTTITGTTA
TGTTITGTTA
TGTTTTGTTA
TGTTITGTTA
TGTTTTGTTA
TGTTITGTTA
TGTTITGTTA
TGTTTTGTTA
TGTTITGTTA
TGTTITGTTA

TGTTITGTTA
TGTTICGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTITGTTA
TGTCTIGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTTGTTA

TGTTTTGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTTGTTA
TGTTTITGTTA

TITAATTAGT
TITAATTAGT
TTTAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TTTAATTAGT
TITAATTAGT
TITAATTAGT

TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT

TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTAGT
TITAATTCGT
TITAATTAGT
TITAATTAGT

GACGCGCATG

GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG

GATGTGTATG
GATGTGCATG
GATGCGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG

GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG
GATGTGTATG

Figure 3.18 Overexpressed NSUNS induces methylation of C3782 in U87 28S rRNA.

RNA from U87/CMV-Vector, U87/CMV-NSUNS5 and U87/CMV-NSUNS clone N2 was analyzed
by bisulfite sequencing to determine the methylation status of C3782 in 28S rRNA. Compared
with the original sequence, >99% of cytosines (C) were converted to thymines (T). C3782 in
U87/CMV-Vector cells (n = 10) was converted to thymine (top block), indicating that C3782 is
unmethylated in these cells. In the case of U87 CMV-NSUNS cells, C3782 in 3 out of 9 samples
were not converted to cytosine (middle block), suggesting partial methylation of C3782 in these
transfected cells. C3782 in U87/CMV-NSUNS clone N2 cells (n = 12) was not converted to
thymine (low block), suggesting that all the cytosines were methylated in this clonal population.
These results confirm that NSUNS overexpression is sufficient to induce methylation of C3782 in

28S rRNA in U&7 cells.



Consistent with the results in 293T cells and U251 cells, C4447 was methylated regardless of
NSUNS expression status, indicating that NSUNS is not responsible for methylation of C4447 in
28S rRNA in U87 cells (Figure 3.19). Taken together, our RNA bisulfite sequencing results

indicate that NSUNS is necessary and sufficient for methylation of C3782 in 28S rRNA of human

293T and glioblastoma cells.

Original C4447 sequence

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

U87/
CMV-Vector

TTCATAGCGACGTCGCTTTT

TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA

Sample 10 TTTATAGTGA

Sample 1
Sample 2
U87/ Sample 3
CMV-NSUNS Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

Sample 1
U87/ Sample 2

CMV-NSUN5 Sample3

. Sample 4
Single clone N2 Sample 5

Sample 6
Sample 7
Sample 8

TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA

TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA
TITATAGTGA

TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGCTTTT
TGTTGTITTIT
TGTCGTTITTT
TGTTGTITTIT
TGTTGTITTIT

TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT

TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT
TGTTGTITTIT

<~

TGATCCTTCG

TGATTTTTCG
TGATCTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG

TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATICTTCG
TGATTTTTCG
TGATTTTTCG

TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG
TGATTTTTCG

C4447

ATGTCGGCTCTTCCTATCAT TGTGAAGCAG

ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGCTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT

ATGTTGGCTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTCT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT

ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTTGGTTT
ATGTNGGTTT
ATGTTGGNTT
ATGTTGGTTT
ATGTTGGTTT

TITTTATTAT
TITITATTAT
TITTTATTAT
TITTTATTAT
TITTTATTAT
TTCTTATTAT
TITITATTAT
TITITATTAT
TITTTATTAT
TITTTATTAT

TTCTTATTAT
TITTTATTAT
CTTTTATTAT
TITTTATTAT
TITITATTAT
TITTTATTAT
TITITATTAT
TITTTATTAT
TITTTATTAT

TITTTATTAT
TITTTATTAT
TITTTATTAT
TITTTATTAT
TITTTATTAT
TITTTATTAT
TITTTATTAT
TITTTATTAT

TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG

TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGCAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG

TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG
TGTGAAGTAG

Figure 3.19 Overexpressed NSUNS does not change methylation of C4447 in U87 28S rRNA.
RNA from U87/CMV-Vector, U87/CMV-NSUNS5 and U87/CMV-NSUNS5 clone N2 were
analyzed by bisulfite sequencing to determine the methylation status of C3782 in 28S rRNA.
Compared with the original sequence, > 99% of cytosines (C) were converted into thymines (T).
C4447 was not converted (methylated) to thymines in all of the cells analysed regardless of
NSUNS expression, suggesting that C4447 of 28S rRNA is not the target of NSUNS in U87 cells.
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3.4 Catalytic cysteines (C308 and C359) of NSUNS are required for the methylation of C3782
in U87 28S rRNA.

All NSUN proteins have a similar enzyme domain that contains two conserved cysteine and
an s-adenosyl methionine (SAM)-binding pocket. So far, the two functional cysteines of NSUN
proteins have mainly been studied in yeast. The catalytic cysteine (cysteine 478) in motif IV of
Nop2 (the yeast NSUN1) catalyzes the methylation of its target cytosines, whereas the cysteine
(cysteine 424) in motif VI helps to release Nopl from its target RNA after methylation [238].
Similarly, the catalytic cysteine (cysteine 321) in motif IV of yeast NSun2 catalyzes the
methylation of its target cytosines, whereas the cysteine (cysteine 271) in motif VI helps to release
NSun2 from its target RNA after methylation [292, 320, 343-345]. Consistently, a study on Rem1
(the yeast NSUNS) showed similar results: the catalytic cysteine 404 catalyzes the methylation of
its target cytosines, whereas the cysteine 330 helps to release the Rem1 from its target RNA after
methylation [238]. Rem1 contains 490 amino acids (NCBINP_014376), while human NSUNS has
470 amino acids (NCBINP _001161819.1). As homologs, Rcm1l and NSUNS5 have highly
conserved regions (Figure 3.20). By comparing Rem1 and NSUNS amino acid sequences, we
identified two potential functional cysteines in NSUNS: cysteines 308 and 359, corresponding to

cysteines 330 and 404 in Reml, respectively (Figure 3.20).
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Figure 3.20 The amino acid sequences alignment of yeast Rem1 and human NSUNS.

Yeast Reml1 has 490 amino acids (NCBI NP _014376), whereas human NSUNS has 470 amino
acids (NCBI NP_001161819.1). As homologs, Rem1 and NSUNS have some highly conserved
sequences (indicated in red). The two functional cysteines of Recml are cysteine 330 and cysteine

404. Comparison of NSUNS5 and Reml1 amino acid sequences revealed two potential functional

cysteines in NSUNS: cysteines 308 and 359.
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To determine whether these two cysteines are indeed responsible for the enzymatic function
of NSUNS, we introduced point mutations at these two sites and examined the methylating activity
of the resulting mutants. Using site-directed mutagenesis, we mutated either cysteine 308 or
cysteine 359, or both cysteines, into alanine residues and generated pLenti-NSUNS constructs that
express mutated NSUNS5: C308A, C359A and C308A/C359A (double mutations). Two bacterial
colonies for each construct were selected for plasmid preparation and sequencing. The sequencing
results confirmed the successful mutation of C308A, C359A and C308A/C359A, with the cysteine
codon (UGC) mutated to alanine codon (GCC) in these plasmids (Figure 3.21). Thus, three new
pLentivirus constructs expressing NSUNS5 mutants (C308A, C359A, and C308A/C359A) were

successfully generated.

Plasmid sequencing results after site directed mutagenesis

Cysteine 308 Cysteine 359
Wild type NSUNS GCTGGATCCT TCCTGCAGTG GCTCGGGTAT GCTCGTCTAC TCCACGTGCT CCCTCTGCCA
NSUN5 C308A mutant 1 GCTGGATCCT TCCGCCAGTG GCTCGGGTAT GCTCGTCTAC TCCACGTGCT CCCTCTGCCA
NSUNS C308A mutant 2 GCTGGATCCT TCCGCCAGTG GCTCGGGTAT — GCTCGTCTAC TCCACGTGCT CCCTCTGCCA
NSUNS C359A mutant 1 GCTGGATCCT TCCTGCAGTG GCTCGGGTAT — GCTCGTCTAC TCCACGGCCT CCCTCTGCCA
NSUN5 C359A mutant 2 GCTGGATCCT TCCTGCAGTG GCTCGGGTAT GCTCGTCTAC TCCACGGCCT CCCTCTGCCA

NSUN5 C308Aand C359Amutant 1 GCTGGATCCT TCCGCCAGTG GCTCGGGTAT GCTCGTCTAC TCCACGGCCT CCCTCTGCCA
NSUNS C308Aand C359A mutant 2 GCTGGATCCT TCCGCCAGTG GCTCGGGTAT GCTCGTCTAC TCCACGGCCT CCCTCTGCCA

Figure 3.21 DNA sequence alignment of pLenti-NSUNS plasmids carrying mutated codons
for cysteine 308 or/and cysteine 359 after site directed mutagenesis.

pLenti-NSUNS C308A, C359A, and C308A/C359A plasmids from two bacterial colonies were
isolated and sequenced. Sequencing confirmed that the cysteine codons (UGC) of C308 and C359
were changed to alanine codons (GCC) in all the samples. These sequencing results confirmed that
three pLentiviral constructs expressing mutant NSUNS (C308A, C359A, C308A/C359A) were

successfully generated.

To determine whether these mutants can methylate C3782 of 28S rRNA in glioblastoma cells,

we transduced U87 cells with empty pLenti-vector, pLenti-NUSNS5 wild-type, pLenti-
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NUSNSC308A, pLenti-NUSNSC359A, and pLenti-NUSNSC308AC359A. Immunofluorescence
staining showed that U87 cells transduced pLenti-Vector cells did not express NSUNS, while U87
cells transduced with the pLenti-NSUNS (wild type and mutants) expressed NSUNS that was
localized in the nucleus. The transfection efficiency of wild-type pLenti-NSUNS5 and the three

mutant pLenti-NSUS5 plasmids was almost 100% (Figure 3.22).

DAPI NSUNS Merge

U87/
pLenti-Vector

U87/
pLenti-NSUNS

U87/
pLenti-NSUNS
C308A

U87/
pLenti-NSUNS
C359A

U87/
pLenti-NSUNS
C308A/C359A
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Figure 3.22 Overexpression of wild-type and mutant NSUNS in U87 cells.

Expression of NSUNS5 in U87 cells transduced with pLenti-Vector, pLenti-NSUNS, pLenti-
NSUNS C308A, pLenti-NSUNS C359A, and pLenti-NSUNS5 C308AC359A was determined by
immunocytochemistry. Images were captured using a fluorescence microscope. DAPI was used to
stain the nucleus and an anti-NSUNS5 antibody was used to immunostain NSUNS5. Results show
that the U87 pLenti-Vector cells do not express NSUNS, whereas all the pLenti-NSUNS vectors
(wild type and mutants) expressed NSUNS that is localized to the nucleus. Merged DAPI/NSUNS
show that the transfection efficiency of all the NSUNS5-expressing vectors was almost 100%. Scale

bar =400 um.

RNA bisulfite sequencing results show that C3782 in all the samples of U87 cells transduced
with pLenti-NSUNSC308A, pLenti-NSUNSC359A, and/or pLenti-NSUNSC308A/C359A was
converted to thymine, which means that C3782 was unmethylated in the cells that express mutated
NSUNS (Figure 3.23). This is in a sharp contrast to the methylation induced by overexpression of
wild-type NSUNS (Figure 3.19). The results suggest that both catalytic cysteines (C308 and C359)

in NSUNS are required for the methylation of C3782 in U87 28S rRNA.
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C3782

Original C3782 sequence AGTAACTATG ACTCTCTTAAGGTAGOCAAATGCCTOGTCATCTAATTAGT GACGCGCATG
Sample 1  AGTAATTATG ATTITITTAA GGTAGTTAAA TGTTTTGTTA TITAATTAGT GATGTGTATG

Us7/ Sample 2 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TITAATTAGT GATGTGTATG
pLenti NSUNS Sample 3 AGTAATTATG ATTITTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
: ¥ Sampled  AGTAACTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
C308A Sample § AGTAATTATG ATTTTTITTAA GGTAGTTAAA TGTTTTGTTA TITAATTAGT GATGTGTATG
Sample 6 AGTAATTATG ATTITITTAA GGTAGTTAAA TGTITTGTTA TITAATTAGT GATGTGTATG

Sample 1 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG

Sample2 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG

Us7/ Sample3 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
pLenti-NSUNS Sample4 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTITGTTA TITAATTAGT GATGTGTATG
C350A Sample 5 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GACGTGTATG
Semple 6 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGIGTATG

Sample 7 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTITGTTA TTTAATTAGT GATGTGTATG

Sample 8 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG

Sample 1 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG

USs7/ Sample 2 AGTAATTATG ANTNTTITAA GGTAGTTAAA TGTTTTGTITA TITAATTAGT GATGTGTATG
cere Sample 3 AGTAATTATG ATTITITTAA GGTAGTTAAA TGTTITGTTA TITAATTAGT GATGTGTATG
pLenii-?\SLf\Sml ) . A I S—— . S .
ple 4  AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TITAATTAGT GATGTGTATG

C3I0BA/C359A gsample 5 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG
Sample 6 AGTAATTATG ATTTTTTTAA GGTAGTTAAA TGTTTTGTTA TTTAATTAGT GATGTGTATG

Sample 7 AGTAATTATG ATTTTTITTAA GGTAGTTAAA TGTITTGTTA TITAATTAGT GATGTGTATG

Figure 3.23 NSUNS C308A, NSUNS5 C359A, and NSUNS C308A/C359A fail to induce
methylation of C3782 of 28S rRNA in U87 cells.

RNAs prepared from U87/pLenti-NSUNS C308A, U87/pLenti-NSUNS5 C359A, and U87/pLenti-
NSUNS C308AC359A cells were analyzed by bisulfite sequencing to determine the methylation
status of C3782 in 28S rRNA. Compared with the original sequence, more than 99% of cytosines
(T) were converted into thymines (T). C3782 in U87/pLenti-NSUNS5 C308A, U87/pLenti-NSUNS
C359A, and U87/pLenti-NSUNS C308AC359A cells was uniformly converted to thymine,
indicating that C3782 was unmethylated in cells expressing these mutant NSUNS constructs.
These results suggest that both catalytic cysteines (C308 and C359) in NSUNS are required for the
methylation of C3782 in U87 28S rRNA.

Interestingly, it appears that U87 cells transduced with pLenti-NSUNS5 C308A were arrested
at mitosis (some cells had two or multiple nuclei) and died gradually one-week post-transduction.
U87 cells transduced with pLenti-NSUNS wild-type, C359A or C308 A/C359A were viable, which

is consistent with the study in yeast where mutations involving Rem1 C330 (equivalent to C308
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in human NSUNS) were lethal, whereas mutations involving C404 (equivalent to C359 in human
NSUNS) were compatible with cell survival [312]. The reason could be that NSUNS with mutated
cysteine 308 fails to be released from its target sites after binding, causing cell division defect,
whereas NSUNS with mutated cysteine 359 and the double mutated cysteines could not bind with
the targets thus avoiding the most lethal effects. In this regard, it is likely that stable binding of
NSUNS to 28S rRNA disrupts assembly of the ribosome, causing the failure of cytokinesis and
cell death. However, because this effect may not be specific to NSUNS, we did not pursue this

direction.
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Chapter 4 Characterization of the biological function of NSUNS in

glioblastoma
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4.1 NSUNS regulates proliferation and stem cell phenotype in glioblastoma cells

We have determined that: (i) high NSUNS5 expression is associated with the poor survival
of patients with glioblastoma and (ii)) NSUNS methylates C3782 of 28S rRNA in glioblastoma
cells. However, it is unknown whether NSUNS contributes to tumorigenesis and/or treatment
resistance of glioblastoma. rRNAs are critical components of the ribosome and their methylation
alters the structure and activity of the ribosome, thereby altering mRNA translation [312]. Recent
studies implicate RNA methylation in normal development and various diseases including cancer
[284, 307, 308, 319, 320, 331, 333-336, 391, 392]. Therefore, high levels of NSUNS are likely to
change mRNA translation and contribute to formation and/or progression, as well as treatment
resistance, of glioblastoma. In this chapter, we investigated the biological functions of NSUNS in
glioblastoma using in vitro and in vivo models.
4.1.1 NSUNS regulates proliferation of glioblastoma cells.

Continuous and invasive proliferation is one of the most important characteristics of
glioblastoma. Tumor cells invade the surrounding brain tissue, causing severe edema and damage
to the brain. Without treatment, the median survival of glioblastoma patients is less than five
months [393]. Unlimited proliferation is a hallmark of cancer [394, 395]. Excessive and
autonomous growth signals, insensitivity to antigrowth signals, and inactivation of apoptosis
signaling pathways are the three main reasons for unlimited growth of cancer cells [394, 395]. We
hypothesized that NSUNS, as an rRNA cytosine methyltransferase, alters the structure of
ribosomes and thus favors the mRNA translation of the genes associated with glioblastoma

proliferation.
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4.1.1.1 Knockdown of NSUNS decreases proliferation in U251 and T98 cells.

We first examined the effect of NSUNS5 knockout on U251 cell proliferation with the
NSUNS knockout clones described in Figure 3.16 using the neutral red uptake assay. The neutral
red uptake assay is based on the take-up of neutral red dye in the lysosomes of viable cells, and
cell numbers are estimated based on the absorbance intensity of the dye at a wavelength of 580 nm
[365, 366]. The neutral red uptake assay showed that the proliferation of individual wild-type and
NSUNS knockout clones was highly variable, making it impossible to reach any conclusion
regarding the effect of NSUNS5 knockout on U251 cell proliferation (Figure 4.1). Moreover, we
found that the morphology of two of the clones, WTA23 and KOB21, was different from that of
other clones, and both clones expressed a higher level of the stem cell marker SOX2 and formed
more than twice the number of spheres on sphere formation assay, when compared to other clones
(data not shown). This may be because each of the knockout cell lines was generated from a single
cell, and the cellular heterogeneity between the individual clones likely underlies the observed

variability.

U251 neutral red uptake assay

Day1 Day 4
mWTA1 WTA23 = WTB27 =~ WTB29
= KOB1 =KOB2? =KOB21 =KOB22

h &

Fold change/ Day 1
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Figure 4.1 Effect of NSUNS knockout on proliferation of U251 cells.
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The neutral red uptake assay was used to examine the proliferation of the four U251 wild type and
four U251 NSUNS knockout clones. Because of the variability in the results obtained for the
different clones, we were not able to assess the effect of NSUNS5 on proliferation. Data are from

two independent experiments carried out in triplicates.

However, in the knockdown model using lentiviral-shRNA constructs, a pooled population of
cells, not single cell clones, were used for experiments, which mitigated the effect of cellular
heterogeneity. All subsequent experiments were therefore carried out with the pooled NSUNS
knockdown model. To knock down NSUNS, we transfected 293T cells with four lentiviral shRNA
constructs targeting four different NSUNS sequences (pLenti-shNSUNS-GFP#1-4) or a control
shRNA (pLenti-shRandom-GFP), collected medium that contains lentiviral particles and used
them to infect U251 cells. Cell lysates were prepared from both 293T and U251 cells and NSUNS
expression was determined by Western blotting. Of the four shRNAs targeting NSUNS, pLenti-
shNSUNS #4 has the best knockdown efficiency, while pLenti-shNSUNS5-GFP #1-3 showed weak
knockdown of NSUNS5 (Figures 4.2A and 4.2B). We expanded U251/shRandom,
U251/shNSUNS #3, and U251/shNSUNS #4 cells for our experiments. The NSUNS protein levels
in U251/shNSUNS #3 and U251/shNSUNS #4 cells were about 69% and 17% of that in
U251/shRandom, respectively (Figure 4.2C). Next, the neutral red uptake assay was performed
to determine whether NSUNS5 knockdown will affect the proliferation of U251 cells. In keeping
with the extent of NSUNS knockdown, the growth of U251/shNSUNS #3 and U251/shNSUNS #4
cells was decreased by 25% and 49%, respectively, when compared to U251/shRandom cells
(Figure 4.2D). Similarly, NSUNS5 was knocked down in T98 cells using pLenti-shNSUNS #3 and
pLenti-shNSUNS #4. The NSUNS5 levels in T98/shRandom, T98/shNSUNS5 #3, and

T98/shNSUNS #4 cells were about 71% and 21% of that in T98/shRandom, respectively (Figure
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4.3A). Consistent with the findings in U251 cells, the growth of T98/shNSUNS5 #3 and
T98/shNSUNS #4 cells was decreased by 49% and 53%, respectively, when compared to
T98/shRandom cells (Figure 4.3B). Our results thus suggest that NSUNS promotes proliferation

in U251 and T98 cells.
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Figure 4.2 NSUNS knockdown decreased cell growth in U251 cells.

