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ABSTRACT
Breast cancer is the most frequently diagnosed and the second most fatal cancer
for women in America. Most breast cancer-related mortality is due to metastatic disease.
However, despite the importance of metastasis for breast cancer outcome, little is
understood 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 2810474O19Rik, now Resf1, a gene of unknown
function, as a new potential metastasis enhancer. Reducing global Resf1 expression using
a gene-trap in genetically engineered mouse models of metastatic breast cancer
significantly increased pulmonary metastases and metastatic incidence, confirming Resf1
as a metastasis modifier gene. This data also matches with human breast cancer
metastasis and RESF1 expression levels in tumor samples. However, paradoxically,
orthotopic implantation of Resf1 knockdown cells reduced metastasis in mice, indicating
a potential tissue culture in vitro artifact. Resf1 is a poorly characterized protein located
in the nucleus. It has been shown to increase protein production when knocked down
suggesting a potential role with mRNA processing or translation. Ethinyl uridine (EU)
incorporation assays demonstrated an increase in nucleolar RNA upon Resf1 knockdown
(KD). RNA-seq and GSEA analysis also revealed a highly significant increase in the
ribosomal biosynthesis pathways in the Resf1 KD cells. KD of Resf1 was also
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accompanied by an increase of protein synthesis, as measured by o-propargyl-puromycin
(OPP) labelling of nascent polypeptides, but paradoxically reduced rRNAs in both cell
lines and in tumors from the gene-trap model. Taken together, these data suggest that
Resf1 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 investigating how Resf1 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 resources to resolve stresses before resuming normal
function. This response is due, in part, to stress-induced long non-coding RNAs
(lncRNAs) encoded from the intergenic spacer regions of ribosomes. Intriguingly,
preliminary data shows knockdown of Resf1 alters the transcription of at least one of
these stress-induced lncRNAs, consistent with a role in the induction of nucleolar stress
response. Given this connection, investigations into Resf1’s role in nucleolar stress
response and metastasis are directions for future studies.
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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 women [1]. 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 discovered and treatment begins, the patient has a ~98% chance of 5year survival. Conversely, if the cancer spreads, or metastasizes to distant secondary
sites, the probability of 5-year survival sharply drops down to ~24% [1].
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 disease in order to find the most suitable treatment. The patient’s age,
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. Tamoxifen, the most widely used adjuvant for selective estrogen receptor
modulation, is effective in early-stage 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 pill can result in chronic pain, discomfort, and hot flashes[2]. Then the
aggressiveness and subtype of the disease also needs to be considered. A triple negative
hormone receptor (HER2-, ER-, 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 therapy [3].
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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 cancer cells from the
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 different
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 specifically what mechanisms
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 treatment selection 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. Metastatic 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 have failed [3].
The Hunter Lab has shown that an individual’s inherited genome affects how
cancer and metastasis can progress[4]. Identification 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 models allow for modeling of new targets and potential metastasis
modifiers in robust and well characterized in vivo models. Each step of the metastatic
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cascade, from the onset of tumorigenesis, intravasation and extravasation, and secondary
site colonization can be 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 Resf1 as a metastasis modifier and potential
therapeutic target and prognostic indicator. We have outlined a potential mechanism by
which Resf1 effects breast cancer metastasis and alters basic cellular functions. When
Resf1 expression is decreased in cancer cells we see less pulmonary metastasis as well as
a decrease in ribosomal RNA production. We see that Resf1 interacts with many
nucleolar proteins and alters nucleolar size. These data support Resf1 as a novel
metastasis modifier potentially via alterations in ribosomal RNA production, protein
monitoring, and the cellular stress response.

1.2 Breast Cancer
Breast cancer is a prolific disease in the United States. It is the most frequently
diagnosed cancer 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 2019[5][6]. Though a small percentage of men are
also diagnosed with breast cancer [6], the prevalence and sheer magnitude of incidence
and mortality in women has resulted in the 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 cancer advocacy groups [7] that provide support for patients and
funding for research. Breast cancer research and treatment has made great strides through
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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 cancer. There 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 lactation[8], and 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 cells are 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 cell [9]. If the tumor is positive for cytokeratin 7/8, 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 be split into 4 categories, Luminal A,
Luminal B, HER2 positive, and triple negative. Each subtype is classified by estrogen
receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor-2
(HER2) status. Luminal A cancers HER2 negative and generally slower growing and
have the best prognosis of the four main subtypes. Luminal B are also HER2 negative,
but proliferate faster and are more aggressive. Non-luminal breast cancer are both ERand PR-, and have worse prognoses due to the lack of receptors for hormone therapy.
HER2 enriched subtype still has positive HER2 status which can be treated with various
targeted therapies towards the receptor, and is distinguished by ER and PR status and has

4

a generally better outcome than Luminal B[5]. Triple-negative subtype is negative for all
three ER, PR, HER2 receptors and is the most aggressive form with the worse prognosis
[5] (Figure 1.1).

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 receptor-2. The subtype is then further classified based on its location in
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 for ~4% [10].
This figure is reprinted from Nature Reviews Disease Primers [11] with permissions.
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Another classification typically involved with triple negative cancers is claudin
status. Claudins are cell adhesion molecules typically in tight junctions. A claudin-low
diagnosis is generally also assigned to the prognosis category. 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 Stages 0-4. Stage 0 breast
cancer is classified as ductal carcinoma in situ (DCIS). It is localized to the inside of the
duct and has not invaded the surrounding tissue yet, thus classified as non-invasive.
Stages 1-3 are classified as the amount of the spread outside of the duct into surrounding
tissues, and if the tumor has reached any lymph 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 relatively small
and have remained localized, surgery to remove the tumor is first recommended followed
by radiation to remove any cancer cells that may have been missed [12], [13]. Patients
that present with HER2+ have had great success with combination 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 a higher stage cancer and the
tumor is 2cm or greater, radiation therapy or surgery, including mastectomy may be the
best option for treatment [12][13]. If lymph node status present positive for tumor cells,
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indicating tumor cells have reached the 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 2016, with a gradual decline by 1.8% per year from 20072016 [6]. Currently 90% of all breast cancer patients have a 5 year survival rate [14].
That percentage stays relatively the same 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 27% [14]. 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 metastasize is
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
Metastasis 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 survive in an ectopic
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 mesenchymal-like state. The cell then degrades extracellular matrix proteins
on its path through the surrounding tissue towards the blood or lymph system. Once the
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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 distant secondary organ and
attempts to colonize and proliferate once more (Figure 1.2).

