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ABSTRACT OF THE DISSERTATION

Elucidating the mechanism through which loss-of-function in RBI mediates poor prognosis
in osteosarcoma

By
Stephanie Cherie Wu
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2019

Assistant Professor Claudia A. Benavente, Chair

Osteosarcoma is the most common primary bone malignancy in children and adolescents.
Among the various molecular mechanisms implicated in osteosarcomagenesis reviewed in
Chapter 1, the RB/E2F pathway is of particular importance as virtually all cases of
osteosarcoma display alterations in the this signaling pathway. Loss of function mutations at
the retinoblastoma (RB1) gene are associated with increased mortality, metastasis and poor
therapeutic outlook in osteosarcoma. However, the mechanism(s) through which loss of RB
worsens clinical outcome remain to be elucidated. We examined the transcription factor E2F
family members that are associated with increased malignancy in RB-null osteosarcoma
tumors and found that loss of activator E2Fs, E2F1 and E2F3, significantly delays tumor
progression and increases the overall survival of the Tp53/Rb1-deficient osteosarcoma
mouse model (Chapter 2). We then studied the role of two critical downstream effectors of
the RB/E2F pathway, HELLS and UHRF1. While both are upregulated and overexpressed in
osteosarcoma, we observed that HELLS has limited effect on tumor proliferation and

migration. Loss of Hells in osteosarcoma has no effect in tumor initiation and overall survival

Xii



of osteosarcoma mice. This suggests that while HELLS may serve as a biomarker for
tumorigenesis and for RB/E2F pathway status, it is unlikely to serve as a relevant target for
therapeutics in osteosarcoma (Chapter 3). On the contrary, we showed that UHRF1
upregulation is critical in rendering osteosarcoma cells more aggressive. Using gain/loss-of-
function assays to study the role of UHRF1 in osteosarcoma, we observed that UHRF1 is
involved in promoting cell proliferation, migration, and invasion. Loss of UhrfI in genetically
engineered osteosarcoma model lengthens the life span of mice bearing osteosarcoma and
decreases pulmonary metastases. These are described in chapter 4, where we discuss how
UHRF1 mediates its tumor-promoting functions in osteosarcoma, and provide evidence
supporting UHRF1 targeting as a novel therapeutic option. Taken together, this study
illuminates new mechanistic insights of RB-mediated poor prognosis that could improve
current therapeutic strategies of osteosarcoma, as well as other malignancies harboring
RB/E2F pathway inactivation. Following our discovery, chapter 5 documents our proposed
methods in attempting to provide a more comprehensive mechanistic understanding of the

RB-UHRF1 network.
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CHAPTER 1

Introduction



Overview

Sarcomas are defined as malignancies that arise in tissues derived from the embryonic
mesoderm such as bone, cartilage, fat, muscle and the vascular system [1]. Among various
kinds of sarcomas, osteosarcoma (0OS) is one of the many types of malignant neoplasms of
bone origin. It is a mesenchymal tumor that is histologically characterized by the presence
of malignant mesenchymal cells and the production of a bone stroma. Although OS can arise
in all bones, the most common sites of occurrence include femur (42%), tibia (19%), and
humerus (10%) [2]. More specifically, OS often occurs near the metaphyseal growth plates
of these long bones. Other rare sites of occurrence include skull, jaw, pelvis, and ribs [3].
Patients with primary OS in the extremities generally display a better prognosis than those
with primary tumor located at other sites [4]. The 5-year survival rate of localized OS is
between 60-80%; however, 15-20% of OS patients present metastasis upon initial diagnosis,
which significantly decreases 5-year survival rate to as low as 15-30% [2, 5, 6]. Pulmonary
metastases are observed in approximately 50% of OS patients [4]. Unfortunately, survival
rate of OS has plateaued ever since the introduction of adjuvant and neoadjuvant multiagent
chemotherapy in the early 1980s [7]. The current treatment paradigm includes generic

chemotherapeutic agents such as methotrexate, cisplatin, and doxorubicin.

Systematic review of the OS genomic landscape uncovers extensive inter- and intra-tumoral
heterogeneity, harboring various chromosomal rearrangements, hypermutations, copy
number alterations, etc. [8-10]. Some common genetic abnormalities in OS, including the
most found genetic mutations in OS, tumor suppressor genes, TP53 and RBI [8, 11] are

reviewed later in this chapter.



OS cell of origin

The cell of origin and its relation to the observed heterogeneity in OS continues to be a heated
topic in OS related research. Two conceptual models have been proposed to explain the
intertumoral heterogeneity [12]. One model predicts that a single type of cell gives rise to
various subtypes of OS (e.g. chondroblastic, fibroblastic and osteoblastic) depending on the
genetic/epigenetic background the cell inherits and acquires. Another model suggests that
different subtypes arise from cells in the differentiation lineage hierarchy from
mesenchymal stem cells (MSCs) to matured osteoblasts [13]. As a malignancy that arises
from the bone, it is generally agreed upon that transformation occurs somewhere along the
osteogenic differentiation pathway, as MSCs commit to becoming pre-osteoblasts, mature

into osteoblasts, and terminally differentiate into osteocytes.

The finding that mice bearing Tp53 germline mutations are highly predisposed to different
malignancies, including OS [14], marks the beginning of various efforts aiming to pinpoint
the stage at which OS arises utilizing in vivo models. Clinical studies have indicated that in
addition to TP53, genetic lesions in the RB1 gene are the most significant recurrent genetic
lesions observed in OS patients. Thus, the study of Rb1 mutations along with Tp53 is common

in OS genetically engineered mouse models [8, 15-17].

Evidence suggesting that uncommitted MSCs are unlikely to be the cell of origin comes from
the observation that subcutaneous injection of MSCs with homozygous deletion of Tp53 or
deletion of both Tp53 and Rb1 into mice results in mice developing leiomyosarcoma at higher

rates than OS [18]. This observation has held true regardless of the source of MSC being bone



marrow-derived or adipose-derived. Subcutaneous injections of Tp53-/- and Tp53-/-; Rb1-/-
bone marrow-derived MSCs give rise to OS only when subjected to osteogenic differentiation
prior to injection. This suggests that a committed progenitor such as pre-osteoblast or
osteoblast is more likely to be the tumor-initiating cell [19]. Further support of the notion
that a cell type committed to the osteogenic lineage is likely to be the OS cell of origin comes
from studies using genetically engineered mouse models bearing conditional alleles to
knockout of Tp53 or a combination of Tp53 and Rb1 expressing Cre-recombinase
downstream of various promoters driving allelic recombination at specific stages of
osteogenic differentiation. The recombination of Tp53 conditional alleles in uncommitted
MSC using Prx1-Cre develops OS with a 61% penetrance, while homozygous deletion of Tp53
in pre-osteoblasts, using Collal-Cre transgenic mice, have a 85% chance of developing OS
instead of other sarcomas [20]. A better model, which utilizes preosteoblast-specific marker
Osterix as a driver for Cre-recombinase (Osx-Cre) facilitates preosteoblast-specific loss of
Tp53, resulting in osteosarcoma development with complete penetrance. Gene expression
profiles, histology and metastatic potential of these Osx-Cre transgenic mice are also
comparable to that of human OS [21]. Conditional double knockout of Tp53 and Rb1 in MSCs
using Prx1-Cre transgenic mice, in preosteoblasts using Collal-Cre transgenic mice, and in
osteocytes using Oc-Cre transgenic mice, give rise to osteosarcoma with ~100%, ~90%, and
44% penetrance, respectively [22]. Together, these studies suggest that transformation is

likely to occur at the preosteoblastic stage of osteogenic differentiation.

In addition to the low penetrance of OS tumors in osteocyte-driven tumorigenesis, little

evidence supports the notion of osteocytes being the tumor initiating cells of OS. As



terminally differentiated cells, osteocytes are less likely to give rise to heterogeneous
tumors. The ability of osteocytes to give rise to tumor may be explained by the potential of
osteocytes dedifferentiating into osteoblasts, thus regaining differentiation potency [23].
Injection of immortalized osteocyte cell lines give rise to OS that do not metastasize to lung,
liver, nor spleen [24]. The development of tumors without metastatic potential suggests that
the differentiation state from which the tumor arises does affect OS subtypes. This would be
a direct contradiction from the finding that the differentiation state of the lineage from which
tumors originate does not correlate with the differentiation state of tumors [22]. Given the
complexity of evidences, it is likely that the two models of heterogeneity work together to

affect tumor pathology and behavior.

Developmental models of osteosarcoma

As a disease of mesenchymal origin that arises within the bone and characterized by the
unique production of osteoid, an unmineralized bone matrix, the osteogenic lineage
stemming from the multipotent mesenchymal stem cells (MSCs) is heavily implicated in the
origination of OS. It comes as no surprise that cell types along the osteogenic differentiation
pathway are popular targets in which malignant transformations are induced for the
establishment of developmental model of OS. The first genetically engineered mouse model
(GEMM) to display OS was the H2K-cfos transgenic mouse model, where c-fos, a member of
the activator protein 1 (AP-1) transcription factor, is overexpressed. Despite similar
histopathology with human OS, the lack of metastatic potential in this model rendered it less

suitable in studying the disease [25]. However, analyses done in OS arising from these



transgenic mice were the first piece of evidence suggesting that transformation of committed
progenitors such as osteoblasts are more likely to be the cell of origin of OS [26]. The
utilization of Osterix-driven cre recombinase (Osx-cre), a transgene that is actively expressed
in preosteoblasts, leads to OS with high penetrance [21]. This model recapitulates many of
the defining features of human OS including cytogenetic complexity, comparable expression
signatures, histology and metastatic behavior. This model also exhibits the negative impact
brought about by RB1 mutations that potentiates OS. In our study, we used this Osx-cre
transgenic mouse model to investigate the mechanisms behind loss of proliferative and

epigenetic control.

Genetic abnormalities in the TP53 pathway

TP53 is the most frequently altered gene in cancer. Ever since the tumor suppressor function
of TP53 was described [27], it was established throughout the years that p53 function is
abnormal in most human cancers. Most p53 inactivation is a result of genetic lesion in the
TP53 gene, which may lead to complete loss of p53, or p53 loss-/gain-of-function. In other
cases, the p53 pathway is inactivated through the deregulation of proteins that are directly
or indirectly involved in the pathway [28]. In OS, whole genome analyses have demonstrated
a near-universal inactivation of the p53 pathway through different mechanisms. Mutation at
the TP53 gene results in genome instability, predisposing cells in the osteogenic lineage to
aberrant transformation. Silencing of TP53 is sufficient to drive OS tumorigenesis [21, 29]. A
study conducted by Chen et al. analyzing whole-genome of 19 OS tumors acquire from

patients revealed that while most of the genetic alterations in the TP53 gene observed in OS



tumors are structural variations, other genetic events at the TP53 gene including single-
nucleotide variations, somatic splice-site mutations, insertions and deletions were also
observed. Loss of heterozygosity at the TP53 locus was evident in approximately half of the
osteosarcoma tumors [8]. Interestingly, the mechanism through which the TP53 gene is

altered has no correlation with patient survival.

The activity of p53 is tightly regulated by oncoproteins MDM2 and MDMX (MDM4).
Heterodimerization of these MDM homologs initiates MDM2-mediated ubiquitination of
p53, which results in the degradation of p53 [30, 31]. In turn, MDMZ is transcriptionally
regulated by p53, thus creating a negative feedback loop [32-34]. Specifically, low MDM?2
activity results in monoubiquitination and nuclear export of p53, whereas high MDM?2
activity leads to polyubiquitination and nuclear degradation of p53 [35]. It comes as no
surprise that mutations which lead to MDM2 and/or MDMX amplification would result in
functional inactivation of p53. MDM2 gene amplification were observed more frequently in
metastatic and recurrent OS compared to primary OS [36]. Immunohistological analysis of
OS tumors correlates high MDM2 expression with high-grade OS or areas of dedifferentiation
in low-grade OS [37], supporting the correlation between MDM2 gene amplification and
tumor malignancy. Counterintuitively, down-regulation of MDMX has been associated with
aggressive/advanced OS [38]. In fact, a tumor-suppressing role of this oncoprotein has been
reported. The RING domain of MDMX was shown to suppress proliferation independent of
p53 [39]. In addition, cancer cells, including OS cell line SJSA-1, that exhibit low endogenous

level of MDMX was observed to have higher basal level of MDM2 [40]. It is unclear whether



the low MDMX expression in some cases is merely a result of excessive MDM2-mediated
ubiquitination of MDMX [41], and that malignancy is still related to MDM amplification.

Following DNA damage or other stressors, p53 is activated, leading to transient expression
of many proteins crucial for facilitating cell cycle arrest. Genetic or epigenetic alterations in
these pathway members phenocopy Tp53 loss, many of such events are reported in OS.
Encoded by the CDKN2a gene, p144RF act as a tumor suppressor by initiating p53-dependent
cell cycle arrest and apoptosis through the inhibition of MDM2 [42]. Promoter
hypermethylation of the CDKNZ2a gene has been reported in multiple OS cases. In a study that
examined 32 osteosarcoma tissues, hypermethylation is correlated with decreased p14ARF
protein expression and poor survival [43]. The cyclin-dependent kinase inhibitor, p21¢irl
aids cell cycle arrest by blocking S-phase entry [44-46]. Low levels of p21¢rl was observed
in OS cell lines, possibly a result of CUL4B overexpression in OS, a major component of an E3
ligase complex known to target for degradation p21¢ir1[47]. Exogenous expression of p21¢irl
is reported to sensitize OS cells to cisplatin [48]. Growth arrest and DNA damage (GADD45)
is another gene activated by p53 in response to stress signals [49]. GADD45 facilitates cell
cycle arrest by inhibiting the Cdc2/CyclinB1 complex [50, 51]. Hypermethylation on the CpG
islands of GADD45A promoter that translates into reduced protein expression is observed in
osteosarcoma cell line and xenografts [52]. Treatment with DNA demethylating agents
relieved the epigenetic silencing of GADD45A in osteosarcoma cell lines but not in their drug-

resistant counterparts [53].

Although a significant number of OS tumorigenesis is driven by loss-of-function mutation in

the TP53 gene, proteins directly or indirectly involved in the p53 pathway contributes a



significant amount to OS promotion, progression and metastasis. Alteration in expression of
any member reviewed above either leads to functional inactivation of the p53 pathway, or

contribute to increased malignancy of the disease.

RB/E2F pathway inactivation in osteosarcoma

In most human neoplasms, the RB pathway is functionally inactivated either by loss-of-
function (null) mutation, deletion at the RB1 gene or by alterations in expression and/or
activity of upstream regulators such as CDKNZ2A, CCND, and CDK4/6 [54]. Genetic or
functional inactivation of the RB/E2F pathway seems to be indispensable for deregulated
proliferation in most cancer settings [55]. In OS, the rate of loss of heterozygosity in RB1
ranges from 29%-72% [56-59]. Multiple studies have shown that loss-of-function mutation
in the RB1 gene is correlated with a poor prognosis for patients with osteosarcoma [60-64].
Most often in OS, the RB pathway is inactivated by means other than RB1 null mutation or
deletion, in these cases, having an intact RB1 translates to better clinical outlook in terms of
the risk of developing metastatic disease, or sensitivity to chemotherapy, etc. [61, 65, 66].
Suggesting that loss of function due to genetic ablation of the RBI gene is not completely
synonymous to theloss of E2F binding activity due to hyperphosphorylation of RB. However,
the mechanism(s) through which RBI loss leads to poor prognosis in OS remain to be

elucidated.

The RBI gene encodes for the tumor suppressor protein retinoblastoma (RB), whose most
defined role is the modulator of cell cycle. RB represses transcriptional activation of genes

required for S-phase entry by forming a transcriptional repression complex with the E2F

9



family of transcription factors [67]. In response to growth stimuli, the Cyclin D-CDK4/6
complex phosphorylates RB, releasing E2F and thereby allowing G1-S transition [68]. Since
the association of RB with E2F family of transcription factors is pivotal for the negative
control of cell cycle progression, we sought to determine which E2F family member(s) is RB
acting through to mediate poor prognosis in OS. Chapter 2 describes our effort in
pinpointing activator E2Fs, specifically E2F1, as our research interest, and thereafter aimed

to identify downstream effectors targeted by the RB-E2F1 complex.

In addition to E2F, RB associates with a large number of nuclear proteins, including a variety
of chromatin-associated proteins that have diverse activities [69-71]. Research in the last
decade highlight the complexity of the RB regulatory networks that ensure proper cell
proliferation and identified multiple cellular functions beyond cell cycle regulation.
Increasing evidence points to a role of RB as a molecular adaptor at the crossroads of
multiple pathways, ensuring cellular homeostasis in different contexts including cell cycle,

cellular differentiation, mitochondrial biogenesis, cell death and cancer progression [72].