(A, B) Knockdown efficiency of NSUNS by the four lentivirus shRNA constructs targeting
NSUNS in 293T cells and U251 cells was examined by Western blotting. (C) NSUNS knockdown
in U251/shRandom, U251/shNSUNS #3 and U251/shNSUNS #4 cells was further confirmed by
Western blotting. P values for U251/shRandom versus U251/shNSUNS #3, and U251/shRandom
versus U251/shNSUNS #4 are 1.0e-3 and 6.7e-13, respectively. B-actin was the loading control
for all the Western blots. Data are mean + SE of three independent experiments. (D) Growth of
U251/shRandom, U251/shNSUNS #3 and U251/shNSUNS #4 cells was examined using the
neutral red uptake assay. Data are mean + SE of four independent experiments, with P values of

0.037 for shRandom vs. sSANSUNS5 #3 and 0.0053 for shRandom vs. SANSUNS #4.
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Figure 4.3 NSUNS knockdown in T98 cells decreased cell growth.

(A) NSUNS was knocked down in T98 cells, and the expression of NSUNS in T98/shRandom,
T98/shNSUNS #3 and T98/shNSUNS #4 cells was determined by Western blotting. The P values
for T98/shRandom versus T98/shNSUNS #3, and T98/shRandom versus T98/shNSUNS5 #4 were
0.024 and 8.0e-05, respectively. (B) Growth of T98/shRandom, T98/shNSUNS5 #3, and
T98/shNSUNS #4 cells was examined using the neutral red uptake assay. Data are mean + SE of
four independent experiments, with P values of 0.011 for shRandom vs. shNSUNS5 #3 and 0.01 for
shRandom vs. sSANSUNS #4.

4.1.1.2 Overexpression of NSUNS does not change proliferation of U87 cells.

We next determined whether NSUNS overexpression affects the proliferation of U251 cells.
Initially, we compared the growth of U87/CMV-NSUNS cells and U87/CMV-Vector cells and
found that there was no difference in cell growth between the two types of cells as determined by
the neutral red uptake assay (Figure 4.4A). Because only ~40% of U87/CMV-NSUNS cells were
NSUNS positive as determined by immunocytochemistry (Figure 3.10), we generated U87 cells
transduced with lentivirus vector pLenti-NSUNS5 (U87/pLenti-NSUNYS) (Figure 4.4B) that were

~100% NSUNS positive as determined by immunocytochemistry (Figure 3.23). The neutral red
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uptake assay showed that U87/pLenti-NSUNS had a similar proliferation rate as the U87 cells

transduced with the empty pLenti-Vector (U87/pLenti-Vector) (Figure 4.4C).
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Figure 4.4 NSUNS overexpression did not increase the proliferation of U87 cells.

(A) The proliferation of U87/CMV-Vector and U§7/CMV-NSUNS cells was measured using the
neutral red uptake assay and expressed as fold change relative to their respective day 1. There was

no difference in proliferation between the two types of cells (P = 0.98). Data are mean + SE of
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three independent experiments. (B) U87 cells were transduced with empty pLenti-Vector or
pLenti-NSUNS-FLAG expression plasmids. NSUNS overexpression was confirmed by Western
blotting. B-Actin was the loading control. (C) The growth of U87/pLenti-Vector and U87/pLenti-
NSUNS cells was measured using the neutral red uptake assay and expressed as fold change
relative to their respective day 1. There was no difference in proliferation between control and

NSUNS-expressing U87 cells (P = 0.49). Data are mean + SE of three independent experiments.

Taken together, using loss- and gain-of-function approaches, we found that NSUNS is required
for the proliferation of glioblastoma cells that express endogenous NSUNS, but overexpression of
NSUNS does not increase the proliferation of the glioblastoma cells that do not normally express
NSUNS. However, the mechanisms underlying the discrepancy between NSUNS overexpression

and knockdown models need to be further studied.

4.1.2 NSUNS regulates the sphere forming ability of glioblastoma cells.

In 2003 and 2004, Canadian scientists discovered the existence of glioblastoma cancer stem
cells that have the ability to renew themselves and initiate tumors, as well as to differentiate into
different lineages of cancer cells [94, 95]. Glioblastoma cancer stem cells are a main cause of
tumor recurrence, treatment resistance, and poor survival [96, 98, 396]. NSUN proteins, as
cytosine RNA methyltransferases, have been shown to play a role in stem cells [331, 397, 398].
For instance, NSUN2 regulates the balance of neuroepithelial and epidermal stem cells and
differentiated cells through regulation of certain tRNA methylations causing tRNA cleavage and
degradation [397, 398]. Similarly, NSUN3 regulates embryonic stem cell differentiation through
regulation of cytosine methylation in mitochondrial RNA [331]. We have confirmed that NSUNS

methylates cytosine 3782 of 28S rRNA in glioblastoma cells. We speculate that high levels of
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NSUNS alter the structure and/or activity of ribosomes and thereby favor mRNA translation of the
genes associated with stem cells, thereby promoting the stem cell phenotype in glioblastoma.
4.1.2.1 Knockdown of NSUNS decreases the sphere forming ability of glioblastoma cells.
To determine whether NSUNS regulates the stem cell phenotype, we performed sphere
formation assay (an in vitro assay to measure the self-renewal capacity of cancer cells) [399]. First,
we investigated whether knockdown of NSUNS would decrease sphere formation in U251 cells.
Indeed, the sphere formation assay showed that NSUNS knockdown decreases the sphere-forming
ability of U251 cells. Compared to U251/shRandom cells, U251/shNSUNS #3 and U251/
shNSUNS #4 formed 28% and 38% fewer spheres, respectively (Figure 4.5A). Interestingly,
NSUNS5 knockdown in U251 cells also resulted in smaller spheres compared to U251/shRandom
cells (Figure 4.5B). Of note, U251/shNSUNS5 #4 cells, which had a much better NSUNS5
knockdown efficiency than U251/shNSUNS #3 (Figure 4.2C), formed fewer and smaller spheres
compared to U251/shNSUNS #3 (Figure 4.5). Next, we determined whether knockdown of
NSUNS5 would decrease sphere formation in A4-012 cells (one of the patient-derived cell line
maintained as neurospheres). The knockdown efficiency of NSUNS5 in A4-012 cells was confirmed
by Western blotting, and the NSUNS expression levels for A4-012/shNSUNS #3 and A4-
012/shNSUNS #4 cells were about 74% and 18% of A4-012/shRandom, respectively (Figure
4.6A). Similar to U251 cells, knockdown of NSUNS by shNSUNS #3 and shNSUNS #4 decreased
sphere numbers by 46% and 80%, respectively, when compared to A4-012/shRandom cells
(Figure 4.6B). Similarly, A4-012/shNSUNS #3 and A4-012/ shNSUNS #4 formed smaller spheres
compared to A4-012/shRandom cells. In keeping with the extent of NSUNS knockdown efficiency,
A4-012/shNSUNS #4 cells formed fewer and smaller spheres than A4-012/shNSUNS #3 cells

(Figures 4.6C). Intriguingly, knockdown of NSUNS by shNSUNS5 #4 had more dramatic effect
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on sphere forming ability in A4-012 than in U251 cells, suggesting that the patient-derived
neurosphere cultures are more sensitive to reduced expression of NSUNS5 than established cell

lines.
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Figure 4.5 Knockdown of NSUNS decreases sphere formation in U251 cells.

(A) Sphere formation assays were performed by seeding 200 U251/shRandom, U251/shNSUNS5
#3, or U251/shNSUNS #4 cells. Data are mean + SE of four independent experiments, with P
values of 0.0027 for shRandom vs. sSANSUNS #3 and 7.6e-06 for shRandom vs. sSANSUNS #4. (B)
U251/shNSUNS #3 and U251/shNSUNS #4 cells formed smaller spheres than U251/shRandom
cells. Images of the spheres were taken using a 10X objective under transmitted light and GFP

channel, with the scale bar =400 pm. As the NSUNS shRNAs were in a lentiviral GFP vector and
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the transfection efficiency were about 100%, the transfected U251 cells expressed GFP (green

color under GFP channel of fluorescence microscope).
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Figure 4.6 Knockdown of NSUNS decreases sphere formation in A4-012 cells.
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(A) Western blotting results showing the levels of NSUNS5 in A4-012/shRandom, A4-
012/shNSUNS #3, and A4-012/shNSUNS #4 cells. B-Actin was the loading control. The P values
for A4-012/shRandom versus A4-012/shNSUN5 #3, and A4-012/shRandom versus A4-
012/shNSUNS #4, were 4.898e-05 and 3.604e-06, respectively. Data are mean = SE of three
independent experiments. (B) Sphere formation assays were performed by seeding 500 cells per
well. Data are mean + SE of three independent experiments, with P values of 0.009 for shRandom
vs. SANSUNS #3 and 7.3¢-06 for shRandom vs. sANSUNS #4. (C) A4-012/shNSUNS #3 and A4-
012/shNSUNS #4 cells formed smaller spheres compared to A4-012/shRandom cells. Images of
spheres were taken using a 10X objective under transmitted light and GFP channel, with the scale
bar = 400 um. The backbone for the NSUNS shRNA constructs is the lentiviral GFP vector. The
transfection efficiency was about 100%. The transfected A4-012 cells express GFP and show up

as green under the GFP channel of the fluorescence microscope.

4.1.2.2 Overexpression of NSUNS increases the sphere forming ability of glioblastoma cells.

We also performed the sphere formation assay in U87/pLenti-Vector and U87/pLenti-
NSUNS cells. U87/pLenti-NSUNS cells formed about 46% more spheres than U87/pLenti-Vector
cells (Figures 4.7). We also examined the effect of overexpression of NSUNS on sphere-forming
ability of 50M glioblastoma cells, a patient-derived neurosphere culture that does not express
endogenous NSUNS. We overexpressed NSUNS in 50M cells to generate SOM/pLenti-NSUNS
and 50M/pLenti-vector cells. Overexpression of NSUNS in 50M/pLenti-NSUNS was confirmed
by Western blotting (Figure 4.8A). S0M/pLenti-NSUNS cells formed about 89% more spheres
than 50M/plenti-vector cells (Figure 4.8B and C). Our results show that overexpression of
NSUNS increases the sphere-forming ability of glioblastoma cells. This finding is intriguing since
NSUNS overexpression in U87 cells failed to increase their growth/proliferation. Together, these
results suggest that overexpression of NSUNS may specifically regulate the events associated with

stemness, but not proliferation, in the overexpression model.
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Figure 4.7 Overexpression of NSUNS increases sphere formation in U87 cells.

(A) Sphere formation assays were performed by seeding 100 cells per well. Data are mean + SE
of three independent experiments. *Significant (p = 1.0e-3). (B) Images of spheres formed by
U87/pLenti-vector and U87/pLenti-NSUNS were taken using a 20X objective.
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Figure 4.8 Overexpression of NSUNS increases sphere formation in SOM cells.

(A) 50M cells were stably transduced with an empty pLenti-Vector or pLenti-NSUNS-FLAG
vector. NSUNS overexpression was confirmed by Western blotting. B-Actin was the loading
control. (B) Sphere formation assays were performed by seeding 200 cells in each well. Data are
mean + SE of six replicates in three independent experiments (P=0.003878). (C) Images of the
spheres formed by 50M/pLenti-vector and 50M/pLenti-NSUNS were captured using a 10X

objective.

Taken together, our finding that overexpression of NSUNS increases the number of spheres
and knockdown of NSUNS decreases both the number and size of spheres formed by glioblastoma

cells suggest that NSUNS promotes self-renewal and the stem cell phenotype in glioblastoma.
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4.2 Knockdown of NSUNS renders U251 and T98 cells more sensitive to temozolomide

In a yeast study, Rcml (the yeast homologue of NSUNS5) was shown to regulate the
translation of oxidative stress-response mRNAs and the stress response [312]. However, whether
NSUNS is also associated with stress response in glioblastoma cells is unknown. Since radiation
therapy and chemotherapy with temozolomide are the standard of care for glioblastoma patients,
radiation and chemotherapy are the two most common external stressors for glioblastoma cells [96,
98, 396]. In the clinic, chemotherapy resistance is one of the main causes of poor treatment
outcome [96, 98, 396]. Therefore, it is important to investigate whether NSUNS regulates stress
response to chemotherapy and contributes to treatment resistance in glioblastoma.

Temozolomide is an alkylating agent that induces cytotoxicity by methylating the O° position
of guanine resulting in DNA damage [26]. It is the first line chemotherapy drug for the standard
care of glioblastoma patients [25]. According to published studies, the half maximal inhibitory
concentration (ICso) for temozolomide in U251 cells is approximately 100 to 250 pM, and the
MGMT promoter of U251 cells is methylated [75, 400-402]. To determine whether NSUNS
regulates stress response to temozolomide treatment in glioblastoma, we performed dose response
experiments using U251/shRandom, U251/shNSUNS #3, and U251/shNSUNS #4 cells. The
neutral red uptake assay showed that U251/shNSUNS #3 and U251/shNSUNS #4 cells were more
sensitive to temozolomide treatment than U251/shRandom cells (Figure 4.9A). The half maximal
inhibitory concentrations (ICso) for temozolomide were 204.4 uM in U251/shRandom, 109.4 uM
in U251/shNSUNS #3 cells, and 47.83 uM in U251/shNSUNS #4 (Figure 4.9B). Moreover,
combination of NSUNS knockdown and temozolomide treatment markedly decreased the number
of viable cells in U251 cells compared to either NSUNS knockdown or temozolomide alone

(Figure 4.10). Specifically, the viability of U251/shNSUNS #4 cells treated with temozolomide
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was 54%, 64%, and 76% lower compared to U251/shRandom cells treated with temozolomide,
U251/shNSUNS #4 cells or U251/shRandom cells treated with DMSO, respectively. In addition,
we performed the dose response experiments on T98 cells (T98/shRandom, T98/shNSUNS #3,
and T98/shNSUNS5 #4 cells) that has unmethylated MGMT promoter and is resistant to
temozolomide treatment [402, 403]. We found that NSUNS5-depleted T98 cells were more
sensitive to temozolomide treatment than control cells (Figure 4.11A). The half maximal
inhibitory concentrations (ICso) for temozolomide were 623.3 uM in T98/shRandom, 512.3 uM in

T98/shNSUNS #3 cells, and 457.6 uM in T98/shNSUNS #4 (Figure 4.11B).
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Figure 4.9 NSUNS knockdown sensitizes U251 cells to temozolomide treatment.

(A) Dose response to temozolomide was measured in U251/shRandom, U251/shNSUNS #3, and
U251/shNSUNS #4 cells by the neutral red uptake assay. Cells were treated with 0, 62.5, 125, 250,
and 500 uM temozolomide. U251/shNSUNS #3 and U251/shNSUNS #4 cells were more sensitive
than U251/shRandom when treated with 62.5 uM, 125 uM, 250 uM, and 500 uM of temozolomide.
(B) The ICso of temozolomide based on the neutral red uptake assay was 204.4, 109.4, and 47.83
uM for U251/shRandom, U251/shNSUNS #3, and U251/shNSUNS #4 cells, respectively. Data

75+

h
=]
1

— U251 shRandom
— U251 shNSUNS #3
*  —— U251 shNSUNS #4

1 10 100 1000
Temozolomide (nM)

IC50=204.4pM, 109.4uM, and 47.83uM

are presented as the mean of four independent experiments, * =P < 0.05.

Fold change/ shRandom DMSO

U251 NSUNS5 knockdown combined with
TMZ treatment

%
120 - | % |
100 - [ ] L
80 - | % |
60 - o
40 -
20 -
0 -
DMSO TMZ 125 pM
B shRandom B shNSUNS #4

133



Figure 4.10 Combination of NSUNS knockdown with temozolomide treatment markedly
decreases cell viability of U251 cells.

U251/shRandom and U251/shNSUNS #4 cells were treated with an equal volume of DMSO
(vehicle control) or 125 uM temozolomide. Cell viability was measured using the neutral red

uptake assay. Data are mean + SE of four independent experiments. * =P < 0.05.

A
T98 neutral red uptake assay
*
120 - [% |
*
100 A =
S "
S, 80 [
:g 60 N *
= T —
> 40 *
o |
o 20 1 T i
0 = T T T T . 1
UT 250uM  S500pM 750 pM 1000 pM
mshRandom = shINSUNS#3 shNSUNS #4
B
1001
— T98 shRandom
3; 75 —— T98 shNSUNS #3
= ——  T98 sShNSUNS #4
=
=
> 504
3
© 254
0 T L] L] 1
1 10 100 1000 10000

Temozolomide (uM)
1C50=623.3uM, 512.3pM, and 457.6puM

Figure 4.11 NSUNS knockdown sensitizes T98 cells to temozolomide treatment.

(A) Dose response to temozolomide was measured in T98/shRandom, T98/shNSUNS #3, and
T98/shNSUNS #4 cells by the neutral red uptake assay. Cells were treated with 0, 250, 500, 750,
and 1000 uM temozolomide. T98/shNSUNS #3 and T98/shNSUNS #4 cells were more sensitive
than T98/shRandom when treated with 250 uM, 500 uM, 750 uM, and 1000 uM of temozolomide.
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(B) The ICso of temozolomide based on the neutral red uptake assay was 623.3, 512.3, and 457.6
uM for T98/shRandom, T98/shNSUNS #3, and T98/shNSUNS #4 cells, respectively. Data are

presented as the mean of four independent experiments, * =P < 0.05.

Next, we performed the clonogenic survival assay which more accurately measures the
proliferation and survival of cells treated with drugs [367-370]. In keeping with the neutral red
uptake assay results, the clonogenic survival assay showed that U251/shNSUNS5 #3 and
U251/shNSUNS #4 cells formed fewer colonies and were more sensitive to temozolomide
treatment, compared to U251/shRandom cells (Figure 4.12A). Specifically, the surviving fractions
were 29.2%, 35.6%, 38.3%, and 41.6% lower in U251/shNSUNS5 #3 cells, and 30.9%, 40.7%,
45.8%, and 67.1% lower in U251/shNSUNS #4 cells, compared to U251/shRandom cells upon
treatment with 6.25, 12.5, 25, and 50 uM of temozolomide, respectively (Figure 4.12B). The ICso
for temozolomide was 20.15 uM in U251/shRandom, 13.12 uM in U251/shNSUNS #3, and 12.64
uM in U251/shNSUNS #4 cells (Figure 4.12C). Moreover, we performed the clonogenic survival
assay on T98 cells that has unmethylated MGMT promoter and is resistant to temozolomide
treatment [402, 403]. We found that NSUNS5-depleted T98 cells were more sensitive to
temozolomide treatment than control cells (Figure 4.13A). Specifically, the surviving fractions
were 24.2%, 18.4%, 31.3%, and 38.6% lower in T98/shNSUNS #3 cells, and 23.5%, 24.2%, 27.1%,
and 49.2% lower in T98/shNSUNS #4 cells, compared to T98/shRandom cells upon treatment with
62.5, 125, 250, and 500 uM of temozolomide, respectively (Figure 4.13B). The ICso for
temozolomide was 378.2 uM in T98/shRandom cells, 266.1 uM in T98/shNSUNS #3 cells, and

264.4 uM in T98/shNSUNS #4 cells (Figure 4.13C). Taken together, the results from the neutral

135



red uptake and clonogenic assays clearly demonstrate that knockdown of NSUNS renders U251

and T98 cells more sensitive to temozolomide.
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Figure 4.12 NSUNS knockdown renders U251 cells more sensitive to temozolomide treatment.
The clonogenic assay was performed to determine the dose response to temozolomide in
U251/shRandom, U251/shNSUNS #3, and U251/shNSUNS #4 cells. Cells were seeded at 300,
300, 600, 1200, 2400, and 4800 cells per well and treated with 0, 6.25, 12.5, 25, 50, and 100 uM

temozolomide, respectively. (A and B) U251/shNSUNS #3 and U251/shNSUNS #4 cells formed
fewer colonies than U251/shRandom cells when treated with 6.25, 12.5, 25, or 50 uM

temozolomide. (C) The survival curves show that ICso for temozolomide was 20.15 uM in
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U251/shRandom, 13.12 uM in U251/shNSUNS #3, and 12.64 pM in U251/shNSUNS #4 cells.