Figure 1.2: The metastatic cascade.
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 the blood 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 permission from Nature Reviews Clinical Oncology, found
in [15].
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This process is generally recognized through various names and terms such as the
“Seed and Soil” hypothesis [16], with cells going through an EMT or “epithelial to
mesenchymal transition” to escape the primary tumor, then going back through a
mesenchymal to epithelial transition once it has found “soil” at a distant secondary
site[17], [18]. While this theory is generally accepted, it is important to note the
incredible amount of transcriptional and physical changes 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 necessary for a cell to metastasize [19]. While metastasis
is a greatly inefficient process, it still accounts for the vast majority of cancer deaths. For
this reason, metastases are extremely difficult to detect. It has been shown using in vivo
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 stream, bi-passing the initial escape
and intravasate steps of the metastatic cascade, less than 1% of cells form overt
metastases [20], [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 time [22].
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 survival. A 1 millimeter in diameter tumor
contains ~1 million cells and is already hypoxic in the internal region[23], [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-throughput 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 stages 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 this [25]. Accumulating evidence has shown
that primary tumors have distinct mutational subpopulations, and disseminate both at
early and late stages of primary tumor development [26]–[28]. Furthermore, metastatic
lesions can be seeded via heterogeneous cell clusters, reseeded with cells from a different
subclone of the tumor, or from other metastatic nodules that are different from the
original primary tumor [29]–[31]. Though some metastatic efficiency may be chalked up
to cells having a proliferation and adhesion “head-start” as in circulating tumor clusters
instead of single cells [31], we must also ask what underlying genetic or expression
changes increase a cell’s metastasizing ability and potential.
Cellular plasticity is required for a cell to survive the entire process of metastasis.
The cell becoming more plastic begins with the transition from an epithelial state in
which the cell is more differentiated, when it looks and behaves like it’s intended
function, to a less differentiated mesenchymal state. This includes upregulation of genes
like N-Cadherin, Slug, Snail, Twist, and Zeb1 which are classified as EMT-transcription
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 partial-EMT state [34]. In fact, a full EMT has not
been observed in 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 is the transition back from the mesenchymal to the epithelial
state, or MET. Again, mechanisms underlying this transition have also been elusive [35],
but it has been hypothesized that cells do transition back into this state in order to form
macrometastases [36]. This is based on data that shows matched metastases from primary
breast tumors actually express more E-cadherin, an epithelial marker, at their metastatic
site [37], [38]. It is thought that cells undergo, again, a sort of partial-MET, allowing
them to proliferate at an accelerated rate, but also dictate it’s own epithelial-like status.
Furthermore, within a single patient there is a significant amount of malignant neoplasm
heterogeneity [39]. Lastly, the concept of cancer stem cells (CSC), and their classification
and location are still hot topics of debate. CSCs, as their name implies, have similar
characteristics to stem cells and are able to self-renew and proliferate using stem-like
properties. They are thought to be “cell zero” of both the initial tumor, and new tumors
after treatment. Cluster of differentiation, 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 for fluorescence activated cell sorting (FACS). [40].
Once a tumor cell has successfully escaped the primary tumor, intravasated into
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 colonize at particular sites.
A majority of the microenvironment subject involves what is happening at the metastatic
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site before cells arrive, or “priming the soil” [41]. This includes establishing the
“Premetastic niche” [42] via primary tumor cells that have upregulated vascular
endothelial growth 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 growth factor beta (TGF), VEGF, and tumor necrosis factor (TNF) all
stimulate, though not at the same time, lung tissue to produce chemokines [3] and enrich
the premetastatic 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 system by the primary tumor that contain a plethora of transforming material
including double stranded DNA, RNA, proteins, and enzymes. Once the lipid based
exosomes reach a distant site it releases its contents as a sort of communication to the
cells. Exosomes can be both metastasis promoting or suppressing and represent a novel
and intriguing potential as a means for delivering anti-metastatic drugs in patients [43],
[44].
Metastasis is a multi-faceted complex process that uses a vast array of
mechanisms to succeed through the entire cycle. Many of the tumor non-autonomous
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 fitness of
the metastatic cell, or autonomous effect, depends on other factors, such as activating
mutations or inherited genetic susceptibility. An overview of factors that contribute to
inherited genetic susceptibility will be explored in the next section.
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1.4 Inherited Susceptibility to Metastasis
Inherited susceptibility to 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 considering genetic 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 conductance 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
children, and an example of Knudson’s Two-Hit Hypothesis [45]. Retinoblastoma cancer
is extremely rare in children with 2 wild-type genes. However, if one Rb gene is mutated
through hereditary susceptibility and inherited through conception, the 2nd gene, or 2nd
hit, is now 100,000 times more likely to occur, causing retinoblastoma.
In breast cancer, one of the most well-known examples of genetic susceptibility,
or predisposition, is mutation of the breast cancer associated 1 gene (BRCA1), which also
effects ovarian cancer predisposition. A mutation in a single allele of BRCA1 increases
the risk of breast cancer by age 80 from 12% of women with normal BRCA1, to 72% of
women with BRCA1 mutation. BRCA1 mutation also significantly increases risk of
ovarian cancer from 1.3% to a 44% by age 80 [46], [47]. Since the discovery of the
robust tumorigenic effect the BRCA1 mutation can have, genetic counseling has advised
screening for women at high 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 modifiers must 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, unlike known 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 two-fold problem: lack of treatment naïve paired 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 levels, and 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 (MMTV-PyMT) genetically engineered mouse model (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
MMTV-PyMT model was created on the FVB/NJ inbred mouse strain background and
was subsequently bred with an FVB/NJ mouse as a baseline control, as well as 27 other
strains of inbred and wild-derived mice. This proof of concept experiment showed 13
strains of mice had significantly lower metastatic burden based only on their genetic
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background (Figure 1.3) [4]. Analysis of the primary tumors showed that this metastatic
phenotype was not due to changes in transgene expression.
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Figure 1.3: Proof of concept that inherited genome alters metastasis susceptibility.
A.) Schematic representing the initial cross of the FVB/MMTV-PyMT GEM model with
the 27 different strains of inbred and wild-derived mice displayed a phylogenetic tree. B.)
The results of the experiment displayed a wide range of metastatic phenotypes in the F1
generation that occurred only from genetic variations present in the genomes of each
female mouse. This data is based on the experiment from [4].
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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. Finally, since 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 wildtype female strains [4].
This proof-of-concept experiment demonstrated that metastasis modifiers exist.
However, because the graph shows a gradual change over the various strains, not just a
high and low phenotype, 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 and effects. Through this approach, Sipa1 was the first gene published to have
pro-metastatic effects in vivo. Signal-induced proliferation-associated 1, Sipa1 was
identified by comparing 5 candidate regions around the Mtes1 locus, between high
metastatic efficiency strains (FVB/NJ and AKR/J) and low metastatic efficiency strains
(DBA/2J and NZB/BlNJ). Further sequencing analysis identified a polymorphism present
in the Rap-GAP domain of the Sipa1 gene of the DBA/2J and NZB/BlNJ mice that
changed binding efficiency with its partner AQP2, ultimately changing Sipa1 activity,
and later shown in vivo that knockdown of Sipa1 reduces metastasis [50]. These
experiments proved that the differing metastatic burden between different strains of mice
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can be traced back to an inherited polymorphism in the genome, 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 techniques. Many of the
metastasis modifying genes identified are located throughout the cell (Figure 1.4),
affecting many aspects of cellular pathways such as Arntl2, a circadian rhythm gene [21],
Nup210, a nuclear pore protein involved with mechanosensitivity [51], Rrp1b, a
ribosomal processing gene [52], and Cadm1, a cell adhesion molecule [53], to name a
few. More recently however, many 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 metastasis 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 expression levels, 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 or neo-adjuvant treatment to prevent or
impede metastasis in at-risk 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.

1.5 Mus musculus Models of Metastasis
As previously stated, metastasis is a diverse and complex mechanism of cancer
spreading. Most techniques used to study metastasis make use of both in vitro and in vivo
methods. Cellular assays in vitro are important and have uses to understand more
mechanistic and cellular effects of target perturbation. Cell migration, or “wound
healing” assays can provide information if a cell’s mobility in the experimental is
changed compared to control. A proliferation assay may be able to determine if your
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experimental cells grow faster or slower than the control, providing clues as to what your
experimental is affecting. A 3D trans-well 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 happening in vivo. Normal tissue culture conditions in CO2, in high amounts of
glucose and fetal bovine serum, on very stiff plastic or glass surfaces are far from in vivo
conditions. Succinctly stated by Kent Hunter, cells in tissue culture are “in cow juice on
concrete.” Due to the limitations of tissue culture experiments in vitro, most robust
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, depending on 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 tumorigenesis and metastasis. Briefly mentioned
previously the MMTV-PyMT mouse model is a commonly used model by our lab, as
well as researchers around the world. The MMTV-PyMT mouse is a transgenic mouse
model of the FVB/NJ strain. It is a robust and predictable model of tumorigenesis 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 (MMTV) [54]. This model consistently
presents with mammary tumors with 100% penetrance by 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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(phosphoinositide-3 kinase) pathway, and exhibits a gradual loss of hormone receptors,
both of which are common in human breast cancers [54]. 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 modified 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 and take a long time to make. Another way to test metastasis is through different
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. With this method, 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 good model to test
spontaneous metastases in vivo. 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 vein, thus skipping 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 in the metastatic 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 culture experiments in vitro allow for
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more mechanistic and biochemical hypotheses to be tested than in vivo mouse
experiments. However, mouse experiments allow for hypotheses to be tested in the most
biologically relevant way. Lastly, one of the most important considerations for the
justification of mouse experiments is ones’ ethical responsibility towards the animals’
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 hypothesis with biological
certainty.

