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ABSTRACT

Breast cancer is the most frequently diagnosed and the second most fatal cancer
for women in America. Most breast cancelated mortality is due to metastatic disease.
However, despite the importance of metastisibreast cancer outcome, little is
undestood about the process. To investigate the effect of inherited genetic variation on
metastasis, we used a mouse genetics strategy comparing strains with high and low
metastasis susceptibility to identify 2810474019Rik, now Resfl, a gene of unknown
function, as a new potential metastasis enhancer. Reducing global Resfl expression using
a generap in genetically engineered mouse models of metastatic breast cancer
significantly increased pulmonary metastases and metastatic incidence, confirming Resfl
as a netastasis modifier gene. This data afstchesvith human breast cancer
metastasis and RESF1 expression lewetamor samplesHowever, paradoxically,
orthotopic implantation dResflknockdown cells reduced metastasis in mice, indicating
a potential tissue cultuiia vitro artifact. Resflis a poorly characterized protein located
in the nucleus. It has been shown to increase protein production when knocked down
suggesting a potentiedle with mRNA processing or translatiorthiayl uridine (EU)
incorporation assays demonstrated an increase in nucleolar RNA upon Resfl knockdown
(KD). RNA-seq and GSEA analysis also revealed a highly significant increase in the

ribosomal biosynthesis gavays in the Resfl KD cells. KD of Resfl was also



accompanied by an increase of protein synthesis, as measurgudpargylpuromycin
(OPP)labelling of nascent polypeptides, but paradoxically reduced rRNAs in both cell

lines and in tumors from the getr@p model. Taken together, these data suggest that

Resfl may function as a negative regulator of global ribosomal biosynthesis and

alteration of global protein synthesis may play an important role in metastatic

progression. Currently, we are investigatirigv Resfl has a putative role in the

nucleolar stress response. The nucleolus, due to the high metabolic demands of ribosome
production, is a major component of cellular stress response. Cells frequently reduce
ribosome production to divert resourcesdsalve stresses before resuming normal

function. This response is due, in part, to stiedsicedlong norrcoding RNAs

(IncRNAs) encoded from the intergenic spacer regions of ribosomes. Intriguingly,
preliminary data shows knockdown of Resf1 alters thestnaption of at least one of

these stressduced IncCRNAs, consistent with a role in the induction of nucleolar stress
response. Given this connection, investiagat:i

response and metastasis directions for futurestudies
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Chapter 1: Introduction

1.1 Introduction

Breast cancer incidence and mortality is an ongoing issue in the United States. It
is the most frequently diagnosed cancer and the second leading cause of cancer mortality
among womeifil]. However, breast cancer survival varies greatly depending on the
subtype and severity of disease progression. If the cancer has remained localized in the
breast tissue when dizeered and treatment begins, the patient has a €b@¥ceof 5
year survival. Conversely, if the cancer spreads, or metastasizes to distant secondary
sites, the probability of-§year survival sharply drops down to ~24%.

Treatment for breast cancer is inherently difficult due to the sheer number of
factors involved with choosing the most efficacious method. You must tailor to both the
patient and the diseasei or der to find the most suitabl e
menopause status, novel biomarkers must all be taken into account to select which
primary treatment will be the most effective; but levels of toxicity must also be taken into
account. Tamoxife, the most widely used adjuvant for selective estrogen receptor
modulation, is effective in eadstage hormone receptor positive patients and as a
preventative measure. Tamoxifen may be as simple as one pill a day, or in a different
patient, that one pitan result in chronic pain, discomfort, and hot flaf2le§ hen the
aggressiveness and subtype of the disease also needs to be considerechey#ipie
hormone receptor (HERZER-, PR) breast cancer subtype will not respond to hormone
targeted therapies, so a different approach must be taken, which can include a specific

novel biomarker, or general use of chemotherapy or radiation thi&japy



Metastasis, or the spread of cancer from the primary tumor through the blood or
lymph system to a distant secondary site, inherently means that the cancerroditefro
primary tumor site have changed. The characteristics of the metastatic tumors may not be
shared by the primary tumors from which they disseminated, which renders the initial
treatments ineffective. The metastatic tumor may also be in a wholly differe
environment that will require a substantially different approach to treat. Furthermore, the
biological process of metastasis is severely understudied. Little is known about what
makes a cell decide to escape from the primary tumor, nor specificallynwelchinisms
it uses to do so. To study metastasis in patients, identification of metastatic cells may be
found in a similar manner to locating circulating tumor cells, but at this stage the cells
and metastatic nodules have most likely undergone treatelketion pressure, and have
already completed the initial intravasation and dissemination stages. Metastatic tissue
from patients is scarce because it is not resected due to the invasiveness of surgery, and
generally not thought to benefit patients. M&és tissue also only presents a snapshot
of the process of metastatic cells after they have already escaped the primary tumor and
landed at a distant secondary site, after the first lines of treatment hav¢3piled

The Hunter Lab has aieotedgenoméaffectshavn i ndi vi du
cancer and metastasis can prodidssdentification and studies of single genes or gene
sets have shown that differences in expression levels can change the metastatic potential
of the disease. One approach to identifying and studying these metastasis modifiers is
using mouse models.