Data are mean + SE of three independent experiments, * =P < (.05.
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Figure 4.13 NSUNS knockdown renders T98 cells more sensitive to temozolomide treatment.

The clonogenic assay was performed to determine the dose response to temozolomide in
T98/shRandom, T98/shNSUNS #3, and T98/shNSUNS #4 cells. Cells were seeded at 200, 200,
400, 800, 1600, and 3200 cells per well and treated with 0, 62.5, 125, 250, 500, and 1000 uM
temozolomide, respectively. (A and B) T98/shNSUNS #3 and T98/shNSUNS #4 cells formed
fewer colonies than T98/shRandom cells, especially in the cells treated with 62.5, 125, 250, or 500
uM of temozolomide. (C) The survival curves show that ICso for temozolomide was 378.2 uM in

T98/shRandom cells, 266.1 uM in T98/shNSUNS #3 cells, and 264.4 uM in T98/shNSUNS #4

T 1
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cells. Data are mean + SE of three independent experiments, * = P < 0.05.
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4.3 Knockdown of NSUNS prolonged survival of mice bearing U251 intracranial tumors.

Compared with in vitro functional assays, mouse xenograft models retain the physiological
microenvironment and more accurately mimic tumor growth in vivo. Mouse intracranial xenograft
tumor models are commonly used for glioblastoma studies which is indispensable to our
understanding of the complexity of glioblastoma tumor formation. U251 cells formed tumors in
mouse models [404, 405]. U251/WTAT1 vs. U251/KOB1, U251/shRandom vs. U251/shNSUNS
#4 cells, were selected for our in vivo study.

We first injected 50,000 U251/WTA1 or U251/KOBI1 cells in 5 NSG mice each. None of the
mice showed signs of weight loss or distress after 3 months. The experiment was terminated at
three months and mice were sacrificed. Tumors were not detected in any of these mice. As
U251/WTALI and U251/KOBI cells are clonal populations, it is possible that the number of tumor
cells injected was too low to form tumors. To address this problem, we decided to inject a bulk
population of NSUNS5-depleted U251 cells into the brains of NSG mice. The firefly luciferase
gene-encoding lentivirus plasmid was stably transfected into U251/shRandom and U251/
shNSUNS #4 cells. 250,000 of U251/shRandom-luciferase (U251/shRandom-luc) or
U251/shNSUNS5#4-luciferase (U251/shNSUNS5#4-1uc) cells were then injected into mice. Mice
were monitored weekly and scored for body weight loss and development of neurological
symptoms. Mice were monitored more frequently when the score was close to the endpoint (loss
of 20% of body weight) and euthanized when the endpoint was reached. The time between tumor
cell injection and euthanasia was recorded as the survival time of the mice. Tumor formation and
progression were also measured by weekly bioluminescence imaging after injection of

glioblastoma cells.
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Three experiments were carried out with U251/shRandom-luc and U251/shNSUNS5#4-luc
cells. In the first experiment, U251/shRandom-luc and U251/shNSUNS5#4-luc cells were injected
into one mouse for each cell type as a pilot experiment. Tumor formation and progression was
monitored by bioluminescence imaging for 14 weeks, at which time the mice were euthanized. As
shown in Figure 4.14A, both U251/shRandom-luc and U251/shNSUNS5#4 cells formed
intracranial tumors. In the second experiment, we injected U251/shRandom-luc and
U251/shNSUNS5#4-luc cells into five mice for each cell type. All mice formed tumors as shown
by the bioluminescence imaging (Figure 4.14A). The shANSUN5#4 mice showed longer overall
survival compared with the shRandom mice, with the median survival times of 120 days and 89
days (P = 0.009), respectively (Figure 4.14B). In the third experiment, U251/shRandom-luc or
U251/shNSUNS5#4-luc cells were injected into five and seven mice, respectively. All mice formed
tumors as shown by bioluminescence imaging (Figure 4.14A). The shANSUNS5#4 mice showed
longer overall survival compared with the shRandom mice, with median survival times of 134
days and 106 days (P = 0.013), respectively (Figure 4.14C). There was no difference in the
radiance of tumors from shRandom mice and shNSUNS5 #4 mice based on bioluminescence
imaging (Figure 4.14D), and the survival times did not appear to be associated with the intensity

of the imaging signal.
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Figure 4.14 Knockdown of NSUNS in U251 cells prolongs the survival time of mice bearing
U251 tumors.

(A) U251/shRandom-luc and U251/shNSUNS5#4-luc cells were intracranally injected into NSG
mice and tumor growth monitored by bioluminescence imaging. In the first (pilot) experiment, we
injected one mouse with U251/shRandom-luc and one mouse with U251/shNSUN4-luc. In the
second experiment, five mice were injected with U251/shRandom-luc and five mice with U251/

shNSUNS5#4-luc. In the third experiment, five mice were injected with U251/shRandom-luc and
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seven mice were injected withU251/shNSUNS5#4-luc. (B and C) In the second and third
experiments, the SANSUNS5#4-injected mice showed a longer overall survival compared with the
shRandom-injected miceData were analysed by Log-rank (Mantel-Cox) test using GraphPad
Prism. (D) Bioluminescence imaging analysis of the third experiment showed that the radiance of

tumors was not different between shRandom mice and shNSUNS5 #4 mice.

We confirmed the expression of NSUNS in the tumors of shRandom mice and shNSUNS5#4
mice by IHC (Figure 4.15A and B). IHC staining using an antibody against a human mitochondrial
protein showed that tumors formed by U251/shRandom migrated to the subependymal layer at
multiple sites in the brain through the CSF circulation and the ventricular system (Figure 4.15C).
This type of metastasis is called leptomeningeal metastases, which occurs in 4.7% to 25% of
glioblastoma patients [406-409]. By contrast, tumors formed by U251/shNSUNS cells were more
localized in the brain parenchyma which may explain the longer survival of mice with U251/

shNSUNS tumors compared to mice with U251/shRandom tumors (Figure 4.15C).
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Figure 4.15 Immunostaining of NSUNS and tumor cells in U251 xenografts.
(A) THC staining shows the expression of NSUNS5 in U251 shRandom tumors. NSUNS5-positive

regions are indicated by the brown stain (red arrows), with most of the signal found in the nuclei
of tumor cells. (B) IHC staining shows low expression of NSUNS in U251 shNSUNS #4 tumors.
Weakly positive signals are indicated by the brown stain (red arrows). (A, B) Nuclei were
counterstained with hematoxylin. Images were taken with a 20X objective. (C) IHC shows that
the shRandom tumors migrate to the subependymal layer at multiple sites in the brain. I, tumor
cells located in the ependymal layer of the right frontal horn of the lateral ventricle; I, tumor cells
located in the ependymal layer of the third ventricle; III, tumor cells located close to the
subependymal area of the left ventral horn of the lateral ventricle. (D) shNSUNS tumors were more
localized in the mouse brain. IV, tumor cells located in the parenchyma of the right frontal lobe.
Tumor cells were immunostained with an antibody to human mitochondrial protein (HuMito). A

positive signal is indicated by the brown stain. The scale bar equals 100 um.
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One interesting observation is that eight out of eleven shRandom mice, but only two out of
thirteen SANSUNS#4 mice, in the combined three experiments displayed spinal metastasis (Figure
4.16). Most of the spinal metastases was detected approximately 2 months (average 8.8 weeks)
after intracranial tumor cell injections (Table 4.1). These results are in agreement with the
U251/shRandom-luc cells being more infiltrative, and able to migrate to the spine through the CSF
circulation and the ventricular system. Even though glioblastoma spinal metastasis has been rarely
reported in the literature, two post-mortem autopsy studies revealed spinal metastasis in 15.3% to
25% of glioblastoma patients [409, 410]. However, U251 spinal metastasis has not been reported

previously. These results will be further discussed in the discussion chapter.

Spinal metastasis D1

shRandom Mice
8 out of 11

shNSUN5#4 Mice
2 out of 13

G2

Figure 4.16 Knockdown of NSUNS reduces spinal metastasis of intracranial U251 tumors.

Eight out of eleven shRandom mice and two out of thirteen shNSUNS5#4 mice in the three

experiments displayed spinal metastasis.
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Table 4.1 The survival times of mice intracranially injected with U251 cells and the time of
appearance of spinal metastasis.

U251 intracranial injection mice | Survival time (days) | Spinal metastasis (weeks)

shRandom-luc mice (Eleven)

B2 N/A None
D1 920 9

D3 72 8

E2 79 7

F1 89 None
F3 113 None
G3 100 5

H1 106 10
H3 110 9

HS 71 10

12 120 11

shNSUN5#4-luc mice (Thirteen)

B3 N/A 7

D2 156 None
E1l 90 None
E3 114 None
F2 120 None
F4 120 None
G2 141 11
G4 107 None
GS 121 None
H2 106 None
H4 134 None
Il N/A None
I3 151 None
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The survival times of the eleven shRandom mice and thirteen ShANSUNS5#4 mice are shown in the
table. The average time of the spinal metastases was 8.8 weeks after intracranial tumor cell
injection. There was no correlation between the spinal metastasis and survival of mice bearing the

tumors.

To conclude, knockdown of NSUNS in U251 cells inhibited tumor metastasis and prolonged

survival of mice bearing U251 tumors in the glioblastoma intracranial mouse models.
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Chapter 5 Regulation of global protein synthesis and proteome by NSUNS in

glioblastoma
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5.1 NSUNS regulates global protein synthesis in glioblastoma cells.

C3782 is located close to the peptidyl transferase center (PTC) of 28S rRNA [238, 312]. The
methylation of nucleotides within the PTC of bacteria 23S rRNA has been shown to regulate
translation rate and antibiotic resistance [411-418]. In yeast, deletion of Rcml (the yeast
homologue of NSUNS) alters the structure of 25S rRNA, favoring the translation of oxidative
stress response mRNAs [312]. Therefore, it would be interesting to investigate whether
methylation of C3782 by NSUNS affects global protein synthesis rate.

We used the puromycin labelling assay to examine the effect of NSUNS depletion on protein
synthesis rate. Puromycin is an aminonucleoside antibiotic and a protein synthesis inhibitor.
Puromycin mimics the 3' end of the aminoacylated tRNA and is incorporated into the nascent
peptide chain, which results in termination of translation and the release of puromycin-containing
translating peptides [377, 378]. After puromycin treatment, the newly-synthesized peptide chains
containing puromycin can be visualized by Western blotting using an anti-puromycin antibody
[377, 378]. A stronger signal intensity on Western blots reflects increased nascent peptide
synthesis caused by a faster protein synthesis [377, 378].

5.1.1 Knockdown of NSUNS decreases the global protein synthesis rate in U251cells.
U251/shRandom and U251/shNSUNS #4 cells were treated with 10 pg/ml puromycin for
15 minutes and puromycin-labeled proteins detected by Western blotting. Quantification of bands
showed that NSUNS5 knockdown decreased the protein synthesis in U251 cells. As shown in
Figure 5.1, the intensity of the puromycin-labelled proteins in U251/shNSUNS #4 was 60.5%
lower compared to U251/shRandom cells, suggesting a lower protein synthesis rate in
U251/shNSUNS cells. Ponceau S staining of the proteins on the membranes indicated even loading

of the protein samples (Figure 5.1A).
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Figure 5.1 NSUNS knockdown decreases protein synthesis rate in U251 cells.

U251/shRandom and U251/shNSUNS5 #4 cells were treated with 10 pg/ml puromycin for 15
minutes. (A) Western blotting using an anti-puromycin antibody showed that U251/shNSUNS #4
had fewer and weaker puromycin-labelled protein bands than U251/shRandom cells. B-Actin was
the loading control. Ponceau S staining of the proteins on the membranes indicated an even loading
of the protein samples. (B) Quantification of the Western blotting results showed that
U251/shNSUNS #4 has a lower protein synthesis rate than U251/shRandom cells. Densitometry
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analyses were performed using Li-Cor Odyssey imager software. B-Actin was used as a control

for quantification experiments. Data are mean + SE of three experiments, P =0.003193.

5.1.2 Overexpression of NSUNS increases the global protein synthesis rate of glioblastoma
cells.

US87/pLenti-vector versus U87/pLenti-NSUNS5 cells, and 50M/pLenti-vector versus
50M/pLenti-NSUNS cells were treated with 10 pg/ml puromycin for 15 minutes and puromycin-
labeled proteins quantitated. As shown in Figure 5.2, the intensity of the puromycin-labelled
proteins in U87/pLenti-NSUNS5 was 1.7-fold higher compared to U87/pLenti-Vector cells,
suggesting that U87/pLenti-NSUNS had a higher protein synthesis rate than U87/pLenti-Vector.
Ponceau S staining of the proteins on the membranes indicated an even loading of the protein
samples (Figure 5.2A). Moreover, using the puromycin labelling assay we also found that
50M/pLenti-NSUNS cells had a 2.5-fold higher protein synthesis rate than 50M/pLenti-Vector

cells (Figure 5.3 A, B), which is consistent with the results obtained in U87 cells.
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Figure 5.2 NSUNS overexpression increases protein synthesis in U87 cells.
U87/pLenti-NSUNS5 and U87/pLenti-vector cells were treated with 10 pg/ml puromycin for 15
minutes. (A) Western blotting using an anti-puromycin antibody showed that U87/pLenti-NSUNS
cells had more and stronger puromycin-labelled protein bands than U87/pLenti-Vector cells.
NSUNS expression in the U87/pLenti-NSUNS was confirmed by Western blotting using an anti-
NSUNS antibody. B-Actin was the loading control. Ponceau S staining of the proteins on the
membranes indicated an even loading of the protein samples. (B) Quantification of the Western

blotting results showed a higher protein synthesis rate in U87/pLenti-NSUNS cells compared to

US87/pLenti-Vector cells. Densitometry analyses were performed using Li-Cor Odyssey imager
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software, and quantitation is the ratio of puromycin-labelled proteins/B-Actin between the Vector

and NSUNS cells. Data are mean = SE of four independent experiments, P=0.000503.
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Figure 5.3 NSUNS overexpression increases protein synthesis in SOM cells.

50M/pLenti-NSUNS and 50M/pLenti-vector cells were treated with 10 pg/ml puromycin for 15
minutes. (A) Western blotting using an anti-puromycin antibody showed that 50M/pLenti-NSUNS
cells had more and stronger puromycin-labelled protein bands than 50M/pLenti-Vector cells.
NSUNS expression in SO0M/pLenti-NSUNS cells was confirmed by Western blotting using an anti-
NSUNS antibody. B-Actin was the loading control. Ponceau S staining of the proteins on the

membranes indicated an even loading of the protein samples. (B) Quantification of the Western
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blotting results showed a higher protein synthesis rate in 50M/pLenti-NSUNS cells compared to
50M/pLenti-Vector cells. Densitometry analyses were performed using Li-Cor Odyssey imager
software, and quantitation is the ratio of puromycin-labelled proteins/B-Actin between the Vector

and NSUNS cells. Data are mean = SE of four independent experiments, P = 0.00990.

In summary, NSUNS5 knockdown decreased protein synthesis rate in U251 cells, whereas

NSUNS overexpression increased protein synthesis in U87 and S0M cells.
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5.2 NSUNS regulates the proteome of glioblastoma cells.

In the functional studies described in Chapter 4, we found that overexpression of NSUNS5
increased the sphere forming ability of U87 and 50M cells, whereas knockdown of NSUNS5
decreased cell proliferation and sphere forming ability in U251 and A4-012 cells and prolonged
the survival of mice bearing U251 tumors. In this Chapter, using the puromycin-labelling assay,
we demonstrated that NSUNS regulates global protein synthesis rate in glioblastoma cells. Since
deletion of Rem1 (the yeast homologue of NSUNS) has been shown to alter rRNA structure, which
favors the translation of oxidative stress response mRNAs [312], it is important to investigate
whether NSUNS can also selectively regulate the expression of certain groups of proteins that are
associated with cell proliferation, stem cell phenotype, treatment resistance, and/or tumor
progression.

To determine whether NSUNS regulates the proteome, we performed liquid chromatography
and tandem mass spectrometry (LC-MS/MS) [419]. Three cell lysate replicates (R1, R2, R3)
prepared from U251/shRandom and U251/shNSUNS #4 cells, as well as from 50M/pLenti-Vector
and 50M/pLenti-NSUNS cells, were analysed by LC-MS/MS (performed by Dr. Dylan Dieters in
the Postovit lab). A heat map was used to provide an overview of the trend of all the clusters
identified in U251/shRandom vs. U251/shNSUNS5 #4 cells [420]. Clustering of the three
U251/shRandom replicates was observed, although clustering with shRandom R3 was not as tight
as with the other two replicates (Figure 5.4). The clustering of U251/shNSUNS #4 cells was
similar among the three replicates (Figure 5.4) and the clustering of U251/shRandom was different
from that of U251/shNSUNS #4 (Figure 5.4). Statistical analysis of shRandom R1, R2, and R3 vs.
shNSUNS #4 R1, R2, and R3 using Student’s t-test showed that 1203 out of 6526 proteins were

significantly different between shRandom and shNSUNS5 #4 cells (P < 0.05). Among these
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differentially expressed proteins, 60 proteins were downregulated, and 40 proteins were
upregulated by >2-fold in U251/shNSUNS #4 cells (Tables 5.1 and 5.2). In addition, a volcano
plot was used to illustrate the difference in protein levels between U251/shRandom and
U251/shNSUNS #4 and to highlight the proteins that were different by >2-fold (Student’s t-test, P

< 0.05; log2 (difference) > 1) (Figure 5.5).
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Figure 5.4 Heat map showing differences in global protein expression patterns in
U251/shRandom vs. U251/shNSUNS #4.

Heat map of LC-MS/MS results obtained from cell lysates prepared from U251/shRandom (R1,
R2, and R3) and U251/shNSUNS #4 (R1, R2, and R3) cells. The heat map shows the trend for all
the identified clusters. The clustering of the three U251/shRandom replicates R1, R2 and R3 was
reasonably close, even though shRandom R3 did not cluster tightly with the other two replicates.
The clustering of U251/shNSUNS #4 replicates R1, R2 and R3 was also reasonably close. The
clustering of U251/shRandom replicates was different from that of U251/shNSUNS5#4 replicates.

Table 5.1 Proteins that are downregulated in U251/shNSUNS cells.