1.6 Resf1
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 an international effort in
Tsukuba City, Japan in 2000 to annotate the mouse genome [55], [56]. In the second
round of annotation, 60,770 full-length cDNAs were annotated. Of these ‘transcriptional
units,’ 4,258 were new protein coding and 11,665 were new non-coding messages [57].
This highlighted an interesting piece of data that non-coding RNA of differing lengths
makes up a large component of the mouse transcriptome.
During these projects, Resf1 was identified. Resf1 codes a 1521 amino acid,
roughly 170kDa protein. Resf1 has a somewhat unusual intron exon structure, with a
majority of the coding sequence being located in a single large exon at the 3’ end of the
sequence (Figure 1.5).
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Figure 1.5: Resf1 mouse and human gene structure.
A,C.) Resf1 has a unique intron and exon structure. A majority of the protein coding
sequence derives from a single large exon near the 3’ region of the gene. Input of the
coding sequence shows that there is no known protein domains associated with it’s amino
acid sequence. B,D.) KIAA1551 has 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 as a member of DUF4617, for “Domain of unknown
function” by the National Center for Biotechnology Information (NCBI) Conserved
Domain Database, and is predicted to be very unstructured. The human ortholog of
RESF1, formerly KIAA1551 or C12orf35, only shares about ~70% sequence identity
with mouse and the amino acid sequence compared to mouse is not well conserved either,
just 49% similarity. Human RESF1 is also slightly larger than mouse Resf1 at 190kDa.
However, despite their differences both have nearly identical intron exon structures, as
well as the same domain of unknown function associated with the primary exon. The
endogenous location of the Resf1 protein is unknown, though transient transfection
identifies it in the nucleus.
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The current literature regarding a function or mechanism or Resf1 is very sparse.
There are currently only two papers that study Resf1 in 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] report the discovery of a single nucleotide polymorphism (SNP) in
C12orf35, an alternate name for KIAA1551. They present that “UTA2-1 is a
polymorphic peptide presented by the common HLA molecule HLA-A*02:01, which is
encoded by the bi-allelic hematopoietic-specific gene C12orf35” [58]. In human
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 graft-versus-host disease are minor histocompatibility antigens
(mHags). The authors discover that this SNP present in C12orf35 that presents on CD8+
cytotoxic T-lymphocytes effectively killed the patient’s myeloma cells, while not
effecting the non-hematopoietic cells. They conclude that the UTA2-1 SNP that is
presented from C12orf35 is a valuable mHag that can be exploited during
immunotherapy treatments to effectively avoid toxic aspects, including graft-versus-host
disease, of human transplants. While this publication presents an interesting and novel
finding of RESF1 in human immunology and transplants, it does not investigate RESF1’s
effect in breast cancer metastasis.
The second paper that was published discussing Resf1 was published in 2016 by
Ritter et al. from Novartis Pharma AG in Switzerland [59]. This research builds on a
previous publication 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 production [60]. In this region there were 8 genes; Ipo8, Fam60a,
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Dennd5b, Caprin2, Mettl20, Amn1, Bicd1, and C12orf35 (Resf1). Once these genes were
identified, in [59] siRNA constructs were used against each gene for knockdown, then
cloned into a vector monoclonal antibody (mAb) containing an anchor that would be
detectable by FACS. When Resf1 was knocked down, they saw a 2-4 fold increase of
fluorescence compared to control siRNA. Furthermore, when a transcription activatorlike effector nuclease (TALEN) was used to knock out (KO) Resf1 they still saw higher
productivities of their mAb pools, and contrastingly observed decreased production when
Resf1 was overexpressed. Resf1 KO cells also exhibited faster recovery times after a
methotrexate selection pressure. Although there has been no functional study of Resf1 at
this point, in the discussion the authors surmise that Resf1 could have some effect on
mRNA nuclear export after transcription, suggesting that this process is upregulated.
They also suggest that the increase of mRNA is due to the increase of mRNA stability by
inhibiting degradation of mRNAs [59]. However, while degradation of mRNA may be
inhibited, it does not mean stability is increased, just that mRNA checkpoints and
efficacy may be altered. Lastly, the authors suggest that Resf1 may be effecting different
transcription factor as a repressor, such as Oct4 [61], in order to activate more
transcription of genes. Ritter et al. present interesting and relevant findings as to potential
function of Resf1 that we later investigate.
The most recent publication describing Resf1, Fukuda et al. 2018 [62] identify
targets associated with SET domain bifurcated histone lysine methyltransferase 1
(SETDB1) and retroelement silencing. Here they perform a genome-wide clustered
regularly spaced short palindromic repeats (CRISPR) KO screen and identify more than
80 genes involved in retroelement silencing by SETDB1 in mouse embryonic stem cells
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(mESCs). SETDB1 is a histone methyltransferase, specifically responsible for 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. Retroelements, or retrotransposons,
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 SINEs), making up about
42% of our genome [63], [64]. Endogenous retroviruses (ERVs) make up between 1-8%
of the human genome as well [65], [66]. Retroelements are important to genome
evolution and diversification. However, if the retrotransposons are too active, they can
cause genome instability. SETDB1 is one of many safeguards in place for retroelement
silencing. Interestingly, the Hunter Lab has previously shown that AT-rich interactive
domain 4B (Arid4b), a published breast cancer metastasis promoter that binds mSIN3A
of the histone deacetylase complex, another mechanism of epigenetic modification [67],
interacts with Setdb1. Fukuda et al. show that Resf1 is a proviral silencing factor that
reduced DNA methylation in their MSCV-GFP retrovirus reporter. They confirm a
physical interaction of SETDB1 and Resf1, and that Resf1 is required for SETDB1
recruitment or accumulation to the provirus in order to provide the repressive histone
methylation. Lastly, they show that Resf1 represses ERVs by showing that many of the
various genomic repeats that are repressed by Setdb1 are also repressed by Resf1.
Analysis of chromatin immunoprecipitation sequencing (ChIP-seq) of Resf1 binding sites
shows that of the repetitive elements that are bound, ERV retrotransposons were the most
enriched. This paper demonstrates a novel function of Resf1, demonstrating relevant
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genomic and protein interactions involving retroelements. While Fukuda et al. mention
they see Resf1 in the nucleus, Resf1 has been reported to be in both the nucleolus and
cytoplasm as well. The Human Protein Atlas [68], [69], identifies RESF1 in the nucleolus
in cell lines, but only 10% of their patient samples present nucleolar while the other 90%
are cytoplasmic, 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. Understanding various aspects of this organelle has only recently, within the
past 10 years, begun to be parsed out. The most well-known 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 marker for cancer
patients, with larger nucleoli seen in biopsies classified as a poor prognosis. The
nucleolus is somewhat of a pseudo-organelle because it is membrane-less. 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 dense 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 pre-rRNA then undergoes the first steps of ribosomal assembly in the
GC region of the nucleolus [70], [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 amyloidogenesis [72], [73], misfolded proteins [74], and
cooperation with lncRNAs [72], 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 to the production of ribosomes. This figure is
reprinted from [70] with permission from Cell Biology.
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rDNA and Ribosome Production
The mitochondria may be the “powerhouse of the cell,” but the nucleolus is the
hypothetical generic manufacturing production line. It may not sound as sexy, but it
serves an incredibly important role in the production of ribosomes. The mitochondria and
the nucleolus are intimately connected in some ways; the mitochondria produces huge
amounts of energy for the cell in the form of adenosine triphosphate (ATP), while the
nucleolus consumes ~80% of all the cell’s energy for ribosomal production [75].
Ribosomal production, not only an energy sink, is massively complex as well. In humans,
tandem rDNA repeats are highly variable, ranging from 100-600 repeats per nucleolar
organizing region (NOR) which are located on chromosomes 13, 14, 15, 21, and 22, with
the exception of the 5S subunit being located on chromosome 1 [76], [77]. Each rDNA
repeat contains a 47S pre-rRNA that is later processed into the individual rRNA
components that make up the 60S and 40S subunits of the 80s functional human
ribosome. Between each 4.5kB rDNA repeat is a 30kB intergenic spacer (IGS) that, until
recently, was poorly understood [78]. In total, rDNA repeats make up about 0.5% of the
human genome [76].
rDNA transcription requires the formation of the pre-initiation complex which
includes various transcription factors such as upstream binding factor (UBF), upstream
control element (UCE), and TATA-box binding protein (TBP), among others, coupled
with RNA Polymerase I [79], [80] (Figure 1.7). This initial rDNA transcription into prerRNA all takes places within the nucleolus, and consists of ~80% of all newly transcribed
RNA in the cell [81]. Because rDNA transcription uses such great amounts of energy and
is transcribed at high levels, even small perturbations in this process can have drastic
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effects on the cell. Although a majority of the rDNA is located in the FC and DFC
regions of the nucleolus, there is debate whether a majority of rRNA transcription
happens in one region or the other [82], [83]. Nonetheless, once the full 47S pre-rRNA
subunit is transcribed, it goes through many rounds of “trimming” and processing to
become the separate 5.8S, 18S, and 28S, mature subunits.