Mouse modelslew for modeling of new targets and potential metastasis

modifiers in robust and well characterizad/ivo models. Each step of the metastatic



cascade, from the onset of tumorigenesis, intravasation and extravasation, and secondary
site colonization cabe studied using these models. Furthermore, specific models can
address specific needs of the researcher to answer more targeted questions.

In this thesis, we have identified Resfl as a metastasis modifier and potential
therapeutic target and prognostic indicator. We have outlined a potential mechanism by
which Resfleffects breast cancer metastasis and alters basic cellular functions. When
Resfl expression is decreasgdcancer cellsve see less pulmonary metastasis as well as
a decreasm ribosomal RNA production. We see tlisflinteracts with many
nucleolar proteins and alters nucleolar size. Thesesdataort Resfhs a novel
metastasis modifier potentially via alterations in ribosomal RNA production, protein

monitoring, and the cellular stress response.

1.2Breast Cancer

Breast cancer is a prolific disease in the United States. It mdbefrequently
diagnosedancer among women, with an expected 268,600 newly diagnosed invasive
cases, 48,100 ductal carcinoma in situ cases, and the second highest in cancer related
deaths with an estimated 41,760 in 28]]. Though a small percentage of men are
also diagnosed with breast canf@&r, the prevalence and sheer magnitude of incidence
and mortality in women has resultedthe vast majority of breast cancer research to be
focused on women. Breast cancer is a highly visible disease in everyday society because
it effects so many people. Public awareness for breast cancer has led to the creation of
more than 30 breast can@&tvocacy groupg/] that provide support for patients and

funding for research. Breast cancer research and treata®ntdde great strides through



the years, but much work still needs to be done, especially for the most aggressive
subtypes.

Subtype classification of breast cancer involves assignment of both the hormone
status and the epithelial location of the can€here are two types of epithelial cells in
breast tissue; luminal cells that line the inside of the of the mammary duct and later
differentiate to produce Alveolar cells which are responsible for lacf8ticemd basal
cells that lie outside of the luminal cells and beneath the basement membrane that lines
the outside of the duct and separates the epithelial cells from the adipose tissue. Tumors
of these epithelial cellsa classified based on cytokeratin status using
immunohistochemistry staining. Cytokeratins are important cytoskeletal proteins in the
cell that interact with intermediate filaments and are responsible for absorbing
mechanical stress in the cfl. If the tumor is positive for cytokeratifi8, 18, or 19 then
it more closely resembles luminal cells, and if it is positive for cytokeratin 5/6, 14, or 17
then it more closely resembles basal cells. The second classification of breast cancer
subtype is hormone status. Luminal cancers can kdrgpl4 categories, Luminal A
Luminal B, HER2 positive, and triple negativeach subtype is classified by estrogen
receptor (ER), progesterone receptor (PR), and human epidermal growth factor +2ceptor
(HER?2) statusLuminal A cancers HER2 negative and generally slower growing and
have the best prognosis of the four main subtylpaesinal Bare also HER2 negative,
but proliferate faster and aneore aggressivéNon-luminal breast cancer are both ER
and PR, and havevorse prognoses due to the lack of receptors for hormone therapy.
HERZ2 enriched subtype still has positive HER2 status which can be treated with various

targeted therapies towards the recemad is distinguished by ER and PR staing has



a generally btter outcome than Luminal$. Triple-negative subtype is nemze for all

three ER, PR, HER2 receptors and is the most aggressive form with the worse prognosis

[5] (Figure 1.1)
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Figure 1.1: Classification of breasts cancer subtypes according to IHC marker

profile.

Breast cancer classification can be broken down into 4 main subtypes. Each subtype is
based on the status of the estrogen receptor, progesterone receptor, and human epidermal

growth factor recepte?. The subtype is then further classified based on itgittin

the mammary duct, either luminal or basal, or both. The vast majority of breast cancers

fall under the Luminal A/1 category, ~67%, while Luminal B/2 and Triple Negative
subtypes account for ~10% of cases each, and HER2+ basal like accounts {&0}14%
This figure is reprinted froMature Reviews Disease Prim§td] with permissions.



Another classification typically involved with triple negative cancers is claudin
status. Claudins are cell adhesion molecules typically in tight junctions. A claudin
diagnosis is generally also assigned to the prognosigaat Once the molecular
subtype is assigned to the tumor, the first steps in treatment typically depend on what
stage the cancer is currently in. Breast cancer is graded on Stag8taQe 0 breast
cancer is classified as ductal carcinoma in situ (DQt$s localized to the inside of the
duct and has not invaded the surrounding tissue yet, thus classifiediasasive.

Stages 13 are classified as the amount of the spread outside of the duct into surrounding
tissues, and if the tumor has reachey lgmph nodes. Stage 4 is metastatic breast

cancer. At this stage the cancer has spread throughout the breast and lymph nodes, and to
distant secondary sites in the body.