Gene names Protein names -Log P-value | Fold
Student's  T- change
test p-value

1 STAT3 Signal transducer and activator of | 5.38223 0.000004 | 2.4
transcription 3
2 NSUN2 tRNA cytosine methyltransferase 5.16468 0.000007 | 2.0
3 FAF2 FAS-associated factor 2 5.13964 0.000007 | 3.3
4 NES Nestin 447511 0.000033 | 2.3
5 VSNLI Visinin-like protein 1 4.25795 0.000055 | 3.1
6 FABP7 Fatty acid-binding protein, brain 3.68596 0.000206 | 2.0
7 EEF1A2 Elongation factor 1-alpha 2 3.37094 0.000426 | 2.4
8 OAS3 2-5-oligoadenylate synthase 3 3.33688 0.000460 | 6.1
9 PLEKHGI1 Pleckstrin  homology  domain- | 3.22637 0.000594 | 2.3
containing family G member 1
10 CRYAB Alpha-crystallin B chain 3.20967 0.000617 | 3.1
11 AKRI1C3 Aldo-keto reductase family 1| 3.16222 0.000688 | 2.0
member C3
12 UNCS5C Netrin receptor UNC5C 3.03357 0.000926 | 3.6
14 FAM65B Protein FAM65B 2.84661 0.001424 | 20.6
15 PDGFRA Platelet-derived  growth  factor | 2.73423 0.001844 | 8.4
receptor alpha
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16 NUDT4 Diphosphoinositol  polyphosphate | 2.63764 0.002303 | 2.2
phosphohydrolase 2

17 AK4 Adenylate kinase 4, mitochondrial | 2.55266 0.002801 | 3.5

18 SESN3 Sestrin-3 2.4589 0.003476 | 2.4

19 NEDD9 Enhancer of filamentation 1; | 2.44906 0.003556 | 2.7
Enhancer of filamentation 1 p55

20 ARMCX1 Armadillo repeat-containing X- | 2.37647 0.004203 | 4.0
linked protein 1

21 MAP2K4 Dual specificity mitogen-activated | 2.35618 0.004404 | 2.3
protein kinase kinase 4

22 FNBPIL Formin-binding protein 1-like 2.33932 0.004578 | 2.1

23 TMEM?2 Transmembrane protein 2 2.32849 0.004694 | 2.2

24 SGCE Epsilon-sarcoglycan 2.31792 0.004809 | 2.0

25 COL14A1 Collagen alpha 1(XIV) chain 2.08988 0.008131 | 4.1

26 ELMOD2 ELMO domain-containing protein 2 | 2.06993 0.008513 | 2.0

27 PEMT Phosphatidylethanolamine N- | 1.96143 0.010929 | 2.4
methyltransferase

28 MPP2 MAGUK p55 subfamily member 2 | 1.95683 0.011045 | 2.3

29 CNTNAPI1 Contactin-associated protein 1 1.94323 0.011396 | 3.6

30 RHBDD2 Rhomboid domain-containing | 1.93391 0.011644 | 2.3
protein 2

31 VATIL Synaptic vesicle membrane protein | 1.89539 0.012724 | 2.0
VAT-1 homolog-like

32 RABEPK Rab9 effector protein with kelch | 1.85256 0.014042 | 4.6
motifs

33 NUDT14 Uridine  diphosphate  glucose | 1.80574 0.015641 | 2.3
pyrophosphatase

34 SEPWI1 Selenoprotein W 1.75769 0.017471 | 2.1

35 PTPRG Receptor-type tyrosine-protein | 1.70611 0.019674 | 2.1
phosphatase gamma

36 SYNGR2 Synaptogyrin-2 1.69321 0.020267 | 2.1

37 NEFL Neurofilament light polypeptide 1.6771 0.021033 | 4.4
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38 SLC7A11 Cystine/glutamate transporter 1.67507 0.021131 | 2.6
39 YAF2 YY1-associated factor 2 1.62697 0.023606 | 2.8
40 SPIN2B; Spindlin-2B; Spindlin-2A 1.62405 0.023766 | 4.9
SPIN2A
41 PCYTIB Choline-phosphate 1.61673 0.024170 | 2.3
cytidylyltransferase B
42 RILPL1 RILP-like protein 1 1.54888 0.028257 | 2.4
43 S100A9 Protein S100-A9 1.54738 0.028354 | 4.2
44 SBF1 Myotubularin-related protein 5 1.528 0.029648 | 2.4
45 PKN1 Serine/threonine-protein kinase N1 | 1.49235 0.032185 | 3.2
46 GPRIN1 G protein-regulated inducer of | 1.44385 0.035987 | 3.5
neurite outgrowth 1
47 RABYA Ras-related protein Rab-9A 1.42787 0.037336 | 5.7
48 BCR Breakpoint cluster region protein 1.42013 0.038008 | 2.7
49 CBS Cystathionine beta-synthase 1.41951 0.038062 | 6.2
50 FAM20B Glycosaminoglycan xylosylkinase | 1.40334 0.039506 | 2.6
51 FRMD4A FERM domain-containing protein | 1.39811 0.039984 | 2.0
4A
52 SFN 14-3-3 protein sigma 1.36856 0.042800 | 15.7
53 ZEBI Zinc finger E-box-binding | 1.36652 0.043001 | 1.9
homeobox 1
54 RAB3D Ras-related protein Rab-3D 1.3624 0.043411 | 4.3
55 GGT7 Gamma-glutamyltransferase 7; 1 1.3506 0.044607 | 3.7
Gamma-glutamyltransferase 7
heavy chain; Gamma-
glutamyltransferase 7 light chain
56 DSCC1 Sister chromatid cohesion protein | 1.33215 0.046543 | 3.7
DCC1
57 TXLNB Beta-taxilin 1.32241 0.047598 | 3.3
58 ZCCHC3 Zinc finger CCHC domain- | 1.31813 0.048070 | 2.4
containing protein 3
59 S100B Protein S100-B 1.31661 0.048238 | 3.8
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60

TUBAL3

Tubulin alpha chain-like 3

1.30781

0.049225

2.0

Table
U251/shRandom cells were analyzed using the Student’s T-test. 60 proteins were downregulated

by >2-fold when NSUNS5 was knocked down in U251 cells. “~log Student’s T-test p-value” for all

5.1:

Differences in the LC-MS/MS results

these proteins was greater than 1.30103, which is equal to P < 0.05.

Table 5.2 Proteins that are upregulated in U251/shNSUNS#4 cells.

obtained for U251/shNSUN5 #4 and

antigen, A-34 alpha chain;HLA

Gene names | Protein names -Log Student's T- | P-value Fold
test p-value change

1 ZNF318 Zinc finger protein 318 5.14211 0.000007 | 3.6

2 HLA-B HLA class I histocompatibility | 4.9714 0.000011 | 2.8
antigen, B-14 alpha chain;HLA
class I histocompatibility
antigen, B-37 alpha chain;HLA
class I histocompatibility
antigen, B-82 alpha chain

3 ALDH1A3 | Aldehyde dehydrogenase 4.86236 0.000014 | 2.2
family 1 member A3

4 HLA-B HLA class I histocompatibility | 4.50092 0.000032 | 2.6
antigen, B-18 alpha chain

5 TGM2 Protein-glutamine gamma- 4.17749 0.000066 | 2.7
glutamyltransferase 2

6 UCHL3 Ubiquitin carboxyl-terminal 4.0876 0.000082 | 2.4
hydrolase isozyme L3

7 HLA-A HLA class I histocompatibility | 3.86043 0.000138 | 2.8
antigen, A-69 alpha chain;HLA
class I histocompatibility
antigen, A-68 alpha chain

8 HLA-A HLA class I histocompatibility | 3.39568 0.000402 | 3.2
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class I histocompatibility
antigen, A-66 alpha chain;HLA
class I histocompatibility
antigen, A-26 alpha chain;HLA
class I histocompatibility
antigen, A-25 alpha chain;HLA
class I histocompatibility

antigen, A-43 alpha chain

9 HDHDI1 Pseudouridine-5-phosphatase 3.31822 0.000481 | 2.4

10 KCT2 Keratinocyte-associated 3.0102 0.000977 | 7.3
transmembrane protein 2

11 ARHGDIB | Rho GDP-dissociation inhibitor | 2.81424 0.001534 | 2.1
2

12 MSI1 RNA-binding protein Musashi | 2.7234 0.001891 | 3.5
homolog 1

13 IL6ST Interleukin-6 receptor subunit 2.54241 0.002868 | 4.2
beta

14 PNPLA2 Patatin-like phospholipase 2.50958 0.003093 | 2.4
domain-containing protein 2

15 PSMB9 Proteasome subunit beta type 9 | 2.48664 0.003261 | 2.5

16 HLA-C HLA class I histocompatibility | 2.42499 0.003758 | 1.9
antigen, Cw-8 alpha chain

17 AXL Tyrosine-protein kinase 2.2988 0.005026 | 2.9
receptor UFO

18 HMGCR 3-hydroxy-3-methylglutaryl- 2.10474 0.007857 | 4.1
coenzyme A reductase

19 NFIA Nuclear factor 1 A-type 2.09188 0.008093 | 4.2

20 SLC25A16 | Graves’ disease carrier protein | 2.00252 0.009942 | 2.0

21 FBXO4 F-box only protein 4 1.94282 0.011407 | 3.5

22 DICERI Endoribonuclease Dicer 1.94158 0.011440 | 2.9

23 CCDC91 Coiled-coil domain-containing | 1.94129 0.011447 | 2.7

protein 91
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24 CKMTIA Creatine kinase U-type, 1.92098 0.011996 | 6.3
mitochondrial

25 DAB?2 Disabled homolog 2 1.85227 0.014052 | 2.1

26 IFT27 Intraflagellar transport protein 1.82889 0.014829 |24
27 homolog

27 ACTN2 Alpha-actinin-2 1.81492 0.015314 |24

28 CPA4 Carboxypeptidase A4 1.69029 0.020404 | 2.0

29 PINX1 PIN2/TERF1-interacting 1.67766 0.021006 | 4.2
telomerase inhibitor 1

30 CCDC86 Coiled-coil domain-containing | 1.64626 0.022581 | 3.5
protein 86

31 QPCTL Glutaminyl-peptide 1.54787 0.028322 | 2.0
cyclotransferase-like protein

32 PRKD3 Serine/threonine-protein kinase | 1.53197 0.029379 | 8.4
D3

33 LPL Lipoprotein lipase 1.46561 0.034229 | 4.3

34 REXO2 Oligoribonuclease, 1.45729 0.034891 | 2.0
mitochondrial

35 SIL1 Nucleotide exchange factor 1.4521 0.035310 | 2.0
SIL1

36 APOBEC3G | DNA dC->dU-editing enzyme | 1.43953 0.036347 | 3.2
APOBEC-3G

37 C2CD2L C2 domain-containing protein 1.41529 0.038434 | 2.0
2-like

38 ACAP3 Arf-GAP with coiled-coil, 1.4146 0.038495 | 2.1
ANK repeat and PH domain-
containing protein 3

39 SUCO SUN domain-containing 1.34148 0.045553 | 3.0
ossification factor

40 CHD6 Chromodomain-helicase-DNA- | 1.3099 0.048989 | 7.5

binding protein 6
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Table 5.2: The LC-MS/MS results for U251/shNSUN5#4 versus U251/shRandom were analyzed
using the Student’s T-test. 40 proteins were upregulated by >2-fold when NSUNS5 was knocked

down in U251 cells. “-log Student’s T-test p-value” for all these proteins more than was greater

than 1.30103, which is equal to P < 0.05.
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Figure 5.5 Volcano plot highlighting proteins whose levels are increased or decreased as the
result of NSUNS knockdown in U251 cells.

LC-MS/MS results for U251/shNSUNS #4 versus U251/shRandom were analyzed using the
Student’s T-test. A volcano plot is used to illustrate the differences in protein expression between
U251/shRandom and U251/shNSUNS #4 and to highlight the proteins that are more than 2-fold
different (-log10 p-value > 1.30103 = P < 0.05); log2 fold change > 1 or < -1 is equal to > 2-fold
change). Red dots at the top right corner represent proteins that are upregulated by NSUNS
knockdown. Grey dots at the top left corner represent proteins that are downregulated by NSUNS

knockdown.
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For the LC-MS/MS results of S0M cells, the heat map showed that the clustering of the R3
replicate of 50M/pLenti-Vector was quite different from the clustering of the R1 and R2 replicates.
And the R1, R2, and R3 replicates of 50M/pLenti-NSUNS did not cluster very tightly with each
other (Figure 5.6). There were still several hundred proteins that were differentially expressed
between 50M/pLenti-Vector and 50M/pLenti-NSUNS replicates. Student’s t-test analysis of
50M/pLenti-Vector R1, R2, and R3 vs. 50M/pLenti-NSUNS5 R1, R2, and R3 showed that 450 out
of 6800 proteins were significantly different (P < 0.05). NSUNS expression in the 50M/pLenti-
NSUNS replicates was about 250-fold higher compared to the 50M/pLenti-Vector replicates.
However, there were only 87 proteins that were different (higher or lower) by > 1.5-fold and 37
proteins that were different by > 2-fold. Among these differentially expressed proteins, 21 proteins
were upregulated, and 16 proteins were downregulated by > 2-fold in 50M/pLenti-NSUNS cells
(Tables 5.3 and 5.4). A volcano plot was used to illustrate the difference between 50M/pLenti-
Vector and 5S0M/pLenti-NSUNS and highlight the proteins that are differentially expressed (higher
or lower) by more than 2-fold (P > 1.30103 = -log10 (0.05), difference > 1 = log2 (2)) (Figure

5.7).

166



Figure 5.6 Global protein expression in S0M/pLenti-Vector is different from that of
50M/pLenti-NSUNS cells.

Heat map of the LC-MS/MS results for S0M cells showed that the clustering of R3 of 5S0M/pLenti-
Vector was quite different from the clustering of R1 and R2. Furthermore, R1, R2, and R3 of
50M/pLenti-NSUNS5 did not cluster very tightly with each other. Several proteins were
differentially expressed between S50M/pLenti-Vector replicates and S50M/pLenti-NSUNS

replicates.
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Table 5.3 Proteins that are upregulated in S0M/pLenti-NSUNS cells.

Gene names | Protein names -Log Student's T- | P- Fold
test p-value value | change

1 | NSUNS Probable 28S rRNA (cytosine-C (5))- | 3.560 0.0003 | 251.9
methyltransferase

2 | ABAT 4-aminobutyrate aminotransferase, 2.596 0.0025 | 2.1
mitochondrial

3 | CHCHD4 Mitochondrial intermembrane space 2.473 0.0034 | 5.1
import and assembly protein 40

4 | WIPF2 WAS/WASL-interacting protein 2.322 0.0048 | 2.7
family member 2

5 | FBXO3 F-box only protein 3 2.135 0.0073 | 3.1

6 | TDRD3 Tudor domain-containing protein 3 2.126 0.0075 | 2.1

7 | SALL3 Sal-like protein 3 2.028 0.0094 | 3.5

8 | SLC11A2 Natural resistance-associated 1.840 0.0144 | 2.5
macrophage protein 2

9 | BUBI Mitotic checkpoint serine/threonine- 1.800 0.0158 | 6.0
protein kinase BUBI

10 | PCDHGB2; | Protocadherin gamma-B2; 1.743 0.0181 | 2.1

PCDHGBI1 | Protocadherin gamma-B1

11 | PAHA2 Prolyl 4-hydroxylase subunit alpha-2 1.738 0.0183 | 5.0

12 | MATN2 Matrilin-2 1.711 0.0194 | 2.3

13 | RANBP10 Ran-binding protein 10 1.593 0.0255 | 2.1
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14 | DUS3L tRNA-dihydrouridine (47) synthase 1.463 0.0344 | 2.3

[NAD(P)(+)]-like

15 | RDH14 Retinol dehydrogenase 14 1.434 0.0368 | 2.0

16 | KANK2 KN motif and ankyrin repeat domain- | 1.425 0.0375 | 3.1

containing protein 2

17 | HLTF Helicase-like transcription factor 1.398 0.0400 | 2.6
18 | PEX6 Peroxisome assembly factor 2 1.390 0.0407 | 2.3
19 | TTC3 E3 ubiquitin-protein ligase TTC3 1.380 0.0417 | 2.6
20 | AGGF1 Angiogenic factor with G patch and 1.343 0.0454 | 34

FHA domains 1

21 | PDCD2L Programmed cell death protein 2-like 1.327 0.0471 | 2.3

Table 5.3: The LC-MS/MS results for S0M/pLenti-NSUNS versus 5S0M/pLenti-Vector replicates
were analyzed using the Student’s T-test. 21 proteins were upregulated by >2-fold when NSUNS
was overexpressed in S0M cells. “-log Student’s T-test p-value” for all these proteins more than

was greater than 1.30103, which is equal to P < 0.05.

Table 5.4 Proteins that are downregulated in S0M/pLenti-NSUNS cells.

Gene names | Protein names -Log Student's T- | P- Fold
test p-value value change
1 PRKCD Protein kinase C delta type;Protein | 3.412 0.0004 | 17.8

kinase C delta type regulatory
subunit;Protein kinase C delta type

catalytic subunit
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2 VPS54 Vacuolar protein sorting-associated | 3.169 0.0007 | 3.2
protein 54

3 B2M Beta-2-microglobulin; Beta-2- 2.653 0.0022 | 8.9
microglobulin form pl 5.3

4 MAGECI Melanoma-associated antigen C1 2.325 0.0047 | 2.3

5 AP4Bl1 AP-4 complex subunit beta-1 1.709 0.0196 | 5.5

6 SFN 14-3-3 protein sigma 1.659 0.0219 | 55.6

7 SUMO4 Small ubiquitin-related modifier 4 | 1.639 0.0229 | 20.1

8 TRIP6 Thyroid receptor-interacting 1.503 0.0314 | 4.2
protein 6

9 DPP7 Dipeptidyl peptidase 2 1.502 0.0315 | 2.1

10 | IL13RA2 Interleukin-13 receptor subunit 1.500 0.0317 | 2.3
alpha-2

11 | MONIB Vacuolar fusion protein MON1 1.443 0.0361 | 3.4
homolog B

12 | SERF2 Small EDRK-rich factor 2 1.427 0.0374 | 18.9

13 | FILIPIL Filamin A-interacting protein 1-like | 1.412 0.0388 | 2.7

14 | LAMTOR4 | Regulator complex protein 1.343 0.0454 | 4.5
LAMTORA4; Regulator complex
protein LAMTORA4, N-terminally
processed

15 | ANKRD40 | Ankyrin repeat domain-containing | 1.311 0.0488 | 4.5
protein 40

16 | EMILIN1 EMILIN-1 1.306 0.0494 |23
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Table 5.4: The LC-MS/MS results for 50M/pLenti-NSUNS versus 50M/pLenti-Vector replicates

were analyzed using the Student’s T-test. 16 proteins were downregulated by >2-fold when

NSUNS was overexpressed in SOM cells. “-log Student’s T-test p-value” for all these proteins

more than was greater than 1.30103, which is equal to P < 0.05.
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Figure 5.7 Volcano plot highlighting proteins whose levels are either increased or decreased

by more than 2-fold when NSUNS is overexpressed in SOM cells.
The LC-MS/MS results of 50M/pLenti-NSUNS versus S0M/pLenti-Vector were analyzed using

the Student’s T-test. A volcano plot is used to illustrate the differences in protein expression

between 50M/pLenti-NSUNS and 50M/pLenti-Vector and to highlight the proteins that were

different by more than 2-fold (-log10 p-value > 1.30103 =P < 0.

05), log2 fold change > 1 or < -1

is equal to > 2-fold change). Red dots in the top right corner indicate proteins upregulated by

NSUNS overexpression. Grey dots in the top left corner indicate proteins downregulated by

NSUNS overexpression.
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From the list of differentially expressed proteins between U251/shRandom and
U251/shNSUNS #4, we selected STAT3 and NSUN2 for validation by Western blotting. We found
that STAT3 protein levels were decreased by 31.0% and 58.8% and NSUN2 protein levels were
decreased by 25.0% and 34.0% in U251/shNSUNS #3 and U251/shNSUNS #4 cells respectively,
compared to U251/shRandom cells (Figure 5.8). These results are consistent with the LC-MS/MS
results. Additional proteins (e.g., FABP7, ZEB1, HLA-A, HLA-B, HLA-C, ALDH1A3, and NFIA)
still need to be validated in order to reach conclusions about our data. Moreover, to address how
STAT3 and NSUN?2 protein levels are regulated, we examined the mRNA levels of STAT3 and
NSUN2 in U251/shRandom and U251/shNSUNS #4 cells. We found that the mRNA levels of
STAT3 were decreased by 25.2% and 53.6% and the mRNA levels of NSUN2 were decreased by
28.0% and 58.2% in U251/shNSUNS #3 and U251/shNSUNS #4 cells, respectively, compared to
U251/shRandom cells (Figure 5.9). These results suggest that the decrease in STAT3 and NSUN2
observed upon NSUNS knockdown occurs at the mRNA level (e.g., transcriptional, or post-
transcriptional mechanisms), but not at the translational level. The levels of STAT3 and NSUN2
protein and mRNA levels were also examined in T98/shRandom, T98/shNSUNS5 #3, and
T98/shNSUNS #4 cells. We found that STAT3 protein levels were decreased by 11.1% and 33.1%
and NSUN2 protein levels were decreased by 29.9% and 51.8% in T98/shNSUNS #3 and
T98/shNSUNS #4 cells, respectively, compared to T98/shRandom cells (Figure 5.10). Consistent
with U251 cells, the mRNA levels of STAT3 were decreased by 8.1% and 36.0% and the mRNA
levels of NSUN2 were decreased by 30.3% and 57.2% in the T98/shNSUNS #3 and T98/shNSUNS
#4 cells, respectively (Figure 5.11). These results suggest that the decrease in STAT3 and NSUN2

observed upon NSUNS5 knockdown could be a secondary effect of NSUNS knockdown or could
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be due to direct post transcriptional regulation of their mRNAs (e.g., with loss of their mRNA

methylation leading to instability). Potential mechanisms will be discussed in the last chapter.
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Figure 5.8 Knockdown of NSUNS decreases STAT3 and NSUN2 protein levels in U251 cells.
(A) Western blotting showed a decrease in STAT3 and NSUN2 protein levels upon knockdown of
NSUNS in U251/shNSUNS #3 and U251/shNSUNS #4 cells. Tubulin was the loading control. (B)
Quantification of Western blotting results. * P < 0.05. Data are shown as mean + SE of three

independent experiments.
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mRNA expression of U251 cells
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Figure 5.9 Knockdown of NSUNS decreases STA73 and NSUN2 mRNA levels in U251 cells.
RT-qPCR shows a decrease of NSUNS5, STAT3, and NSUN2 mRNA levels upon knockdown of
NSUNS in U251/shNSUNS #3 and U251/shNSUNS #4 cells. * P < 0.05. Data are shown as mean

+ SE of three independent experiments.
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Figure 5.10 Knockdown of NSUNS decreases STAT3 and NSUN2 protein levels in T98 cells.