Figure 1.7: rRNA transcription complex.
rRNA is transcribed from the 1000’s of rDNA repeats located on chromosomes 13, 14,
15, 21, and 22. It requires coordination of several transcription factors and RNA
Polymerase I to initiate. This figure is reprinted with permission from [80] of IntechOpen
Press.
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This process uses many different exo- and endoribonucleases through more than a
dozen steps before they are fully mature and ready for incorporation into a functional
ribosome. The pre-5S subunit, which is not located in the NORs, is transcribed by RNA
polymerase III and requires just one exoribonuclease step to become processed and
mature. Many of these intermediate rRNAs are present for just minutes or seconds before
they are digested again with a different nuclease [84] (Figure 1.8). Once this process is
complete, the 28S, 5S, and 5.8S rRNA subunits combine with 47 small ribosomal
proteins to form the 60S large ribosomal subunit. The 18S rRNA subunits combines with
32 small ribosomal proteins to form the 40S small ribosomal subunit. The 60S and 40S
subunits then combine to form a functional 80S eukaryotic ribosome capable of mRNA
translation [85]. Many of these small ribosomal proteins have extra-ribosomal functions
as well as regulatory proteins for translation itself. For instance, mutations in Rpl38 has
been shown to lead to developmental abnormalities [86], and loss of Rpl22 in mice
arrests T-cell development [87]. Furthermore, Rpl22 appears to be an important
ribosomal subunit for translational purposes. When Rpl22 is lost, translation still persists
because there is an increase in a compensatory paralog protein Rpl22-like1 (Rpl22l1).
When Rpl22 is normal, it represses the Rpl22l1 paralog so that normal translation may
occur [88]. This highlights the importance of this protein, such that redundancy is
available to prevent translation abnormalities. Further discussion of Rpl22 will occur in
later chapters.
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Figure 1.8: Ribosomal RNA processing.
Ribosomal RNA processing is a highly energy dependent process, using ~80% of all the
energy produced in the cell. rRNAs are also the most abundantly transcribed RNAs in the
cell, making up ~80% of all newly transcribed RNAs. Except for the 5s subunit, each
rRNA subunit goes through many rounds of highly controlled nuclease trimming to
become a mature rRNA. This figure is reprinted with permission from [84] in
Biomolecules.
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Nucleolar Stress Response
While one of the most important and well-known function of the nucleolus is
ribosome production, mounting evidence for important roles of a cellular stress response
originating from the nucleolus is beginning to unravel certain mechanisms of how the
nucleolus helps prevent the cell from dying. The nucleolus appears to be a central stress
sensor, sensing various types of cellular stress, and coordinating various types of
responses to each stress (Figure 1.9). However, one response that is widely accepted is
the attenuation of rRNA synthesis and ribosome biogenesis during stress. Since these
processes use so much energy, one strategy that cells use to maintain the cell’s
homeostatic energy availability is to stop these processes and allocate the energy to other
cellular functions that aid in various survival mechanisms during stress [89].
Nucleolar signaling during a stress response is intimately involved with tumor
suppressor 53 (p53). Under stress, p53 can upregulate genes that activate the
mitochondrial apoptotic pathway such as p21, Bax, and Puma [90]. It can also inhibit
RNA polymerase I to prevent the transcription of more rRNA and ribosomal associated
biogenesis, therefore saving huge amounts of energy for the cell [91]. The type of stress
also mediates what type of response occurs.
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Figure 1.9: Nucleolar stress response pathways.
The nucleolus is a nexus for the cellular stress response. It mediates and is mediated by
various types of stress in the cell. Under stress rRNA transcription in the nucleolus is
halted due to its high energy consumption. The cell may then use various mechanisms to
mediate through occurring stress. This figure is reprinted with permission from [89] in
Chromosoma.
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For instance, under heat shock stress p53 and chromobox proteins are recruited to the
nucleolus for DNA damage and chromatin repair as well as transcription of certain
ribosomal IGSs RNA (rIGSRNA) [91]–[93]. Under hypoxic stress conditions,
recruitment of both p53 and von Hippel Lindau protein (VHL) to the nucleolus help
restrict rRNA synthesis and maintain energy equilibrium [94], [95]. A new proposed
mechanism for nucleolar adaptation to stress is the formation of amyloid-like bodies.
Amyloid bodies (A-bodies) are a hallmark of Alzheimer’s disease. They are hard, dense
insoluble masses of proteins that accumulate and form a plaque in neurons of
Alzheimer’s patients. However, there is evidence to suggest that amyloidogenesis may be
a stress coping mechanism by the cell to enter into a temporary dormant state before
reversing once the stress has been resolved [73]. For a protein to form an A-body, it must
contain specific motifs that allows for the protein to pack densely with other copies of
itself or other proteins. Upon heat shock, these A-bodies aggregate in the nucleolus and
signal a semi-dormancy state in the cell. Once the stress has passed, proteins involved in
the heat shock response disaggregate the A-bodies and the cell comes out of dormancy
[73].
Although the Human Genome Project was “completed” in 2003, the entire
genome was never fully sequenced. This is mainly due to the fact that many parts of the
genome are highly repetitive and were at the time, almost impossible to faithfully and
accurately sequence. PacBio sequencing has made these regions accessible to be read and
interpreted. As previously stated, located between rDNA repeats are 30kB regions of low
complexity sequences containing hundreds of AG or CT repeats, termed IGSs. These
IGSs contain regions that code for lncRNAs that are induced under either heat shock or
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acidosis [72], [96] (Figure 1.10). The low complexity repeats that are present in the
lncRNAs in the rRNA IGS regions, rIGSRNA, are shown to interact with short cationic
peptides. These foci seed a program promoting amyloidogenesis and are then transported
to the nucleolus to induce a dormant like state during heat shock or acidosis stress [72],
[73], [96]. Once the cellular stress has been resolved and the cell begins moving back
towards a homeostatic, non-dormant-like environment, heat hock proteins aid in
disaggregation and removal of A-body proteins in the nucleolus [73].

Figure 1.10: rRNA cassette with IGS region containing lncRNAs.
Nucleolar organizing regions contain hundreds of copies of rDNA cassettes with a 4.5kB
region coding for rDNA followed by a 30kB ribosomal intergenic spacer region. These
regions contain 3 known non-coding lncRNA regions termed for their distance from the
45s rDNA: rIGS16, rIGS22, rIGS28. These rIGSs may be activated under heat shock or
acidosis stress and sequester proteins with amyloidogenic properties through their low
complexity repeats to the nucleolus temporarily. The figure is partially modified and
reprinted with permission from [72] in Cell Reports.
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While rIGS lncRNA sequences may be just one mechanism of the nucleolar stress
response, it highlights at least one diverse and unique mechanism of how the cell uses the
nucleolus to mitigate stress. The nucleolus is an important organelle in the cell not only
because it is the center of ribosome biogenesis, but also because it allows the cell to
orchestrate a fast and efficient stress response. Interestingly, many of the genes identified
as metastasis modifiers, both published and unpublished, in Hunter Lab genetic screens
are located in the nucleolus (Figure 1.11). Because so much energy is allocated to the
nucleolus, rRNA and ribosome biogenesis can be quickly shut down, and the nucleolus
can sense and respond to the various types of stress the cell may experience. The
following chapters will discuss the importance of the nucleolus and how Resf1 is
involved.
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Figure 1.11: Breast cancer metastasis modifiers located in the nucleolus.
Many breast cancer metastasis modifiers identified in various genetic screens are located
in the nucleolus. The figure is provided by Kent Hunter from images taken from Human
Protein Atlas.
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1.8 Dissertation Outline
Breast cancer metastasis is one of the deadliest forms of cancer, and much is still
unknown unto its mechanisms. Investigating cellular processes and targets that modulate
metastasis is crucial to identifying new means of treatment to reduce patient mortality.
The Hunter Lab has shown previously that just the inherited genome of an individual can
affect the amount of metastasis that occur [4]. For this analysis, we compared two strains
of mice with significantly different amounts of metastasis. The wild derived MOLF/EiJ
strain shows significantly less pulmonary metastases compared to an FVB/NJ control
strain. After using the GEM model FVB/MMTV-PyMT to breed with the MOLF/EiJ
strain, a region on distal chromosome 6 was identified to contain 12 genes that correlated
with tumor burden, tumor latency, and metastasis [21]. Resf1 was the second most
significantly correlated gene in this subset.
Resf1 is not well studied, with just 3 papers that discuss a potential function. In
various tissue culture cell lines, Resf1 is a nuclear and nucleolar protein. However, in
human immunohistochemistry (IHC), RESF1 appears to be nucleolar and cytoplasmic.
When Resf1 has been knocked down, cells display a higher production of mRNA and
protein, indicating a potential role in mRNA processing or export from the nucleus [59].
There is currently no disease associated with Resf1, but assessment of various
breast cancer statistic databases display changes in mortality based on Resf1 expression
levels. The initial mouse cross comparing strains with low and high metastatic
phenotypes also have significantly different baseline Resf1 expression levels. This screen
also identified Arntl2, a circadian rhythm gene, a published breast cancer metastasis
promoter. Based on the positive identification of a different metastasis modifier through
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this mouse cross, as well as preliminary data placing Resf1 in the nucleus and nucleolus
and modifying mRNA and protein production, we hypothesize that differential
expression of Resf1 modulates breast cancer metastasis through alteration of
ribosomal and RNA transcriptional processing.

To investigate our proposed hypothetical mechanism, the following aims were
formulated:
Aim 1: Validation of Resf1 as a metastasis modifying gene.
After identification of Resf1 in our mouse backcross, knockdown in two mouse
cell lines and one human cell line showed no consistent change in primary tumor mass,
but lung metastases were significantly reduced when injected orthotopically. Queries of
the GOBO breast cancer metastasis data set show that lower levels of Resf1 correspond
to a worse prognosis in terms of distant metastasis free survival for patients. This
highlights an interesting dichotomy of the tumor autonomous, and the tumor nonautonomous effect Resf1 exerts on cells. A mouse with lower levels of Resf1 via gene
trap concurs with the human breast cancer metastasis data. Experiments describing the
host stromal tumor non-autonomous effect of Resf1, as well as the tumor autonomous
tumor promoting effect of Resf1 are described in Chapter 2.

Aim 2: Identification of molecular interactions of Resf1.
Resf1 appears to be nuclear via transient transfection and has been shown to
modify mRNA and protein expression. In order to elucidate more information about
Resf1, we performed various co-immunoprecipitation experiments to identify potential
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interactors within the nucleus. We saw that Resf1 interacts with various nucleolar
proteins that have roles in rRNA and ribosomal processing. We then knocked down two
Resf1 interactors, Setdb1 and Rpl22, that were targets as potential metastasis modifiers
themselves that would be part of Resf1’s mechanism. We also performed
immunofluorescence and saw that the nucleoli of knockdown cells were altered. Next, we
performed RNA-sequencing on control and knockdown mouse cells which resulted in
changes in various transcriptional pathways that have roles in RNA processing, ribosomal
production, and translational mechanisms. The various molecular experiments designed
to interrogate Resf1’s function are described in Chapters 3-5.