Common breast cancer treatments include general chemotherapy or radiation,
surgery and targeted therapy including adjuvants and neoadjuvants. The mechanism of
attack is entirely dependent on the cancer stage and importantly, what, if any hormone
receptors are still available in the subtype. For early stage cancers that are relagllely s
and have remained localized, surgery to remove the tumor is first recommended followed
by radiation to remove any cancer cells that may have been rfii3ef 3]. Patients
that present with HER2+ have had great success withioation chemotherapy and
HER2 receptor targeting trastuzumab. For patients presenting with other hormone
positive status, a combination of chemotherapy and tamoxifen has also had very
successful results statistically. If a patient is diagnosed with @hgghge cancer and the
tumor is 2cm or greater, radiation therapy or surgery, including mastectomy may be the

best option for treatmefit2][13]. If lymph node status present positive for tumor cells,



indicating tumor cells have reasththe lymph system to spread, a more aggressive round
of radiation or chemotherapy treatment may be prescribed in an attempt to prevent
metastasis.

Since 1989, breast cancer mortality has decreased by 40%, from 33.2% per
100,000 patients to 20% in 20Méith a gradual decline by 1.8% per year from 2007
2016[6]. Currently 90% of all breast cancer patients have a 5 year survivil4ate
That percentage stays relatively #ame at 89.9% for patients in which the cancer
remains localized. However, when the cancer metastasizes to distant sites like the lung,
brain, or bone, the 5 year survival rate drops drastically to[24%This significant drop
in survival rate highlights the lethality as well as the lack of effective treatment for
metastatic spread. Exploring and investigating factors that promote cells to metastasiz
crucial to understanding why and how cells escape. Metastasis is a complex process with
many stages and aspects to consider. The next sections will discuss the challenges and the

tools we currently have to study metastasis.

1.3 Metastasis

Metastas is a complex cellular process that includes many different aspects of
the body and tumorigenic cell to complete. A cell must undergo many abnormal
processes in order to successfully escape the primary tumor and surviverto@o
environment elsewhere in the body. The process of metastasis begins with tumor cells
from a primary tumor transitioning from an epithelial state to a more plastic and
aggressive mesenchyrdile state. The cell then degrades extracellular matrix proteins

on its path through the surrounding tissue towards the blood or lymph system. Once the



transformed cell reaches either or both vessel systems, it intravasates and circulates as a
free-floating cell until it extravasates out of the vessel into a distanhdacp organ and

attempts to colonize and proliferate once ni&igure 1.2)
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Figure 1.2: Themetastaticcascade.

Cancer metastasis begins when cells from the primary tumor undergo changes to escape
and migrate through surrounding tissue to find a blood or lymph vessel to intravasate
into. The cell then circulates through tHedd or lymph system until it extravasates at a
distant site for colonization. The metastatic cells then becomes dormant for a period of
time or begin to form micrometastatic colonies which later become metastatic tumors.
This figure is reprinted with perission from Nature Reviews Clinical Oncology, found

in [15].



This process is generally recognized through wsrizames and terms such as the

ASeed and S¢lb]] owihtylpod¢ édlels$ sgoi ng t hrough
mesenchymal transitiono to escape the pri
meseac hymal to epithelial transition once

sitg17], [18]. While this theory is generally accepted, it is important to note the
incredible amount of transcriptional and physicalmies that a metastatic cell needs to
undergo in order to check all of the boxes in the Seed and Soil, and EMT mechanisms.
While a metastatic cell certainly carries out some of these processes, growing evidence is
showing that EMT is not totally necessdoy a cell to metastasif&9]. While metastasis

is a greatly inefficient process, it still accourds the vast majority of cancer deaths. For
this reason, metastases are extremely difficult to detect. It has been shown usiag
experiments that millions of cells per gram tumor can enter the blood stream per day,
while only a small number of metastases appear. In standard tail vein assays in which
metastatic cells are injected directly into the blood streaipassing the initleescape

and intravasate steps of the metastatic cascade, less than 1% of cells form overt
metastase0], [21]. Furthermore, once these cells colonize a secondary site, they often
remain dormant and undetectable as single cells for long periods of time, or
micrometastatic clusters for shorter periods of §28.

As previously stated, the process of cells successfully completing the metastatic
cascade is highly inefficient. The question then must be asked; why even attempt the
process? One simple answer is an attempt at sundiviamillimeter in diameter tumor
contains ~1 million cells and is already hypoxic in the internal ré28yn[24]. Tumor