RB has been implicated in regulating most major epigenetic processes, including DNA
methylation, histone modifications, and microRNA regulation [73-77]. Helicase, Lymphoid
specific (HELLS) and Ubiquitin Like with PHD and Ring Finger Domains 1 (UHRF1) came
about as two candidates of particular interest, as both are presented not only as
transcriptional targets of the RB-E2F1 complex deregulated upon RB loss, but also as

chromatin remodeling proteins capable of exerting epigenetic functions globally. These

10



characteristics extends the function of RB regulatory network beyond the canonical role of

cell cycle regulation.

HELLS

HELLS (helicase, lymphoid specific; also known as LSH) is a SWI/SNF-related matrix-
associated regulator of chromatin [78, 79]. HELLS is a multidomain protein containing 7
putative helicase domains. Domain I contains the ATP-binding site and domain II contains
the DExH box [80]. HELLS is critical for normal development of mammals by establishing
DNA methylation patterns across the genome [81]. HELLS remodels chromatin to render
DNA accessible to DNA methyltransferase enzymes Dnmt3a or Dnmt3b, but not Dnmt1, and
therefore supports de novo DNA methylation and stable gene silencing during cellular

differentiation [82, 83].

In retinoblastoma, HELLS was identified as a critical contributor of RB-mediated
tumorigenesis [84]. Upregulation of HELLS following RB1 inactivation is linked to the
epigenetic deregulation of spleen tyrosine kinase (SYK), a key protein for human
retinoblastoma survival [77, 84]. HELLS has an interesting connection to the RB/E2F
pathway: the HELLS gene is a direct target of E2F1 [85] and HELLS protein interacts with
E2F3 at several E2F target genes that control cell cycle entry [86]. Similar to the observation
in retinoblastoma, depletion of HELLS in prostate cancer and breast cancer cell lines impairs
growth, suggesting that HELLS may contribute to the malignant progression of other tumors

[86, 87]. Indeed, several reports have shown that HELLS overexpression contributes to

11



malignant progression including renal cell carcinoma, gliomas, prostate cancer, melanoma,
and nasopharyngeal carcinoma [88-92]. In astrocytomas and glioblastomas, upregulation of
E2F1 correlated with increased HELLS expression and increased along with tumor grades
[92]. However, the role of HELLS in tumor initiation, particularly in osteosarcoma, has never
been examined prior to our effort. Chapter 3 of this dissertation discusses the role of HELLS

as a driver for tumorigenesis in a context-specific manner.

UHRF1

UHRF1 (a.k.a. Np95 and ICBP90) is an essential epigenetic “reader” and “writer”
overexpressed in multiple human cancers including breast, lung, colorectal, prostate and
bladder cancer [93-96]. This suggests that UHRF1 may play a role in carcinogenesis and is a
putative anticancer therapeutic target. UHRF1 has several functional domains: NIRF_N (N-
terminal ubiquitin-like) domain, TTD (Tandem Tudor Domain), PHD (Plant Homeo Domain),
SRA (Set and Ring Associated) and RING (Really Interesting New Gene) finger domains.
Through these domains, UHRF1 interacts with various proteins to facilitate various
functions. UHRF1 is most known for its role in maintaining DNA methylation throughout
replication by recruiting DNA methyltransferase 1 (DNMT1) to hemi-methylated DNA at the
replication fork. This process is facilitated by its SRA domain [97, 98], which is also involved
in the recruitment of histone deacetylase 1 (HDAC1) to methylated CpG islands [99]. UHRF1
can also interact with DNMT1 through the PHD domain. The TTD and PHD domains are
involved in the readout of histone methylation such as H3K9me2/3 that are catalyzed by

histone methyltransferases G9a and Suv39H1 [100, 101], and sometimes unmodified
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histone such as H3R2 [102]. The RING domain has an E3 ligase activity involved in histone
and protein ubiquitination [103-105]. The role of NIRF_N domain remains unclear, but may
be required for protein-protein interactions and transport to aggresomes [106]. Further, two
consensus RB-binding sequences (LXCXE) are found in the PHD domain and RING finger
[107]. UHRF1 can also bind directly to DNA through a CCAAT motif under the regulation of
protein kinase A [108, 109]. Acting concomitantly with its binding partners, it has been
proposed that UHRF1 inhibits key tumor suppressors that are frequently mutated in lung,
breast cancer, and retinoblastoma, including CDKN2A, BRCA1, and RB1 [77, 110, 111],
through epigenetic silencing [112-115]. Chapter 4 of this dissertation examined the
consequences of endogenous UHRF1 overexpression and defined the mechanisms by which

it modulates tumor progression in osteosarcoma.

13



CHAPTER 2

RB mediates poor prognosis in osteosarcoma through its association with activator

E2F family of transcription factors, E2F1 and E2F3
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Summary

OS is the most common primary bone malignancy presented in children and adolescents.
Among the various molecular mechanisms implicated in osteosarcomagenesis, the RB/E2F
pathway is of particular interest as virtually all cases of OS display alterations in the RB/E2F
pathway, either directly through the mutation of RBI gene or indirectly through altered
activity of other pathway components. As RB negatively regulates transcription activation of
its downstream targets by means of associating with members of the E2F family of
transcription factors, we sought to determine which E2F family member(s) are associated
with increased malignancy in OS following RB loss. Through loss-of-function assays in vitro,
we demonstrated that the ablation of a single E2F family member is insufficient to inhibit
transcriptional activity of its downstream targets. Rather, functional inactivation of
downstream targets requires the combinatorial knockdown of E2F1 and E2F3, suggesting
compensatory mechanisms between the two aE2Fs. Using genetically engineered mouse
models of osteosarcoma, we found that loss of activator E2Fs, specifically E2F1 and E2F3,
significantly delays tumor progression and increases the overall survival of the p53/Rb1-
deficient OS mouse model. These results put into focus the potential of E2F1 and/or E2F3
direct targets being the downstream effector of RB-mediated poor prognosis, as opposed to

targets preferentially regulated by other E2ZF members.
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Introduction

OS is a tumor of mesenchymal origin that is histologically characterized by the presence of
malignant mesenchymal cells and the production of osteoids. Osteosarcomas are commonly
characterized by an appendicular primary tumor with a high rate of metastasizing to the
lungs [116]. The most common genetic findings in OS are the deregulation of
the TP53 and RB1 tumor suppressor genes [8, 11]. Loss-of-function mutations of
the RB1 gene in osteosarcoma are associated with poor therapeutic outcome, as defined by
increased mortality, metastasis, and poor response to chemotherapy [60-64]. Unfortunately,
clinical outcomes for osteosarcoma patients have not substantially improved in over 30
years. As a result, the 5-year overall survival rate has remained stable at ~65% in case of

local disease and ~20% for patients with metastatic disease [2, 5, 6, 117].

The RB1 gene encodes the tumor suppressor protein RB. RB forms a transcriptional
repression complex with the E2F family of transcription factors and thereby negatively
regulates G1-S transition during the cell cycle through the suppression of E2F target genes.
There are six E2F family members that bind to the RB family and are classified as activator
E2Fs (aE2Fs: E2F1, E2F2 and E2F3a) and repressor E2Fs (rE2Fs: E2F3b, E2F4, and E2F5)
[118]. Of these, aE2Fs show preferential binding to RB protein. In response to growth stimuli,
the cyclinD-CDK4/6 complex phosphorylates RB, relieving aE2Fs to facilitate the
transcription activation of genes required to progress through Gi-S transition. A previous
study performed in retinoblastoma, a childhood cancer caused by bi-allelic loss of RBI,

indicated that retinal tumorigenesis was driven by E2F1- and E2F3-transcribed genes,
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following the lack of transcriptional repression due to RB loss [84]. The same study also
reported the participation in tumorigenesis of two chromatin remodeling proteins, Helicase,
lymphoid specific (HELLS) and Ubiquitin-like, containing PHD and RING finger domains 1
(UHRF1). Both RB/E2F transcriptional targets, the roles of HELLS and UHRF1 in the context
of OS are discussed in detail in later chapters (chapters 3 and 4). In this portion of our study,
the expression of HELLS and UHRF1 were examined as a readout of the status of RB/E2F

control.

We showed through loss-of-function assay that knocking down of a single activator E2F
family member by itself has minimal to no effect on the transcriptional activity of
downstream targets HELLS and UHRF1. The specific combination of E2F1 and E2F3
knockdown, however, was sufficient in reversing the otherwise upregulated and
overexpressed targets. These data points to the presence of compensatory mechanisms

between activator E2Fs, E2F1 and E2F3.

To study the role of E2Fs in OS tumor development, we proceeded to generate a series of
genetically engineered mouse models of 0S. As we validated previous reports describing
E2F1 and E2F3 as the two aE2F members more heavily implicated in RB-mediated
tumorigenesis, we focused on E2F1 and E2F3, while utilizing E2F5 as a rE2F control. We
found that E2F1 and E2F3, more so E2F1 than E2F3, contribute to increased malignancy
associated with loss of RB. These results stood as our rationale in investigating downstream

effectors of the RB/E2F pathway that’s preferentially regulated by the RB-E2F1 axis.
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Results

Loss of E2F1 is functionally compensated by E2F3

To determine whether E2F1 is the member that RB mediates poor prognosis through, we
performed loss-of-function assay by transducing human OS cell lines with lentiviral vectors
encoding shRNAs targeting E2F1 (shE2F1). Interestingly, we found that E2ZF1 knockdown
was not effective at reducing expression levels of its downstream targets, HELLS and UHRF1,
in any of the OS cell lines examined (Figure 2.1A). To determine if other aE2F family
members could compensate for the loss of E2F1, we acquired lentiviral vectors encoding
shRNAs targeting E2F2 (shE2F2) and E2F3 (shE2F3). Knockdown of E2F2 or E2F3 using
shE2F2 or shE2F3 alone did not affect expression of downstream targets. (Data not shown,
Figure 2.1D); neither did the combination of shE2F1 and shE2F2 (Figure 2.1B). However,
combinatorial knockdown of E2F1 and E2F3 using shE2F1 and shE2F3 together achieved a

significant reduction in expression of downstream targets (Figure 2.1C).

To determine, functionally, if E2ZF1 loss can revert the increased malignancy in OS associated
with loss of RB by means of reducing phenotypic characteristics commonly associated with
malignancies, such as proliferation and migratory capacity, we generated growth curves
using the CellTiter-Glo viability assay and compared E2F1 knockdown OS cells to their
scrambled control. We found no difference in proliferation upon E2F1 knockdown (Figure
2.2A-D), consistent with our report that E2ZF1 knockdown alone being insufficient to repress
transcriptional activation of downstream targets. E2ZF1 knockdown in OS cells has very
minimal effect on OS cell migratory capacity, as revealed by scratch-wound assay. SJSA-1

remains the only OS cell line examined that exhibit statistically significant reduction of
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Figure 2.1. Combinatorial knockdown of E2F1 and E2F3, but not E2F1 or E2F3 alone is sufficient in

repressing transcriptional activation of downstream targets.

(A-D) Western blot detection of HELLS and UHRF1 expression in OS cell lines upon (co-)transduction of shRNA
targeting (A) E2F1, (B) E2F1 and E2F2, (C) E2F1 and E2F3, (D) E2F3 through lentiviral vectors. Expressions
of E2Fs were probed to verify sucessful knockdowns. Tubulin or actin as loading control.
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Figure 2.2. E2F1 knockdown alone is insufficent in repressing tumor phenotype.

(A-D) Growth curves of OS cells transduced with shRNA targeting E2F1(shE2F1) and scrambled control
(shScrmbl) were generated through Cell TiterGlo viability assay. Luminescence measured correlates with cell
viability. Fold change in luminescence normalized to day O of study were plotted. Each point is mean #* s.d. of
triplicate samples. (E, F) Quantitative measurement of pixels migrated in scratch-wound assay in OS cells (co-
) transduced with shRNA targeting (E) E2F1 (shE2F1) or (F) E2F1 and E2F3 (shE2F1/3) compared to scrabled
control (shScrmbl). Each data point is mean # s.d. of ten measurements in triplicate samples. *p < 0.0332, **p

<0.0021, ***p < 0.0001 by two-tailed t test.
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migratory capacity upon E2F1 loss (Figure 2.2E). In contrast, migratory potential all OS cell
lines examined significantly decreased when E2F3 is knocked down along with E2F1 (Figure
2.2F), further validating functional compensation between these two aE2Fs. RT-QPCR
analysis of E2F1 knocked-down OS cells reveals no difference in the transcriptional
expression of other E2ZF members, suggesting that compensation upon E2F1 knockdown

does not occur at the transcriptional level (Figure 2.3).

RB regulates tumor progression through E2F1 and E2F3

Recombination of Tp53 in conditional knockout mice driven by osterix-cre recombinase
(Osx-cre), a transgene that is actively expressed in more differentiated pre-osteoblasts,
results in osteosarcoma with high penetrance (p53 cKO: Osx-cre; p53lo¥/lex), This disease
model is potentiated by the loss of Rb1 (p53/Rb1 DKO: Osx-cre; p53lox/lox; Rp]lox/lox),
recapitulating the negative impact of RB1 mutations in human osteosarcoma [21]. Previous
studies have shown that loss of E2f1 and E2f3, but not E2f5, prevents retinoblastoma
formation in Rb1-deficient mice [84, 119]. We hypothesized thatin Rb1-deficient mice, aE2Fs
(E2F1 and E2F3) constitutively facilitate transcriptional activation of downstream targets

that associate with poor outcome.

To determine if loss of these E2F family members can revert the increased malignancy
associated  with loss of Rb1, we  developed Osx-cre;  p53lox/lox;  Rp1lox/lox;
E2f1-/- (p53/Rb1/E2f1 TKO), Osx-cre; p53lox/lox; Rp1lox/lox;  E2f3lox/lox (p53 /Rb1/E2f3 TKO),
and Osx-cre; p53lox/lox; Rp1lox/lox; E2f5lox/lox (n53 /Rb1/E2f5 TKO) triple-knockout mice. To

characterize the tumor incidence in these mouse models, we monitored mice weekly until
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Figure 2.3. Compensation from other E2F family members upon E2F1 knockdown does not occur at the
transcriptional level.

(A-D) RT-qPCR analysis of (A) E2F2, (B) E2F3, (C) E2F4, and (D) E2F5 expression in OS cell lines transduced

with shRNA targeting E2F1 (shE2F1), normalized to scrambled control (shScrmbl). Each point is mean * s.d. of
triplicate samples. *p < 0.0332, by two-tailed t test.
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advanced tumor burden required euthanasia. 100% (n = 35) of the p53 cKO mice developed
tumors by 65 weeks with a median survival of 58.45 weeks (Figure 2.4A). 100% (n = 29) of
the p53/Rb1 DKO mice developed tumors by 40.4 weeks with a median survival of 26.9
weeks (Figure 2.4A). 100% (n = 25) of the p53/Rb1/E2f1 TKO mice developed tumors by
48.6 weeks with a median survival of 37 weeks, significantly higher than p53/Rb1 DKO mice
(p = 0.0001; Figure 2.4B). 100% (n = 34) of the p53/Rb1/E2f3 TKO mice developed tumors
by 42.4 weeks with a median survival of 32.75 weeks, also significantly higher
than p53/Rb1 DKO mice (p= 0.0104; Figure 2.4C). In contrast, 100% (n= 22) of
the p53/Rb1/E2f5 TKO mice developed tumors by 41.7 weeks with a median survival of 29.2
weeks, which was not significantly different from p53/Rb1 DKO mice (p = 0.3783) (Figure
2.4D). Further, we found no significant gender differences in any of these mouse models

(Figure 2.5).

Discussion

Preosteoblast-specific loss of Tp53 is sufficient in driving OS tumorigenesis in mouse [21].
Disease presentation in this model is potentiated by the additional loss of Rb1, which we
were able to recapitulate. Here, we tried to elucidate the mechanism through which RB
inactivation contributes to poor clinical outcome in 0S. We found that loss of
either E2f1 or E2f3 significantly increased the median survival age of p53/Rb1 DKO mice,
loss of E2f1 more so than EZf3; whereas loss of E2f5 did not affect overall survival. These

results are consistent with other studies reporting that loss of transcriptional control by
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Figure 2.4. Loss of E2f1 or E2f3 increases survival in osteosarcomas bearing Rb1 mutations

(A-D) Kaplan-Meier curves showing the survival of osteosarcoma-prone mouse models. (A) Mice
bearing Rb1 mutations p53/Rb1 DKO: Osx-cre; p53iox/lox; Rp1lox/lox (black, n = 29) have significantly shorter
lifespan compared to p53 cKO: Osx-cre; Tp53'ox/lox (red, n = 35). This survival time was significantly increased
in (B) p53/Rb1/E2f1 TKO: Osx-cre; p53!ox/lox; Rb1lex/lox; E2f1-/-(red, n = 25) and (C) p53/Rb1/E2f3 TKO: Osx-
cre; p53lox/lox; Rp 1lox/lox; E2f3lox/lox (red, n = 34); but not in (D) p53/Rb1/E2f5 TKO: Osx-cre; p53lox/lox; Rp1lox/lox;
E2f5lx/lox (red, n = 22). Mantel-Cox test and Mantel-Haenszel hazard ratio (HR) were used for curve

comparisons.
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Figure 2.5. Osteosarcoma mouse models display no gender variation.