Aim 3: Interrogation of Resf1 and varying cellular stress responses.
Translation of mRNA into protein peptides in cells is a highly regulated process.
Pathways involving the mechanistic target of rapamycin (mTOR) complexes and the
unfolded protein response sense if protein production is being misregulated. Previously,
Resf1 has been shown to increase protein production when knocked down our knocked
out [59]. Here we validate those experiments and observe the same protein production
increase in multiple cell lines. Next, we tested if protein sensing pathways are being
altered due to this increase in protein production. We performed individual western blots
of canonical mTOR complex proteins, as well as an array of 138 individual targets of the
mTOR pathways. We also tested some canonical unfolded protein response targets to
determine if the aberrant protein production was producing misfolded and altered
proteins. Experiments describing the effect of aberrant protein production in RESF1
knockdown cells are described in Chapter 6.
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Chapter 2: Discovery and Validation of Resf1 as a Metastasis
Modifying Gene

2.1 Identification of Resf1
In order to identify novel metastasis modifiers, we utilized a mouse genetics
approach. FVB/NJ is a common inbred strain of mice used because it is the genetic
background for many GEM models and has many syngeneic cell lines established and
characterized. As can be seen from Figure 1.3 with data from [4], the inherited genome
of FVB/NJ mice have a significantly higher metastatic phenotype than the MOLF/EiJ
strain (Figure 2.1a). The MOLF/EiJ strain also has a better chance of survival than
FVB/NJ (Figure 2.1b). To interrogate the differences in their genomes, the GEM model
FVB/MMTV-PyMT was used in an initial cross with MOLF/EiJ. This F1 generation was
then backcrossed to WT FVB/NJ in order to get back into the FVB/NJ background and to
segregate the MOLF/EiJ genome during meiosis (Figure 2.1c). This backcross resulted
in 192 animals that were then genotyped with the Illumina Mouse Medium Density
Linkage Panel. This analysis revealed a significant peak at the distal end of chromosome
6. Using quantitative trait loci analysis (QTL) [97] (Figure 2.1d), a method that attempts
to assess a DNA locus with variation in phenotypes. Significant associations were
observed for three phenotypes at distal chromosome 6: tumor burden, tumor latency, and
metastasis (Figure 2.2a). Interestingly, all three of these phenotypes overlap at the same
location. Next, Affymetrix expression chip analyses from tumors of 134 animals revealed
12 genes at this distal end of chromosome 6 (Figure 2.2b). To validate these genes,
mouse hazard ratios were scored for direction of disease, either promoter or inhibitor, as
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well as severity for each gene (Figure 2.3a). The human orthologs were also identified
and weighted individually.

Figure 2.1: Rationale and workflow for Resf1 identification.
A.) After crossing with the FVB/MMTV-PyMT GEM model, the inherited genome of the
Japanese wild-derived MOLF/EiJ strain presents with a significantly lower metastatic
burden than the control FVB/NJ strain. B.) MOLF/EiJ also had a much higher survival
outcome than the FVB/NJ control. C.) Schematic of the FVB/MMTV-PyMT cross
resulting in 192 N2 animals. D.) Schematic of a what the segregated genome would
hypothetically look like after the cross followed by the hypothetical graph of a QTL peak
after genotyping. The mouse genome is laid out on the X-axis, and the level of
significance on Y-axis, with more significant peaks farther to the right.
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Figure 2.2: QTL analysis identifies a peak at distal chromosome 6 that contains 12
genes.
A.) Genotyping with the Illumina Mouse Medium Density Linkage Panel reveals a peak
at distal chromosome 6. Further QTL analysis associates this peak with 3 different
phenotypes: tumor burden, tumor latency, and metastasis. B.) Affymetrix expression chip
analysis identifies 12 genes at this peak on distal chromosome 6, 10 of which are above
the significance threshold.
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Input of these 12 genes with their weighted hazard ratios into the Gene
expression-based Outcome for Breast Cancer Online (GOBO) [98] tool showed that in
ER- tumors, a higher expression signature of this gene set results in a worse prognosis in
terms of distant metastasis free survival (DMFS). This was surprising considering the
MMTV-PyMT GEMM is thought to be a model of ER+ breast cancer (Figure 2.3 b,c).
This further supports the argument that the genetic background can significantly
influence breast cancer subtypes assignments. At the apex of the QTL peak is circadian
rhythm gene Arntl2. This gene has been published in the Hunter Lab as a metastasis
promoter that has SNPs in the promoter region that alters chromatin binding [21]. Resf1
was chosen for further study because it was second most significant gene located on the
QTL curve.
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Figure 2.3: A 12 gene signature on mouse distal chromosome 6 can predict distant
metastasis free survival.
A.) Hazard ratios identify strength and direction of disease for each gene identified from
the FVB/NJ x MOLF/EiJ cross. B,C.) Although the MMTV-PyMT model is thought to
be a model of ER+ breast cancer, the 12 gene signature predicts DMFS in ER- breast
cancer (GOBO). D.) Aberrant expression of KIAA1551 in the METABRIC breast cancer
library shows it is causal of patient survival outcome. E.) Underexpression of Resf1 in the
original backcross cohort shows worse survival rate. F.) Resf1 baseline expression in
tumors and metastases is higher in MOLF/EiJ mice than FVB/NJ.
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When the human ortholog of RESF1 (previously KIAA1551) alone is queried on
the GOBO database, it shows that patients have a worse prognosis when underexpressed.
This observation is matched in our initial backcross animals (Figure 2.3e). When
utilizing the Molecular Taxonomy of Breast Cancer International Consortium
(METABRIC) [99], [100] and query over 2000 breast tumors for primary tumor outcome,
we see that aberrant expression of RESF1 changes patient outcome significantly (Figure
2.3d) and agrees with the aforementioned GOBO data. Furthermore, when comparing
expression levels of Resf1 in tumors and metastases in FVB/NJ and MOLF/EiJ, Resf1 is
significantly higher in the MOLF/EiJ strain, which also has a lower metastasis burden
and better overall survival (Figure 2.3f). To understand what may be causing these
expression level differences between FVB/NJ and MOLF/EiJ mice, we used UCSC
Genome Browser to look for DNase hypersensitivity sites (DHS), or open chromatin
where transcription factors may be binding, in a mouse mammary cell line. We observed
two peaks, one small and one large, upstream and in the 5’ untranslated region (UTR) of
Resf1 (Figure 2.4a). We then compared this region between FVB/NJ and MOLF/EiJ and
saw 28 SNPs between the 2 mouse strains (Figure 2.4b). Next, we cloned the FVB/NJ
and MOLF/EiJ upstream DHS regions into luciferase vectors to determine if the SNPs in
this region were causal of the expression change observed. Luciferase expression was
significantly higher from the MOLF/EiJ sequence compared to FVB/NJ indicating that
these SNPs are, at least partially, responsible for the higher expression observed (Figure
2.4c).
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Figure 2.4: SNPs in the promoter enhancer region of Resf1 alter expression level.
A.) Large DNase hypersensitivity (DHS) sites are present (green) in the promoter
enhancer region of Resf1. Primers for region cloned for luciferase marked as F and R. B.)
Query of the UCSC BLAT Genome Browser for the 5’ UTR and upstream region of
Resf1 displays DHS peaks (green) in the highlighted yellow area. Included are locations
of primers used for PCR and cloning of the promoter enhancer region. C) (E) Upstream
regions of Resf1 in FVB/NJ and MOLF/EiJ were cloned into the luciferase pGL4.23
reporter plasmid, and dually transfected with the Renilla hRluc plasmid. Values show
ratio of Firefly luciferase to Renilla in empty vector control, FVB/NJ upstream region,
and MOLF/EiJ upstream region. n=3. P-value based on unpaired t-test.
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Building on the idea that an individual’s inherited genome can affect metastatic
outcome, this simple cross between a high and low metastatic mouse strain to exploit
genetic differences has identified a locus at distal chromosome 6 that contains 12 genes
that can predict DMFS in ER- patients. While little is known about Resf1, human
databases suggest it as a modifier in DMFS. Furthermore, expression differences between
FVB/NJ and MOLF/EiJ directly correlate to metastatic burden and survival. To confirm
Resf1 as a metastasis modifier in vivo we performed orthotopic mammary metastasis
assays, discussed in the next section.

2.2 Confirmation of Resf1 as a Metastasis Modifier
The previous mouse screen identified a region at mouse distal chromosome 6 that
is associated with tumor burden, tumor latency, and metastasis. At the peak of this region
on chromosome 6, 12 genes were identified so have a significant impact on the
aforementioned phenotypes, one of them was Resf1. Human breast cancer data sets have
confirmed that expression level differences of RESF1 directly correlate to outcome in
DMFS as well as primary tumor outcome. To confirm these results in an in vivo model,
we knocked down Resf1 in a cell lines and performed orthotopic mammary fat pad assays
in syngeneic mice.