(A) Western blotting showed a decrease in STAT3 and NSUN2 protein levels upon knockdown of
NSUNS in T98/shNSUNS #3 and T98/shNSUNS #4 cells. Tubulin was the loading control. (B)
Quantification of Western blotting results. * P < 0.05. Data are shown as mean + SE of three

independent experiments.
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mRNA expression in T98 cells
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Figure 5.11 Knockdown of NSUNS decreases S7TA7T3 and NSUN2 mRNA levels in T98 cells.

RT-gPCR shows a decrease of NSUNS, STAT3, and NSUN2 mRNA levels upon knockdown of
NSUNS5 in T98/shNSUNS #3 and T98/shNSUNS #4 cells. * P < 0.05. Data are shown as mean =+

SE of three independent experiments.

In conclusion, the puromycin labelling assay clearly showed that knockdown of NSUNS
decreased protein synthesis in U251 cells and overexpression of NSUNS increased protein
synthesis in 50M cells. LC-MS/MS identified differentially expressed proteins in U251/shRandom
vs. U251/shNSUNS #4 cells. Western blotting validation of STAT3 and NSUN2, the most down-
regulated proteins identified by MS, confirmed that they were indeed decreased in NSUNS
knockdown U251 and T98 cells. Because their mRNA levels are also decreased to a similar extent,
it is unlikely that the decrease of STAT3 and NSUN?2 proteins is due to reduced translation of their
mRNAs. We also found that overexpression of NSUNS in 50M neurosphere cultures increased
protein synthesis based on the puromycin labelling assay; however, LC-MS/MS did not identify
many proteins altered by NSUNS overexpression in 50M cells, suggesting that NSUNS increases

protein synthesis through globally increased mRNA translation, as opposed to the translation of
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specific mRNAs in 5S0M cells. Thus, methylation of 28S rRNA by NSUNS may alter the structure

and/or activity of the ribosomes in such a way as to increase the translation of global mRNAs.
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Chapter 6 Discussion, Future directions, and Conclusions
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6.1 Discussion

We and others have confirmed that NSUNS functions as an RNA cytosine methyltransferase,
and NSUNS5-mediated RNA methylation is conserved from yeast to humans [387, 421].
Furthermore, we found that high mRNA expression of NSUNSJ is associated with shorter survival
of glioblastoma patients through TCGA dataset analysis [346]. However, its biochemical and
biological functions in humans, as well as its roles in cancer remains unclear. In this study, we
have demonstrated that NSUNS: (1) methylates cytosine 3782 of human 28S rRNA; (2) regulates
protein synthesis in glioblastoma cells; and (3) promotes the tumorigenic phenotypes of
glioblastoma in vitro and in vivo. Moreover, we demonstrated that the expression of NSUNS alters
the proteome in glioblastoma cells, modulating the expression of STAT3 and NSUN?2.
Furthermore, we confirmed that cysteines 308 and 359 are the key catalytic cysteines required for
the RNA methyltransferase activity of NSUNS in humans.

Thus far, only a few laboratories in the world study NSUNS in cancer. After I started writing
my thesis, three studies exploring NSUNS5 function in cancer were published by three different
groups [387, 421, 422]. In the study by Jiang et al., the authors showed that NSUNS5 knockdown
decreased the cell proliferation and tumor growth of colorectal cancer [422]. The study conducted
by Heissenberger et al. also showed that NSUNS knockdown decreased the rate of protein
synthesis and proliferation of mouse embryonic fibroblasts and HeLa cells [387]. Moreover, they
confirmed the cytosine target on ribosome and the catalytic cysteines of NSUNS in human and
mouse [387]. These results are consistent with our findings.

In the study by Janin et al., the authors concluded that loss of NSUNS5 depleted overall
protein synthesis and was a hallmark of long-term survival for glioblastoma cells [421].

Specifically, they showed that NSUNS expression increased the rate of protein synthesis under
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various stress conditions including oxidative stress via H>O> treatment and nutrient deprivation in
glioblastoma cells [421]. In addition, high NSUNS promoter methylation (which leads to the
silencing of NSUNS expression) was demonstrated to be associated with better survival of glioma
patients [421]. These results are also consistent with our findings. However, in contrast to their
glioblastoma patient data analysis showing inverse correlation between NSUNS5 expression and
patient survival and our in vivo results, they showed that NSUNS overexpression decreased, while
knockdown of NSUNS increased tumor volume and weight in vivo [421]. To address the
discrepancy in the in vivo results, we used IHC to show that control shRandom U251-bearing
tumors are more infiltrative than tumors derived from U251 shNSUNS5 knockdown cells. Moreover,
our in vivo work is consistent with our in vitro work which included both NSUNS overexpression
and NSUNS5 knockdown glioblastoma cell lines using multiple assays including cell viability,
sphere forming, migration, and TMZ resistance survival assays.

In the Discussion section of this thesis, I will interpret our results in relation to the results
obtained by other investigators working on NSUNS, with a special focus on the differences
obtained between our group and Janin and colleagues. I will also discuss the biological and
biochemical roles of NSUNS in glioblastoma, along with potential mechanisms for regulation of
the proteome and the expression of STAT3 and NSUN?2 as the regulation of STAT3 and NSUN2
could be a molecular mechanism for NSUNS to regulate the biological behavior of glioblastoma

cells.

6.1.1 NSUNS expression in glioblastoma and the key cysteines of NSUNS
Using a TCGA dataset, we found that both high NSUN5 mRNA and low NSUN5 DNA

promoter methylation is strongly associated with poor survival of glioblastoma patients, which is
180



consistent with the report by Janin et al. [421]. (Pre-)/transcriptional regulation includes epigenetic
DNA methylation, histone modification, and transcriptional factor regulation. The
hypermethylation of CpG islands in the promoter area to silence the expression of certain genes
(especially tumor suppressor genes) is commonly found in cancer cells [423-429]. The survival
analysis results suggest that the NSUN5 mRNA levels in glioblastoma cells could be regulated by
the methylation of the CpG islands on NSUN5 promoter. Indeed, Janin et al. showed that
expression of NSUNS in some glioma cell lines could be increased upon treatment with 5-
azacytidine to prevent methylation of nascent gene promoters [421].

Using site-directed mutagenesis, we identified two catalytic cysteines (C308 and C359) that
are required for the methylation of C3872 in 28S rRNA in glioblastoma cells. Using
overexpression cell models, we found that, unlike wild-type NSUNS, overexpression of NSUNS
C308A, NSUNS C359A or NSUNS C308A/C359A failed to induce methylation of C3782 in 28S
rRNA in U87 cells, indicating that C308 and C359 are two key cysteines for the RNA
methyltransferase activity of NSUNS. Moreover, overexpression of NSUNS C308A, but not that
of NSUNS5 C359A or NSUNS C308A/C359A caused cell death. The identification of the two
catalytic cysteines is consistent with Heissenberger et al.’s study. However, the latter showed that
overexpression of NSUNS C359S, but not that of NSUNS C308S led to cell death. Our finding is
consistent with the study in yeast NSUNS5 showing that cysteine 404 in motif IV of Rcml
(homologous to C359 in NSUNS) catalyzes the methylation of target cytosines, whereas cysteine
330 in motif VI of Rem1 (homologous to C308 in NSUNS) assists in the separation of Recm1 from
the cytosine target [238]. Mutation of C330 leads to failure of Rcm1 to release from its target and
thus causes the death of yeast cells [238]. Moreover, in the study of yeast NSUN1 (Nop2), cysteine

478 in motif IV catalyzed the methylation of target cytosine, whereas cysteine 424 in motif VI
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helped to release NSUNI from target RNA after cysteine methylation [238]. Similarly, in the study
of human NSUN2, cysteine 321 in motif IV catalyzed the methylation of target cytosine, whereas
cysteine 271 in motif VI helped to release NSUN2 from its target RNA after methylation [292,
342]. Hence, despite the discrepancy between our finding and the report by Heissenberger et al.,

we believe that C308 is responsible for the release of NSUNS5 from its RNA target(s).

6.1.2 Methylation target(s) of NSUNS in glioblastoma cells

NSUNS is an RNA cytosine methyltransferase based on the study of RCM1 in yeast and the
fact that it methylates C2278 in yeast 25S rRNA [238, 312]. In my thesis, using RNA bisulfite
sequencing, we confirmed that NSUNS indeed methylates 28S rRNA at C3872 in human 293T
and glioblastoma cells. Our results were also confirmed by two NSUNS papers using Hela cells
and glioblastoma cell lines [387, 421]. In addition, we observed a partial methylation of C3872 in
U87/CMV-NSUNS cells (40% NSUNS positive cells) and 100% methylation in U87/pLenti-
NSUNS5 (100% NSUNS positive cells), highlighting the dependence of C3872 on NSUNS
expression in glioblastoma cells. In the two NSUNS papers by Janin et al. and Heissenberger et al.
in cancer, they reported that the single cytosine C3782 methylation by NSUNS contributed to the
functional changes in protein synthesis, tumor proliferation and development in glioblastoma and
HeLa cells [387, 421]. However, whether NSUNS has mRNA targets or whether NSUNS has
methyltransferase independent functions were not explored.

There are 5063 m°C sites on 1995 mRNAs identified in Hela cells, and m°C hypermethylation
was found on 50 representative tumor associated mRNAs in bladder cancer tissues [292, 301].
Amongst the mRNAs identified in Hela cells, there are 2016 m°C sites on 1,158 mRNAs catalyzed

by NSUN2, and knockdown of NSUN2 resulted in a decrease of approximately 40% of the total
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m>C methylation [292]. Whether NSUNS has cytosine targets on mRNAs could be determined by
high throughput RNA bisulfite sequencing on NSUNS5 knockdown and control cells.
Transcriptome-wide m°C analyses could also be performed using a new approach named 5-
azacytidine-mediated RNA immunoprecipitation (5-Aza-IP) coupled with RNA sequencing [309].
We found that knockdown of NSUNS decreased the expression of NSUN2 and STAT3 at both the
mRNA and protein levels in U251 and T98 cells. There are 4 m°C sites on NSUN2 mRNAs, and
5 m°C sites on STAT3 mRNAs in the Hela cells [292]. Furthermore, a recent study reported that
NSUNS methylates cytosine sites at the 5’UTR of ferritin heavy chain 1 (FTH1) mRNA and the
3’UTR of ferritin light chain (FTL) mRNAs in rat bone marrow-derived mesenchymal stem cells
[430], suggesting that NSUNS may have other RNA targets, including mRNAs. It remains to be
determined whether NSUNS regulates the expression of NSUN2 and STAT3 mRNAs through
methylation of the target cytosines. /n vitro methylation assays could be used to confirm the
presence of m°>C on mRNA targets [307, 318, 431]. In addition, research has shown that m°C on
mRNAs can be recognised by m°C reader proteins such as ALYREF and YBXI, and the
recognition was found to promote tumorigenesis in multiple cancers [292, 300, 301]. Therefore,
after the identification of mRNA targets, whether m°C by NSUNS is required for the recognition
of mRNAs by ALYREF and YBXI1 could be further examined.

Another member of the NSUN protein family, NSUN4 has been shown to have dual functions
in mitochondrial rRNA biogenesis [332-335]. NSUN4 methylates C911 in 12S mitochondrial
rRNA and forms a complex with mitochondrial transcription termination factor 4 (MTERF4) and
thereby plays an essential role in monosome assembly, with the latter being independent of C911
methylation [332-335]. A recent paper showed that NSUNS plays an RNA methyltransferase

independent role in the defense of RNA virus infection and replication in 293T cells and mouse
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lungs [432]. Binding of NSUNS with the retinoic acid—inducible gene I (RIG-I) was found to be
required in order for RIG-I to recognize RNA viruses and activate the antiviral immune system to
inhibit the RNA virus infection [432]. In future experiments, our NSUNS5 cysteine mutants could
be used to further determine if the biological functions of NSUNS we have identified (protein
synthesis, cell growth, sphere formation, and tumor formation) depend on methylation of C3872
or other RNA targets.

In addition, deletion of Reml in yeast (the yeast homologue of NSUNSY) led to the loss of
methylation of C2278 in 25S rRNA, altering the composition and activity of ribosomes and mRNA
translation [312]. Dysregulated ribosome biogenesis is commonly found in cancer, and ribosome
heterogeneity plays an important role in cancer initiation and progression [239, 433]. Therefore, it
will be interesting to determine whether U251 (NSUNS positive) and U87 (NSUNS negative) cells
have differential ribosomal composition and/or activity. Currently, it is not clear whether NSUNS5-
mediated C3782 methylation will alter rRNA structures and ribosomal protein composition in
glioblastoma cells. This will be addressed in future experiments by ribosome isolation combined

with LC-MS/MS, as well as Cryo-electron microscopy techniques.

6.1.3 NSUNS regulates the behaviour of glioblastoma cells in vitro

NSUNS knockdown in U251 and T98 cells decreased cell proliferation based on the neutral
red uptake assay and clonogenic assay. These results suggest that loss of NSUNS inhibits the
proliferation in glioblastoma cells. Consistent with our results, Heissenberger et al. found that
knockout of NSUNS5 decreased the proliferation and size of Hela cells [387]. However, we found
that ectopic expression of NSUNS in U87 cells had no effect on cell proliferation. U87 is an

established cell line that does not express endogenous NSUNS, thus it is well-adapted to grow
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without NSUNS. It is possible that this cell line has evolved to become independent of NSUNS,
and the addition of NSUNS does not change the biological processes associated with proliferation
under adherent culture conditions. Additional cell lines that do not express endogenous NSUNS
(both established cell lines and glioblastoma tumor initiating cells) will be tested to confirm the
proliferation results.

Overexpression of NSUNS in U87 and 50M cells increased, whereas knockdown of NSUNS
in U251 and A4-012 cells decreased, sphere formation. The sphere formation assay measures the
self-renewal ability of cells in an anchorage-independent setting. These self-renewal cells are
considered as GSCs, and they account for a large fraction of cells in the sphere [94, 95]. Moreover,
as 50M and A4-012 are maintained as neurospheres, the change in the number or size of the spheres
could be caused by cell proliferation, in addition to stemness of the cells. The molecular
mechanisms underlying NSUNS regulation of proliferation and stemness are still unclear.
Possibilities include regulation of global protein synthesis or/and regulation of the expression of
specific genes such as STAT3 or NSUN2. STAT3 is an important signal transducer and activator
for growth factors, cytokines and signaling pathways, and is a key transcription factor for tumor
proliferation, invasion, stemness, and treatment resistance in glioblastoma cells [434-441].
NSUN2 promotes the migration and proliferation of glioblastoma cells and other tumors [184, 321,
442]. The absence of NSUN2 decreases global protein synthesis, and the expression of NSUN2 is
required for c-Myc induced tumor proliferation [184]. Whether NSUNS regulates the behavior of
glioblastoma through the regulation of STAT3 and NSUN2 needs to be further studied.

Temozolomide treatment is the standard care for glioblastoma, but the effectiveness is not
optimal. We found that NSUNS knockdown increased sensitivity to temozolomide treatment in

U251 and T98 cells. Generally, cancer cells develop chemotherapy resistance mainly by reducing
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drug accumulation, increasing DNA damage repair, and decreasing apoptosis [443]. GSCs have
been shown to contribute to temozolomide treatment resistance in glioblastoma [18, 99]. For
instance, breast cancer resistance protein 1 (BCRP1) that pumps out chemotherapeutic drugs, and
MGMT that repairs DNA damage caused by temozolomide, are highly expressed in GSCs [18,
99]. Moreover, apoptosis activation by temozolomide is decreased in GSCs as these cells often
exist in a quiescent state. As NSUNS knockdown decreased sphere formation in glioblastoma cells,
this could be the underlying reason for increased sensitivity to temozolomide treatment [444]. At
the molecular level, STAT3 not only plays a role in GSC stemness, but is also involved in the
survival of glioblastoma cells treated with temozolomide [444, 445]. For instance, it has been
reported that STAT3 knockdown increases the expression of MGMT and leads to respiratory chain
dysfunction, and thereby increases the temozolomide efficacy in glioblastomas [445, 446]. In
another study, STAT3 knockdown was found to decrease the expression of anti-apoptotic proteins,
such as Bcl-XL, Bel-2, Mcl-1, and survivin, leading to increased apoptosis of glioblastoma cells
[444]. Therefore, down-regulation of STAT3 could be a potential molecular mechanism that
increases the sensitivity of NSUNS knockdown cells to temozolomide treatment. In the future,

expression of apoptosis associated proteins will be further examined in NSUNS knockdown cells.

6.1.4 NSUNS regulates the behaviour of glioblastoma cells in vivo

In Janin et al.’s NSUNS paper, they found that overexpression of NSUNS in A172 and LN229
cells decreased, whereas knockdown of NSUNS5 in DBTRG-05MG cells increased tumor
luminescence intensity (based on bioluminescence imaging) in a murine intracranial injection
model, as well as increased tumor volume and weight in a murine subcutaneous injection model

[421]. However, in our in vivo study, we found that mice bearing U251/shNSUNS tumors survived
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longer as compared to mice bearing U251/shRandom tumors. In two independent experiments, the
median survival times for U251/shRandom mice were 120 and 127.5 days, respectively, whereas
that of the U251/shNSUNS5#4 mice were 106 and 89 days, respectively. In our study, we monitored
the U251 tumors weekly by bioluminescence imaging, but we did not see differences in
luminescence intensities between U251/shRandom and U251/shNSUNS5#4 mice. Moreover, the
luminescence intensities were not associated with the survival time of mice in shRandom and
shNSUNS5#4 mice. We did not have statistics comparing tumor weight, as glioblastoma cells
invasively grow in the brain, and it is difficult to isolate tumors from surrounding brain tissues.
To address the discrepancy between our results and Janin et al.’s results, we have IHC data,
as well as comprehensive in vitro work that supports our in vivo work. First, we found that
U251/shRandom tumor cells are more infiltrative than shANSUNS tumor cells. We observed that
U251/shRandom tumors tend to migrate to the subarachnoid space in multiple sites of the brain
through the CSF circulation and the ventricular system. Moreover, eight out of twelve mice bearing
U251/shRandom tumors, but only two out of thirteen mice bearing U251/ shANSUNS5#4 tumors
displayed spinal metastasis. Although spinal metastasis of intracranial U251 tumors has not been
reported previously, glioblastoma leptomeningeal and spinal metastases are not uncommon in the
clinic as they have been reported in 4% to 25% of glioblastoma patients [406-409]. For example,
in 1978, spinal cords were autopsied at post-mortem examination in 20 glioblastoma patients,
resulting in the identification of 5 patients (25%) with glioblastoma spinal metastases [409].
Similarly, in another autopsy examination of 52 malignant glioma patients, 8 patients (15.3%)
were found to have spinal metastases [410]. The conclusion from these studies is that the
occurrence of spinal metastases of glioblastoma is common [409, 410]. In the clinical research

setting, spinal metastases are catalogued as leptomeningeal metastases [406, 408]. The tumor cells
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can migrate from the superior temporal and central sulcus, the transverse and cortical fissures, and
the lateral ventricle to the cerebrospinal fluid (CSF) and the spine to form metastases [406].
However, due to lack of spinal cord MRI imaging and low sensitivity of CSF examination, only
50% of leptomeningeal metastases have been documented as showing positive CSF spreading, and
only 15% of leptomeningeal metastases with spinal metastasis can be identified by MRI imaging
[406]. With the increased frequency in examining spinal cord by MRI and nuclear imaging, the
incidence of spinal metastasis will likely increase and the treatment of this complication will
receive more attention [447]. In our study, even though U251/shRandom cells appear to have more
infiltrative growth with increased migration, we did not find any association between spinal
metastases and the overall survival of mice. Similarly, spinal metastases did not associate with
overall survival of glioblastoma patients [406, 408, 410, 447]. This observation may be due to the
rapid progression of glioblastoma in the brain, and the poor overall survival of glioblastoma
patients [447].