Kaplan-Meier curves showing the survival of osteosarcoma-prone mouse models divided by gender. (A) p53
cKO: Osx-cre; p53lox/lox (male: n = 19; female: n = 16). (B) p53/Rb1 DKO: Osx-cre; Tp53!ox/lox; Rh1lox/lox (male: n
=18; female: n = 11). Mantel-Cox test and Mantel-Haenszel hazard ratio (HR) were used for curve comparisons.
(C) p53/Rb1/E2f1 TKO: Osx-cre; p53!ox/lox; Rb1lox/lox; E2f1-/- (male: n = 8; female: n = 17). (D) p53/Rb1/E2f3 TKO:
Osx-cre; p53lox/lox;RpTlox/lox; E2f3lox/lox (male: n = 17; female: n = 17). (E) p53/Rb1/E2f5 TKO: Osx-cre;
p53iox/lox; Rp 1lox/lox; E2fhlox/lox (male: n = 9; female: n = 13). Mantel-Cox test and Mantel-Haenszel hazard ratio (HR)
were used for curve comparisons.
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aE2Fs, particularly E2F1 and E2F3, is responsible for tumorigenesis
following Rb1 inactivation [84, 119-122]. However, in OS, loss of neither aE2F was sufficient
to completely reverse the potentiation of the disease caused by Rb1 loss. This could be due,
at least in part, to compensation by other E2F family members. The observation that
inactivation of either E2F1 or E2F3 could significantly increase the overall survival of OS-
bearing mice hints that the increased malignancy upon Rb1 loss might be reversible, and that

direct downstream targets of aE2Fs are valuable potential therapeutic targets.

Interestingly, significant reduction of protein expression in downstream targets HELLS and
UHRF1 was only achieved through combinatorial knockdown of E2ZF1 and E2F3, and not by
E2F1 or E2F3 knockdown alone or the combination of E2F1 and E2F2. This suggests that
E2F1 and E2F3 functionally compensate for the loss of each other to regulate the expression
of their downstream targets. This observation could begin to explain why losses of neither
E2f1 (p53/Rb1/E2f1 TKO) nor E2f3 (p53/Rb1/E3f3 TKO) were sufficient to reverse the
increased malignancy observed upon Rb1 loss (p53/Rb1 DKO) in OS but rather provided
only partial improvements. The observation that the rescue of altered expression of RB/E2F
transcriptional gene targets is orchestrated by more than one E2F family member is an
important consideration for therapeutic approaches being developed that aim to inhibit
E2Fs directly. Taken together, our observations underscore both the practicality and the
value of targeting proteins transcriptionally regulated by the RB/E2F pathway, as opposed
to directly alter E2Fs, which could be complicated by compensatory mechanisms between
aE2Fs. Our data also suggests that targeting downstream effectors that are preferentially

regulated by E2F1 and E2F3 are more likely to be efficacious.
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Materials and methods

Mouse models of osteosarcoma and cell lines

The p53lex/lox and Rb1!0x/lex conditional-knockout mice were obtained from the Mouse Models
of Human Cancer Consortium at the National Cancer Institute; the Osx-cre mice were
obtained from The Jackson Laboratory E2fI-knockout and E2f3!¥/lox conditional knockout
mice were obtained from Dr. Gustavo Leone (The Ohio State University); E2f5%/lox mice were
obtained from Dr. Joseph Nevins (Duke University). Mice were monitored weekly for signs
of osteosarcoma. Moribund status was defined as the point when tumors had reached 10%
body weight or induced paralysis in the mouse. The University of California Irvine
Institutional Animal Care and Use Committee approved all animal procedures. Survival
curves were generated using GraphPad Prism. Mantel-Cox test was used for statistical

analyzes of the curves.

Osteosarcoma cell lines 143B, SJSA-1, Sa0S-2 and U-2 0S, as well as MSCs and HEK293T cells
were acquired from the American Type Culture Collection (ATCC). Cells were cultured in a
humidified atmosphere at 37° C and 5% COZ2. 143B were cultured in MEM (Gibco), with 10%
BCS, penicillin/streptomycin, and 0.015 mg/ml BrdU. SJSA-1 were cultured in RPMI (Gibco),
with 10% BCS and penicillin/streptomycin. Sa0S-2 were cultured in McCoy's 5A (Gibco),
with 15% BCS and penicillin/streptomycin. U-2 OS were cultured in McCoy's 5A (Gibco),
with 10% BCS and penicillin/streptomycin. MSCs were cultured in Alpha-MEM (Gibco), with
10% FBS and penicillin/streptomycin. HEK293T cells were culture in high-glucose DMEM

(Gibco), with 10% BCS, penicillin/streptomycin and sodium pyruvate. Cells were passaged
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every 3 to 4 days or when they reached 70-80% confluency. At the time of passage, cells

were split to 20% confluence.

Real-time RT-PCR

Total RNA was isolated from cells or tumor tissues by homogenizing samples with TRIzol
Reagent. RNA was isolated through chloroform extraction. 1 ug of total RNA was used for
cDNA synthesis with the SuperScript™IIl First-strand synthesis system (Invitrogen)
according to manufacturer's protocol at a reaction volume of 20 pl. Quantitative PCR
amplification was performed using 1 pl of reverse-transcribed product in Power SYBR Green
PCR Master Mix (4367659, Life Technologies). Primers were designed using IDT Real-Time
PCR tool (Integrated DNA Technologies). Reaction was carried out using 7500 Real-Time
PCR system (Applied Biosciences). Data were normalized to those obtained with endogenous
control 18S mRNA, and analyzed using AACt method. Primer sequence for PCR amplification
are as follows: E2F2 (Forward 5'-CATGCTCCTAACTCCTTTCCC-3’; Reverse 5'-
TCAGAACCATCCTAAAGCCAG-3'), E2F3 (Forward 5'-AAGACAGATGACACCAGCAC-3';
Reverse 5'-AGGAAGATAGTCTGCACCTTT-3"), E2F4 (Forward 5'-
GTGTTTGCTTCTCCCTTTCTG-3'; Reverse 5'-TGGCAGGAACAAGACACTG-3'), E2F5 (Forward:
5'-ACTGCCACTAAACTGCCTG-3'; Reverse: 5'-TCCTCGTTTACATCCTTCACTTTA-3'), 18S

(Forward 5'-GTAACCCGTTGAACCCCATT-3’; Reverse 5'-CCATCCAATCGGTAGTAGCG-3").

Western blotting
Cell pellets or tumor tissues were homogenized by pipetting or pellet pestle in RIPA buffer

(50 mM Tris-HCI, pH = 8, 150 mM NaCl, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS, 1
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mM EDTA) supplemented with protease inhibitor (cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail, Roche). Samples were allowed to lyse for 30 min on ice before
centrifugation at 14000 RPM at 4° C for 30 min. Protein concentration was measured using
BCA protein assay (Pierce™ BCA Protein Assay Kit). 40 pg of total protein were resolved in
4-15% SDS-PAGE gel (Mini-PROTEAN TGX Gels (4-15%), Bio-rad), and transferred onto
PVDF membrane (Immobilon-P Membrane, PVDF, EMD Millipore) using semi-dry transfer
apparatus (Bio-rad). Ponceau S stain was used to validate successful transfer. Non-specific
binding was prevented by incubating the membrane in 3% non-fat dry milk in TBS-0.25%
Tween (TBS-T) for 1 hour at room temperature, shaking. Primary antibodies were diluted in
0.5% non-fat dry milk in TBS-T as follows: 1:1000 anti-HELLS (sc-28202, Santa Cruz
Biotechnology), 1: 5000 anti-actin (A1978, Sigma), 1:1000 anti-Rb (9313T, Cell Signaling),
1:1000 anti-E2F1 (3742, Cell Signaling), 1:200 anti-E2F2 (sc-9967, Santa Cruz), and 2 pg/ml
anti-E2F3 (PG37, Thermo Scientific). Membranes were incubated in primary antibody
overnight, shaking, at 4° C. Membranes were then rinsed 3 times with TBS-T on shaker and
incubated with secondary antibody for 40min at room temperature, shaking. Secondary
antibodies were diluted in 0.5% non-fat dry milk in TBS-T as follows: 1:1000 peroxidase
labeled anti-mouse IgG (PI-2000, Vector Laboratories), 1:1000 peroxidase labeled anti-
rabbit IgG (PI-1000, Vector Laboratories). Membranes were again rinsed 3 times with TBS-
T on shaker. Chemiluminescence was detected using SuperSignal™ West Pico
Chemiluminescent Substrate (34077, Thermo Scientific). Relative band intensity was

analyzed using Image] software.
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Lentivirus production and transduction

Lentiviral particles were produced by co-transfecting the envelope plasmid pCMV-VSV-G
(Addgene), packaging plasmid pCMV-dR8.2 dvpr (Addgene), and GIPZ shRNA vectors (GE
Dharmacon): E2F1 shRNA (V3LHS_393591), E2F2 shRNA (V3LHS_324068), E2F3 shRNA
(V3LHS_325936), or GIPZ lentiviral empty vector shRNA control into HEK293T cells using
calcium phosphate transfection method. Supernatants containing lentiviral particles were
harvested at 24 and 48 hours post-transfection. Cell debris were cleared by centrifugation at
1600 x g for 10 min at 4° C. Supernatants were then filtered through 0.45um PES filter (25-
223, Genesee Scientific), and concentrated by ultracentrifugation at 23000 RPM for 2 hours
at 4° C. Lentiviral particles were resuspended in ice-cold PBS and stored at -80° C.
Transduction of target cells were achieved by exposing cells to viral particles in serum-free

condition for 6 hours. Puromycin selection was carried out at a concentration of 2 pg/ml.

Cell viability assay

All cells were seeded into 96-well black assay plates (Costar) at a density of 3,000 cells per
well. Cell viability was determined at 24, and 96 hours after seeding using CellTiter-Glo
(Promega) according to manufacturer's instructions. Luminescence readings were
normalized to the 24 h post-seeding reading. Survival curves were generated using

GraphPad Prism.

Scratch-wound healing assay
Scratch-wound assay was performed as previously described [123] Cells (1 x 106/well) were

plated on 6-well plates. The day after, once cells were grown to a confluence of about 80%,

30



the monolayer was scratched using a 10 pl sterile pipette tip. Images were captured
immediately and 8 h after the wound. The exact location of the image was marked to identify
the same gap. The distances between the boundaries of the wound at 0 and 8 h at 10 different

locations were measured in pixels using Zen software (Zeiss).
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CHAPTER 3

Chromatin remodeling protein HELLS is upregulated by inactivation of the RB-E2F

pathway and is nonessential for osteosarcoma tumorigenesis
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Summary

Loss of function mutations at the retinoblastoma (RB1) gene are associated with increased
mortality, metastasis and poor therapeutic outcome in several cancers, including OS.
However, the mechanism(s) through which RB1 worsens clinical outcome remain to be
elucidated. In this study, we investigated the role of helicase, lymphoid specific (HELLS), a
chromatin remodeling protein identified as a critical downstream effector of the RB/E2F
signaling pathway with high level expression in various cancers. Here, we confirmed that the
RB/E2F pathway directly regulates transcriptional activation of HELLS gene. We showed
that HELLS mRNA is upregulated, and its protein overexpressed in OS. Using loss-of-function
assays to study the role of HELLS in human OS, we observed that HELLS has minimal to no
effect on tumor proliferation and migration. Further, we pioneered the study of Hells in
developmental tumor models by generating Hells conditional knockout OS mouse models to
examine the role of HELLS in osteosarcoma tumor development. We found that loss
of Hells in OS has no effect in tumor initiation and overall survival of mice. This suggests that
while HELLS may serve as a biomarker for tumorigenesis that reflects RB/E2F pathway

status, it is unlikely to serve as a relevant target for therapeutics in the context of OS.
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Introduction

HELLS (helicase, lymphoid specific; also known as LSH) is a protein that belongs to the SNF2
family of chromatin-remodeling ATPases that contributes to global genome methylation [78,
79]. HELLS is critical for normal development of mammals by establishing DNA methylation
patterns across the genome [81]. More specifically, HELLS facilitates de novo DNA
methylation through its association with DNMT3A and DNMT3B, an event critical for stable
gene silencing during cellular differentiation [124, 125]. In retinoblastoma, HELLS was
identified as a critical contributor of Rb-mediated tumorigenesis [84]. In addition to
retinoblastoma, several reports have shown that HELLS overexpression contributes to
malignant progression including renal cell carcinoma, gliomas, prostate cancer, melanoma,
and nasopharyngeal carcinoma [88-92]. In astrocytomas and glioblastomas, upregulation of
E2F1 correlated with increased HELLS expression and increased along with tumor grades
[92]. However, the role of HELLS in tumor initiation, particularly in osteosarcoma, has never

been examined.

Since HELLS was identified as an activator E2F (aE2F) target gene and characterized as a
critical contributor of tumorigenesis in retinoblastoma, we evaluated the role of HELLS in OS
tumorigenesis. We demonstrated that activator E2Fs, E2F1 and E2F3, directly regulate
HELLS expression. We proceeded to show that RB/E2F pathway inactivation, present in
almost all OS cases, results in increased HELLS expression. Further, we evaluated the role of
HELLS in OS cell survival, proliferation, migration, and tumorigenesis both in vitro and in

vivo. We demonstrated that, unlike what has been observed in other malignancies, targeting
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HELLS in human osteosarcoma has a modest effect in osteosarcoma survival and no effect
on migration. Further, using a Hells conditional knockout mouse model, we found that loss
of Hells has no effect on osteosarcoma tumor incidence and overall survival. This suggests

that HELLS is not critical for tumor initiation and progression in OS.

Results

HELLS is overexpressed in both human and mouse osteosarcoma

A previous study in retinoblastoma identified HELLS as a key target gene downstream of the
RB-E2F signaling pathway that is overexpressed following the loss of RB, and contributes to
tumorigenesis [84]. Given that RB1 loss in OS patients is associated with poor prognosis, we
hypothesized that loss of RB potentiates OS through transcriptional deregulation of
chromatin remodeling genes including HELLS. Initial analysis of The Cancer Genome Atlas
(TCGA) data set of 263 sarcoma tumor samples indicated that HELLS is upregulated by 4.27-
fold compared to normal controls, making HELLS an attractive target to study in OS (Figure
3.1A). Further analyses of HELLS gene expression using real-time qPCR in human OS cell
lines (143B, SJSA-1, Sa0S-2, and U-2 OS) and patient derived xenografts (PDX1-5) showed a
significant upregulation of HELLS mRNA level in most OS samples when compared to human
mesenchymal stem cells (MSCs) (Figure 3.1B, C). At the protein level, HELLS was also highly
overexpressed across all analyzed osteosarcoma subjects compared to MSCs and human
osteoblasts (hOB) controls (Figure 3.1D). Increased HELLS protein expression was observed

even in U-2 OS and PDX2, which showed no upregulation at the mRNA level. Further, HELLS
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Figure 3.1. HELLS is overexpressed in human and mouse osteosarcoma

(A) The Cancer Genome Atlas data of RNA-Seq by Expectation-Maximation (RSEM) values from 263 human
sarcoma samples (red) compared to normal control (blue) show a 4.27-fold increase in HELLS mRNA
expression. (B-C) RT-qPCR analysis of HELLS mRNA expression in (B) 143B, SJSA-1, Sa0S-2 and U-2 OS
osteosarcoma cell lines and (C) patient-derived xenografts (PDX1-5), normalized to mesenchymal stem cells
(MSC1 and MSC2). Each point is mean # s.d. of triplicate samples. (D) Western blot detection of HELLS in
osteosarcoma cell lines and PDXs show increased protein levels compared to two lineage progenitor controls,
MSCs and human osteoblasts (hOB). Actin used as loading control. Band intensities were quantified by
densitometry and normalized to MSC. (E) Western blot detection of HELLS in a mouse p53/Rb1 DKO tumor. **
p < 0.0021, ***p < 0.0002, ****p < 0.0001 by two-tailed t test.
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protein overexpression was also observed in the p53/Rb1 DKO OS mouse model (Figure
3.1E). We also noted that some primary tumors, both in human and mouse, express a larger
HELLS protein. Whether this is representative of post-translational modifications (HELLS
can be phosphorylated, acetylated, ubiquitinated, methylated and sumoylated) or a HELLS

isoform was not investigated.