Knockdown of Resf1 Results in Fewer Pulmonary Metastasis
A standard assay to determine if a gene is a metastasis modifier, in a tumor
autonomous manner, is to inject cells orthotopically with the gene of interest either
knocked down or overexpressed and determine if there is a resulting change in
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metastasis. To determine if Resf1 is a metastasis modifier, we used four short hairpin
RNAs (shRNAs) separately to create a stable knock down of Resf1 in 6DT1 and Mvt1
cell lines, both of which are syngeneic to FVB/NJ mice. 6DT1 is a metastatic triple
negative breast cancer cell line that exhibits low claudin, is a Ras mutant, and is driven
from MMTV-Myc. Mvt1 is also triple negative, claudin low and a Ras mutant, but it is
driven from MMTV-Myc-VEGF. There is currently no antibody for mouse Resf1, so
expression levels were confirmed by quantitative real-time PCR (qRT-PCR) (Figure 2.56a). The H4 and H6 knockdown lines were chosen for further use because they exhibited
the most similar and best knockdown for both cell lines. To test the metastatic potential
of Resf1, each knockdown cell line was injected orthotopically into the 4th mammary fat
pad of female mice. A control empty vector cell line was injected alongside as well as a
baseline. Both of the knockdown cell lines in 6DT1 exhibited an increase in primary
tumor mass (Figure 2.5b), however, they both also exhibited a decrease in pulmonary
metastasis (Figure 2.5c). Since the primary tumors were increased significantly, we
normalized the number of pulmonary metastases to tumor weight and saw that there was
a significant decrease in both knockdown cell lines compared to control (Figure 2.5d). In
the Mvt1 cell lines, primary tumor mass was inconsistent (Figure 2.6b), but pulmonary
metastasis was significantly lower in both knockdown lines (Figure 2.6c).
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Figure 2.5: Knockdown of Resf1 in 6DT1 cells reduces pulmonary metastasis.
A.) Resf1 was knocked down in the 6DT1 cell line and expression levels were analyzed
by qRT-PCR. B-D.) Control EV stable cells and stable knockdown cells were injected
into the 4th mammary fat pad of syngeneic FVB/NJ mice. B.) Primary tumor weight was
increased in the knockdown cell line. C.) Surface metastases were counted on lungs of
FVB/NJ mice. D.) Matched primary tumors and metastatic lungs were normalized to
account for changes in tumor size. P-value calculated by two-tailed Mann-Whitney test.
n = 15 mice per group.

51

Figure 2.6: Knockdown of Resf1 in Mvt1 cells reduces pulmonary metastasis.
A.) Resf1 was knocked down in the Mvt1 cell line and expression levels were analyzed
by qRT-PCR. B-D.) Control EV stable cells and stable knockdown cells were injected
into the 4th mammary fat pad of syngeneic FVB/NJ mice. B.) Primary tumor weight was
not significantly different in knockdown cells compared to control. C.) Surface
metastases were counted on lungs of FVB/NJ mice were decreased. D.) Matched primary
tumors and metastatic lungs were normalized to account for changes in tumor size. Pvalue calculated by two-tailed Mann-Whitney test.
n = 10 mice per group.
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To determine if the immune system is playing a role in Resf1’s metastasis
promoting mechanism, we utilized the immunocompromised Crl:NU(NCr)-Foxn1nu
mouse model. This model lacks a thymus and is unable to produce T cells. The human
ortholog RESF1 was stably knocked down in the triple negative human breast cancer cell
line MDA-MB-231 (Figure 2.7a). These cells were injected into the 4th mammary fat pad
of female mice, and primary tumor mass and pulmonary metastases were later assessed.
Knockdown of RESF1 in MDA-MB-231 cells resulted in no significant change in
primary tumor mass (Figure 2.7b), but significantly reduced pulmonary metastases
compared to control (Figure 2.7c,d). Because we still see a change in pulmonary
metastases upon knockdown of RESF1 in immunocompromised mice, we conclude that
the immune system is not the primary mechanism through which Resf1 is acting as a
metastasis promoter. Since we have demonstrated a reduction of pulmonary metastases
across three cell lines and two different species upon Resf1 knockdown, we can conclude
that Resf1 is a bona fide metastasis promoter in a tumor autonomous manner. However,
these results are paradoxical to the in vivo data seen in both in human and the MOLF/EiJ
backcross showing that lower expression of Resf1 results in a poor prognosis. The results
will be discussed further in the next section.
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Figure 2.7: Knockdown of RESF1 in MDA-MB-231 cells reduces pulmonary
metastasis in an immunocompromised background.
A.) RESF1 was knocked down in the Mvt1 cell line and expression levels were analyzed
by qRT-PCR. B-D.) Control EV stable cells and stable knockdown cells were injected
into the 4th mammary fat pad of immunocompromised Crl:NU(NCr)-Foxn1nu mice B.)
Primary tumor weight was increased in the knockdown cell line. C.) Surface metastases
were counted on lungs of mice. D.) Matched primary tumors and metastatic lungs were
normalized to account for changes in tumor size. P-value calculated by two-tailed MannWhitney test. n = 10 mice per group.
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Figure 2.8: System wide knockdown of Resf1 in C57/BL6 increases pulmonary
metastasis.
A-D.) WT and Resf1 hypomorph mice were crossed with FVB/MMTV-PyMT mice
resulting in n = 28 WT pups and n = 37 hypomorph pups. A.) Tumor mass and B.)
surface pulmonary metastases were increased in hypomorph mice. C.) Normalization of
surface metastases to matched primary tumor weight confirmed an increased in the
hypomorph irrespective to tumor mass. D.) Pulmonary metastasis incidence was higher in
the hypomorph mouse. Calculated by Fisher’s exact test. A-C.) Calculated by two-tailed
Mann-Whitney test.
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Although this orthotopic implantation assay is a robust and useful model for
limited gene(s) or drug(s) studies, it is important to remember the effect the stromal tissue
has on tumorigenesis. The stroma is the vast majority of tissue in the body, and the bulk
of tissue interacting with the tumorigenic nodules. As previously shown in both the
human data sets and our initial mouse backcross, a lower expression of Resf1 has a worse
prognosis in terms of DMFS. To test this hypothesis in vivo, a gene trap mouse model
was incorporated into the analysis. Gene Trapping method was used to insert a loss-offunction mutation into Resf1 which can later be reported by expression [101]. This “gene
trap” hypomorph mouse was created in the C57/BL6 background and contained a lower
expression of Resf1 compared to WT. The hypomorph mouse was crossed with the
FVB/MMTV-PyMT GEMM to induce spontaneous mammary tumors and pulmonary
metastases. The F1 generation resulting from this cross had significantly larger primary
tumors and more lung metastases (Figure 2.8a,b). Normalization of metastases per gram
tumor was still significantly higher in the hypomorph mouse compared to control (Figure
2.8c). Furthermore, the hypomorph mouse had a higher incidence of pulmonary
metastases compared to control (Figure 2.8d). More recently, we obtained a second
Resf1 GEMM from the Knockout Mouse Project (KOMP) (C57BL/6NCrl2810474O19Rikem1(IMPC)Mbp/Mmucd; hereafter referred to as the Resf1 KO mouse). Resf1
KO in mice is hemi-lethal, resulting in Mendelian ratios being closer to 50% WT and
50% heterozygous offspring. To validate the hypomorph mouse data, since gene traps can
sometimes have off-target integrations, we performed the same FVB/MMTV-PyMT x
Resf1 het cross. At this time, the cross is currently underway, but preliminary data
confirms results observed from the hypomorph cross. Resf1 heterozygous mice have
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significantly larger tumors and metastases, and reach endpoint faster than control mice
(Figure 2.9).
Although the hypomorph and Resf1 KO data is contradictory to the orthotopic
injection assay, it does recapitulate the human breast cancer data sets and our initial
MOLF/EiJ backcross. In terms of modeling human breast cancer tumorigenesis,
variations in expression of different genes between individuals is common and the main
source of diversity in metastatic potential. Comparison of these two assays displays the
complicated role Resf1 has in breast cancer metastasis as well as a potential cell line
artifact that may have been introduced to produce contradictory data.
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Figure 2.9: Resf1 heterozygous mice have a higher metastatic burden than WT mice.
Control and Resf1 heterozygous mice were crossed with MMTV-PyMT mice to induce
spontaneous mammary tumors and pulmonary metastases (A-D). (A) Primary mammary
fatpad tumors were collected and weighed for Con (n = 3) and heterozygous (n = 8) mice
and resulted in significantly larger tumors in heterozygous mice, p-value calculated by
Mann-Whitney test. (B) Surface lung metastases were counted, resulting in more
metastases in heterozygous mice, p-value calculated by Mann-Whitney test. (C)
Normalization of lung metastases per gram tumor to account for larger tumor size
remained higher, but not significant, in heterozygous mice, p-value calculated by MannWhitney test. (D) Heterozygous mice reached endpoint faster than control mice, which
were euthanized at 138 days due to extremely long latency. (E) As this is an ongoing
experiment, here we show a historical comparison of WT C57BL/6 mice metastatic
burden compared to our current Heterozygous mice.
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2.3 Summary
By comparing two mouse strains with significantly different metastatic
phenotypes, we have been able to identify a region on mouse distal chromosome 6
responsible for changes in phenotypes of tumor burden, tumor latency, and metastasis.
Use of Affymetrix gene expression analysis identified 12 genes in this region. The gene
most significantly associated with these phenotypes was Arntl2, a circadian rhythm gene
shown to be a metastasis promoter. The second most significant gene was Resf1, which
we chose to study further. Knockdown of Resf1 in cell lines reduced its capacity to
metastasize in vivo in fully immunocompetent mice. Primary tumor mass was
inconsistent between control and knockdown variables, but normalization of number of
surface pulmonary metastases per gram tumor maintained the significance in three of four
knockdown cell lines between two separate cell lines. This suggested that the reduction in
metastases seen in the knockdown cell lines was due to a tumor non-autonomous
mechanism.
To determine if the immune system is playing a role in the mechanism by which
RESF1 is a metastasis promoter in a tumor autonomous manner, we performed the same
knockdown, but in human MDA-MB-231 cells, and performed the same orthotopic
injection assay in immunocompromised nude mice. We saw no significant change in
primary tumor mass between control and knockdown cells, but the knockdown cell lines
did result in a significant decrease in pulmonary metastasis. Because we still see a
significant decrease in pulmonary metastasis in immunocompromised mice lacking a
thymus, and therefore T-cells, we believe that RESF1 is not functioning with the immune
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system as a main component of it’s mechanism to decrease metastasis in a tumor nonautonomous manner.
In human breast cancer and metastasis data, as well as our mouse backcross,
lower levels of Resf1 cause a worse prognosis. This suggests that in more physiological
systems, Resf1 is acting as a protector, or anti-metastatic agent. To test this in a more
physiologically relevant manner, we created a Gene Trap hypomorph mouse with a lossof-function mutation with lower levels of Resf1. When crossed with the FVB/MMTVPyMT GEMM to produce spontaneous primary tumors and pulmonary metastases, the
hypomorph mouse significantly larger primary tumors and significantly more pulmonary
metastases. Normalization of lung metastases per gram of matched tumor was also still
significantly higher in the hypomorph mice. Furthermore, the hypomorph mice had a
higher incidence of pulmonary metastases compared to control. Together, these data
suggest that Resf1 is has anti-metastatic effects in vivo in a tumor non-autonomous
manner.
Although this data is conflicting with the tumor implantation orthotopic model, it
is still consistent with human breast cancer metastasis data, as well as our mouse
backcross cohort. The opposite effects we see in the orthotopic model and the GEM
model could be due a number of factors. Firstly, this may highlight an important role that
Resf1 plays in the stroma of human and in the GEMM experiment. However, since no
effect on metastasis was observed by implanting normal tumor cells into the gene trap
mice, which have reduced Resf1 in all stromal tissues, the primary effect of Resf1 is most
likely tumor-autonomous and not due to stromal or microbiota effects. A more likely
explanation is that tissue culture cells are selected to grow in an ectopic environment
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(hyper-oxygenated, on plastic, in nutrient replete conditions with serum from a different
species) compared to spontaneously arising tumors. These conditions may have
permanently altered the Resf1-associated pathways, resulting in the differences between
spontaneously arising versus orthotopically implanted tumor metastasis. However, further
work will be necessary to investigate this possibility.
This highlights the protective role that Resf1 plays in breast cancer metastasis in
vivo. While perturbation of cells with knockdown of Resf1 decreases metastasis in an
allograft model, gene expression differences caused by polymorphisms in non-coding
regions of genomes of different individuals, or strains of mice, cause system wide
expression level changes that are another main source of inherited metastasis
susceptibility. Importantly, these discrepancies indicate that any mechanistic studies of
Resf1 function performed in vitro will have to be confirmed using autochthonous in vivo
samples and resources to confirm physiological relevance.
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CHAPTER 3: Investigating Molecular Basics of Resf1
3.1 Rationale
There is currently very little published material regarding functions or a
mechanism for Resf1 nor is there a disease association. To learn more about functional
interactions and cellular roles of Resf1 we have taken into account the information that is
available. The Human Protein Atlas [68] has identified RESF1 as a nucleolar protein in
various tissue culture cell lines, and IHC of human sections has identified RESF1 as both
nucleolar and cytoplasmic. Another study has also shown that knockdown of Resf1 in
CHO cells increases cellular productivities [59]. They surmise that this may be due to
Resf1 effecting mRNA processing or export from the nucleus. Resf1 has also been shown
to be a silencer of retroelement ERVs in mouse embryonic stem cells [62].
Therapeutically wise, a SNP in the human ortholog RESF1 changes the protein that
presents in T-cells so that it may be exploited during human transplants to avoid
immunotoxicity of graft-versus-host disease [58]. However, there has been no association
with any type of human cancer.
To gain more depth and understanding as to what Resf1 is interacting with, and
pathways that are affected upon different expression levels, we have performed various
experimental techniques to attempt to elucidate its molecular function. We have
performed RNA-seq to gain more information of the changing transcriptome upon Resf1
knockdown. Various nuclear co-immunoprecipitation pull down assays have identified
interacting proteins. Immunofluorescence has confirmed Resf1 as a nucleolar protein, and
various qRT-PCR and western blots have identified other gene and expression changes
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upon Resf1 knockdown. The results of a wide-cast net approach to identify Resf1
molecular mechanisms are discussed in the following sections.