Finally, our in vivo work is consistent with our in vitro work multiple NSUNS5 overexpression
and NSUNS knockdown glioblastoma cell lines using cell viability, sphere forming, migration,
and survival assays. NSUNS5 knockdown decreased the proliferation, the number and size of
spheres, and TMZ resistant behavior in both U251 and T98 cells in our in vitro study. In contrast,

overexpression of NSUNS increased the number of spheres formed by U87 and 50M cells.

6.1.5 NSUNS increases protein synthesis in glioblastoma cells
rRNA methylation alters ribosome structure and protein synthesis and is involved in cancer
biology [256, 448, 449]. Consistent with the two published papers, we found that overexpression

of NSUNS increases, whereas NSUNS knockdown decreases protein synthesis in glioblastoma
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cells [387, 421]. These results suggest a role for NSUNS in mRNA translation. However, the
underlying molecular mechanisms of NSUNS5 in mRNA translation need to be further studied.
NSUNS could be involved in protein synthesis through three different mechanisms. First, NSUNS5-
induced C3782 methylation of 28S rRNA could alter the ribosomal conformation in translation
processes. C3782 is located in the middle of helix 69 and helix 71 of domain IV of 28S rRNA,
which is at the intersubunit bridge and the decoding center of ribosomes [226-228]. The structure
of helix 69 to helix 71 interacts with tRNAs at both the A- and P-sites, which assists in the correct
binding of tRNAs at the peptidyl transferase center (PTC) [352, 450]. Moreover, helix 69 is
required for both the release of initiation factor 3 and start codon selection, and deletion of helix
69 decreases the rate of the translation initiation by 20-fold [229]. In bacterial rRNA studies, the
methyl group of m°C1942, homologous to C3782 in humans, was found to enhance the stacking
interactions with C1942 and U1943 and interact with tRNA at the A site [234, 451]. In Janin et
al.’s paper, their computer simulation showed that the methyl group of C3782 could stabilize
methyl-n interaction with C3781, which allows C3781 to pair with G3810, which indirectly
influences the binding of C3809 with a small hairpin (nucleotides 3742-3778) at the P-site,
consequently influencing the binding of P-site tRNAs and global protein translation [421]. This
evidence suggests that C3782 methylation could directly alter ribosomal conformation in
translation processes.

Second, NSUNS5-induced C3782 methylation could alter the functionality of helix 69 of 28S
rRNA, which in turn alters the stability of the ribosome and translation. Ali et al. have shown that
the deletion of helix 69 or helix 70 leads to defective association between 50S and 30S subunits of
the ribosome [228, 452]. Moreover, mutation of a single nucleotide A1916 on helix 69 or U1940

on helix 70 led to defects in ribosome assembly, and strongly inhibited translation [452-454].
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Similarly, deletion of 3 to 5 nucleotides in helix 69 of 25S rRNAs in bacteria caused instability
and increased turnover of ribosomes [227]. As a result, the protein synthesis rate and cell growth
were decreased by 50%, and the cells were more sensitive to temperature and antibiotics [227,
353]. Whether C3782 methylation affects the assembly and stability of ribosomes could be
investigated using ribosomal fractions analysis in normal and stress conditions [227].

Third, NSUNS could have methylation-independent functions in ribosome biogenesis. Another
member of the NSUN protein family, NSUN4 has been shown to have dual functions in
mitochondrial rRNA biogenesis [332-335]. The NSUN4/MTERF4 complex is required for LSU
and SSU assembly, and the deletion of NSUN4 impairs mitochondrial translation [334]. The
interaction of NSUN4 with MTERF4 is cytosine methylation independent [334]. Whether NSUNS
has methylation-independent functions in ribosome biogenesis could be investigated using the
catalytic inactive mutant NSUNS5 (NSUNS5/C308A and NSUNS5/C359A that I have generated) in
protein synthesis assays.

In addition, we observed a correlation between decreased protein synthesis and decreased cell
growth in U251 and T98 cells upon NSUNS knockdown. A large increase in global protein
synthesis to fulfill abnormal growth demands is commonly observed in cancer cells [108, 247].
However, we did not observe a difference in proliferation between U87/vector and U87/NSUNS5
cells using the neutral red assay. Although the exact reason remains unclear, there are two possible
explanations for the discrepancies observed using the NSUNS overexpression cell model. First,
NSUNS expression regulates the size of glioblastoma cells. We found that NSUNS expression
increases the size of U87 cells (data not shown). Similarly, in Heissenberger et al.’s paper, they
found that NSUNS knockout decreased the size of Hela cells [387]. Second, the increase in protein

synthesis observed using the puromycin labelling assay over a period of 15 minutes captures a
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snapshot of protein synthesis which could be eventually balanced out via increased protein

degradation in U87 cells.

6.1.6 NSUNS alters the proteome of glioblastoma cells

Our LC-MS/MS results showed that NSUNS knockdown in U251 cells decreased the
expression of proteins that promote tumorigenic phenotypes in glioblastoma, such as STATS3,
NSUN2, Nestin, FABP7, and ZEB1 [436, 438, 442, 455-457]. The decrease in STAT3 and NSUN2
levels in U251/shNSUNS#4 cells was validated by Western blotting and real time-PCR. A 58.8%
reduction in STAT3 protein levels and a 37.66% reduction in NSUN2 protein levels were
confirmed by Western blotting. A 40% reduction in S7TA73 mRNA levels and a 50% reduction in
NSUN2 mRNA levels were found through RT-qPCR. Furthermore, STAT3 and NSUN2 decreases
in T98/shNSUNS5#4 cells were confirmed at both the protein and mRNA levels. There are several
potential mechanisms by which NSUNS5 may regulate STAT3 and NSUN2 mRNA levels.

First, NSUNS may directly methylate STA73 and NSUN2 mRNAs, which increase their
stability in glioblastoma. A recent NSUNS study published by Liu et al. showed that NSUNS
methylates cytosine sites at the 5’UTR of FTHI mRNA and the 3’UTR of FTL mRNAs in rat bone
marrow-derived mesenchymal stem cells [430], suggesting that NSUNS5 may have mRNA targets.
There are 5063 to 8495 m°C sites on more than 1995 mRNAs found in Hela cells, and more than
four m°C sites were identified on NSUN2 and STAT3 mRNAs [292, 301]. Moreover, Chen et al.
found that m°C on mRNAs affects the stability and translation efficiency of mRNAs [301]. It was
also shown that m°C on mRNAs can be recognised by Y-box binding protein 1 (YBX1), and YBX1
further recruits ELAVLI that stabilizes and promotes the translation of mRNAs [300, 301].

Hypermethylated m°C sites on oncogenic mRNAs are stabilized by YBX1, allowing YBX1 to
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promote formation of multiple cancers [301]. Whether NSUN2 and STAT3 mRNAs are methylated
by NSUNS5 could be determined using the *H-SAM in vitro methylation assay [307, 318, 431]. In
this assay, mRNAs that are methylated are labeled by *H on their targeted cytosines and measured
by autoradiography [307, 318, 431]. Second, as knockdown of NSUNS5 decreased global protein
synthesis, NSUNS5 may indirectly regulate the expression of STA73 and NSUNZ. For instance,
knockdown of NSUNS may decrease protein levels, such as those of transcription factors that are
involved in regulating the expression of STAT3 and NSUN?2 at the transcriptional level. Thus, the
decrease in mRNA levels of STAT3 and NSUN2 may be a secondary effect of NSUNS knockdown.
STATS3 is an important transcription factor, and plays a key role in proliferation, invasion,
tumorigenesis, survival under hypoxic conditions, and resistance to chemotherapeutic drugs in
glioblastoma [434-441]. NSUN2 has been shown to be associated with progression of glioblastoma
and other tumors [184, 321, 442]. Whether NSUNS regulates the behavior of glioblastoma through
the regulation of STAT3 and NSUN2 needs to be further studied. Identification of NSUNS-
regulated proteins may help elucidate the molecular mechanism of NSUNS function in GBM cells.
In addition, we have found that knockdown of NSUNS5 decreased temozolomide resistance
of U251 cells. However, our LC-MS/MS results for U251/Random vs. U251/shNSUN5#4 cells do
not address the mechanism of treatment resistance as cells were not treated with temozolomide. In
the future, we could repeat the LC-MS/MS experiments using lysates of U251/Random and
U251/shNSUN5#4 cells with/without temozolomide treatment. We expect that multiple proteins
involved in DNA damage and chemotherapy resistance would be identified using this approach.
In the future, RNA sequencing could be performed to help identify gene expression profiles
in NSUNS knockdown cells. Comparing the RNA sequencing data with the MS/MS data may help

identify the proteins whose overall expression is controlled by NSUNS at the translational level.
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In addition, NSUNS increased protein synthesis (puromycin labelling assay), but LC-MS/MS did
not identify many proteins altered by NSUNS overexpression in 50M cells, suggesting that
NSUNS increases global protein synthesis (mMRNA translation), not the translation of specific
mRNAs. Thus, it is possible that methylation of 28S rRNA by NSUNS alters the structure and/or

activity of the ribosomes to increase the translation of global mRNAs, rather than specific mRNAs.
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6.2 Future directions

Despite these intriguing findings, there are several overarching questions that need to be
addressed in order to fully elucidate the function of NSUNS in glioblastoma. First, does NSUNS
promote the tumorigenic phenotypes of glioblastoma by increasing overall protein synthesis or by
altering mRNA translation of cancer-associated genes? Second, does NSUNS expression alter the
composition of ribosomes? Third, does NSUNS have novel RNA targets other than 28S rRNA or

non-canonical functions independent of its RNA methyltransferase activity?

6.2.1 To determine whether NSUNS reprograms the translatome in glioblastoma cells
Deletion of Reml in yeast causes an alteration in the ribosomal profile and translatome,
including increasing the translation of stress response genes but decreasing the translation of RNA
maturation associated genes [312]. Moreover, we have confirmed that NSUNS is responsible for
the methylation of C3782 on 28S rRNA. It will be interesting to investigate whether NSUNS
expression and the subsequent methylation at C3782 will alter the conformation and/or activity of
ribosomes, leading to altered translatomes. This can be determined by both ribosome profiling
coupled with RNA sequencing and polysome profiling coupled with RNA sequencing in NSUNS
overexpression and knockdown glioblastoma cells [458-460]. The transcriptome of each sample
will also be determined by total mRNA sequencing, and the translation efficiency (the ratio of the
expression of a specific gene in the translatome versus the transcriptome) will be determined.
Polysome profiling and ribosome profiling are two important techniques in studying the
translatome [458-460]. Polysome profiling is a method used to sequence polysome-bound mRNAs,
and all these bound mRNAs are considered as the translatome. Since the transcripts obtained from

polysome profiling have both untranslated and translated regions, this technique can be used for
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the study of the untranslated regions of mRNAs. Ribosome profiling allows sequencing of the
ribosome-protected mRNA fragments, and all these fragments are considered as the translatome.
Only mRNA fragments (about 30 nucleotides) bound inside the ribosome can be protected from
digestion, when RNAs are treated with RNase I. These ribosome-protected mRNA fragments are
termed ribosome footprints. More footprints on a transcript means higher translation rate of the
transcript. In addition, from the position of the footprints, it is possible to determine whether a
transcript has an upstream open reading frame (uORF) or a stop codon read-through translation.
This information will address whether NSUNS5 changes the ribosome structure and thus affects
uORF binding and stop codon read-through translation.

In future experiments, U251/shRandom vs U251/shNSUNS5 #4 cells, as well as primary
glioblastoma cells with or without NSUNS5 overexpression/knockdown will be used to examine
the effect of NSUNS on the translatome. Ribosome profiling will be performed to identify the
whole ribosome protected mRNA sequences (translatome 1). Polysome profiling will be
performed to identify the whole polysome-bound mRNA sequences (translatome 2). Total mRNA
will be sequenced to identify the transcriptome. The top-ranked differentially expressed mRNAs
will be validated by RT-qPCR and Western blotting to confirm the gene expression results
obtained by RNA sequencing. The top differentially expressed genes in canonical pathways
(especially those that are associated with functional roles in proliferation, stemness and tumor

formation) will be further studied.

195



6.2.2 To determine whether NSUNS regulates the composition of ribosomal proteins in
glioblastoma cells

Ribosomal protein composition heterogeneity was observed in different tissues, cell lines, and
cancer cells, contributing to functional specialization in protein synthesis [433, 461, 462]. For
instance, RPL10A, RPL38, RPS7, and RPS25 are depleted in the ribosomes of mouse embryonic
stem cells [272]. RPL10A and RPS25 are located at the mRNA exit tunnel of ribosome, and
regulate the translation of specific subgroups of mRNAs in mouse embryonic stem cells [272].
The composition of ribosomal proteins in the whole ribosome is also associated with the
modification of rRNAs [275]. A combined loss of cytosine methylation at C2278 and 2'-O
methylation at G2288 in helix 71 of domain IV of 28S rRNA causes LSU instability, and decreases
the binding of some ribosomal proteins to LSU (e.g. RPL23, PRL24, RPL19, RPL31, RPL38)
[275]. C2278 is the methylation target of Reml (the yeast homologue of NSUNS), and RPL23
directly binds to helix 71 of 28S rRNA [275]. In the future, whether loss of methylation at C3782
by NSUNS knockout will affect the binding of ribosomal proteins in glioblastoma will be
investigated. Sucrose density gradients will be used to isolate SSU, LSU and monosomes in
U251/shRandom vs. U251/shNSUNS #4 cells. The isolated ribosomes will be analyzed using LC-
MS/MS to identify the composition of ribosomal proteins. In addition, the atomic structure of
ribosomes in control and NSUNS5 knockdown cells could be further examined using cryogenic
electron microscopy (cryo-EM), which could better illustrate the conformation of rRNA and

ribosomal proteins [461].
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6.2.3 To determine whether NSUNS has other RNA targets and whether STA73 and NSUN2
are the targets of NSUNS

mRNA modifications are abundantly found in cancer cells, which often functions to regulate
the rate of translation. For instance, m°C sites were identified on 1995 mRNAs in Hela cells, and
m>C on mRNAs played a role in the stability and translation efficiency of mRNAs [292, 301]. In
a recent study of NSUNS by Liu et al. they found that NSUNS methylates cytosine sites at the
5’UTR of FTHI mRNA and the 3’UTR of FTL mRNAs [430], suggesting that NSUNS could have
mRNA targets. Moreover, four m°C sites on NSUN2 mRNAs, and 5 m°C sites on STAT3 mRNAs
were identified in Hela cells [292]. Whether NSUN2 and STAT3 mRNAs are the targets of NSUNS
could be determined through *H-SAM in vitro methylation assay [307, 318, 431]. Briefly, NSUNS
protein, STAT3 or NSUN2 mRNAs transcripts will be incubated with *H-labeled SAM (Hartmann)
and methylation associated buffer. Under such conditions, NSUNS5 will methylate and label °H on
its targeted cytosines [307, 318, 431]. Native NSUNS protein will be prepared through the
overexpression of His-tagged NSUNS in E. coli cells and the purification of His-tagged NSUNS5
using Ni-NTA Agarose (Qiagen) [320, 431]. STAT3 or NSUN2 mRNAs transcripts will be
amplified by PCR with primers containing T7 promoter sequences and transcribed by T7
polymerase [320, 431]. The mRNAs will be isolated in 12% denaturing polyacrylamide gel,
stained with ethidium bromide, and exposed to X-ray film [320, 431]. Moreover, the location of
potential cytosine targets can be further identified by using mRNA fragments and Sanger bisulfite
sequencing [318].

NSUN?2 has been found to have multiple cytosine targets, including cytosines at the variable
loop of most of tRNAs, at C92 on 5S rRNA and at 1158 different mRNAs [292, 344, 463].

However, how many cytosine targets are methylated by NSUNS5 in human RNA remains unknown.
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More importantly, whether high expression of NSUNS5 causes the dysregulation of RNA
methylations (other than 28S rRNA) in glioblastoma is also unknown. The difficulty in answering
these questions is partly due to the complexity of the technique used for the detection of RNA
cytosine methylation sites. High throughput RNA bisulfite sequencing can detect differences in
m>C methylation, but it does not identify the methylated mRNA targets of NSUNS5, because
NSUNS regulates the expression of NSUN2, which prevents us from distinguishing cytosines
directly methylated by NSUN2 from cytosines directly methylated by NSUNS. 5-Aza-IP coupled
with RNA sequencing is a novel and reliable approach to directly detect RNA methylation sites
on the whole genome scale [309, 464]. Briefly, 5-azacytidine treatment randomly replaces cytidine
in nascent RNAs and locks cytosine methyltransferases to the RNA targets by forming a stable
covalent connection between the enzyme and RNA targets. Therefore, immunoprecipitation of
RNA methyltransferase pulls down the RNA sequences with its targeted cytosines. Moreover, the
release of cytosine methyltransferase from target cytosines causes breakage of the cytosine ring,
with the abnormal broken cytosine pairing with cytosine rather than guanine during cDNA
synthesis. The methylated cytosine will be recognized as guanine in the sequencing results. In the
future, we will perform Aza-IP coupled with RNA sequencing using 50M/pLenti-Vector vs.
50M/pLenti-NSUNS cells and U251/shRandom vs. U251/shNSUNS #4 cells to identify novel
RNA targets of NSUNS in glioblastoma cells. In addition, the immunoprecipitation of NSUNS
with mutated releasing cysteine (NSUNS5/C308A) coupled with RNA sequencing is another way
to directly detect RN A methylation sites [316, 345]. The overexpressed NSUNS/C308A will form
an irreversible covalent bond with its target RNAs. The target RNAs will be pulled down by
NSUNS immunoprecipitation and send out for RNA sequencing. This method can be used to

confirm the target sites in the S0M/pLenti-NSUNS5/C308A cells.
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6.3 Conclusions

RNA methylation and deregulation of mRNA translation are implicated in multiple processes
associated with cancer initiation and progression. m°C occurs on all types of RNA and the
functions of m°C in cell development and cancers have been increasingly studied in recent years.
NSUNS, as an RNA cytosine methyltransferase, has been found to play a role in the cytosine
methylation on 28S rRNA. Importantly, elevated NSUN5 levels are associated with poor survival
in glioblastoma patients. In this thesis, we demonstrate that NSUNS methylates cytosine 3782 of
human 28S rRNA. Moreover, we found that NSUNS expression in glioblastoma cells promotes
proliferation, sphere formation, resistance to temozolomide, and tumor formation/progression in
mice. In addition, we demonstrate that NSUNS promotes protein synthesis and that expression of
NSUNS alters the proteome in glioblastoma cells, modulating the expression of STAT3 and
NSUN?2. Despite these intriguing findings, the underlying mechanisms still need to be further
addressed. A better understanding of the function of NSUNS5, an RNA methyltransferase that
regulates protein synthesis, and the mechanisms of its action may help identify a potential

therapeutic target for glioblastoma.
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Appendix I: Notch and TGFp form a positive regulatory loop and regulate EMT

in epithelial ovarian cancer cells

Jiesi Zhou, Saket Jain, Abul K Azad, Xia Xu, Hai Chuan Yu, Zhihua Xu, Roseline Godbout,
YangXin Fu. Cellular Signalling, Volume 28, Issue 8, August 2016, Pages 838-849.

Abstract: Epithelial-mesenchymal transition (EMT) plays a critical role in the progression of
epithelial ovarian cancer (EOC). However, the mechanisms that regulate EMT in EOC are not
fully understood. Here, we report that activation of Notch1 induces EMT in EOC cells as evidenced
by downregulation of E-cadherin and cytokeratins, upregulation of Slug and Snail, as well as
morphological changes. Interestingly, activation of Notchl increases TGFB/Smad signaling by
upregulating the expression of TGFB and TGFP type 1 receptor. Time course experiments
demonstrate that inhibition of Notch by DAPT (a y-secretase inhibitor) decreases TGFp-induced
phosphorylation of receptor Smads at late, but not at early, timepoints. These results suggest that
Notch activation plays a role in sustaining TGFp/Smad signaling in EOC cells. Furthermore,
inhibition of Notch by DAPT decreases TGFf induction of Slug and repression of E-cadherin and
knockdown of Notchl decreases TGFB-induced repression of E-cadherin, indicating that Notch is
required, at least in part, for TGFB-induced EMT in EOC cells. On the other hand, TGFp treatment
increases the expression of Notch ligand Jaggedl and Notch target gene HES1 in EOC cells.
Functionally, the combination of Notchl activation and TGFf treatment is more potent in
promoting motility and migration of EOC cells than either stimulation alone. Taken together, our
results indicate that Notch and TGFf form a reciprocal positive regulatory loop and cooperatively
regulate EMT and promote EOC cell motility and migration.