HELLS is a direct target of the RB-E2F signaling pathway in the osteogenic lineage

Evidence of direct regulation of HELLS by the RB/E2F signaling pathway is limited to a
single in vitro study in gliomas [92]. To confirm that the RB/E2F pathway transcriptionally
represses HELLS, we performed chromatin immunoprecipitation analysis (ChIP) in the OS
lineage of origin using MSCs. Motif mapping using MotifMap revealed a putative E2F1
binding motif within the promoter region of HELLS, 97 bp upstream of the start codon [126].
PCR primers were designed to flank this area of putative E2F1 binding motif. We observed

enrichment of E2F1 at the consensus binding site within the HELLS promoter (Figure 3.2A).

Of the four OS cell lines used in this study, Sa0S-2 is the only one bearing an RBI mutation
that leads to loss of RB; however, HELLS overexpression were observed in all OS cell lines
examined, suggesting pathway inactivation that in RB wildtype OS cells through indirect
means. To assess the mechanism through which the RB/E2F pathway is being deregulated
in the OS cell lines without RBI mutations, we analyzed CDK4 and CDK6 gene
expression. CDK4 and CDK6 amplification and overexpression has been reported in some OS,
resulting in RB hyperphosphorylation [127]. Real time qPCR analysis of CDK4 showed a

significant increase in its transcription in all osteosarcoma cell lines (Figure 3.2B). A
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Figure 3.2. HELLS is a direct transcriptional target of the RB-E2F pathway

(A) Chromatin immunoprecipitation (ChIP) assay reveals enrichment of E2ZF1 within HELLS promoter. Primers
flanking the myoglobin promoter were used as negative control. Each point is mean # s.d. of triplicate samples.
(B, C) RT-qPCR analysis of basal expression of (B) CDK4 and (C) CDK6 mRNA in different osteosarcoma cell
lines normalized to mesenchymal stem cells (MSC). (D) RT-qPCR analysis of HELLS mRNA expression in
osteosarcoma cell lines after Palbociclib-treated for 24 h, normalized to DMSO control cells. Each point is mean
+ s.d. of triplicate samples. *p < 0.0332, ** p < 0.0021, ***p < 0.0002, ****p < 0.0001 by two-tailed t test. (E)
Western blot detection of phosphorlyated RB level in osteosarcoma cells lines after 24 h Palbociclib treatment,
compared to DMSO control cells.
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particular high expression of CDK4was observed in SJSA-1, a cell line with
known CDK4 amplification [128]. CDK6 was also upregulated in the 3 osteosarcoma cell lines
without RBI mutations: 143B, SJSA-1 and U-2 OS (Figure 3.2C). In order to confirm that
increased CDK4 and CDK6 activity results in RB hyperphosphorylation and result in
overexpression of HELLS, we treated all four human OS cell lines with CDK4/6 inhibitor,
palbociclib [129]. Real-time gPCR analysis of HELLS mRNA levels revealed significant
decreases in HELLS expression upon palbociclib treatment, with the exception of the RB1-
null cell line, Sa0S-2, which served as a negative control (Figure 3.2D). Western blot analysis

confirmed reduction in RB phosphorylation following palbociclib treatment (Figure 3.2E).

HELLS has limited effect on human osteosarcoma cell proliferation and no effect on
migration

Emerging reports have linked HELLS overexpression in cancers with its ability to promote
proliferation [84, 91]. To study the role of HELLS overexpression in osteosarcoma, we
acquired a lentivirus encoding an shRNA sequence complimentary to HELLS (shHELLS) to
facilitate HELLS gene knockdown in OS cell lines, as well as vector-only control. Western blot
analysis was used to validate successful HELLS knockdown in each OS cell line (Figure 3.3A).
We performed colony-forming assay on transduced osteosarcoma cell lines to assess their
ability to give rise to colonies at a single-cell level. HELLS knockdown in OS cell lines results
in modest reduction (31.6-40.5%) in the ability to form colonies when compared to controls
but reached statistical significance in 143B and U-2 OS cell lines (Figure 3.3B, C). Further
evaluation of cellular proliferation and survival upon HELLS knockdown using CellTiter-Glo

cell viability assay revealed a significant increase in cell survival and proliferation in 143B
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Figure 3.3. HELLS knockdown does not affect in osteosarcoma cell proliferation and migration

(A) Western blot detection of HELLS protein level in osteosarcoma cells after transduction with shRNA against
HELLS (shHELLS) compared to non-silencing controls (control) show effective decrease in HELLS protein. (B)
Representative images from colony-forming wells with U-20S cells transduced with shHELLS or non-silencing
control. (C) Histogram of the proportion of number of colonies formed in osteosarcoma cells transduced with
shHELLS or non-silencing control. Each bar is the mean # s.d. of triplicate experiments. (D-G) Relative number
of shHELLS and control cells over time measured by CellTiter-Glo Luminescence cell viability assay. Each data
point is mean * s.d. of four experiments. (H) Representative image for control (non-silencing control) and
shHELLS in 143B cells. (I) Quantification of the distance (pixels) migrated for each of the osteosarcoma cell
lines. Each data point is mean # s.d. of ten measurements in triplicate samples. *p < 0.0332 by two-tailed t test.
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cells, but no significant change in the relative number of cells in SJSA-1, Sa0S-2 and U-2 OS
cells (Figure 3.3D-G). This confirms the modest decreases or absence of changes observed in

the colony-forming assay.

HELLS expression is reported to be positively correlated with metastatic potential, shown
by increased migratory capacity of cells [81, 89]. Using scratch-wound healing assay, we
assessed changes in migration potential in HELLS knockdown and control OS cell lines. We
detected no significant changes in the ability to heal the wounds within 8 h in any of the four

cell lines analyzed (Figure 3.3H-]).

HELLS is dispensable for tumor initiation and progression in mouse 0OS

In order to study the role of HELLS in osteosarcomagenesis, we generated genetically
engineered mice to facilitate preosteoblast-specific knockout of Hells in two distinct genetic
engineered mouse models of osteosarcoma: p53 cKO and p53/Rb1 DKO [21]. The
resulting p53/Hells DKO (Osx-cre p53'ox/lox; Hellslox/lox) and p53/Rb1/Hells triple knockout
(TKO; Osx-cre p53lox/lox; Rp1lox/lox; Helslox/lox) were compared to their corresponding
littermate controls (p53 cKO and p53/Rb1 DKO, respectively) for the assessment of the role
of HELLS in tumor initiation and promotion during osteosarcoma development. All
genotypes lead to the development of osteosarcoma in mice with 100% penetrance. As seen
in Figure 3.4A, no differences were detected between the mice bearing Hells conditional
knockout alleles compared to their littermate controls. The median survival
in p53/Rb1/Hells TKO mice was 27.7 weeks (n = 23) compared to 26.9 weeks (n=29;p =

0.8805) in p53/Rb1 DKO mice (Figure 3.4A). The median survival in p53/Hells DKO mice was
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52.7 weeks (n = 22), compared to 58.45 weeks in p53 cKO (n = 35; p = 0.9739) (Figure 3.4B).
Intriguingly, analysis of gender differences between the Hells-null mice indicated a
significantly lower survival in p53/Hells DKO females compared to males (p = 0.0057; Figure
3.5). Despite this difference, both males and females show no significant difference when
compared to p53 cKO mice (p = 0.2076 and p = 0.0851, respectively). Western blot analysis
of Hells wildtype (p53/Rb1 DKO and p53 cKO) and Hells-null (p53/Rb1/Hells TKO
and p53/Hells DKO) tumors confirmed that HELLS was efficiently knocked-out in these

osteosarcomas (Figure 3.4C).

Discussion

Others and we have identified HELLS as a transcriptional downstream target gene of aE2Fs
that is overexpressed in cancer and often times contributes to tumor progression [84, 89,
92]. To determine if HELLS is overexpressed in OS, we blasted The Cancer Genome Atlas
(TCGA) data set and found that HELLS is upregulated in sarcoma tumor samples compared
to normal controls. We confirmed HELLS gene upregulation in the human OS cell lines 143B,
SJSA-1, and Sa0S-2, as well as in four of the five independent patient-derived orthotopic
xenografts used in this study. Despite the lack of mRNA upregulation in some cell lines and
tumors, HELLS protein overexpression was observed in all the human OS cell lines and
xenografts analyzed in this study. The discordance between mRNA and protein levels in
some of the samples suggests that while HELLS protein levels are predominantly

transcriptionally regulating, there are also translational and post-transcriptional regulatory
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Figure 3.4. Hells has no effect on osteosarcoma tumorigenesis

(A-B) Kaplan-Meier curves showing the survival of osteosarcoma-prone mouse models. Loss of Hells in
osteosarcoma-prone mice show no changes in overall survival in (A) Tp53/Rb1/Hells TKO: Osx-
cre; Tp53lox/lox; Rp1lox/lox; Hells lox/lox (red; n = 23) compared to p53/Rb1 DKO: Osx-
cre; Tp53lox/lox; Rp1lox/lox (black; n = 24) nor (B) p53/Hells DKO: Osx-cre; p53iox/lox; Hells 1o¥/lox (red; n = 22)
compared to p53 cKO: Osx-cre; p53iex/lex (black; n = 35). Mantel-Cox test and Mantel-Haenszel hazard ratio (HR)
were used for curve comparisons. (C) Western blot detection of HELLS confirms loss of HELLS protein

in p53/Rb1/Hells TKO mice and p53/Hells DKO mice and HELLS expression in p53/Rb1 DKO and p53 cKO
osteosarcoma tumors.
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Figure 3.5: Males present a better prognosis in p53/Hells DKO mice

Kaplan-Meier curves showing the survival of Hells-null osteosarcoma mouse models divided by gender. (A)
p53/Hells DKO: Osx-cre; Tp53lox/lox; Hellslox/lox (male: n = 10; female: n = 13). (B) Tp53/Rb1/Hells TKO: Osx-cre;

Tp53lox/lox; Rp1lox/lox; Hellslox/lox (male: n = 10; female: n = 12). Mantel-Cox test and Mantel-Haenszel hazard ratio
(HR) were used for curve comparisons
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mechanisms of protein expression. Further, the HELLS protein overexpression observed in
human OS is recapitulated in the p53/Rb1 DKO osteosarcoma mouse model, strengthening

its validity as a study model for this disease.

Little evidence supports the direct regulation of HELLS by the RB/E2F signaling pathway
[92]. In this study, we confirmed that the RB/E2F signaling pathway directly regulates
transcriptional activation of HELLS in the osteogenic lineage. ChIP analysis revealed
enrichment of E2ZF1 on the promoter region of HELLS where putative E2F1 binding motifs
reside. The RB/E2F signaling pathway is often inactivated in cancer due to reasons beyond
RB1 loss-of-function mutations or deletion, RB hyperphosphorylation through increased
activity of CDK4/CDK6 being one example of the prevention of repression of E2Fs from
binding to downstream targets. This could begin to explain why HELLS upregulation and
overexpression in OS is not strictly limited to RBI-null cases, but rather a generalized event
observed across samples that bear RB/E2F pathway inactivation. Of the OS cell lines
examined in this study, Sa0S-2 harbors a deletion in the RBI gene that leads to a non-
functional truncated protein [130], SJSA-1 has CDK4 amplification [128] (Figure 3.2B), and
U-2 OSis p16 null [131]. Here, we detected upregulation of CDK4 and/or CDK6 mRNA levels
in all OS cell lines (Figure 3.2B, C), which suggests a predominant mechanism of RB/E2F
pathway inactivation through RB hyperphosphorylation in OS. This was further confirmed
by our observation of HELLS down-regulation upon treatment with CDK4/6 inhibitor,

palbociclib.

45



The expression of HELLS has been positively associated with proliferation in both normal
and malignant cells [78, 84, 89, 132]. Multiple studies have shown that HELLS knockdown in
vitro results in decreased proliferation of various human neoplasms [81, 84, 89, 92], and that
engraftment of cells carrying ectopically expressed HELLS gives rise to heavier tumor
burden. In some cases, HELLS expression is positively correlated with metastatic potential,
shown by increased migratory capacity of cells and promotion of epithelial to mesenchymal
transition [81, 89]. In this study, we demonstrated that HELLS knockdown in OS cell lines
modestly decreased colonizing capacity and had no effect on proliferation, except in 143B
cells where we found increased proliferative capacity, contrary to what was expected.

Further, we found no effect of HELLS on migratory potential in OS.

Beyond in vitro loss-of-function studies in human osteosarcoma models, we generated novel
genetic engineered mouse models to study the role of Hells in OS tumor formation. We
observed that p53/Hells DKO and p53/Rb1/Hells TKO mice showed no improvement in
tumor incidence or overall survival compared to their respective littermate controls,
p53 cKO and p53/Rb1 DKO. This result suggests that HELLS is not a critical driver of RB-

mediated malignancy in murine OS tumors.

Taken together, our studies and others indicate that HELLS may be a reliable biomarker for
RB/E2F pathway inactivation. However, HELLS upregulation may not always be
synonymous to a critical role in tumorigenesis or tumor progression across various
malignancies, nor a warranted target for therapeutics in all neoplasms where HELLS

overexpression is observed.
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Materials and methods

Xenografts, mouse models of osteosarcoma and cell lines

The five orthotopic xenografts used in this study: SJ0S001105 (PDX1), SJ0S001112 (PDX2),
SJ0S001107 (PDX3), SJS0010930 (PDX4), and SJ0S001121 (PDX5) were obtained from the
Childhood Solid Tumor Network [133]. Athymic nude (NU/]J) mice were obtained from The

Jackson Laboratories.

The p53lex/lox and Rb1!0x/lex conditional-knockout mice were obtained from the Mouse Models
of Human Cancer Consortium at the National Cancer Institute; the Osx-cre mice were
obtained from The Jackson Laboratory. The Hells-conditional knockout mouse was
generated from mice obtained from the European Mouse Mutant Archive, backcrossed to Flp
mice for removal of the neo-cassette (tm1c conversion), and then backcrossed to C57BL/6N
mice for Flp removal. Mice were monitored weekly for signs of osteosarcoma. Moribund
status was defined as the point when tumors had reached 10% body weight or induced
paralysis in the mouse. The University of California Irvine Institutional Animal Care and Use
Committee approved all animal procedures. Survival curves were generated using GraphPad

Prism. Mantel-Cox test was used for statistical analyzes of the curves.

Osteosarcoma cell lines 143B, SJSA-1, Sa0S-2 and U-2 0S, as well as MSCs and HEK293T cells
were acquired from the American Type Culture Collection (ATCC). Cells were cultured in a
humidified atmosphere at 37° C and 5% COZ2. 143B were cultured in MEM (Gibco), with 10%
BCS, penicillin/streptomycin, and 0.015 mg/ml BrdU. SJSA-1 were cultured in RPMI (Gibco),

with 10% BCS and penicillin/streptomycin. Sa0S-2 were cultured in McCoy's 5A (Gibco),
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with 15% BCS and penicillin/streptomycin. U-2 OS were cultured in McCoy's 5A (Gibco),
with 10% BCS and penicillin/streptomycin. MSCs were cultured in Alpha-MEM (Gibco), with
10% FBS and penicillin/streptomycin. HEK293T cells were culture in high-glucose DMEM
(Gibco), with 10% BCS, penicillin/streptomycin and sodium pyruvate. Cells were passaged
every 3 to 4 days or when they reached 70-80% confluency. At the time of passage, cells

were split to 20% confluence.

Real-time RT-PCR

Total RNA was isolated from cells or tumor tissues by homogenizing samples with TRIzol
Reagent. RNA was isolated through chloroform extraction. 1 ug of total RNA was used for
cDNA synthesis with the SuperScript™IIl First-strand synthesis system (Invitrogen)
according to manufacturer's protocol at a reaction volume of 20 pl. Quantitative PCR
amplification was performed using 1 pl of reverse-transcribed product in Power SYBR Green
PCR Master Mix (4367659, Life Technologies). Primers were designed using IDT Real-Time
PCR tool (Integrated DNA Technologies). Reaction was carried out using 7500 Real-Time
PCR system (Applied Biosciences). Data were normalized to those obtained with endogenous
control 18S and GAPDH mRNA and analyzed using AACt method. Primer sequence for PCR
amplification are as follows: HELLS (Forward 5'-ACAGGCTGATGTGTACTTAACC-3’; Reverse
5'- TCCCCATGAAAAGCCTACTTC-3"), CDK4 (Forward 5'-ACACTGAGAGCGCAATCTTTG-3';
Reverse 5'-GAGAAATGGGAAGGAGAAGGAG-3'), CDK6 (Forward 5'-
AAAGTGTTCCCTGCTACCATC-3'; Reverse 5'-CAG CATCAGGAACCATCTCTAG-3'), GAPDH
(Forward: 5-AGCAAGAGCACAAGAGGAAG-3'; Reverse: 5'-TCTACATGGCAACTGTGAGG-3"),

18S (Forward 5'-GTAACCCGTTGAACCCCATT-3'; Reverse 5'-CCATCCAATCGGTAGTAGCG-3).