cells may be attempting escape in order to survive and find a better environment
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elsewhere. Advances in genomic techniques and next generation sequencing has allowed
for high-throughpuit sequencing of tumor samples and metastasis, making identification
of differences in mutational burden more accessible. The initial dissemination of tumor
cells from the primary tumor is highly heterogeneous. We know that it can occur both in
early stags of the primary tumor as well as late.
Initially, a simple linear model suggests that the most fit cells escape a
homogenous primary tumor over time and effectively colonize a distant site, but now we
understand that it is more complicated than [&. Accumulating evidence has shown
thatprimary tumors have distinct mutational subpopulations, and disseminate both at
early and late stages of primary tumor developr{&siji [28]. Furthermore, metastatic
lesions can be seeded via heterogeneous cell clugtsegded with cells from a different
subclone of the tumor, or from other metastatic nodules that are different from the
original primary tumof29]i [31]. Though some metastatic efficiency may be chalked up
to cells having a praeltiaffée dataisom nadustdrs zdh ad i on
instead of single cell81], we nust also ask what underlying genetic or expression
changes increase a cell 6s metastasizing abil
Cellular plasticity is required for a cell to survive the entire process of metastasis.
The cell becoming more plastic begins with the titeorsfrom an epithelial state in
which the cell iI's more differentiated, when
function, to a less differentiated mesenchymal state. This includes upregulation of genes
like N-Cadherin, Slug, Snail, Twist, and Zebliethare classified as EManscription
factors[32], [33]. However, although EMT is the classical definition of the

transformation of a metastatic cell, not all cells follow this pattern in order to be
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successful, and many only exhibit a parBM T state[34]. In fact, a full EMT has not

been observenh vivo, nevertheless it does appear to be a partial explanation for what is
happening to a cell at the beginning of the metastatic cascade. Another aspect of the
plasticity of metastatic cells ithe transition back from the mesenchymal to the epithelial
state, or MET. Again, mechanisms underlying this transition have also been g85$ive
but it has been hypothesized that cells do transition back into this state in order to form
macrometastasg¢36]. This is based on data that shows matchedstases from primary
breast tumors actually express moredelherin, an epithelial marker, at their metastatic

site[37], [38]. It is thought that cells undergo, again, a sort of pavial, allowing

them to proliferate at an acc @&allieerstatised r at e,

Furthermore, within a single patient there is a significant amount of malignant neoplasm
heterogeneity39]. Lastly, tre concept otancer stem cells (C3Cand their classification
and location are still hot topics of deba@&Cs, as their name implies, have similar
characteristics to stem cells and are able tereaéw and proliferate using stdike
properties. They are thought to be dAcell
after treatmentCluster of differetiation, or CD markers have been used in an attempt at
classification, some with promise, but many with caveats, and are mostly currently used
as robust markers fdluorescence activated cell sorti(lGACS). [40].

Once a tumor cell has successfully escaped the primary tumor, intravasated i
the blood or lymph system, then extravasated, how does it choose where to colonize? The
past decade has seen significant progress in the field of the metastatic microenvironment.
The microenvironment seeks to explain why metastatic cells colonizetiatifza sites.

A majority of the microenvironment subject involves what is happening at the metastatic
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site before cel |l s BE1I].Thisvnelydesestablishingthemni ng t he

A Rrmet a st [43 viarprintaty eimor cells that have upregulated vascular
endothelial growh factor (VEGF), which then causes VEGFR positive myeloid derived
suppressor cells (MDSCs) in the bone marrow to travel to a distant site and begin
modulating the extracellular matrix (ECM) with fibroblasts. Primary tumor secretion of
transforming growttiactor beta (TGB), VEGF, and tumor necrosis factor (TNF) all
stimulate, though not at the same time, lung tissue to produce chem@kiard enrich
the premetaastic niche for circulating tumor cells to zero in on. Other secreted factors
like chemokines and exosomes are also secreted from the primary tumor to modulate the
metastatic microenvironment. Exosomes are extracellular vesicles secreted into the
vascular gstem by the primary tumor that contain a plethora of transforming material
including double stranded DNA, RNA, proteins, and enzy@ese the lipid based
exosomes reach a distant site it releases its contents as a sort of communication to the
cells. Exoemes can be both metastasis promoting or suppressing and represent a novel
and intriguing potential as a means for delivering-ardtastatic drugs in patief#3],
[44].

Metastasis is a muifaceted complex process that uses a vast array of
mechanisms to succeed thgh the entire cycle. Many of the tumor ramonomous
factors that contribute to the stromal and microenvironment aspect of metastasis are
crucial in priming the right conditions for metastasis to be successful, while the fithess of
the metastatic cell,rautonomous effect, depends on other factors, such as activating
mutations oinheritedgenetic susceptibility. An overview of factors that contribute to

inheritedgenetic susceptibility will be explored in the next section.
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1.4Inherited Susceptibility to Metastasis

Inheritedsusceptibilityto a disease is defined as having a predisposition to a
disease based on your genetics. This is usually caused by familial genetics but can also be
caused by spontaneous mutations. When consideemegtig disorders, single gene
mutations that are causative of a disease are simple and direct in terms of cause and
effect. For example, cystic fibrosis is caused by a homozygous mutation, or autosomal
recessive, of the cystic fibrosis transmembrane cdadue regulator (CFTR). However,
other diseases are not as straight forward in terms of susceptibility. Retinoblastoma (Rb),
the first tumor suppressor gene to be cloned, is causative of a rare retinal cancer mostly in
chil dren, and an TwwHiaHypothesiJ4slf Retihablastsna cadcsr
is extremely rare in children with 2 wilype genes. Howeveif,one Rb gene is mutated
through hereditary susceptibility and inherited through conception"tlye2e, or
hit, is now 100,000 times more likely to occur, causing retinoblastoma.