3.2 Resf1 Has Mixed Cellular Staining
Since relatively little was known about Resf1 at the beginning of this project, we
attempted to cover all bases in order to get a sense of what type of transcriptional or
mechanistic profile this gene may be influencing. The canonical process of the metastatic
cascade, termed EMT, has many well-established biomarkers. Changes in levels of these
markers can be used to visualize changes in aggressiveness of metastasis. Many prometastatic changes in the cell can be directly quantified by using these markers [102],
[103]. EMT markers range from cell surface markers such as E-cadherin and N-cadherin.
E-cadherin indicates an epithelial marker for cell [104]. When the cell transitions to Ncadherin it has transformed to a more a metastatic phenotype. Cytoskeletal markers such
as Vimentin are acquired upon EMT [105], and several transcription factors like Snail,
Slug, Twist, and Zeb1 are altered to change the transcriptional profile of the cell to
become more mesenchymal [106]. To determine if the pro-metastatic phenotype that is
observed in Resf1 knockdown results in any changes in canonical EMT markers, qRTPCR on control and knockdown cells performed. We tested Snail, Twist, Vimentin, Ecadherin, Jam2, Foxo3, Zeb1, Epcam, and Muc1. We observed a slight increase in many
of the markers, but many were inconsistent between the knockdown cell lines, and only
one, Jam2, was significantly decreased in one of the knockdown shRNAs (Figure 3.1).
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Figure 3.1: Resf1 knockdown does not result in significant EMT biomarker changes.
Knockdown of Resf1 in 6DT1 cells does not result in any consistent changes between any
of the EMT markers tested. Jam2 appears to be the only significant decrease in the H4
knockdown line, but is inconsistent with the H6 knockdown line. qRT-PCR analysis of
technical triplicates. ns = not significant, p > 0.05.
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While there do appear to be some alterations in some of the EMT biomarkers, the results
are inconsistent. We do not believe that Resf1 is affecting biomarkers that enable EMT to
progress in order to promote metastasis.
To understand more about the functions of Resf1 we searched the internet. As
previously mentioned, The Human Protein Atlas has identified RESF1 as a nucleolar
protein in various human cell lines. In human tissue sections, it also places RESF1 in the
nucleolus. The nucleolus is a dynamic organelle with important functions in ribosome
production and the cellular stress response. We tested the Human Protein Atlas results by
performing immunofluorescence imaging on mouse and human cell lines. We used
human MDA-MB-231 and MCF7 (Figure 3.2a,b), and mouse 6DT1 and 4T1 cell lines
(Figure 3.2c,d), and all stained the nucleolus when probing for Resf1 in mouse and
human cell lines. For this staining, two different antibodies, which we have called 13816
and 15622, against the human ortholog were used separately. Interestingly, the human
antibody 13816 stains the mouse ortholog cleanly despite having low amino acid
conservation. However, transient transfection of Resf1-V5 in the immortalized
untransformed NMuMG mouse mammary gland cells displayed only nuclear staining
(Figure 3.3a). Furthermore, cells with Resf1 overexpression using 2 different promoters
increases nuclear blebs (Figure 3.3b). In human tissue, RESF1 has mixed locations with
IHC staining in the nucleolus and the cytoplasm, as well as mixed (Figure 3.4). IHC
staining of Resf1 WT, heterozygous, and KO mouse livers with the 13816 antibody
showed no difference thus implicating the nucleolar staining seen in immunofluorescence
imaging, and potentially human IHC, of mouse cells to be an off-target effect (Figure
3.5).
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Figure 3.2: Resf1 appears to be located in the nucleolus in tissue culture.
Immunofluorescence staining of human and mouse cells confirms Resf1 as a nucleolar
protein in tissue culture cells. A.-B.) Human ER+ MCF7 cells, and triple negative MDAMB-231 cells show distinct nucleolar staining, 15622 primary antibody. A.)
Nucleophosmin co-staining as a nucleolar control. C.-D.) Mouse triple negative cell lines
6DT1 and 4T1 show staining of Resf1 in the nucleolus, 13816 primary antibody. N = 3+
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Figure 3.3: Resf1 overexpression localizes to the nucleus and causes nuclear blebs.
A.) Transient transfection of Resf1-V5 in NMuMG cells shows nuclear staining against
the V5 tag. B.) Overexpression of Resf1 with 2 different promoters increases nuclear
blebs. (pEL used as an empty vector transfection control, Histone H3.3 used a nuclear
control). N = 2
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Figure 3.4: Human RESF1 antibody is off-target in mouse.
Staining of livers in RESF1 WT, heterozygous, and KO mice display identical staining
for Resf1 indicating that the nucleolar staining in mouse tissue culture cells is likely an
artifact and off-target.
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Figure 3.5: RESF1 has mixed staining in human breast cancer tissue.
The Human Protein Atlas, using the same 13816 and 15622 antibodies, has used IHC to
stain RESF1 in various human tissue samples. Results show characteristic nucleolar
staining, but also cytoplasmic and mixed staining in breast cancer.
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Knockdown of Resf1 Results in Larger Nucleoli
To test the previously published results showing that knockdown or knockout of
Resf1 in CHO cells increases protein productivity [59] we performed an ethinyl uridine
(EU) pulse of our control and knockdown cells. Because Resf1 appears to be located in
the nucleus via transient transfection, and interacts with many nucleolar proteins
(discussed next section), we tested EU first, a uridine analog that is incorporated into
newly synthesized RNA, to determine if there is a difference in overall RNA production.
After a 30 minute pulse with EU we see that the knockdown cells have significantly
brighter and what appears to be larger nucleoli (Figure 3.6a,b). Quantification of
nucleolar size by confocal z-stack imaging and Imaris software confirms that the nucleoli
are significantly larger in the MCF7 knockdown cells (Figure 3.6b-d). The same EU
pulse in MDA-MB-231 control and knockdown cell lines shows the same trend but is not
significant. Because the brightest EU staining is in the nucleolus, we hypothesized that a
majority of these newly synthesized RNAs are rRNAs, or a protective stabilizing RNA
function in effect.
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Figure 3.6: Knockdown of RESF1 results in higher RNA production and larger
nucleoli.
A.) A 30 minute EU pulse of MCF7 stable control and knockdown cells demonstrates
knockdown cells have a higher rate of RNA transcription than control. B.) Masking of
nucleus and nucleoli with Imaris highlights larger nucleoli in knockdown cells. C.) Four
separate fields of each condition were z-stacked and quantified with Imaris. D.)
Combining fields from each condition show that knockdown nucleoli are significantly
larger. P-value calculated by two-tailed Mann-Whitney test.
N=3
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3.3 Resf1 Interacts with Nucleolar Proteins and Other Metastasis
Modifiers.
The predicted cellular location of Resf1 in the nucleolus indicates a potential role
in ribosome biogenesis and suggests that there are interactions with proteins involved
with this process. We began by testing a few known nucleolar proteins such as
nucleophosmin (NPM) and ribosomal RNA processing 1b (RRP1B). NPM is located in
the granular component of the nucleolus and has roles in ribosomal biogenesis and
interacts with various other nucleolar proteins [107], [108]. Rrp1b is a metastasis
modifying gene identified by the Hunter Lab [52], [109], [110] and chromatin associated
factor. We isolated nuclear fractions and performed a co-immunoprecipitation pull down,
then probed for our targets of interest. Resf1 was ectopically expressed with a Myc tag
since there is currently no antibody for western blot. Results show that Resf1 is in fact
interacting with NPM (Figure 3.7a) and RRP1B (Figure 3.7b) in vitro further
strengthening the hypothesis that Resf1 is involved with RNA or ribosomal processes.
During this time, many of the metastasis modifying gene targets being identified through
various screens in the Hunter Lab were nucleolar genes. Ribonuclease H2 subunit C
(Rnaseh2c), a nuclear gene identified through a diversity outcross panel and shown to be
a metastasis modifier [111], did not interact with Resf1 in vitro, but mass spectrometry
analysis did show an interaction with DExD-box helicase 21 (Ddx21) (Figure 3.7c), an
RNA helicase that monitors RNA polymerase I and II and controls ribosome biogenesis
[112]. N-acetyltransferase 10 (Nat10) is an RNA acetyltransferase also identified in the
Hunter Lab and shown to be a metastasis modifier that has functions in rRNA
transcription activation [113]. Co-immunoprecipitation pull down experiments showed
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that Resf1 interacts with both NAT10 (Figure 3.7d) and DDX21, further identifying
more interactions with proteins involved with rRNA and ribosomal processes.