48



Western blotting

Cell pellets or tumor tissues were homogenized by pipetting or pellet pestle in RIPA buffer
(50 mM Tris-HCI, pH = 8, 150 mM NaCl, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS, 1
mM EDTA) supplemented with protease inhibitor (cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail, Roche). Samples were allowed to lyse for 30 min on ice before
centrifugation at 14000 RPM at 4° C for 30 min. Protein concentration was measured using
BCA protein assay (Pierce™ BCA Protein Assay Kit). 40 pg of total protein were resolved in
4-15% SDS-PAGE gel (Mini-PROTEAN TGX Gels (4-15%), Bio-rad), and transferred onto
PVDF membrane (Immobilon-P Membrane, PVDF, EMD Millipore) using semi-dry transfer
apparatus (Bio-rad). Ponceau S stain was used to validate successful transfer. Non-specific
binding was prevented by incubating the membrane in 3% non-fat dry milk in TBS-0.25%
Tween (TBS-T) for 1 hour at room temperature, shaking. Primary antibodies were diluted in
0.5% non-fat dry milk in TBS-T as follows: 1:1000 anti-HELLS (sc-28202, Santa Cruz
Biotechnology), 1: 5000 anti-actin (A1978, Sigma), 1:1000 anti-Rb (9313T, Cell Signaling).
Membranes were incubated in primary antibody overnight, shaking, at 4° C. Membranes
were then rinsed 3 times with TBS-T on shaker and incubated with secondary antibody for
40min at room temperature, shaking. Secondary antibodies were diluted in 0.5% non-fat dry
milk in TBS-T as follows: 1:1000 peroxidase labeled anti-mouse IgG (PI-2000, Vector
Laboratories), 1:1000 peroxidase labeled anti-rabbit IgG (PI-1000, Vector Laboratories).
Membranes were again rinsed 3 times with TBS-T on shaker. Chemiluminescence was
detected using SuperSignal™ West Pico Chemiluminescent Substrate (34077, Thermo

Scientific). Relative band intensity was analyzed using Image] software.
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Chromatin immunoprecipitation (ChIP assay)

ChIP assays were essentially performed as previously described [123, 134]. ChIP DNA was
analyzed by qPCR with SYBR Green (Bio-Rad) in ABI-7500 (Applied Biosystems) using the
following  primers: Forward: 5'-CCTGAGAGAGGTCCAGGTAAA-3’; Reverse 5'-
CTGTCATCTCGCGATACCTAAC-3'. The antibodies used were anti-E2F1 (3742; Cell Signaling)

and rabbit IgG (sc-2027, Santa Cruz Biotechnologies).

Palbociclib treatment
Osteosarcoma cells were seeded at a density of 500000 cells/well of 6-well plate and allowed
to adhere overnight. Two concentrations of Palbociclib, 0.5 uM and 1 pM, were used to treat

cells for 24 h prior to collection. DMSO was used as drug vehicle control.

Lentivirus production and transduction

Lentiviral particles were produced by co-transfecting the envelope plasmid pCMV-VSV-G
(Addgene), packaging plasmid pCMV-dR8.2 dvpr (Addgene), and GIPZ shRNA vectors (GE
Dharmacon): HELLS shRNA (V2LHS_155497), or GIPZ lentiviral empty vector shRNA control
into HEK293T cells using calcium phosphate transfection method. Supernatants containing
lentiviral particles were harvested at 24- and 48-hours post-transfection. Cell debris were
cleared by centrifugation at 1600 x g for 10 min at 4° C. Supernatants were then filtered
through 0.45pm PES filter (25-223, Genesee Scientific), and concentrated by
ultracentrifugation at 23000 RPM for 2 hours at 4° C. Lentiviral particles were resuspended

in ice-cold PBS and stored at -80° C. Transduction of target cells were achieved by exposing
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cells to viral particles in serum-free condition for 6 hours. Puromycin selection was carried

out at a concentration of 2 pg/ml.

Cell viability assay

All cells were seeded into 96-well black assay plates (Costar) at a density of 3,000 cells per
well. Cell viability was determined at 24, 72, and 96 hours after seeding using CellTiter-Glo
(Promega) according to manufacturer's instructions. Luminescence readings were
normalized to the 24 h post-seeding reading. Survival curves were generated using

GraphPad Prism.

Colony formation assay

Lentiviral transduced cells were seeded at a low-density (20 cells/cm?) as single cells onto
6-well cell culture plates in the appropriate cell culture medium. Fresh medium was
supplemented every 4 days. Cells were incubated at 37° C with 5% CO2 until cells in control
dishes have formed sufficiently large colonies (~50 cells). Cells were washed once in PBS
before fixing and staining in a mixture consisting of 6% glutaraldehyde and 0.5% crystal
violet for 30 min. Stains were washed out with tap water and the plates left to dry at room

temperature. Colonies were counted from triplicate experiments.

Scratch-wound healing assay
Scratch-wound assay was performed as previously described [123] Cells (1 x 106/well) were
plated on 6-well plates. The day after, once cells were grown to a confluence of about 80%,

the monolayer was scratched using a 10 pl sterile pipette tip. Images were captured
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immediately and 8 h after the wound. The exact location of the image was marked to identify
the same gap. The distances between the boundaries of the wound at 0 and 8 h at 10 different

locations were measured in pixels using Zen software (Zeiss).
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CHAPTER 4

UHRF1 overexpression drives the poor prognosis associated with functional

inactivation of the RB-E2F pathway in osteosarcoma
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Summary

The primary cause of mortality in OS stems from its highly metastatic nature, with 15-20%
of OS patients diagnosed after the cancer has already metastasized (pulmonary metastasis
being the most common), which translates to 5-year survival rate of <40% [2]. Genetic
alterations at the RB1 gene have been long associated with poor clinical outcome in 0S. We
investigate in this study, a downstream effector of RB-mediated malignancy. Ubiquitin-like
with PHD and Ring Finger domains 1 (UHRF1) has been identified as a critical downstream
target of the RB/E2F signaling pathway that is overexpressed in various cancers. Here, we
show that UHRF1 upregulation is critical in rendering OS cells more aggressive. We
confirmed that UHRF1 is transcriptionally regulated by the RB/E2F pathway and found that
the UHRF1 gene is upregulated and its protein overexpressed in osteosarcoma. Based on
gain- and loss-of-function assays, we report that UHRF1 promotes cell proliferation,
migration, invasion, and metastasis. Genetic engineered mouse models also substantiated
that Uhrf1 loss dramatically reverses the effects of Rb1 loss. Using RNA-seq, we’ve identified
the involvement of Urokinase-type plasminogen activator (uPA) in UHRF1-mediated cell
mobility. Our work presents a new mechanistic insight into RB loss-associated poor
prognosis, revealing UHRF1 as a critical driver of tumor promotion and tumor progression
in OS. This study provides substantial support for UHRF1 targeting as a novel therapeutic
option to improve current treatment for OS and other cancers with RB/E2F pathway

inactivation.
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Introduction

A previous study in retinoblastoma identified Ubiquitin-like, containing PHD and RING finger
domains 1 (UHRF1) as a key target gene downstream of the RB/E2F signaling pathway that
is abnormally upregulated following the loss of RB, and contributes to tumorigenesis [84].
In normal cells, the expression of UHRF1 peaks during G1-S transition as it is required for S-
phase entry [135]. While its expression in normal cells oscillates during cell cycle, UHRF1 is
constitutively expressed throughout all phases in cancer cells and was recognized as a
putative oncogene [136]. However, beyond its association with cell cycle progression,
UHRF1 is a multi-domain protein that exerts various functions that include, but are not
limited to, reading and writing of epigenetic codes, thus having the potential to significantly
impact epigenome upon deregulation. It is most known for its role in maintaining DNA
methylation throughout replication by recruiting DNA methyltransferase 1 (DNMT1) to
hemi-methylated DNA at the replication fork. In recent years, many reports have emerged
having observed the overexpression of UHRF1 in different types of human cancers including
lung, breast, prostate, bladder, colorectal cancer, and retinoblastoma [84, 94-96, 137]. Given
that loss-of-function mutation in the RB1 gene is associated with increased risk of developing
metastatic OS and resistance to chemotherapy compared to patients with intact RB1 [61, 65,
66], we hypothesized that loss of RB in OS contributes to tumor progression and increased

malignancy through deregulation of its downstream target UHRF1.

In this study, we’ve successfully characterized UHRF1 as a key regulator that promotes

proliferation, migration, and invasion of OS cells. In vitro, CRISPR-cas9 mediated knockout of
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UHRF1 decreased clonogenicity, lengthens doubling time, as well as impairing migratory
capacity of OS cells. With RNA-seq and gene ontology analysis, we’ve uncovered potential
mechanism of UHRF1-mediated cell migration through the identification of urokinase-type
plasminogen activator (uPA). uPA is a serine protease encoded by the PLAU gene that has
long been associated with tumor malignancy. Upon conversion of plasminogen into plasmin,
uPA triggers a proteolytic cascade that led to the degradation of extracellular matrix, an
event necessary for angiogenesis and metastasis. Levels of uPA is therefore an established
prognostic marker in several cancers such as breast, lung, bladder cancer, as well as soft
tissue sarcomas, with its activity often associated with metastatic behavior [138-141]. We
showed that UHRF1 level reflects in the transcriptional activity of PLAU, which translate to a
positive correlation of UHRF1 and uPA level in OS cells and tumors. Moreover, UHRF1

induced cell migration can be reversed by treatment with amiloride [142], an uPA inhibitor.

To study the role of UHRF1 in a developmental OS model, we further the use of an OS mouse
model previously described by the Walkley group, where preosteoblastic knockout of Tp53
and Rb1 are facilitated by osterix driven Cre-recombinase (Osx-Cre) [21]. Upon introduction
of preosteoblast-specific loss of UhrfI in OS mouse model, we found that loss of Uhrfl
lengthens OS mice life span by delaying age of tumor detection, suggesting a role of Uhrf1 in
aiding OS tumorigenesis. We also observed significantly decreased incidence of pulmonary
metastasis. The substantial degree of Uhrf1 loss reverting the malignancy brought about by
RB loss presents Uhrf1 as a novel therapeutic target that holds the potential to eliminate the

main cause of mortality of OS.
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Results

UHRF1 is overexpressed in human and mouse 0S

Our previous work identified UHRF1 as a target that is overexpressed in cancer when RB1 is
inactivated and plays a significant role in the epigenetic changes that drive tumor
progression in retinoblastoma [84]. Upon examination of The Cancer Genome Atlas (TCGA)
database, we found that UHRF1 is significantly overexpressed in sarcomas, with a median
expression of 8.63 (log2) in sarcoma tumors compared to 4.47 in normal tissue (>17-fold,
Figure 4.1A). In situ hybridization of a human OS tissue array identified the presence of
UHRF1 mRNA in the 25 primary OS tumors located in femur, tibia, and rib examined (Figure
4.1B). A larger proportion of samples expressing high UHRF1 mRNA levels were classified
as stage Il than stage I OS (Figure 4.1C), suggesting that UHRF1 expression increases in more
advanced tumors. However, the limited number of stage III and stage IV samples available
restricted our analysis. This led us to examine UHRF1 mRNA and protein levels in 4 different
human OS cell lines: 143B, SJSA-1, Sa0S-2 (RB-null cell line), and U-2 OS, along with 5 patient-
derived orthotopic xenografts (PDX1-5). QPCR analysis of human OS cell lines and patient
derived xenografts (PDX1-5) showed a significant upregulation of UHRFI mRNA level in all
samples except PDX2 when compared to human mesenchymal stem cells (MSCs),
independent of whether they express RB protein or not (Figure 4.1D-E, 4.2A). At the protein
level, UHRF1 is highly overexpressed across all analyzed OS subjects compared to control
(Figure 4.1F-G). Furthermore, overexpression of UHRF1 protein is also observed in genetic

engineered mouse models of OS in comparison to mouse MSCs (mMSCs) (Figure 4.1H).
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Figure 4.1. UHRF1 is upregulated and overexpressed in human and mouse OS.

(A) The Cancer Genome Atlas data of RNA-Seq by expectation-maximization (RSEM) values from 263 human
sarcoma tumor samples (red) compared to normal tissue (n=2; blue). (B) Representative fluorescent images
in 2X (top) and 20X (bottom) magnification of in situ hybridizations using RNAscope scored as low, medium
or high based on signal intensity for UHRF1 mRNA. (C) Quantification of the percentage of low, medium and
high signal score acquired from RNAscope in stage I and II OS. (D-E) RT-qPCR analysis of UHRF1 mRNA in (D)
human OS cell lines (143B, SJSA-1, Sa0S-2 and U-2 0S) and (E) patient-derived xenografts (PDX1-5),
normalized to mesenchymal stem cells (MSC). (F-H) Western blot detection of UHRF1 in (F) human OS cell
lines, (G) PDXs, and (H) tumors from genetically engineered OS mice (p53 cKO and p53/Rb1 DKO), 3-actin
was used as loading control. ** p < 0.0021, *** p < 0.002 by two-tailed t test.
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Figure 4.2. UHRF1 is a direct target of the RB/E2F signaling pathway in the osteogenic lineage.

(A) Western blot detection of RB in human OS cell lines and PDXs. (B) Chromatin immunoprecipitation (ChIP)
assay reveals enrichment of E2F1 within two putative binding motifs within UHRF1 promoter. (C) QPCR
analysis of UHRF1 mRNA expression and (D) Western blot detection of UHRF1 level in OS cells treated with
Palbociclib, normalized to DMSO control. (E) QPCR analysis of CDK4 and CDK6 mRNA expression, normalized
to MSCs. Each data point is mean # s.d. of triplicate samples. *p < 0.0332, ** p < 0.0021, ***p < 0.0002 by two-
tailed t test.
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UHRF1 is a direct target of the RB/E2F signaling pathway in the osteogenic lineage

A few studies have reported UHRF1 as a direct E2F1 transcriptional target [143, 144].
Following our observation that UHRF1 is overexpressed in all OS samples analyzed, we
aimed to confirm whether UHRF1 is a direct E2F1 target in the osteogenic lineage. We
performed chromatin immunoprecipitation (ChIP) analysis in MSCs and found E2F1
enrichment at both putative E2F1 consensus binding motifs located within the UHRF1
promoter (Figure 4.2B). To further investigate whether UHRF1 expression is
transcriptionally regulated by the canonical RB/E2F pathway, we treated human OS cell
lines with CDK4/6 inhibitor, palbociclib, to inhibit RB hyperphosphorylation. QPCR analysis
revealed decreases in UHRF1 mRNA levels upon palbociclib treatment, with the exception of
the RB-null cell line, Sa0S-2, which served as a negative control (Figure 4.2C). Palbociclib
treatment also decreased UHRF1 protein levels in a dose-dependent manner in RB-positive
OS cells, as revealed by Western Blot analysis (Figure 4.2D). In line with these results, we
observed an upregulation of CDK4 and/or CDK6 transcripts in RB-wildtype OS cell lines
(Figure 4.2E). Together, these data confirmed transcriptional regulation of UHRF1 by the

RB/E2F pathway through direct transcriptional activation by E2F1.