In breast cancer, one of the most welbwn examples of geneticseeptibility,
or predisposition, is mutation of the breast cancer associated 1 gene (BRCAL), which also
effects ovarian cancer predisposition. A mutation in a single allele of BRCAL increases
the risk of breast cancer by age 80 from 12% of women with n@RGA1, to 72% of
women with BRCA1 mutation. BRCA1 mutation also significantly increases risk of
ovarian cancer from 1.3% to a 44% by agg4#), [47]. Since the discovery of the
robust tumorigenic effect the BRCAL1 mutation can have, genetic counseling has advised
screening for women &igh risk when considering other family members with breast
cancer. Although women with BRCA1 mutations statistically present with a significant

increase in breast and ovarian cancer susceptibility, not all women have the same risk
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[48], [49]. Variations in risk of women with BRCA1 mutations can partially be explained
by location of the mutation within the gene, however, other genomic rcdifiust also
be considered.

While breast cancer predisposition has been extensively studied, metastatic
susceptibility is less understood. Like predisposition to breast cancer, metastasis can also
be influenced by the inherited genome. However, unlit@\n breast cancer
susceptibility caused by genes like BRCA1, there are currently no known founder genes
or mutations directly linked as breast cancer metastasis promoters. As previously stated,
this is due to a twiold problem: lack of treatment naiveipga breast cancer and
metastasis human samples, and the fact that metastasis is immensely complex and most
likely is not caused by a single gene or mutation, but rather a set of genes in combination,
with or without mutations, of varying expression leyelsd complex
microenvironmental factors.

For more than 20 years, the Hunter Lab has demonstrated that the inherited
genome can alter metastasis susceptibility. Using the mouse mammary tumor virus
polyoma middle T (MMTVPyMT) genetically engineered mous®del (GEMM), a
widely used model that exhibits robust mammary tumors and lung metastases, our lab has
shown that metastasis susceptibility is altered based on the inherited genome. The
MMTYV -PyMT model was created on the FVB/NJ inbred mouse strain bacidjend
was subsequently bred with an FVB/NJ mouse as a baseline control, as well as 27 other
strains of inbred and wilderived mice. This proof of concept experiment showed 13

strains of mice had significantly lower metastatic burden based only oigémeitic
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backgroundFigure 1.3)[4]. Analysis of the primary tumors showed that this metastatic

phenotype was not due to changes in transgepeession.

15



FVB/NJ NOD/LY

BUB/BnJ
A SWR/J e
CE/ STH
P/J C57BR/J
Al C57BL/6N
SEA/GNJ C57BL/10J
FVB/MMTV-PyMT "
BALB/dJ c58/)
AKR/J
RF/J
NZB/B1NJ
CBA/J NZW/Lad
C3H/He)
LPH
DBA/1J
DBA/2) LnJ
[72]
@ 4
2 8
M
-
Fve/ 0
MMTV-PyMT Female =
@ 6
%% X §§ § I W -P<005
- Not significant
s Y | 9
Q 4
e 4
— [ iy
[
2
F1 2
ol
N= 7913141927 8 12322020 6 151111 101241173523 1816213116 8 28 7
S ) \> Do D 2D a3 B }Qp R 5 >
& by 3 3 o\ o h
Q"z:%“’ ,\@%@ W <<>'~ &« vl“ 238
& Q:“ d: 4 ‘gv

Maternal genotype

Figure 1.3: Proof of concept thaiinherited genome alters metastasis susceptibility.

A.) Schematic representing the initial cross of the FVB/MMRYMT GEM model with
the 27 different strains of inbred and widdrived mice displayed a phylogenetic tree. B.)
The results of the experiment displayed a wide range of metastatic phenotygeBin th
generation that occurred only from genetic variations present in the genomes of each
female mouse. This data is based on the experimentfjom
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Primary tumor analysis also revealed that 10 strains had significant primary tumor

latency differences. Along with this analysis, pulmonary metastases were normalized to
the primary tumor mass to show that it was not a tumor size effect. Fisialte the

transgene was delivered through inheritance it is assumed that each strain has consistent
expression, and that changes in metastatic burden are due to genetic variance in the wild
type female straingl].