Keywords: EMT; Epithelial ovarian cancer; Notch; TGF[.
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Epithelial-mesenchymal transition (EMT) plays a critical role in the progression of epithelial ovarian cancer
(EOC). However, the mechanisms that regulate EMT in EOC are not fully understood. Here, we report that
activation of Notch1 induces EMT in EOC cells as evidenced by downregulation of E-cadherin and cytokeratins,
upregulation of Slug and Snail, as well as morphological changes. Interestingly, activation of Notch1 increases
TGFp/Smad signaling by upregulating the expression of TGF3 and TGF type 1 receptor. Time course experiments
demonstrate that inhibition of Notch by DAPT (a y-secretase inhibitor) decreases TGF3-induced phosphorylation
of receptor Smads at late, but not at early, timepoints. These results suggest that Notch activation plays a role in
sustaining TGF3/Smad signaling in EOC cells. Furthermore, inhibition of Notch by DAPT decreases TGF induction
of Slug and repression of E-cadherin and knockdown of Notch1 decreases TGF3-induced repression of E-
cadherin, indicating that Notch is required, at least in part, for TGF3-induced EMT in EOC cells. On the other
hand, TGFp treatment increases the expression of Notch ligand Jagged1 and Notch target gene HES1 in EOC
cells. Functionally, the combination of Notch1 activation and TGFj treatment is more potent in promoting motil-
ity and migration of EOC cells than either stimulation alone. Taken together, our results indicate that Notch and
TGFp form a reciprocal positive regulatory loop and cooperatively regulate EMT and promote EOC cell motility

and migration.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Epithelial-mesenchymal transition (EMT), which is a critical event
in tumor progression, can be induced by the tumor microenvironment
signals and/or activation of oncogenes that lead to upregulation of
EMT transcription factors (EMT-TFs), including the ZEB, Snail and
Twist families [1-3]. These EMT transcription factors induce EMT by
repressing the expression of cell junction and adhesion molecules,
breaking the cell-cell junction and attachment of cells to the extracellu-
lar matrix [1-3]. As a result, epithelial cancer cells that have undergone
EMT lose expression of adhesion molecule (e.g., E-cadherin), acquire
mesenchymal phenotypes, and become more motile and invasive
[1-3]. Epithelial ovarian cancer (EOC) is the leading cause of death
due to gynecological malignancies. Most EOC patients are diagnosed at
the late stages when the disease has spread to other parts of the perito-
neal cavity, making the current therapy regimens ineffective. EMT pro-
motes dissemination of EOC cells from the original tumors and survival

* Corresponding author at: Department of Oncology, University of Alberta, 5142M, Katz
Building, 114th St & 87th Ave., Edmonton, AB T6G 2E1, Canada.
E-mail address: yangxin@ualberta.ca (Y. Fu).

http://dx.doi.org/10.1016/j.cellsig.2016.03.016
0898-6568/© 2016 Elsevier Inc. All rights reserved.

of the disseminated cells in ascites, thus playing a critical role in the pro-
gression of EOC [4-7]. Because EMT is also associated with acquisition of
cancer stem cell properties, resistance to chemotherapy and radiation
therapy, and recurrence of cancers [1-3], targeting EMT holds great
promise for the treatment of recurrent and resistant EOC. Multiple sig-
naling pathways form a regulatory network to orchestrate EMT [1-3].
A better understanding of the interaction between the signaling path-
ways in EMT will be critical for developing therapeutic strategies to tar-
get EMT and tumor progression.

Our previous studies demonstrate that TGF3 and Notch3 signaling
induce EMT in EOC cells [8,9]. The Notch signaling pathway that regu-
lates multiple cellular processes can be either oncogenic or tumor sup-
pressing depending on the cancer types [10,11]. Notch signaling is
initiated through cell-cell contact; the transmembrane Notch ligands
bind to the Notch receptors on the neighboring cells, which triggers a
series of proteolytic cleavages of the transmembrane Notch receptors
[12,13]. The final cleavage is mediated by the y-secretase complex,
which releases the Notch intracellular domain (NICD). The NICD then
goes to the nucleus where it interacts with the DNA binding protein
CSL (CBF1/Su(H)/Lag-1) and recruits co-activators to regulate gene ex-
pression [14,15]. Increasing evidence in the literature demonstrates
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that activation of Notch plays an oncogenic role in EOC; activation of ligands [DII] 1, 3 and 4) and four receptors (Notch1-4), Jagged1,
Notch promotes EOC cell proliferation, survival, EMT, resistance to che- Notch1 and Notch3 have been shown to be the major Notch compo-
motherapy, and tumor formation in mice, as well as angiogenesis in EOC nents that are elevated in EOC [16-18,26]. Integrated genomic analysis
[16-28]. Among the five ligands (Jagged1; Jagged2; and Delta-like by the Cancer Genome Atlas (TCGA) researchers showed that the
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Fig. 1. Activation of Notch1 induces EMT in EOC cells. OVCA429 and SKOV3 cells were stably transduced with the intracellular domain of Notch1 (NICD1, the constitutively active form of
Notch1) to activate Notch1 in these cells. (A) mRNA levels of Notch1, HES1, HEY1, Slug and Snail were examined by qRT-PCR and expressed as fold change with that in the vector cells
designated as 1. Data are shown as mean + SEM of three independent experiments. *Significantly different (P < 0.05). (B) Nuclear Notch1 in the nuclear fractions prepared from the
OVCA429 and SKOV3 cells stably transduced with empty vector or NICD1 was examined by subcellular fractionation and Western blotting using anti-Notch1 antibody. Poly(ADP-
ribose) polymerase (PARP) was used as the nuclear loading control. (C) Expression of E-cadherin, pan-keratin and Slug in whole cell lysates prepared from the OVCA429 and SKOV3
cells stably transduced with empty vector or NICD1 was examined by Western blotting. Tubulin was used as a loading control. (D) Images of OVCA429 and SKOV3 cells stably
transduced with empty vector or NICD1 were captured under phase contrast. Scale bar = 100 um. (E) Slug expression and cellular localization in OVCA429 and SKOV3 cells stably
transduced with empty vector or NICD1 were examined by confocal fluorescence microscopy.
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Notch signaling pathway is one of the signaling pathways commonly al-
tered in high grade serous EOC (22%) [18]. In particular, Notch3 is am-
plified/mutated in 11% of high grade serous EOC [18]. Thus far, most
functional studies on Notch in EOC have focused on Notch3 [9,16,22,
23,26,27]. However, several lines of evidence suggest that other Notch
receptors also contribute to tumorigenesis or progression of EOC. First,
two recent studies showed that siRNA knockdown of Notch ligand
DIl4 or Jagged1 reduces tumor formation of Notch3-negative EOC cell
lines (SKOV3ip1 and SKOV3Trip2) in mouse xenograft models [19,20],
suggesting that Notch receptors other than Notch3 mediate the tumor-
igenic effect of DIl4 and Jagged1 in these cells. Second, although most
EOC cell lines express Notch1, only a few of them express Notch3 at
the mRNA and protein level [19,26,27]. For these reasons, it is important
to investigate the function of other Notch receptors in EOC. Notch1 was

selected for this study because it has been shown to be active and pro-
mote growth and survival of EOC cells [17,21,28].

TGFp is an important cytokine that induces EMT through Smad-
dependent and -independent pathways [29-32]. In the Smad-
dependent pathway, TGFP activates the transmembrane type I and
type II serine/threonine kinase TGFp receptors (TGFBRI and TGFBRII)
that, in turn, recruit and phosphorylate receptor-activated Smads (R-
Smads), including Smad2 and Smad3. The phosphorylated R-Smads
then form a complex with a common Smad (Smad4) and translocate
to the nucleus. In the nucleus, the Smad complex binds to the promoter
of the target genes and interacts with other transcription factors and co-
factors to regulate the expression of the target genes [29,33].

In this study, we demonstrate that activation of Notch1 induces EMT
in EOC cells. Interestingly, our results suggest that Notch and TGFp
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Fig. 2. Activation of Notch1 increases TGF3/Smad signaling in EOC cells. OVCA429 and SKOV3 cells were stably transduced with NICD1 to activate Notch1 in these cells. (A) Cytosolic and
nuclear fractions were prepared from OVCA429 and SKOV3 cells stably transduced with empty vector or NICD1. Phosphorylated and total Smad2 in cytosolic and nuclear fractions were
examined by Western blotting. PARP and tubulin were used as loading controls for nuclear and cytosolic fraction, respectively. (B) OVCA429 and SKOV3 cells stably transduced with empty
vector or NICD1 were treated with 10 uM SB431542 or an equal volume of DMSO (vehicle control) overnight. Phosphorylated and total Smad2 in the nuclear fractions were measured by
Western blotting. PARP was used as the nuclear loading control. (C) mRNA levels of TGF{ and TGFj3 receptors in OVCA429 and SKOV3 cells stably transduced with empty vector or NICD1
were measured by gRT-PCR and expressed as fold change with that in the vector cells designated as 1. Data are shown as mean + SEM of three independent experiments. *Significantly
different (P < 0.05). (D) Protein expression of TGFBRI in whole cell lysates was analyzed in OVCA429 and SKOV3 cells stably transduced with empty vector or NICD1 by Western blotting.
Tubulin was used as the loading control. TGFBRI protein levels were quantified using Odyssey imaging software. The density of the TGFBRI bands was normalized to that of tubulin and
expressed as fold change with that in the vector control designated as 1. Data are shown as mean + SEM of three independent experiments. *Significantly different (P < 0.05).
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signaling form a positive regulatory loop and cooperatively regulate
EMT and promote EOC cell motility and migration.

2. Materials and methods
2.1. Reagents and antibodies

Human recombinant TGF31 was purchased from R&D Systems
Inc. SB431542 (a TGFBRI inhibitor) was purchased from Cell Signaling
Technology. DAPT (<y-secretase inhibitor IX) was purchased from
Calbiochem. The following antibodies were purchased from Cell
Signaling Technology: Smad2 (#5339), phospho-Smad2 (#3018),
Smad3 (#9523), phospho-Smad3 (#9520), Slug (#9585), E-cadherin
(#3195), Jagged1 (#2620), Notch1 (#3439) and pan-keratin (#4545).
The pan-keratin antibody recognizes cytokeratins 4, 5, 6, 8, 10, 13 and
18. Antibodies for tubulin (ab59680) and TGFBRI (sc-398) were pur-
chased from Abcam and Santa Cruz Biotechnology, respectively. Sec-
ondary antibodies IRDye 800CW conjugates of donkey anti-rabbit-1gG
and anti-mouse IgG were purchased from LI-COR Biosciences.

2.2. Cell culture and treatment

Human EOC cell lines OVCA429 and SKOV3 were cultured in RPMI
1640 medium and DMEM/F12, respectively, supplemented with 10%
FBS, 100 U/ml penicillin and 100 pg/ml streptomycin. For TGF3 treat-
ment, cells were serum starved in medium containing 0.2% FBS over-
night prior to the treatment of 1 ng/ml TGFP1 for various durations.
For DAPT treatment, cells were pre-treated with 10 pM DAPT or an
equal volume of DMSO (the vehicle control) overnight prior to TGF
treatment in the presence of DAPT or DMSO. For SB431542 treatment,
cells were treated with 10 pM SB431542 or an equal volume of DMSO
(the vehicle control) overnight.
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2.3. Overexpresssion of the intracellular domain of Notch1 and knockdown
of Notch1

0OVCA429 and SKOV3 cells were stably transduced with the intracel-
lular domain of Notch1 (NICD1) using retroviral vector pLNC-NICD1
(provided by Dr. Aly Karsan) and selected in 1 mg/ml G418. Overex-
pression of NICD1 was confirmed by RT-PCR and Western blotting.
Notch1 in OVCA429 and SKOV3 cells was stably knocked down using
a lentivirus-delivered shRNA approach as previously described [34].
Two shRNA constructs targeting two different sequences in human
Notch1 were used for these experiments: shNotch1-A (5'GGAGCATG
TGTAACATCAACA3’) and shNotch1-B (5'GCATGGTGCCGAACCAATAC
A3’). A shRNA targeted against a random sequence (shRandom: 5’
GTTGCTTGCCACGTCCTAGAT3’) was used as a negative control [34].
Knockdown of Notch1 in these cells was confirmed by Western blotting.

2.4. RNA isolation and quantitative reverse transcription-PCR (qRT-PCR)

RNA isolation, reverse transcription (RT) and quantitative RT-PCR
were performed as described previously [35]. Briefly, RNA was extracted
from cells using TRIzol reagent (Invitrogen) following the manufacturer's
instructions. The cDNAs were synthesized using SuperScript Il reverse
transcriptase reagent (Invitrogen) in the presence of RNase inhibitor.
qRT-PCR was carried out using the Eppendorf Mastercycler ep realplex.
PCR primer sequences are listed in Supplementary Table 1.

2.5. Preparation of whole cell lysates and cytosolic and nuclear fractions,
and Western blotting

Whole cell lysates were prepared using modified radioimmuno-
precipitation assay (RIPA) buffer as described previously [36]. Cytosolic
and nuclear fractions were prepared as previously described [35].
Protein concentration was quantified using the DC protein assay (Bio-
Rad) and an equal amount of proteins was used for Western blotting.
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Fig. 3. Activation of Notch sustains TGF3/Smad signaling in EOC cells. OVCA429 and SKOV3 cells were pre-treated with 10 uM DAPT or an equal volume of DMSO (vehicle control)
overnight and then left untreated or treated with 1 ng/ml TGFB1 for the indicated periods of time. (A) Phosphorylated and total Smad2 and Smad3 in the whole cell lysates were
measured by Western blotting. Tubulin was used as the loading control. (B) Phosphorylated and total Smad3 and Slug in the nuclear fractions were analyzed by Western blotting.
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All antibodies were used at 1:1000 dilution. IRDye 800CW secondary
antibodies were used. Membranes were scanned and analyzed using
an Odyssey® IR scanner and Odyssey® imaging software 3.0.

in phosphate-buffered saline for 10 min and permeabilized in 0.25% Tri-
ton X-100 for 5 min. The cells were incubated with affinity-purified rab-
bit anti-Slug antibody (1:200 dilution) followed by Alexa-488 donkey
anti-rabbit secondary antibody (1:400 dilution) (Molecular Probes).
Coverslips were mounted onto slides with polyvinyl alcohol containing
1 pg/ml 4’6-diamidino-2-phenylindole (DAPI). Images were captured
on a Zeiss (Oberkochen, Germany) LSM510 confocal microscope with
a40x/1.3 oil immersion lens.

2.6. Immunocytochemistry

Immunocytochemistry was performed as previously described [37].
Briefly, cells growing on coverslips were fixed in 2% paraformaldehyde
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Fig. 4. Activation of Notch is partially required for TGF3-induced EMT in EOC cells. (A and B) OVCA429 and SKOV3 cells were pre-treated with 10 M DAPT or an equal volume of DMSO
(vehicle control) overnight and then left untreated or treated with 1 ng/ml TGF31 for 4 h (for Slug expression) or 24 h (for E-cadherin). mRNA levels of Slug and E-cadherin were measured
by qRT-PCR and expressed as fold change relative to DMSO/UT (untreated) cells which were designated as 1. Data are shown as mean + SEM of three independent experiments.
*Significantly different (P < 0.05). (C to F) OVCA429 and SKOV3 cells were pre-treated with 10 uM DAPT or an equal volume of DMSO (vehicle control) overnight and then left
untreated or treated with 1 ng/ml TGF31 for 24 h. Slug and E-cadherin protein expression of in whole cell lysates was analyzed by Western blotting. Tubulin was used as the loading
control. Slug and E-cadherin protein levels were quantified using Odyssey imaging software. The density of the Slug and E-cadherin bands was normalized to that of tubulin and expressed
as fold change relative to that of DMSO/UT cells which was designated as 1. Data are shown as mean + SEM of three independent experiments. *Significantly different (P < 0.05).
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2.7. Scratch assay

OVCA429 and SKOV3 cells stably transduced with empty vector or
NICD1 were seeded in 12-well plates in triplicate. When cells formed
a monolayer, they were serum starved in DMEM medium supplement-
ed with 0.2% FBS overnight. A scratch was then made in the center of the
wells using a P200 pipette tip. The medium was removed and cells were
washed with PBS to remove cell debris. Cells were cultured in DMEM
medium containing 0.2% FBS with or without 1 ng/ml TGF31. Cells
were imaged using a digital imaging microscope (Axiovert 200 M,
Zeiss) with an incubator enclosure as they migrated to fill the scratch.
Images were captured at 2 positions in each well using a phase contrast
lens (Plan-NEOFLUAR Ph-1) at 10x magnification. In total, 6 positions
were images for each experimental group for statistical analysis.
Metamorph imaging software (Version 7.8.8.0, Molecular Devices)
was used to capture a total of 97 images at each position at 15 minute
intervals over a period of 24 h. Images were then analyzed using the
TScratch software to measure the area occupied by the cells at different
time points. The open area of each scratch at 0 h was set as 100% to nul-
lify the effects of minor differences of the scratch size in different wells.
The open area at subsequent time points was expressed as percentage
relative to their respective 0 h.

2.8. Migration assay

Directional cell migration was measured using the Transwell migra-
tion assay in HTS 24-Multiwell Insert plates (BD Falcon Labware, Bed-
ford, MA) as we previously described with minor modifications [38].
Cells were cultured in DMEM/F12 medium containing 0.2% FBS, with
or without 1 ng/ml TGFR1, for 24 h prior to seeding the cells for the mi-
gration assay. Cells were added to the top chamber (25,000 cells for
OV(CA429; 50,000 cells for SKOV3) in DMEM/F12 medium with no
serum. Cells were allowed to migrate through an 8 pm polyethylene
terephthalate (PET) membrane towards a chemoattractant (DMEM/
F12 + 10% FBS) in the bottom chamber for 20 h. Cells were then fixed
with 100% cold methanol and stained with 1% crystal violet in 20%
methanol. Migrated cells were imaged using a Zeiss Axioskop2 plus

microscope. For counting migrated cells, Transwells were imaged
using a 4x lens on a High Content microscope and four frames were
combined to reconstruct the entire well. Cell counting was carried out
using Meta express imaging software.

2.9. Statistical analysis

Statistical significance between two groups was determined by one-
way ANOVA and defined as P < 0.05. Statistical analysis was performed
using GraphPad Prism5.

3. Results
3.1. Activation of Notch1 induces EMT in EOC cells

Among the four Notch receptors, Notch1 and Notch3 have been
shown to be elevated in EOC [16-18,26]. Interestingly, while most
EOC cell lines express Notch1, only a few EOC cell lines express
Notch3 at the protein level [19,26,27]. We have previously shown that
0OV(CA429 and SKOV3 cells express Notch1, but not Notch3, at the pro-
tein level [39] and that overexpression of the intracellular domain of
Notch3 (the constitutively active form of Notch3) induces EMT in
OVCA429 cells [9]. However, whether Notch1 activation induces EMT
in EOC cells has not been determined. To address this question, we sta-
bly transduced OVCA429 and SKOV3 cells with the intracellular domain
of Notch1 (NICD1) to activate Notch1 in these cells. Overexpression of
NICD1 was confirmed by increased mRNA levels of Notch1 and its target
genes HES1 and HEY1 as determined by qRT-PCR (Fig. 1A) and by the
increased NICD1 in the nucleus as shown by Western blotting
(Fig. 1B). Notch activation increased mRNA levels of Slug and
Snail (two EMT-TFs) (Fig. 1A). Western blotting showed that Notch1
activation increased Slug expression, but decreased E-cadherin and
cytokeratin expression at the protein level (Fig. 1C), which is con-
cordant with changes in the morphology of the cells to a more spindle
and fibroblast-like shape (Fig. 1D). We further confirmed the induction
of Slug by Notch1 activation and nuclear localization of Slug in both
cell lines using immunocytochemistry (Fig. 1E). Our results thus
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Fig. 5. Activation of Notch is partially required for TGF? repression of E-cadherin in EOC cells. Notch1 in OVCA429 (A) and SKOV3 (B) cells was stably knocked down using two different
shRNAs (shNotch1-A and shNotch1-B). Cells were serum starved overnight and then left untreated or treated with 1 ng/ml TGF31 for 24 h. Expression of Notch1, E-cadherin, and Slug as
well as Smad2 phosphorylation in whole cell lysates was analyzed by Western blotting. Tubulin was used as the loading control.
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indicate that, similar to Notch3 [9], Notch1 activation induces EMT in
EOC cells.