UHRF1 promotes human OS cell proliferation in vitro and in vivo

Emerging reports have linked UHRF1 overexpression in cancers with its ability to promote
proliferation or migration/invasion, or both [84, 105, 145-149]. To study the role of UHRF1
overexpression in OS, we first generated UHRF1-knockdown OS cell lines using shRNA;
however, we discovered that UHRF1 knockdown cannot be sustained for more than two
weeks, challenging the reproducibility of our results over time (data not shown). To

overcome this challenge, we generated lentiviral CRISPR vectors encoding a gRNA sequence
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complimentary to UHRF1 to facilitate UHRF1 gene knockout (KO) in OS cell lines, as well as
non-targeting vector control (VC). Western blot analysis revealed successful UHRF1 KO in
all four OS cell lines tested (Figure 4.3A). To assess whether UHRF1 is required for OS cell
proliferation, we first performed growth curve analysis, where UHRF1 KO cells displayed
longer doubling times compared to vector control OS cells (VC, Figure 4.3B). The decrease in
proliferation potential was further evidenced through clonogenic assays (Figure 4.3C).
UHRF1 loss decreased the OS cells’ ability to give rise to colonies at a single cell level, as seen
by a significant reduction in both the number and the size of colonies in UHRF1 KO compared
to VC cells; except for Sa0S-2, where we observed a decrease in number and size but the
magnitude of the change did not reach statistical significance (Figure 4.3D). To directly assay
for cell proliferation, we pulsed the VC and UHRF1 KO OS cells with EdU, a nucleoside analog
of thymidine, for 1 hr. We found that UHRF1 KO in OS cells decreased EdU incorporation, as
seen in significantly lowered percentage of EdU-positive cells when compared to VC,
suggesting a slower rate of active DNA synthesis; with the exception of U-2 OS, albeit a trend
of decreased incorporation was still observed (Figure 4.3F). UHRF1 depletion has been
reported to sensitize retinoblastoma cells to chemotherapeutic drugs [150]. Loss of UHRF1
has also been shown to enhance chemosensitivity to cisplatin in breast cancer cells [151].
We evaluated whether UHRF1 loss in OS cells would alter their sensitivity to standard-of-
care drugs, doxorubicin, cisplatin and methotrexate. As observed from the dose-response
curves generated using the Cell TiterGlo viability assay, we found that both single agent
treatment and combination treatment with these drugs resulted in a moderate reduction of
drug sensitivity in UHRF1 KO cells compared to VC, as evidenced by mild increases in EC50

(Figure 4.4). These observations are consistent with the decreased proliferation rate seen in
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Figure 4.3. UHRF1 promotes human OS cell proliferation in vitro and in vivo.

(A) Western blot verification of CRISPR/Cas9-mediated UHRF1 knockout of human OS cell lines (KO) in
comparison to vector only control (VC). (B) Growth curves of UHRF1 knockout cells (KO) compared to control
(VC), population doubling time indicated in parentheses (n=3). (C) Representative images and (D)
quantification of colony counts from clonogenic assay (n=3). (E) Representative fluorescent images and (F)
quantification of EAU signal from immunocytochemistry probing UHRF1 and EdU in VC and UHRF1 KO human
0S cell lines (n=5). (G) Tumors collected from subcutaneous injection of VC (n=5) and UHRF1 KO (n=5) S]JSA-1
and quantification of (H) tumor volume and (I) weight. Each data pointis mean * s.d.. *p < 0.0332, ** p < 0.0021,
*#*p < 0.0002 by two-tailed t test.
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Figure 4.4. UHRF1 loss mildly desensitizes OS cells to chemotherapeutics targeting highly proliferative
cells.

Dose-response curves of OS cell cultures were generated by CellTiter-Glo. Vector control (VC, black) or CRISPR-
mediated UHRF1 knockout (UHRF1 KO, red) SJSA-1 cells were treated with doxorubicin, cisplatin, and

methotrexate as single agents or undergo combinatorial treatment of methotrexate co-dosed with doxorubicin
or cisplatin. Each data point is mean #* s.d. of triplicate samples.
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KO cells and the mechanism of action of these drugs, which are more efficacious in reducing

viability of cells with higher proliferation rates.

To assess proliferative capacity in vivo, UHRF1 KO and VC OS cells were injected
subcutaneously into either flank regions, respectively, of immune-deficient mice. UHRF1 KO
cells gave rise to tumors with significantly lighter burden when compared to VC. Tumors
formed from UHRF1 KO cells reached an average weight of 0.70 + 0.69 g and average size of
0.49 = 0.37 cm3 as compared to an average weight of 1.62 + 1.09 g (p= 0.02, n=10) and
average volume of 1.233 * 0.75 cm?3 (p=0.01, n=10) from tumors formed by VC cells (data
not shown). To test the therapeutic potential of targeting UHRF1 in established tumors, we
utilized a doxycycline-inducible system to drive the expression of the CRISPR gRNA against
UHRF1. Inducible UHRF1 KO and VC OS cells were subcutaneously injected and tumors were
allowed to establish for one week, followed by the induction of CRISPR/Cas-9 gRNAs using
orally delivered doxycycline. Tumors formed from UHRF1 KO cells were significantly
smaller, with an average tumor volume of 0.356 + 0.201 cm?3 in UHRF1 KO tumors compared
to 1.455 * 0.865 cm3 in VC tumors (p=0.02; n=5; Figure 4.3G, H). The average tumor weight
was also reduced, with UHRF1 KO tumors averaging 0.46 + 0.45 g comparedto 1.80 + 1.11 g
in VC tumors (p=0.01, n=5; Figure 4.31). UHRF1 KO tumors also presented phenotypic
features of less aggressive tumors, as seen by lessened vasculature and ulceration compared
to tumors formed from VC cells (Figure 4.3G and data not shown). Taken together, both in

vitro and in vivo data suggest that UHRF1 is critical for OS cell proliferation.
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UHRF1 loss alters global DNA methylation without significant changes in chromatin
accessibility in OS

UHRF1 is required for maintenance of DNA methylation during DNA replication through the
recruitment of DNMT1 [152]. However, UHRF1 ubiquitin ligase activity also targets DNMT1
for degradation, with some studies reporting that UHRF1 overexpression results in
decreased DNA methylation [153, 154]. To determine the effects of UHRF1 loss on DNA
methylation, chromatin structure, and transcription, we analyzed global DNA methylation,
chromatin accessibility, and transcriptome. We probed genomic DNA isolated from UHRF1
KO and VC cell lines with an antibody against 5-methyl cytosine (5meC) to assess global DNA
methylation. We found significant hypomethylation in UHRF1 KO OS cell lines compared to

VC (Figure 4.5A).

We also analyzed changes in the chromatin landscape upon loss of UHRF1 by performing
ATAC-seq in 143B, SJSA-1, and Sa0S-2 UHRF1 KO compared to VC (Figure 4.5B). Despite the
role of UHRF1 in heterochromatin maintenance, we identified only 16 chromatin regions
with significant changes in chromatin accessibility across these 3 biological replicates (Table
4.1). Within these changes, the majority were consistent with the role of UHRF1 chromatin
repression, with approximately 69% (11/16) resulting in opening of chromatin upon UHRF1

loss.

In line with modest changes in chromatin accessibility, gene expression analysis using RNA-
seq revealed that the gene expression profile from UHRF1 KO cell lines were virtually

indistinguishable from VC cells, as portrayed by the PCA plot (Figure 4.5C). We identified a
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Figure 4.5. UHRF1 loss alters global DNA methylation without significant changes in chromatin
accessibility in OS.

(A) Dot blot detection of 5-methyl cytosine signal in control (VC) and UHRF1 KO (KO) OS cells, comparing global
methylation levels. (B) Chromatin landscape generated from ATAC-seq showing peaks of chromatin
accessibility across the genome of VC and KO OS cells. (C) Principle component analysis (PCA) plot generated
from RNA-seq displaying gene expression profile in VC and KO OS cells. (D) Gene ontology (GO) analysis for
biological process of differentially expressed genes (DEGs) identified through RNA-seq. (E) Heat map of top 13
genes involved in regulation of cell migration, decreased (blue) or increased (red) in expression level upon
UHRF1 loss. (F) QPCR analysis confirming expression changes of migration related genes in individual cell lines
upon UHRF1 loss, fold change of mRNA level normalized to vector control (gray), compared with average fold
change from RNA-seq analysis (black). (G) RNA-seq analysis of high-grade OS biopsies comparing UHRF1
expression in patients who did or did not develop metastasis within 5 years from diagnoses.
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Table 4.1. ATAC-seq results p<0.05

seqnames  start end Conc VO Conc UHRF Fold p.value
7763 chr5 38147946 38148446 3.36 6.07 -2.71 0.000352
3317 chrl5 33406160 33406660 4.57 6.72 -2.14 0.0129
7767 chr5 38756061 38756561 492 6.76 -1.85 0.0249
4377 chrl7 68223297 68223797 4.56 6.3 -1.74 0.015
8608 chr6 44084322 44084822 4.31 5.99 -1.67 0.0285
5989 chr20 23125981 23126481 4.16 5.77 -1.62 0.0167
5965 chr20 17519102 17519602 3.91 5.45 -1.54 0.0138
5084 chr2 23637633 23638133 5.18 6.5 -1.31 0.0293
5213 chr2 49056145 49056645 4.48 5.78 -1.3 0.0492
4829 chri19 30369822 30370322 5.99 7.24 -1.25 0.034
6767 chr3 46688121 46688621 4.46 5.66 -1.2 0.0402
2655 chri13 36705232 36705732 6.35 5.38 0.97 0.0439
9982 chr9 4741018 4741518 7.73 6.66 1.07 0.0374
1176 chrl0 63422386 63422886 6.64 5.38 1.26 0.0303
9071 chr7 25990604 25991104 6.38 493 1.45 0.0352
5460 chr2 125593939 125594439 6.54 493 1.61 0.0328
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total of 272 differentially expressed genes (DEGs), with 191 upregulated genes and 81
downregulated genes in UHRF1 KO compared to VC cells. Gene ontology (GO) analysis for
biological processes of these 272 DEGs showed an enrichment of genes involved in
regulation of cell migration and cellular adherence, as seen by the classification of the top 10
most significant GO terms (Figure 4.5D). We confirmed the changes in gene expression
observed among top 13 genes involved in regulation of cell migration (Figure 4.5E) through

qPCR (Figure 4.5F and data not shown).

Given the interesting possibility of a role of UHRF1 in OS migration, we also analyzed UHRF1
expression from an RNA-Seq dataset of pretreatment biopsies from 53 high-grade OS
patients who did or did not develop metastasis within 5 years [155]. We found that while all
biopsies analyzed expressed high levels of UHRF1, biopsies from patients that developed
metastasis within 5 years from the time of biopsy expressed ~70% more UHRF1 mRNA (log2
mean = 10.39) compared to patients who did not develop metastasis (log2 mean = 9.64; p =
0.1233; Figure 4.5G). Together, these data suggested that UHRF1 overexpression may not
only contribute to proliferation, but also potentially to cell migration, invasion, and

metastasis in OS.

UHRF1 promotes human OS cell migration and invasion in vitro and in vivo

The high metastatic potential of OS is the main cause of mortality in patients. Given that our
RNA-seq data indicated a possible involvement of UHRF1 in OS metastasis, we sought to
evaluate the role of UHRF1 in promoting cell migration, invasion, and metastasis. Scratch-

wound assay was carried out to assess the migratory potential of UHRF1 KO OS cell lines
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(Figure 4.6A). We observed a significant decrease in the distance migrated in UHRF1 KO
compared to VC OS cells for all cell lines studied, with an average of 56.8 + 2.3% reduction in
migration across the three cell lines (Figure 4.6B). In addition to the decrease in migratory
potential, Transwell invasion assay revealed a significant reduction in the number of UHRF1
KO OS cells capable of mobilizing across Matrigel-coated inserts in all OS cell lines (Figures
4.6C-D). Plasminogen activator, Urokinase (PLAU) was identified through GO analysis to be
potentially involved in UHRF1-mediated cell migration. Significant decrease in the level of
PLAU transcript was observed in UHRF1 KO OS cells (Figure 4.5F), as well as the tumors they
form subcutaneously in immune-deficient mice, with an average 0.45 fold decrease when
compared to tumors formed from VC cells (p=0.02, Figure 4.7A). Treatment with amiloride,
an inhibitor for PLAU encoded protein urokinase-type plasminogen activator (uPA),
decreased migratory potential and invasiveness of OS cells (Figure 4.7B, C). Finally, to test
whether the reduced migratory and invasive capacities in vitro translate into less metastatic
potential in vivo, we injected SJSA-1 UHRF1 KO and VC cells into the tail vein of immune-
deficient mice and assessed the rate of lung colonization 3-weeks post injection. We found
that the lungs of mice injected with UHRF1 KO cells had a reduced number of metastatic
nodules and a significantly reduced tumor nodule size when compared to the lungs of mice

injected with VC cells (Figures 4.6E-G).
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Figure 4.6. UHRF1 promotes human OS cell migration and invasion in vitro and in vivo

(A) Representative image of scratch-wound assay in OS culture comparing wound closure of VC and UHRF1 KO
cells over 8hr span. White dashed lines represent wound edge. Same view was captured for both time points.
(B) Quantification of distance migrated in pixels. Average was taken from 10 points along the wound area. (C)
Representative images of crystal violet stain comparing levels of invasion between VC and UHRF1 KO OS cells.
(D) Quantification of number of cells invaded across Transwell membrane. (E) Representative H&E stains of
lung sections collected from mice injected intravenously with VC or UHRF1 KO S]SA-1 cells. Pulmonary nodules
were quantified by (F) number and by (G) size. *p < 0.0332, ** p <0.0021, ***p < 0.0002, ****p<0.0001 by two-
tailed t test.
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Figure 4.7 uPA mediates UHRF1-induced cell migration and invasion.

(A) QPCR analysis of PLAU mRNA level in tumors formed from subcutaneously injected OS cells. (B)
Quantification of distance migrated in OS cells upon amiloride treatment in scratch wound assay and (C)
number of cells invaded in Transwell invasion assay. (D) Quantification of distance migrated in MSCs upon
amiloride treatment in Transwell invasion assay. *p < 0.0332, ** p < 0.0021, ***p < 0.0002, ****p<0.0001 by
two-tailed t test.
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UHRF1 overexpression promotes human MSC cell migration and invasion in vitro

In order to determine whether UHRF1 overexpression is sufficient to drive cell migration,
we performed gain-of-function studies using normal MSCs. For this, we generated a
doxycycline-inducible lentiviral vector system to drive UHRF1 overexpression (pCW57-
UHRF1; Figure 4.8A) and used the empty backbone vector as control (pCW57-VC). Western
blot analysis was performed to validate successful induction of UHRF1 overexpression upon
doxycycline treatment in transduced MSCs (Figure 4.8B). We observed that the rate of cell
proliferation upon induction of UHRF1 overexpression in MSCs was indistinguishable from
doxycycline-induced VC (data not shown). Nonetheless, we found that UHRF1
overexpression in MSCs significantly increased migratory potential as evidenced by the
significant increase in the distance migrated upon doxycycline induction in pCW57-UHRF1
cells compared to pCW57-VC using scratch-wound assay (Figures 4.8C-D). Furthermore,
induction of UHRF1 overexpression also led to a significant increase in the number of cells
invaded across Matrigel-coated Transwell membranes (Figures 4.8E-F). Taken together, we
established a positive correlation between UHRF1 expression levels and migration/invasion
potential in the osteogenic lineage. Treatment with amiloride inhibited invasion upon
overexpression of UHRF1 in MSCs (Figure 4.7D), functionally validating the involvement of

uPA in UHRF1-mediated cell migration/invasion.

UHRF1 is a critical driver of the increased malignancy observed in Rb1-null OS
An OS developmental model previously described utilizes transgenic mice with Osx-cre to
facilitate preosteoblast-specific loss of Tp53, which results in tumor formation with complete

penetrance and gene expression profiles, histology, and metastatic potential comparable to
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Figure 4.8. UHRF1 overexpression promotes human MSC cell migration and invasion in vitro.

(A) Plasmid map of doxycycline inducible UHRF1 overexpression. Tet Response Element (TRE) is activated by
doxycycline binding to the reverse tetracycline-controlled transactivator (rTA), allowing transcription of GFP
and pCW57 promoter driven UHRF1. (B) Western blot detection of UHRF1 in MSCs transduced with vector
control (pCW57-VC) or UHRF1 overexpression (pCW57-UHRF1) plasmid, treated with DMSO or doxycycline.
(C) Scratch-wound assay in MSC culture comparing wound closure of control (pCW57-VC) and UHRF1
overexpressed (pCW57-UHRF1) cells over 8hr span. White dashed lines represent wound edge. Same view was
captured for both time points. (D) Quantification of distance migrated in pixels. Average was taken from 10
points along the wound. (E) Representative images of crystal violet stain comparing levels of invasion between
VC and UHRF1 overexpressed MSCs. (F) Quantification of number of cells invaded across Transwell membrane.
Ns=not significant, ** p < 0.0021, ***p < 0.0002 by two-tailed t test.
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that of human OS [21, 29]. Preosteoblast-specific loss of Rb1 in addition to Tp53 potentiates
OS in mice, strongly mimicking the behavior of the disease in human. In order to study the
role of UHRF1 in OS development in vivo, we first assessed whether loss of UhrfI in
osteogenic progenitors affected normal bone development. Since Uhrf1 knockout mice result
in mid-gestational lethality [156], we generated mice with preosteoblast-specific knockout
of Uhrfl (Osx-cre Uhrf1lox/lox), Preosteoblastic loss of Uhrf1 did not result in aberrant bone
development in either young (5 wks.) or old (55 wks.) mice, as determined by bone density
analysis in prime locations of OS occurrence including femur, tibia, and humerus (Figures

4.9A, B).