This proofof-concept experiment demonstrated that metastasis modifiers exist.
However, because the graph shows a gradual change over the various strains, not just a
high and lowphenotype, it suggests that these metastatic phenotypes are polygenic. As
such, this demonstrates that there are many genes, with varying expression levels across
the different strains that cause this spectrum of phenotypes. Since this experiment, the
Hunter Lab has identified numerous metastasis modifiers by exploiting the metastasis
phenotype differences across many mouse strains. Using various genetic and genomic
techniques, these metastasis modifiers have been proven to have a wide range of
functions ad effects. Through this approa8&ipalwas the first gene published to have
pro-metastatic effects vivo. Signatinduced proliferatiorassociated 1Sipalwas
identified by comparing 5 candidate regions aroundvtesllocus, between high
metastatic #iciency strains (FVB/NJ and AKR/J) and low metastatic efficiency strains
(DBA/2J and NZB/BINJ). Further sequencing analysis identified a polymorphism present
in the RapGAP domain of th&ipalgene of the DBA/2J and NZB/BINJ mice that
changed binding dffiency with its partner AQP2, ultimately changi8gpalactivity,
and later showin vivothat knockdown oSipalreduces metastagis0]. These

experiments proved that the differing metastatic burden between different strains of mice
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can be traced back to arheritedpolymorphism in the gemme, not a mutation, but a

nucleotide change that was inherited among its population. Since this publication,

numerous other metastasis modifying genes have been identified using similar but

varying and more progressive mouse genetic and genomic techrivtpgsof the

metastasis modifying genes identified are located throughout th&iceite 1.4),

affecting many aspects of cellular pathways suchrat2, a circadian rhythm gerjg1],

Nup21Q a nuclear pore protein involved with mechanosensitjgity, Rrplb,a

ribosomal processing gefte2], andCadm1,a cell adhesion molecu|g3], to name a

few. More recently howevemany of the genes identified through genomic screens are

located in the nucleolus and nucleus identifying more possible mechanisms of metastatic

efficiency. This shift in focus will be discussed more in the following sections.
Identification of these mastasis modifying genes creates exciting potential for

new mechanisms for identification and treatment of metastasis in the clinic. Known

metastasis modifying genes can be identified in patients and screened for known

polymorphisms or changes in expresdmrels, much the same way known mutations are

screened for in different diseases and cancers. Identification of these genes also marks the

potential for new druggable targets as adjuvant oratpavant treatment to prevent or

impede metastasis in-ask patients.
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Figure 1.4: Metastasis modifiers validated by the Hunter Lab.

Through various genetic and genomic techniques, the Hunter Laboratory has identified
and validated multiple metastasis modifiers, with wide ranging functions and locations.
Figure provided by Kent Hunter.

1.5Mus musculusM odels of Metastasis

As previously stated, metastasis is a diverse and complex mechanism of cancer
spreading. Most techniques used to study metastasis make use iof\ntwthandin vivo
methods. Cellular assaysvitro are important and have uses to understand more
mechanistic and cellular effects of target
heal i ngo assays can provide information i f

changeccompared to control. A proliferation assay may be able to determine if your

19

P

a



experimental cells grow faster or slower than the control, providing clues as to what your
experimental is affecting. A 3D trameell invasion assay can also help determine if your
experimental cells are more or less invasive than the control cells. While these assays
provide clues towards a mechanism for a gene of interest, it does not accurately represent
what is happeninm vivo. Normal tissue culture conditions in CO2, in haghounts of

glucose and fetal bovine serum, on very stiff plastic or glass surfaces are far friom
conditions. Succinctly stated by Kent Hunter
concrete. o0 Due to the | i mintiteofmostroBustof ti ssue
metastasis research requires the use of mouse models to more accurately recapitulate the
full cascade of events from the seed stage of the primary tumor through intravasation and
extravasation to the soil. Alluded to before, depegdn what aspect of cancer you are
investigating, an appropriate strain or model must be selected carefully. Genetically
engineered mouse models, or GEMMs, are the most complete and uniform way to
currently investigate different aspects of tumorigenasd metastasis. Briefly mentioned
previously the MMTVPYMT mouse model is a commonly used model by our lab, as

well as researchers around the world. The MMAYMT mouse is a transgenic mouse

model of the FVB/NJ strain. It is a robust and predictable mafdeimorigenesis and
metastasis. The mammary tumorigenic properties are induced by the expression of the
upstream long terminal repeat of the polyoma middle T antigen (PyMT), driven by the
promoter of the mouse mammary tumor virus (MMT%3]. This model consistently

presents with mammary tumors with 100% penetegry 9 weeks of age, and >85% of

these mice develop pulmonary metastases by ~100 days of age. This GEMM is also a

good model of human luminal breast cancer because it activates the PI3K
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(phosphoinositide3 kinase) pathway, and exhibits a gradual losoofione receptors,

both of which are common in human breast cané&elfs This model is not only robust,

but also accurately recapitulates some common aspects of human breast cancer, thus
making it a comprehensive tool for use with spontaneous tumorigenesis while breeding
with different strains or genetically mouifl mice.

The MMTV-PyMT model is a great system for spontaneous tumorigenesis, but
genetically modified mice with alterations in a specific gene of interest are not as easily
made andake a long time to maké&nother way to test metastasis is througfedent
types of cellular injections directly into mice. Orthotopic injections of syngeneic cells
directly into the mammary fat pad of mice allows for a full analysis of the entire
metastatic cascade, with the exception of natural tumorigenesis. Withdtied, a
simple overexpression, knockdown, or mutation of your gene, and with the correct
number of animals for statistical power, can provide information on whether or not your
experimental has an effect on metastasis. Orthotopic injections are a goeldonest
spontaneous metastasewvivo. In order to investigate the final steps of the metastatic
cascade, extravasation and colonization, a tail vein injection may be more appropriate.
Cells are injected directly into circulation via the tail veiustiskipping the initial
primary tumor formation and intravasation steps. While this method allows for simple
metastatic colonization of the lung, conclusions must be carefully interpreted because of
the lack of tumor formation, the first crucial step ie thetastatic cascade.