3.2. Activation of Notch1 increases TGF3/Smad signaling via upregulation of
TGF and TGFBRI in EOC cells

Our previous study demonstrated that TGF induces EMT in EOC
cells [8]. To determine whether Notch and TGFJ signaling pathways in-
teract in the context of EMT in EOC, we isolated the cytosolic and nucle-
ar fractions from OVCA429 and SKOV3 cells that were stably transduced
with empty vector or NICD1 and examined phosphorylation of Smad2
as readout of TGF3/Smad signaling activation. Western blotting showed
that Notch1 activation increased the levels of phosphorylated Smad2 in
the nuclear fraction of OVCA429 and SKOV3 cells (Fig. 2A), indicating
that Notch1 activation increases TGF/Smad signaling in these cells.
The basal and Notch1-induced Smad2 phosphorylation was completely
abolished by TGFp type I receptor (TGFBRI) kinase inhibitor SB431542,
indicating that Notch1-induced Smad2 phosphorylation is TGFBRI-
dependent (Fig. 2B). To determine the mechanism underlying the acti-
vation of TGF3/Smad signaling by Notch1, we measured the expression
of TGFB and TGFp receptors in OVCA429 and SKOV3 cells with or with-
out Notch1 activation. qRT-PCR results showed that Notch1 activation
upregulated the expression of TGF(3 in both OVCA429 and SKOV3 cells
(Fig. 2C). Among the three isoforms of TGF3, TGF31 was the most abun-
dant in both cell lines. Specifically, our qRT-PCR results showed that
TGFp1 mRNA levels were 81-fold and 137-fold higher than those of
TGFpR2 and TGFB3, respectively, in OVCA429 cells, and 63-fold and
461-fold higher than those of TGFR2 and TGF(33, respectively, in
SKOV3 cells. Notch activation also upregulated the mRNA expression
of TGFBRI in SKOV3 cells, but not in OVCA429 cells (Fig. 2C). Interesting-
ly, however, Western blotting showed that activation of Notch1 in-
creased TGFBRI protein level by 1.5-fold in OVCA429 and 1.7-fold in
SKOV3 cells (Fig. 2D). Taken together, our results indicate that activa-
tion of Notch1 increases TGF3/Smad signaling by upregulating the ex-
pression of TGF and TGFBRI in EOC cells.

3.3. Notch activation sustains TGF3/Smad signaling in EOC cells

To further investigate the effect of Notch activation on TGF{/Smad
signaling in EOC cells, we pre-treated OVCA429 and SKOV3 cells with
DAPT (a y-secretase inhibitor to inactivate Notch) or an equal volume
of DMSO (the vehicle control) overnight and then treated the cells
with TGFp in the presence of DMSO or DAPT for 1 to 6 h. TGFpR-
induced Smad2 and Smad3 phosphorylation was measured to deter-
mine the activation of TGF3/Smad signaling. Western blotting showed
that inhibition of Notch by DAPT did not affect TGFp-induced phosphor-
ylation of Smad2 and Smad3 at 1 h and 3 h in both cell lines (Fig. 3A).
However, TGFp3-induced phosphorylation of Smad2 and Smad3 was
markedly decreased by DAPT at 6 h in both cell lines (Fig. 3A). These re-
sults suggest that Notch activation is not required for the initiation of
TGFp/Smad signaling, but may play a role in sustaining the TGFp/
Smad signaling in EOC cells. Upon phosphorylation, Smad2 and Smad3
form a complex with Smad4 and translocate to the nucleus where
they interact with other transcription factors to regulate the expression
of their target genes, including Slug [8]. To confirm the effect of
Notch activation in sustaining the TGF3/Smad signaling, we treated
OVCA429 and SKOV3 cells with TGFp for 3 or 24 h with or without
Notch inhibition by DAPT and analyzed phosphorylated Smad3 and
Slug in the nuclear fractions by Western blotting. As shown in Fig. 3B,
TGFp-induced expression of phosphorylated Smad3 and Slug in the nu-
cleus was decreased by DAPT and the inhibition was more pronounced
at 24 h compared to 3 h. Taken together, these results suggest that
Notch activation has a minimal effect on the initial activation of the
TGFB/Smad signaling but sustains the TGF3/Smad signaling in EOC cells.

34. Activation of Notch is partially required for TGF3-induced EMT in EOC
cells

Our previous study demonstrated that TGF3 induces EMT in EOC
cells [8]. To determine whether Notch activation is required for TGF3-
induced EMT in EOC cells, we pre-treated OVCA429 and SKOV3 cells
with DAPT or an equal volume of DMSO overnight and then treated
the cells with TGF? for 24 h in the presence of DMSO or DAPT. We mea-
sured the expression of Slug and E-cadherin as EMT markers at mRNA
and protein levels. qRT-PCR results showed that TGFp induced mRNA
expression of Slug, but decreased that of E-cadherin in both cell lines
(Fig. 4A and B). DAPT inhibited Slug induction and E-cadherin repres-
sion by TGFp (Fig. 4A and B). Specifically, DAPT decreased TGFp-
induced mRNA expression of Slug by 63.2% in OVCA429 and 46.8% in
SKOV3 cells, but increased E-cadherin mRNA levels in TGFp3-treated
cells by 110.1% in OVCA429 and 132.6% in SKOV3 cells (Fig. 4A and B).
The inhibitory effect of DAPT on TGF induction of Slug and repression
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Fig. 6. TGF3 increases Notch ligand Jagged1 and target gene HES1 expression in EOC cells.
(A and B) OVCA429 and SKOV3 cells were left untreated or treated with 1 ng/ml TGFp1 for
4 h. mRNA expression of Notch ligands, receptors and target gene was examined by qRT-
PCR and expressed as fold change relative to UT (untreated) cells which were designated
as 1. Data are shown as mean + SEM of three independent experiments. *Significantly
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1 ng/ml TGFP1 for various periods of time. Expression of Jagged1 in whole cell lysates
was examined by Western blotting. Tubulin was used as the loading control.

229



J. Zhou et al. / Cellular Signalling 28 (2016) 838-849 845

of E-cadherin was confirmed at the protein level (Fig. 4C to F). Quantifi-
cation of the Western blotting results showed that DAPT decreased
TGFp-induced Slug protein levels by 40.4% in OVCA429 and 53.1% in
SKOV3 cells, but increased the E-cadherin protein levels in TGFp-
treated cells by 40.4% in OVCA429 and by 41.5% in SKOV3 cells
(Fig. 4D and F). To determine whether Notch1 is required for TGFp3-
induced EMT in EOC cells, we stably knocked down Notch1 using two
shRNA constructs (shNotch1-A and shNotch1-B) in OVCA249 and
SKOV3 cells (Fig. 5A and B). As expected, TGF-induced repression of
E-cadherin was partially restored in both OVCA429 and SKOV3 cells
(Fig. 5A and B). However, inconsistent results were observed between
the two cell lines for TGFR-induced Smad2 phosphorylation and Slug
expression. Knockdown of Notch1 decreased TGFp-induced Smad2
phosphorylation and Slug expression in OVCA429 cells, but not in
SKOV3 cells. Taken together, these results indicate that activation of
Notch is required, at least in part, for TGFR-induced EMT in EOC cells.
However, the molecular mechanisms underlying the effect of Notch1
on TGFB3-induced EMT appear to be different between OVCA429 and
SKOV3 cells.
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3.5. TGF(3 induces Jagged1 and HES1 expression in EOC cells

Having determined the role of Notch activation in TGFj3 signaling, we
wanted to investigate whether TGF3 affects Notch signaling in EOC cells.
We treated OVCA429 and SKOV3 cells with TGFp for various durations
and examined the expression of Notch signaling components (ligands,
receptors and target gene HES1) in these cells. Our qRT-PCR results
showed that TGF treatment for 3 h increased Jagged1 mRNA levels,
but decreased DI14 mRNA levels, in OVCA429 (Fig. 6A) and SKOV3 cells
(Fig. 6B). The mRNA levels of DII3 and Notch2 in OVCA429 cells
(Fig. 6A) and Notch3 in SKOV3 cells (Fig. 6B) were also increased, but
less pronounced compared to the induction of Jagged1. TGFR increased
the expression of HES1 (a classic Notch target gene) in both OVCA429
and SKOV3 cells (Fig. 6A and B). To confirm the induction of Jagged1,
we performed a time course experiment of TGF{3 treatment and analyzed
Jagged1 protein levels by Western blotting. In keeping with mRNA re-
sults, an increase in Jagged1 protein level as a function of TGF3 treatment
was observed at 3 h, which lasted up to 24 h (Fig. 6C). Phosphorylation of
Smad2 was included to confirm the activation of TGF3/Smad signaling
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Fig. 7. Notch1 activation and TGFB cooperatively promote motility of EOC cells. OVCA429 and SKOV3 cells stably transduced with empty vector or NICD1 were seeded in 12-well plates in
triplicate. After a scratch was made, cells were left untreated or treated with 1 ng/ml TGF31 in DMEM medium supplemented with 0.2% FBS. Cell motility at six positions (two positions per
well) was monitored for each cell type using a digital imaging microscope and quantified using the Metamorph imaging software. (A and C) Cell motility was quantified and expressed as
relative open areas at the indicated hours with the 0 h designated as 100%. Data are shown as mean =+ SD for the six scratch positions. *Significantly different (P <0.05). A smaller open area
indicates that the cells are more motile. (B) Representative cell motility images of OVCA429 cells are shown for 0, 12 and 24 h. (D) Representative cell motility images of SKOV3 cells are

shown for 0, 12 and 18 h.
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by TGFpB treatment (Fig. 6C). Taken together, our results indicate that
TGFp increases the expression of Notch ligand Jagged1 and target gene
HEST, suggesting that TGFP enhances Notch signaling in EOC cells.

3.6. Combined activation of Notch1 and TGF{3 is more potent in promoting
EOC cell motility and migration

Cells that have undergone EMT become more motile and migratory.
Our finding that both Notch1 and TGFR induce EMT in EOC cells suggests
that simultaneous activation of Notch1 and TGFj3 can be more potent in
promoting the motility or migration of EOC cells than either of them
alone. To test this, we first performed a scratch assay using OVCA429
and SKOV3 cells stably transduced with empty vector or NICD1 that
were left untreated or treated with TGFp. Indeed, the scratch assay
showed that activation of Notch1 or TGF3 treatment alone increased
the motility of OVCA429 cells (Fig. 7A and B) and SKOV3 cells (Fig. 7C
and D) and a combination of both was more potent in promoting the mo-
tility of OVCA29 and SKOV3 cells than Notch activation or TGFR
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treatment alone (Fig. 7A to D). We then measured the effect of activation
of Notch1 and TGF3 on migration of cells towards chemokines. In keep-
ing with the motility results, a combination of Notch activation and TGFp
treatment was more potent in inducing migration of OVCA429 and
SKOV3 cells than either Notch or TGFp alone (Fig. 8). Specifically, TGFR
treatment and Notch activation increased migration of OVCA429 cells
by 1.45 and 1.46 fold, respectively, whereas the combination of both in-
creased the migration of OVCA429 cells by 1.82 fold (Fig. 8A and B). Sim-
ilarly, while TGF? treatment and Notch activation increased migration of
SKOV3 cells by 2.08 and 2.03 fold, respectively, the combination of both
increased the migration of SKOV3 cells by 4.05 fold (Fig. 8C and D). Taken
together, these results indicate that Notch and TG signaling cooperate
to promote motility and migration of EOC cells.

4. Discussion

EMT has been shown to play a critical role in the progression of EOC
[4-7]. A better understanding of the molecular mechanisms that
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Fig. 8. Notch1 activation and TGF3 promote migration of EOC cells. OVCA429 and SKOV3 cells stably transduced with an empty vector or NICD1 were treated with 1 ng/ml TGF31 for 24 h
prior to seeding the cells to the top chamber in medium with no serum. Cells were allowed to migrate through an 8 pm polyethylene terephthalate (PET) membrane towards a
chemoattractant (10% FBS) in the bottom chamber for 20 h. Cells were then fixed and stained. Migrated cells were imaged and counted. (A and C) Numbers of migrated cells per well
are shown. Data are shown as mean + SD for three replicates. *Significantly different (P < 0.05). (B and D) Representative images of the migrated cells for OVCA429 (B) and SOV3 cells

(D) are shown.
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regulate EMT in EOC cells will help develop novel therapeutic strategies.
A growing body of evidence suggests that activation of Notch plays a tu-
morigenic role in EOC [16-28], highlighting the importance of further
investigating the biological functions of Notch in EOC. We previously
demonstrated that activation of Notch3 induces EMT in EOC cells and
renders EOC cells more resistant to carboplatin [9]. Two recent studies
showed that knockdown of DIl4 or Jagged1 decreased the tumorigenic-
ity of Notch3-negative EOC cells [19,20], indicating that other Notch re-
ceptors besides Notch3 also play a role in tumorigenesis of EOC. Indeed,
Notch1 has also been shown to play a role in proliferation and survival
of EOC cells [17,21,28], indicating that Notch1 is another important
Notch receptor in EOC and its role in EOC needs to be further investigat-
ed. In this study, we showed that activation of Notch1 induces EMT in
EOC cells as evidenced by induction of Slug, repression of E-cadherin
and cytokeratin, and cell morphology change. Our findings thus indicate
that EMT in EOC cells can be induced by activation of Notch1 or Notch3.

Notch and TGFp can be synergetic or antagonistic dependent on cell
types. Although Notch activation inhibits TGFp anti-growth action in
mouse EpH4 and HC-11 mammary epithelial cells and in Mv1Lu mink
lung epithelial cells [40-42], it is necessary for TGF3-induced growth ar-
rest in human HaCaT keratinocytes and mouse NMuMG mammary epi-
thelial cells [43]. Interestingly Notch and TGF3 have been shown to
cooperatively regulate EMT in various cell types (e.g., HaCaT, NMuMG,
human A549 alveolar type II epithelial cells and human HK-2 proximal
tubule epithelial cells) [44-46]. Despite the well-documented coopera-
tion between TGFp and other signaling pathways in EMT [47], whether
Notch and TGFj interact in the context of EMT in EOC has not been stud-
ied. TGFR is highly expressed in EOC tissues and is present at high levels
in the plasma and ascites of advanced EOC patients [48-50]. We and
others have shown that TGF3 induces EMT in EOC cells [8,51,52].
Notch signaling is activated and plays a tumorigenic role in EOC
[16-28]. Therefore, a better understanding of the interaction of TGF3
and Notch in EMT in EOC will help identify potential therapeutic targets
to treat this deadly disease.

Our results show that activation of Notch1 increases the phosphory-
lation of Smad2, suggesting that Notch activation enhances TGF3/Smad
signaling in EOC cells. Further analysis suggests that Notch1-induced
Smad2 phosphorylation is TGFBRI-dependent, because inhibition of
TGFBRI kinase activity by its inhibitor SB431542 completely abolished
basal and Notch1-induced Smad2 phosphorylation. Mechanistically,
Notch1 activation increases the mRNA levels of TGF31 (the most abun-
dant form of TGF(3) in OVCA429 and SKOV3 cells by approximately 4-
fold. Additionally, Notch1 activation increases the levels of TGFBRI
mRNA by 2.7-fold in SKOV3 cells and increases the levels of TGFBRI pro-
tein by 1.5- and 1.7-fold in OVCA429 and SKOV3 cells, respectively.
TGFBRI protein levels are regulated through multiple mechanisms, in-
cluding regulation of expression and turnover of the receptor [53,54].
The effect of Notch on TGFBRI mRNA versus protein levels in OVCA429
cells suggests that Notch may regulate TGFBRI protein stability or turn-
over without affecting the transcription in this cell line. Together, these
results indicate that activation of Notch1 enhances the endogenous
TGFp/Smad signaling by up-regulating the expression of TGF and
TGFBRI in EOC cells.

We also found that Notch activation affects exogenous TGF{3-
induced Smad signaling in EOC cells. Based on time course experiments,
inhibition of Notch by DAPT has no effect on TGFR-induced phosphory-
lation of Smad2 and Smad3 at early timepoints, but markedly
inhibits Smad2/3 phosphorylation at late timepoints. Furthermore,
inhibition of Notch by DAPT decreases TGFB3-induced Slug expression
and E-cadherin repression. These results suggest that Notch activation
is not required for the initiation, but is partially required for sustained
activity of TGF3/Smad signaling and TGF3-induced EMT. Notch1 knock-
down partially reversed the TGF3-dependent repression of E-cadherin
observed in OVCA429 and SKOV3 cells, suggesting that activation of
Notch1 is partially required for TGFR-induced EMT. However, knock-
down of Notch1 decreased TGF3-induced Slug expression and Smad2

phosphorylation in OVCA429 cells, but not in SKOV3 cells, suggesting
these effects are cell-dependent, which is consistent with the heteroge-
neity of EOC cells. These data also suggest that repression of E-cadherin
expression by TGFp in SKOV3 cells is likely to be independent of Smad2
phosphorylation and Slug induction. In this regard, it has been well-
documented that TGFB can induce EMT in both a Smad-dependent
and -independent manner [29-32]. Taken together, our results indicate
that Notch1 activation contributes to TGFR-induced EMT; however, the
molecular mechanism underlying this Notch function remains to be de-
termined. In this study, we found that Notch1 activation upregulates the
expression of TGF and TGFBRI, suggesting that upregulation of these
genes is a potential mechanism for Notch to sustain TGF3/Smad signal-
ing in EOC cells.

Having determined that activation of Notch promotes TGF{3/Smad
signaling, we investigated whether TGF( affects Notch signaling in
EOC cells. Indeed, TGFp increases the expression of Notch ligand Jag-
ged1 in EOC cells, which is consistent with previous reports in other
cell types [43-46]. Our results demonstrate that Notch and TGF{ form
areciprocal positive regulatory loop in EOC cells. Our findings have clin-
ical implications. Jagged1 is overexpressed in EOC cells and the Jagged1/
Notch signaling pathway contributes to the growth, invasion and tu-
morigenicity of EOC cells [16,20]. A recent study demonstrated that
TGFp1 signaling is activated in omental metastasis of EOC compared
to the primary sites and inhibition of TGF31 signaling decreases the pro-
gression of EOC in a mouse xenograft model of EOC [55]. Our data sug-
gest that TGF3 may be one of the factors that are involved in Jagged1
upregulation and Notch activation in EOC. Furthermore, our results
show that combined activation of Notch and TGF signaling is more po-
tent in promoting motility and migration of OVCA429 and SKOV3 cells
than either Notch or TGF( alone. Our findings thus provide evidence
for functional interaction between Notch and TGF{ in EOC. Taken to-
gether, we identify a reciprocal positive regulatory loop between
Notch and TGFj in EOC, suggesting that simultaneous inhibition of
both Notch and TGFp signaling may represent a more effective ap-
proach to target the progression of EOC.

Our expression data show that Notch ligand DIl4 is downregulated
by TGFP in OVCA429 and SKOV3 cells. A recent study showed that
Dll4 is expressed in both cancer cells and endothelial cells in human
EOC tissues and its expression is inversely associated with survival of
EOC patients [19]. Functionally, targeting DIl4 in cancer cells and stro-
mal cells decreased tumor formation and angiogenesis of EOC [19], sug-
gesting that D1l4 contributes to progression of EOC. Induction of Jagged1
and downregulation of D114 by TGF may result in opposing effect on
Notch activation. Our results indicate that TGFp treatment increases
the expression of the Notch target gene HES1, suggesting that the net ef-
fect of TGFj on Notch signaling is to enhance Notch activation. This is
likely because Jagged1 mRNA levels are much more abundant than
DIl4 mRNA levels in both cell lines as determined by qRT-PCR (data
not shown). However, the significance of downregulation of DIl4 in
EOC cells by TGF( warrants further investigation.

In summary, this is the first study to demonstrate that activation of
Notch1 induces EMT in EOC cells and that Notch and TGF{3 form a recip-
rocal positive regulatory loop in EOC cells. Notch activation contributes
to sustained TGFp signaling and TGF3-induced EMT in EOC cells. Func-
tionally, activation of both Notch and TGFf signaling increases motility
and migration of EOC cells to a greater extent than either Notch or TGF
alone. Our findings provide insight into the molecular mechanisms un-
derlying the regulation of EMT and the progression of EOC, which may
help the development of novel therapeutic approaches for recurrent
and resistant EOC.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cellsig.2016.03.016.
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