We subsequently generated a series of genetically engineered mice to facilitate
preosteoblast-specific knockout of Uhrf1 in two different OS genetic background mice, Tp53
single conditional-knockout (cKO; Osx-cre Tp53'ox/lox) and Tp53/Rb1 double conditional-
knockout (DKO; Osx-cre Tp53lex/lox Rp1lox/lox) — resulting in Tp53/Uhrfl DKO (Osx-cre
Tp53lox/lox Jhrfllox/lox) and Tp53/Rb1/Uhrfl triple knockout (TKO; Osx-cre Tp53lox/lox
Rb1'ox/lox Jhrf1lox/lox) QS mice often times develop tumors with calcified interior and highly
proliferative exterior, which can be captured by microCT and FDG-PET scans, respectively
(Figure 4.9C). The resulting Tp53/UhrfI DKO and Tp53/Rb1/Uhrfl TKO mice were
compared to their corresponding littermate controls (7p53 cKO and Tp53/Rb1 DKO,
respectively) for the assessment of the role of UHRF1 in promoting OS development and
metastasis. In situ hybridization performed on the OS mouse tumors confirmed high levels
of Uhrf1 transcripts in Tp53 cKO and Tp53/Rb1 DKO and a significant reduction of Uhrf1 in

Tp53/Uhrf1 DKO and Tp53/Rb1/Uhrf1 TKO (Figure 4.9D). All genotypes analyzed lead to the
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Figure 4.9. UHRF1 is a critical driver of the increased malignancy observed in Rb1 null OS.

(A) Micro-CT scan of hind limb from wildtype (w.t.) and preosteoblastic Uhrf1 knockout (Uhrf1 KO) mice (B)
Bone density analysis of prime OS locations in Hounsfield units. (C) Representative micro-CT (top) and micro-
PET (bottom) scans on OS arises in mouse femur. (D) Representative fluorescent images of in-situ
hybridizations using RNAscope on tumors from genetically engineered OS mice. (E, F) Kaplan-Meier curves
comparing survival curve of (E) Tp53/Rb1/Uhrf1 TKO (purple) to OS background mice, Tp53 cKO (blue) and
Tp53/Rb1 DKO (red), (F) Tp53/Uhrf1 DKO (pink) to Tp53 cKO (blue). (G) Representative micro-CT (left) and
FDG-PET (right) scans for detecting early tumor development. (H) Age of mice at earliest tumor detection via
micro-CT and FDG-PET scans.
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development of OS in mice, but with different survival rates and disease presentation. In line
with previous reports, in our OS background mouse strains, Tp53/Rb1 DKO mice presented
a significantly shorter median survival of 28.1 weeks (n=53) than the 48.4 weeks seen in
Tp53 cKO mice (n=39, p<0.0001; Figure 4.9E). UHRF1 loss in Tp53/Rb1/Uhrfl TKO mice
resulted in a significant increase in survival compared to Tp53/Rb1 DKO mice (p<0.0001),
with a median survival of 46.9 weeks (n=37). Remarkably, the increase in median survival
of Tp53/Rb1/Uhrfl TKO (46.9 weeks) is comparable to that of Tp53 cKO (48.4 weeks,
p=0.0577), suggesting that elevated UHRF1 protein levels are critical for the poor prognosis
associated with RB loss. However, past the early time points, the Tp53/Rb1/Uhrf1 TKO and
Tp53 cKO survival curves become distinct from each other (p=0.0126), suggesting that early
UHRF1 overexpression is not the unique factor contributing to RB-loss outcomes. Since three
Tp53/Rb1/Uhrfl TKO mice had not acquired tumors well beyond the average of the rest of
their study group (> 69 weeks; Figure 4.9E), we performed FDG-PET /microCT scans on them
followed by autopsy. FDG-PET/microCT scans revealed no detectable tumors (Figure 4.10),

which was further confirmed through autopsy.

Since we observed elevated UHRF1 protein levels in human OS with RB/E2F pathway
inactivation beyond RB1 loss-of-function mutations and detected increased UhrfI mRNA and
protein levels in Tp53 cKO mouse tumors (Figures 4.1 and 4.9D), we also analyzed the
survival time of Tp53/Uhrfl DKO compared to Tp53 cKO mice. We observed a significant
increase in the median survival of Tp53/Uhrf1 DKO mice (71.4 weeks; n=39), compared to

Tp53 cKO (n=39; p=0.0007), but not in overall survival (p=0.1189). Interestingly, we found
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Figure 4.10. Loss of Uhrf1 in OS mice significantly delayed tumor formation
FDG-PET/microCT scans of the three Tp53/Rb1/Uhrfl TKO mice that remained tumor-free well beyond the

average of the rest of their study group (> 69 weeks). No detectable tumors were observed, this is further
validated by autopsy.
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that all Tp53 cKO mice analyzed with earlier morbidity (< 60 weeks) presented tumors with
signs of RB/E2F pathway inactivation, including increased Uhrfl mRNA levels; while only a
third of tumors analyzed from mice that reached moribund status later in life displayed Uhrf1
overexpression (data not shown). In addition to the dramatic improvement in survival in
Tp53/Rb1/Uhrfl TKO mice, these mice also presented a significant reduction in pulmonary
metastatic potential with only 10% presenting lung metastases compared to 40% of
Tp53/Rb1 DKO mice, in addition to lighter burden of metastatic nodules (data not shown).
Furthermore, pathology analysis of histological sections for tumors from the four OS mouse
models analyzed linked Uhrf1 loss with lower mitotic index and decreased anaplasia (Figure

4.11, Table 4.2).

Following the observation of the three Tp53/Rb1/Uhrfl TKO mice without detectable
tumors, we sought to determine if loss of Uhrf1 contributes to delayed tumor promotion or
decreased rate of tumor progression. To address this question, we performed periodic FDG-
PET/microCT scans on Tp53/Rb1 DKO and Tp53/Rb1/Uhrfl TKO mice to determine the
earliest age at which tumors could be detected. In Tp53/Rb1 DKO mice, tumors were
detected after 30.8 + 2.9 weeks (n=4). In Tp53/Rb1/Uhrf1 TKO mice tumors were detected
significantly later at 41.1 * 6.6 weeks (p=0.0362; Figure 4.9G, H). In contrast, all test subjects
reached humane end of study within 3 weeks of first tumor detection. These data suggest

that Uhrf1 plays a pivotal role in OS tumor promotion following loss of Rb1.
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Figure 4.11. H&E stains of tumor sections acquired from all four strains of genetically engineered

mouse model.
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Table 4.2. Pathology analysis of mouse osteosarcoma strains
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Discussion

Metastasis remains the most important fatal complication of OS. The lack of significant
breakthroughs beyond the scope of standard chemotherapeutics targeting highly
proliferative underscores a pressing clinical need for new therapeutic strategies for OS. For
decades, genetic alterations at the RB1 gene have been associated with increased mortality,
metastasis and poor response to chemotherapy in osteosarcoma [60-66]. However, the
precise mechanism through which this occurs remains to be elucidated. In this study, we
identified UHRF1 as a gene upregulated and its protein levels markedly elevated in OS, and
its expression correlates with increased malignancy and metastatic disease. The RB/E2F
pathway directly regulates UHRF1 expression. Moreover, UHRF1 facilitates OS cell
proliferative, invasive and metastatic capacity. Overall, we found that the decreased survival
associated with loss-of-function mutations at the RB1 gene is critically mediated through the

overexpression of UHRF1.

Studies from retinoblastoma, a cancer initiated by biallelic inactivation of the RBI gene,
defined a central role of RB in epigenetic control and a key role of RB/E2F-regulated
chromatin remodelers in tumorigenesis [77, 84, 157]. Among these chromatin remodelers,
UHRF1 was identified as a potential critical regulator of tumor initiation and progression
following RB-pathway deregulation and is overexpressed in several cancers [84, 94-96, 137].
We confirmed UHRF1 upregulation in human OS cell lines, PDXs, and primary OS tissue.
Further, UHRF1 protein overexpression is recapitulated in both p53 cKO and Tp53/Rb1 DKO
OS mouse model, validating the suitability of this mouse model for the study of OS. Direct

regulation of UHRF1 by the RB/E2F signaling pathway was described previously, though in
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limited context [143, 144]. We established that UHRF1 expression is transcriptionally
regulated by the RB/E2F signaling pathway in the osteogenic lineage. ChIP analysis revealed
enrichment of E2F1 at putative binding motifs within the promoter region of UHRFI.
However, as discussed in chapter 2, E2F1 knockdown was insufficient in reducing UHRF1
expression. Rather, significant reduction of UHRF1 level was achieved only through
combinatorial knockdown of E2F1 and E2F3, suggesting compensatory mechanisms
between activator E2Fs in regulating the transcription of downstream targets. As the
RB/E2F signaling pathway is often inactivated in cancer through mechanisms other than
RB1 loss-of-function mutations, most common being RB hyperphosphorylation through
CDK4/6 activation, or pl6 inactivation [158-160], it is not surprising that UHRF1
upregulation and overexpression in OS is not restricted to RBI-null cases, but rather a
generalized event among all samples. UHRF1 overexpression in RB-wildtype in OS cell lines
can be explained by upregulation of CDK4 and/or CDK6, which leads to RB
hyperphosphorylation, preventing the repression of E2ZF binding activities. Increased
CDK4/6 activity being the predominant mechanism of pathway inactivation in OS is further
confirmed by the down-regulation of UHRF1 and dose-dependent decrease of UHRF1 upon

treatment with palbociclib, a known CDK4/6 inhibitor [129].

UHRF1 expression is positively correlated with cell proliferation and cell mobility in both
normal and malignant cells in vitro [84, 145, 146, 148, 149] . Although it is clear that UHRF1
expression is linked to cellular phenotypes that strongly associate with tumor malignancy,
the link between UHRF1, OS tumor progression, and its role in the poor prognosis associated

with RBI loss has not been established. Our results show that UHRF1 KO decreases
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clonogenicity and prolongs doubling time. Subcutaneous injection of UHRF1 KO OS cells
resulted in lighter tumor burden, further suggesting that UHRF1 expression level is crucial
for tumor growth. Independent of the effects on proliferation, UHRF1 KO dramatically

reduced migration, invasion and metastatic capacity of OS cells.

Genetically engineered mouse models show the critical role of UHRF1 in
osteosarcomagenesis, with Uhrf1 KO resulting in a dramatic increase in overall survival and
decrease in metastases, particularly in RB-null OS. We previously reported that loss of E2f1
or E2f3in Tp53/Rb1 DKO OS mice only provided partial improvements in OS survival [158].
As E2F1 and E2F3 are most likely redundant for transcriptional activation of UHRF1 as
previously discussed, UHRF1 is presented as a better suited target. Indeed, median survival
of Tp53/Rb1/Uhrf1 TKO closely resembled that of Tp53 cKO mice, indicating that UHRF1 is
a major component that mediates RB loss-associated deregulation, and that UHRF1 KO
substantially reverses the increase malignancy observed upon RB loss. Interestingly, our
results also showed that the increased survival in Tp53/Rb1/Uhrf1 TKO mice is likely a result
of delayed tumor promotion rather than decelerated proliferation. Further studies on
tumors arising from these developmental OS models may provide insight on compensatory
mechanisms of Uhrf1 loss which may be relevant for predicting mechanisms of resistance to

future UHRF1-targeted therapeutics.

The drastic decrease in incidence of spontaneous metastases in Tp53/Rb1/Uhrf1 TKO mice,
along with the increase in migration and invasion upon UHRF1 gain-of-function in an

otherwise non-migratory normal cell, MSCs, suggests that UHRF1 expression is both
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necessary and sufficient to initiate cellular mechanisms that promote OS metastasis.
Transcriptome analysis identified putative downstream targets of UHRF1 that may be
responsible for mediating this process. Among these targets, uPA is a promising mediator of
UHRF1-induced cell migration. The role of plasmin in degradation of extracellular matrix and
angiogenesis could explain the decrease cell mobility and angiogenesis in observed OS cells
line and the tumors formed from them. UHRF1 KO led to the decrease of PLAU level in OS
cells and tumor, inconsistent with the major functions of UHRF1 involving chromatin
repression and ubiquitination-mediated degradation, suggesting the involvement of other
factors between the UHRF1-uPA axis. Nonetheless, the observation that increased migratory
potential in MSCs induced by UHRF1 overexpression can be reversed with treatment of uPA
inhibitor, amiloride, gave functional evidence associating uPA activity with UHRF1-mediated

cell migration.

To summarize, our study provided multifaceted evidences both in vitro and in vivo
supporting UHRF1 targeting as a novel therapeutic strategy in treating OS. The involvement
of UHRF1 in OS cell proliferation and its critical role in tumor promotion strongly outweighs
the mild desensitization of OS to standard care therapeutics. We showed that UHRF1
targeting holds great potential in overcoming the highly metastatic characteristic of OS, the
main reason why survival rate has remained stagnant in past decades. We stand to be the
first to model the effect of UHRF1 throughout development and showed minimal on-target
toxicity, as opposed to various chemotherapeutic agents known to affect bone homeostasis

[161]. Moreover, the degree to which UHRF1 loss reverted the increased malignancy upon
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RB loss suggests that the benefit of UHRF1 targeting could go beyond the scope of OS by

improving treatment paradigms of other cancers harboring RB/E2F pathway inactivation.
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Materials and methods

In situ hybridization

Osteosarcoma tissue microarrays, containing 40 cases of osteosarcoma, duplicate cores per
case, were purchased from US Biomax, Inc. Formalin-fixed, paraffin-embedded (FFPE) slides
were incubated at 60°C for 1hr for deparaffinization, followed by two washes of xylene and
two washes of 100% ethanol for dehydration, 5min each at RT, before air-drying. RNAscope®
technology was utilized for in situ hybridization. Assay was performed following
manufacturer’s protocol. Human and mouse UHRF1-specific probes were customized by Bio-
Techne. RNAscope® Positive Control Probe- Hs-PPIB/Mm-PP1B and RNAscope® Negative
Control Probe- DapB were used. OpalTM 570 fluorophore was used at a 1:1000 dilution.

Slides were mounted with ProLong Gold Antifade Mountant.

Xenografts, mouse models and cell lines

The five orthotopic xenografts used in this study: SJ0S001105 (PDX1), SJOS001112 (PDX2),
SJ0S001107 (PDX3), SJSO010930 (PDX4), and SJ0OS001121 (PDX5) were obtained from the
Childhood Solid Tumor Network [133]. Athymic nude (NU/]J) mice were obtained from The
Jackson Laboratories. The p53x and Rb1'°* conditional-knockout mice were obtained from
the Mouse Models of Human Cancer Consortium at the National Cancer Institute; the Osx-cre
mice were obtained from The Jackson Laboratory. The Uhrfl-conditional knockout mouse
was generated from mice obtained from the European Mouse Mutant Archive, backcrossed
to flipasse (Flp) mice for removal of the neo-cassette (tmlc conversion), and then
backcrossed to C57BL/6N mice for Flp removal. Mice were monitored weekly for signs of OS.

Moribund status was defined as the point when tumors had reached 10% body weight or
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induced paralysis in the mouse. The University of California Irvine Institutional Animal Care
and Use Committee approved all animal procedures. OS cell lines 143B, SJSA-1, Sa0S-2 and
U-2 0S, as well as MSCs and HEK293T cells were acquired from ATCC. 143B were cultured
in MEM (Gibco), with 10% BCS, penicillin/streptomycin, and 0.015mg/ml BrdU. S]SA-1 were
cultured in RPMI (Gibco), with 10% BCS and penicillin/streptomycin. Sa0S-2 were cultured
in McCoy’s 5A (Gibco), with 10% BCS and penicillin/streptomycin. U-2 OS were cultured in
McCoy’s 5A (Gibco), with 15% BCS and penicillin/streptomycin. MSCs were cultured in
Alpha-MEM (Gibco), with 10% FBS and penicillin/streptomycin, HEK293T cells were culture
in high-glucose DMEM (Gibco), with 10% BCS, penicillin/streptomycin and sodium pyruvate.
Cells were passaged every 3 to 4 days or when they reached 70-80% confluence. At the time

of passage, cells were split to 20% confluence.

Lentivirus production and transduction

Lentiviral particles were produced by co-transfecting the envelope plasmid pCMV-VSV-G
(Addgene), packaging plasmid pCMV-dR8.2 dvpr (Addgene), and lentiCRISPRv2 (Addgene)
or plentiCRISPRv2Z with UHRF gRNA (gRNA sequence: TCAATGAGTACGTCGATGCT;
GenScript) into HEK293T cells using calcium phosphate transfection method. Supernatants
containing lentiviral particles were harvested at 24 hours and 48 hours post-transfection.
Cell debris were cleared by centrifugation at 1600 x g for 10 min at 4°C. Supernatants were
then filtered through 0.45 pm PES filter (25-223, Genesee Scientific), and concentrated by
ultracentrifugation at 23000 RPM for 2 hours at 4°C. Lentiviral particles were resuspended

in ice-cold PBS and stored at -80°C. Transduction of target cells were achieved by exposing
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cells to viral particles in serum -free condition for 6 hours. Puromycin selection was carried

out at a concentration of 2 pg/ml.