Depending on the question being asked, each method described above has a place
in metastasis research. Each clearly has pros and cons to its approach, but when carefully

designed, it can test a specific hypothesis. Tissue cultperiexentsn vitro allow for
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more mechanistic and biochemical hypotheses to be testesh thian mouse

experiments. However, mouse experiments allow for hypotheses to be tested in the most
biologically relevant way. Lastly, one of the most important wiarations for the
justification of mouse experiments is ones?o
life. Mouse models must be regarded with respect, with the correct number of subjects,

and used only when there is no other means to answer a Isipatit® biological

certainty.

1.6 Resfl

In one of the largest functional annotation meetings (FANTOM) for mouse,
utilizing 21,076 complementary DNAs (cDNA) to be annotated to the human genome,
the RIKEN Mouse Gene Encyclopedia Project organized amatienal effort in
Tsukuba City, Japan in 2000 to annotate the mouse geibdin¢s6]. In the second
round of annotation, 60,770fdle ngt h ¢ DNAs wer e annotated. Of
units, o0 4,258 were new pr o-togingmessaggsvlng and 11
This highlighted an interesting piece of data thatooding RNA of differing lengths
makesup a large component of the mouse transcriptome.

During these project®esflwas identified Resflcodes @521 amino acid,
roughly 170kDa proteirkResflhas a somewhat unusual intron exon structure, with a
maj ority of the coding sequence being | ocat e

sequencé€Figure 1.5)
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Figure 1.5: Resfl mouse and human gene structure.

A,C.) Resfl has a unigue intron agxbn structure. A majority of the protein coding

sequence derives from a single | arge exon ne
coding sequence shows that there is no known
acid sequence. B,D.) KIAA1551ak a nearly identical intron exon structure as the mouse

ortholog, also with no known domains associated with its amino acid sequence.

Furthermore, this protein has no known domains, with the unhelpful exception of
the large exon being classified asamteee r of DUF4617, for ADomain
functiono by the National Center for Biotech
Domain Database, and is predicted to be very unstructured. The human ortholog of
RESF1 formerly KIAA1551 or C120rf35, only shares abei{ff0% sequence identity
with mouse and the amino acid sequence compared to mouse is not well conserved either,
just 49% similarity. HumaRESF1is also slightly larger than mouBeesflat 190kDa.
However, despite their differences both have nearly iddmtitan exon structures, as
well as the same domain of unknown function associated with the primaryTdyeon.
endogenous location tie Resflproteinis unknown, though transient transfection

identifies it in the nucleus.



The current literature regardgjra function or mechanism or Resfl is very sparse.
There are currently only two papers that stRdgflin mouse, and just one that studies
RESF1 in human. The first paper to study RESF1 did so in human in 2012. Oostvogels et

al. 2012[58] repat the discovery of a single nucleotide polymorphism (SNP) in

Cl2orf 35, an alternate name flosa KI AA1551.

polymorphic peptide presented by the common HLA molecule At®2:01, which is
encoded by the kallelic hematopoietispe c i f i ¢ g e B8]. INhinkan r f 350
transplants, it is important that the donor and receiver have the same major
histocompatibility antigens (MHA) in order to prevent allograft rejection. However, also
important to prevent graftersushost disase are minor histocompatibility antigens
(mHags). The authors discover that this SNP present in C120rf35 that presents on CD8+
cytotoxic -l ymphocytes effectively killed the
effecting the noshematopoietic cells. They oolude that the UTAZA SNP that is
presented from C120rf35 is a valuable aghihat can be exploited during
immunotherapy treatments to effectively avoid toxic aspects, includingvgnaiishost
disease, of human transplants. While this publication pies@ninteresting and novel
finding of RESF1 in human i mmunol ogy and
effect in breast cancer metastasis.

The second paper that was published discusasjlwas published in 2016 by
Ritter et al. from Novarti®harma AG in Switzerlan®9]. This research builds on a
previous publicaon that shows that deletion of a 0.5 megabase region of chromosome 8
in Chinese hamster ovary (CHO) cells correlates with higher productivity and stability of

protein folding and productigj0]. In this region there were 8 gengsp8, Fam60a,
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Dennd5b, Caprin2, Mettl20, Amn1, BicahdC12o0rf35(Resf). Once these genes were
identified, in[59] sSiRNA construct were used against each gene for knockdown, then
cloned into a vector monoclonal antibody (mAb) containing an anchor that would be
detectable by FAS. WhenResflwas knocked down, they saw & 2old increase of
fluorescence compared to control sSiRNA.thermore, when a transcription activator
like effector nuclease (TALEN) was used to knock out (IR@¥fithey still saw higher
productivities of their mAb pools, and contrastingly observed decreased production when
Resflwas overexpresseResf1KO cells dso exhibited faster recovery times after a
methotrexate selection pressure. Although there has been no functional dRedylait
this point, in the discussion the authors surmiseRleatlcould have some effect on
MRNA nuclear export after transciigm, suggesting that this process is upregulated.
They also suggest that the increase of mMRNA is due to the increase of mRNA stability by
inhibiting degradation of mMRNA9]. However, while degradation of mMRNA may be
inhibited, it does not mean stability is increased, just that mRNA checkpoints and
efficacy may be altered. Lagtthe authors suggest tiHaesfimay be effecting different
transcription factor as a repressor, sucetg}[61], in order to activate more
transcription of genes. Ritter et al. present interesting and relevant findingsodsriteb
function ofResflthat we later investigate.

The most recent publication describiRgsf]l Fukuda et al. 201f%2] identify
targets associated with SET domain bifurcated histone lysine methyltransferase 1
(SETDB1) and retroelement silencing. Here they perform argemvide clustered
regularly spaced short palindromic repd@RISPR KO screen and identify more than

80 genes involved in retroelement silencing by SETDB1 in mouse embryonic stem cells
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(mESCs). SETDBL1 is a histone methyltransferase, specifically rabfgoftg histone 3

lysine 9 trimethylation (H3K9me3) which is an essential modification for retroelement
silencing. Histone methylation is generally classified as a silencing epigenetic
modification, while acetylation is usually activating. Retroelememtggtrotransposons,

in humans are genetic elements that are transcribed into RNA, then reverse transcribed
back to DNA and inserted back into the genome. In humans, the most common elements
are long and short interspersed nuclear elements (LINEs and)5iN&king up about

42% of our genomgs3], [64]. Endogenous retroviruses (ERVs) make up betwegh 1

of the human genome as wgib], [66]. Retroelements are importantgenome

evolution and diversification. However, if the retrotransposons are too active, they can
cause genome instability. SETDBL1 is one of many safeguards in place for retroelement
silencing. Interestingly, the Hunter Lab has previously shown thaickTinteractive

domain 4B Arid4b), a published breast cancer metastasis promoter that binds mSIN3A
of the histone deacetylase complex, another mechanism of epigenetic modifi&afion
interacts withSetdb1 Fukuda et al. show th&esflis a proviral silencing factor that
reduced DNA methylation in their MSGBFP retrovirus reporter. They confirm a

physical nteraction of SETDB1 anesf] and thaResflis required for SETDB1
recruitment or accumulation to the provirus in order to provide the repressive histone
methylation. Lastly, they show thResflrepresses ERVs by showing that many of the
various genona repeats that are repressed3aydblare also repressed Resfl

Analysis of chromatin immunoprecipitation sequencing (&d8) ofResflbinding sites
shows that of the repetitive elements that are bound, ERV retrotransposons were the most

enriched. Tis paper demonstrates a novel functioRe&f] demonstrating relevant
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genomic and protein interactions involving retroelements. While Fukuda et al. mention
they seeResflin the nucleus, Resfl has been reported to be in both the nucleolus and
cytoplasm as well. The Human Protein Atl&8], [69], identifies RESF1 in the nucleolus

in cell lines, but only 10% of their patient samples present nucleolar while the other 90%
are cytoplasnu, suggesting that the protein shuttles between cellular compartments, or

that human tissue and cell lines are fundamentally different.

1.7 Nucleolar Functions

The nucleolus is an enigmatic, yet diverse and multifunctional, subcellular
organelle. Undestanding various aspects of this organelle has only recently, within the
past 10 years, begun to be parsed out. The moskn@Nn function of the nucleolus is
transcription of ribosomal DNA (rDNA) into the various subunits of ribosomal RNA
(rRNA) which later assemble with many ribosomal proteins to form a functional
ribosome. Nucleolar structure is also widely used as a prognostic markanémr
patients, with larger nucleoli seen in biopsies classified as a poor prognosis. The
nucleolus is somewhat afpseudebrganelle because it is membrdass. It consists of
three main compartments: the granular component (GC) which is the largest and
outermost portion of the nucleolus, the fibrillar center (FC) seen as smaller puncta in the
nucleolus, and the dee fibrillar component (DFC) which is a sort of shell around the FC
region(Figure 1.6).The FC region is the site of initial rRNA transcription. The rRNA
then passes through the DFC where it goes through many layers of processing and
maturation. The preRNA then undergoes the first steps of ribosomal assembly in the

GC region of the nucleoly30], [71]. While ribosome biogenesis is one of the most well
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characterized functions of the nucleolus, mounting evidence for roles of the nucleolus
during cellular stress such as amyloidogen@d§ [73], misfolded protein§r/4], and
cooperation with INcRNAE72], are highlighting other important functions of this

organelle.

Figure 1.6: Nucleolar structure.

The nucleolus is a dynamic organelle located within the nucleus. It consists of 3 main
compartments all of which contribute the production of ribosomes. This figure is
reprinted fron70] with permissiorfrom Cell Biology.
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