Real-time RT-PCR

Total RNA was isolated from cells or tumor tissues by homogenizing samples with TRIzol
Reagent. RNA was isolated through chloroform extraction. 1 ug of total RNA was used for
cDNA synthesis with the SuperScript™IIl First-strand synthesis system (Invitrogen)
according to manufacturer’s protocol at a reaction volume of 20 pl. Quantitative PCR
amplification was performed using 1 pl of reverse-transcribed product in Power SYBR Green
PCR Master Mix (4367659, Life Technologies). Primers were designed using IDT Real-Time
PCR tool (Integrated DNA Technologies). Reaction was carried out using 7500 Real-Time
PCR system (Applied Biosciences). Data were normalized to those obtained with endogenous
control 18S mRNA and analyzed using AACt method. Primer sequence for PCR amplification
are as follows: UHRF1 (sense: 5-GCTGTTGATGTTTCTGGTGTC-3’; antisense: 5’-
TGCTGTCAGGAAGATGCTTG-3'), PLAU (sense: 5-GAGCAGAGACACTAACGACTTC-3’;
antisense: 5’-CTCACACTTACACTCACAGCC-3'), SEMA3E (sense: 5’-
CTGGCTCGAGACCCTTACTG-3’; antisense: 5’- CAAAGCATCCCCAACAAACT-3’), HAS2 (sense:
5-TCCATGTTTTGACGTTTGCAG-3’; antisense: 5'-AGCAGTGATATGTCTCCTTTGG-3"), LAMC2
(sense: 5’-CACCATACTCCTTGCTTCCTG-3’; antisense: 5’-GTGCAGTTTGTCTTTCCATCC-3’),

18S (sense: 5’-GTAACCCGTTGAACCCCATT-3’; antisense: 5’-CCATCCAATCGGTAGTAGCG-3’).
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Western blotting

Cell pellets or tumor tissues were homogenized by pipetting or pellet pestle in RIPA buffer
(50 mM Tris-HCI, pH=8, 150 mM NaCl, 1% NP-40, 0.5 % Sodium deoxycholate, 0.1% SDS, 1
mM EDTA) supplemented with protease inhibitor (cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail, Roche). Samples were allowed to lyse for 30 min on ice before
centrifugation at 14000 RPM at 4° for 30 min. Protein concentration was measured using
BCA protein assay (Pierce™ BCA Protein Assay Kit). 40pg of total protein were resolved in 4-
15% SDS-PAGE gel (Mini-PROTEAN TGX Gels (4-15%), Bio-rad), and transferred onto PVDF
membrane (Immobilon-P Membrane, PVDF, EMD Millipore) using semi-dry transfer
apparatus (Bio-rad). Ponceau S stain was used to validate successful transfer. Non-specific
binding was prevented by incubating the membrane in 3% non-fat dry milk in TBS-0.25%
Tween (TBS-T) for 1 hour at room temperature, shaking. Primary antibodies were diluted in
0.5% non-fat dry milk in TBS-T as follows: 1:1000 anti-Uhrfl (sc-373750, Santa Cruz
Biotechnology), 1:1000 anti-Rb (9313T, Cell Signaling). Membranes were incubated in
primary antibody overnight, shaking, at 4°C. Membranes were then rinsed 3 times with TBS-
T on shaker and incubated with secondary antibody for 40min at room temperature,
shaking. Secondary antibodies were diluted in 0.5% non-fat dry milk in TBS-T as follows:
1:1000 peroxidase labeled anti-mouse IgG (PI-2000, Vector Laboratories), 1:1000
peroxidase labeled anti-rabbit IgG (PI-1000, Vector Laboratories). Membranes were again
rinsed 3 times with TBS-T on shaker. Chemiluminescence were detected using SuperSignal™
West Pico Chemiluminescent Substrate (34077, Thermo Scientific). Relative band intensities

were analyzed using Image] software.

89



Clonogenic assay

4% agarose stock was prepared by mixing agarose with water and kept warm in 55°C heat
bath. Appropriate cell culture medium was used for subsequent dilution of the agarose stock.
6-well plates were coated with 1ml of 0.75% agarose prior to seeding. Single cell suspension
was mixed with agarose to achieve a final agarose concentration of 0.36%, the mixture was
then layered on top of the 0.75% agarose coating (Seeding density 200 cells/cm?). Cells were
incubated at 37°C with 5% CO: until cells in control wells have formed sufficiently large
colonies (>50 cells). Colonies were fixed with 10% methanol for 15 min and stained with 5%

Giemsa for 30 min for visualization.

Subcutaneous injection

Human OS cell lines were dissociated in 0.25% trypsin-EDTA, washed with PBS prior to
counting. 2-10° cells were resuspended in 100 pl of PBS and injected subcutaneously into the
flank region of mice. Tumors were collected 3 weeks post injection. For cells that require
doxycycline induction for the expression CRISPR/Cas9, 2 mg/ml doxycycline hyclate
supplemented water was administered ad libitum. 10 mg/ml of sucrose was added to

doxycycline supplemented water to increase consumption.

RNA Sequencing

Total RNA was isolated using the RNA Micro Kit (Qiagen). Subsequently, 500 ng of total RNA
was used to create the RNA-seq library following the manufacturer’s protocol from
purification, mRNA fragmentation through the adenylation of end-repaired cDNA fragments

and cleanup (TruSeq Stranded mRNA, Illumina). The collected sample was cleaned with
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AMPure XP beads (Beckman Coulter) and eluted in 20 pl of 10 mM Tris buffer, pH 8, 0.1%
Tween 20. A paired-end 100-bp sequencing run was performed on HiSeq 4000 yielding
348M PE reads with a final library concentration of 2 nM as determined by qPCR (KAPA

Biosystem).

Sequencing reads were aligned to the mouse or human reference genome (GRCm38 or
GRCh38, ENSEMBL v.92) using STAR (v2.5.2a) [162]. Each read pair was allowed a maximum
number of mismatches of 10. Each read was allowed a maximum number of multiple
alignments of 3. Gene counts for each sample were produced using HTSeq (v0.6.1p1) [163].
Read count normalization and differential expression analysis were performed using
DESeq2 (v1.22.2) in R (v3.5.2) [164]. Genes with low reads (sum across samples < 10) were
removed. Differentially expressed genes (DEG) were calculated by comparing UHRF1
knockouts to matching controls, genes with base mean = 10, Log2FoldChange 21 or <-1, and
adjusted p value (Benjamini-Hockberg) < 0.05 were called differentially expressed genes. 3D

PCA plot was generated using the R package plot3D (v1.1.1).

Scratch-wound assay

Cells were seeded the day before the scratch at a density of 1.1x10°>/cm? and grown to 100%
confluency in 6-well cell culture plates. Two hours before the scratch, cells were treated with
5 pg/ml of mitomycin C (S8146, Sigma). At time 0, a 1000 pl tip was used to create a wound
across the cell monolayer. The cells were then placed back to the incubator for 8 hours at
37°C with 5% CO.. Images of the wound at the exact same field were taken at 0 and 8 h and

analyzed using the ZEISS ZEN microscope software. A total of 20 measurements in pixels
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were made based on the image taken. The pixels migrated was calculated as the difference
between the average width of the scratches before and after the incubation period. P-values

were calculated using two-tailed t-test.

Transwell invasion assay

PET track-etched membrane with 8um pore (353097, Corning) were inserted into 24-well
cell culture plate. Membranes were coated with Matrigel at a density of 25 pg/insert. 2x104
cells were seeded onto the membrane in 100 pl of appropriate cell culture medium and
placed into the incubator for 2 hours at 37°C with 5% COz2 to allow cell attachment. After the
cells have attached to the membrane, 100 pl of medium were added to the inner chamber. If
doxycycline is required, 2 pg/ml doxycycline was prepared in 100 pl medium in order to
reach a final concentration of 1pg/ml. 600 pl of appropriate cell culture medium
supplemented with 100 ng/ml fibroblast growth factor (FGF) were pipetted into the outer
chamber. Cells were then placed back into the incubator for no more than 16 hours at 37°C
with 5% COz. Cell culture medium was aspirated, and cotton swabs were used to scrape off
non-migratory cells on the top side of the insert. The remaining cells at the bottom side of
the insert were then fixed and stained with a solution consists of 6% glutaraldehyde and
0.5% crystal violet for 2 hours. Stains were washed out with tap water and the inserts left to
dry at room temperature. Images of 5 different fields within each insert were taken for

analysis by cell count.
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Tail vein injection

Human OS cells lines were dissociated in 0.25% trypsin-EDTA, washed with PBS prior to
counting. For the experimental metastasis model, 2x10°¢ cells were resuspended in 200 pl of
PBS and injected intravenously through the tail vein. Mice lungs were collected 3 weeks after

injection, fixed in 4% formaldehyde for histological analysis.

FDG-PET/microCT scan

Mice were fasted overnight. Mice were injected with 0.1-0.5 mCi of 18F-FDG in sterile saline
(~ 0.05 to 0.2 ml) intraperitoneally (i.p.) and allow to uptake the 18F-FDG for 60 min prior to
imaging. Animals were anesthetized and laid in supine position on the scanner holder with
continued anesthesia. Scanning data was acquired in full list mode and sorted into a single
frame, 3 dimensional sinogram, which was rebinned using a Fourier rebinning algorithm.
The images were reconstructed using 2-dimensional filter back projection using a Hanning
Filter with a Nyquist cut off at 0.5 and corrected for attenuation using the Co-57 attenuation
scan data. Analysis of PET was conducted using PMOD 3.0 and IRW software. The PET data
was co-registered to the CT template for drawing regions-of-interest (ROI). The ROI data

was converted to standard uptake value (SUV) of 18F-FDG.
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CHAPTER 5

CONCLUDING REMARKS AND FUTURE DIRECTIONS
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The study detailed in this dissertation proposed a novel mechanism of action for the tumor
suppressor protein RB. Chapter 2 concluded that the implication of the RB/E2F signaling
pathway has on the clinical outlook of OS is heavily dependent on the association of RB with
E2F1 and E2F3, rather than with other E2F members. Downstream targets of the RB-E2F1
and RB-E2F3 axis are more likely to be the effectors that promotes tumor progression. As
the RB/E2F signaling pathway is perturbed in most cancers, our discovery narrows down
the search for potential therapeutic targets for RB-related neoplasms. We followed this
result with the investigation of two direct targets of the RB-E2F1 axis, HELLS and UHRF1.
Chapters 3 and 4 discusses their role in promoting osteosarcoma
tumorigenesis/progression. We showed that HELLS overexpression is dispensable for OS
tumorigenesis, the fact that HELLS expression is implicated in various other human
neoplasms to be either the driver of tumorigenesis or is involved in promoting tumor
progression suggests that the role of HELLS may vary in a context-dependent manner. On
the other hand, our data provided strong evidence-based support towards the hypothesis
that loss of RB1 contributes to OS via elevated UHRF1 expression and activity. We
established the significant degree of reversal in OS tumor phenotype upon UHRF1 loss in the
context of RB-dependent UHRF1 overexpression. UHRF1 overexpression plays a part in all
three major benchmarks of a developing neoplasm: Tumorigenesis, progression, and
metastasis; as we demonstrated that UHRF1 activity in OS promotes osteosarcomagenesis,
increases OS cell proliferation, and contributes to pulmonary metastasis. Following the
establishment of the role of UHRF1 in OS metastasis, we further hypothesized that UHRF1

facilitates increase in cell mobility through uPA. Although further testing is needed, the
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plasmin activity induced by elevated uPA level could begin to explain the increased mobility,

degradation of extracellular matrix and angiogenesis associated with UHRF1 expression.

While there are no detectable differences in terms of UHRF1 expression between RB-null
and RB-wildtype OS cases, UHRF1 may serve as a conduit for poor prognosis following RB
loss. The RB/E2F complex is known not only for its role in direct transcriptional repression,
but also as epigenetic modifiers through the recruitment of chromatin remodelers [73-77].
Two UHRF1 domains, PHD and RING, contain LXCXE RB-binding motifs [107]. Our
preliminary data showed a preferential binding of UHRF1 to hyperphosphorylated RB.
Combined with our finding that hyperphosphorylated RB being the predominant form in RB-
wildtype cells due to increased CDK4/6 activity (data not shown), this hints a potential
protein-protein interaction between RB and UHRF1 that only exists in RB-wildtype but not
RB-null OS. The possible loss of this layer of epigenetic regulation could account for the
drastic difference in clinical prognosis, supporting the view that loss-of-function due to
genetic ablation of the RB1 gene is not completely synonymous to functional inactivation of

RB by phosphorylation (Figure 5.1).
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Pathway inactivation Null

UHRF1 UHRF1

Figure 5.1. Proposed schematic of UHRF1-mediated poor prognosis.
In RB-wildtype OS, where the RB/E2F pathway is functionally inactivated, although transcriptional control of

RB targets are diminished, RB are still able to exert epigenetic regulation upon its association with UHRF1. Both
levels of regulations are absent in RB-null OS, which presents a worsened clinical outlook.
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A model has been proposed for DNA methylation inheritance in replicating cells consisting
of a complex formed by DNMT1, UHRF1, PCNA, G9a, RB and PARP1 proteins [165],
describing the role of UHRF1 in coordinating DNA methylation and histone modifications for
the maintenance of heterochromatin and proper gene expression in nascent cells. While
UHRF1 is often characterized by its crucial role in DNA methylation [136, 152,166, 167]. The
homeostasis between its epigenetic functions and its ligase activity remains to be studied,
this results in conflicting reports regarding the outcome associated with increased
expression of UHRF1 in cancer. While some evidences points toward increased recruitment
of DNMT1 upon increase of UHRF1 activity, resulting in the facilitation of epigenetic silencing
of tumor suppressor genes through DNA hypermethylation [95, 136]; others support that
UHRF1 mediates DNMT1 ubiquitination and degradation, which lead to global DNA
hypomethylation that results in oncogene activation [153, 154, 168, 169]. This indicates that
multiple functional domains of UHRF1 are involved in different cancer promoting

phenotypes.

Following the study described in this dissertation, we seek to (1) pinpoint specific functional
domain(s) of UHRF1 implicated in UHRF1-mediated increase of migratory potential, (2)
investigate further the interaction between RB and UHRF1 at the protein level. This serves
to not only provide deeper mechanistic insight extending beyond the RB-UHRF1 network,
but to narrow down areas of interest for the potential development of small molecule
inhibitor for UHRF1 targeting. To evaluate whether the loss of RB-UHRF1 interaction
differentiates RB-wildtype and RB-null OS, we propose to generate mutations that interferes

RB-UHRF1 interaction. Two consensus RB-binding motifs (LXCXE), are located at positions
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L331 to E335 and L725 to E729 of UHRF1 [107]. To this end, the following mutations at the
conserved cysteine residue (C to G and C to R) within LXCXE motifs: (1) C333G, (2) C333R,
(3) C727G and (4) C727R, will be generated. Such site-directed mutagenesis can be achieved
in other domains of UHRF1. The following point-mutations/truncation located within the
RING domain ablates E3-ligase activity of UHRF1: (1) C724A, (2) H741A, (3) C724A, (4)
H741A, (5) A724-762. Point-mutations Y188A and Y191A prevents interaction with histone
H3 at the TTD domain. Point-mutations D334A, E335A, and W238A prevents interaction
with histone H3 at the PHD domain [101, 170]. Point-mutations D469G, Y478A, and R491A
blocks the interaction between SRA domain and hemi-methylated DNA. We propose to
introduce UHRF1 mutants into MSCs followed by the evaluation of the degree in UHRF1-
mediated increase of migratory/invasive potential in comparison to wildtype UHRF1. Thus,
identifying functional domain(s) responsible for UHRF1-mediated migration, invasion and

metastasis.

Taken together, this dissertation brought to attention the potential therapeutic value and
efficacy of UHRF1 targeting. We’ve provided strong evidences supporting UHRF1 targeting
as a novel therapeutic strategy, as well as substantial preliminary knowledge sufficient for a
more comprehensive mapping of the regulatory network in the near future. Understanding
the mechanism of UHRF1-mediated malignant phenotypes upon RB/E2F inactivation not
only serves to provide improvement in treatment options of OS, but various human

neoplasms in which RB/E2F pathway inactivation is implicated.
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