Figure 3.7: Resf1 interacts with other nucleolar proteins with roles in metastasis and
ribosome biogenesis.
293FT cells were transiently transfected with 28Rik-Myc (Resf1-Myc), then nuclear
lysate was collected. A nuclear co-immunoprecipitation was performed with the collected
lysate with an anti-Myc antibody as the probe then later blotted for A.) nucleophosmin,
B.) RRP1B, C.) DDX21, D.) NAT10, and E.) SETDB1, highlighting the interaction of
Resf1 with many different nuclear and nucleolar proteins with roles in RNA, rRNA, and
ribosomal processing, and histone modifications.
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A paper by Fukuda et al. [62] identified SET domain bifurcated 1 (Setdb1) as an
interactor with Resf1. Setdb1 is a histone methyltransferase specifically for histone 3
lysine 9 tri-methylation (H3K9me3) and has roles in gene repression [114]. Interestingly,
the Hunter Lab identified Setdb1 as an interactor with AT-rich interactive domain 4b
(Arid4b) a breast cancer metastasis promoter gene [67]. Arid4b also interacts with breast
cancer metastasis suppressor 1 (Brms1), a published metastasis modifier. We validated
the interaction of Resf1 and SETDB1 (Figure 3.7e) via co-immunoprecipitation pull
down, but we did not see an interaction of Resf1 with ARID4B. The role of Setdb1 had
potential to be an interesting target as an explanation for the increase RNA and protein
expression which will be discussed later. This paper also states that Resf1 is a suppressor
of retroelements such as LINEs, SINEs, and ERVs. To determine if Resf1 is affecting
long or short retroelements, a qRT-PCR of different LINE elements, as well as SINE or
B1 elements was performed. Because B1 elements are very short, between 140-190 base
pairs [115], two separate primer pairs were used, and a non-template control was also
measured as a control. We saw no consistent or significant change in retroelements upon
Resf1 knockdown compared to control (Figure 3.8) which we concluded as not the main
function of the metastasis modification propensity of Resf1.
Physical interactions of Resf1 and various nucleolar proteins that have roles in
rRNA transcription or ribosome biogenesis highlights a potential mechanism by which
Resf1 modifies metastasis. Dysregulation of energy heavy processes can create a chain
reaction of events to turn the cell more aggressive. Furthermore, many of the interactors
already have roles in modifying metastasis, pointing to a potential metastasis modifying
network in the nucleolus.
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Figure 3.8: Knockdown of Resf1 does not alter LINE or SINE retroelements.
A.) Relative expression of different LINE elements in 6DT1 cells between control and
knockdown. B.) Relative expression of B1 (SINE) elements using 2 different primer sets.
Non-template control showed no expression. ns = not significant, p > 0.05. N = 3
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3.4 Resf1 Knockdown Changes Various Transcriptional Pathways that
Have Roles in Ribosome and Translation Processing.
Next-generation sequencing has allowed researchers to gain more complete
insights into cellular changes that occur upon alteration of experimental targets.
Particularly, RNA-seq allows for a snapshot into the transcriptional profile of samples of
choice. RNA-seq, along with genomic annotations and pathway analysis can answer
questions about what type of transcriptional program is undergoing at that moment. Since
relatively little is known about Resf1, we performed RNA-seq on control and knockdown
6DT1 cell lines to gain a more in-depth picture about what is changing transcriptionally
when Resf1 is reduced.
RNA-seq of control and knockdown cells revealed that Resf1 is heavily involved
with nuclear, chromatin, RNA processing, and ribosomal processing pathways. Given
that Resf1 has been shown to alter protein production [59] as well as interact with histone
modifying proteins and alter retroelements [62], the identification of these altered
pathways was correlative. Some of the most significantly changed pathways are involved
in RNA splicing (Figure 3.9a) and ribosomal subunits (Figure 3.9b). Serine and arginine
rich splicing factor (Srsf) are heavily upregulated in the knockdown cells compared to
control. Srsf proteins have important roles in regulation and processing of pre-mRNA and
mRNA [116], [117]. Many of the ribosomal proteins in the large and small (Rpl and Rps)
subunits are downregulated in knockdown cells compared to control which may cause
additional downstream cellular effects because many of the ribosomal proteins have
extra-ribosomal functions. We also see significant alterations in pathways involved in
protein regulation like eukaryotic translation initiation factor 2 (Eif2) and mechanistic
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target of rapamycin (mTOR) (Figure 3.9c). This matches previous data and agrees with
our validation that knockdown of Resf1 increases protein production.

Figure 3.9: RNA-seq identifies pathways involved in RNA and ribosomal processing
altered in Resf1 knockdown.
A.) GO pathway analysis of RNA-seq from control and knockdown 6DT1 cells
highlights significant upregulation in knockdown cells in pathways involved with RNA
processing. B.) GO pathway analysis of significantly downregulated genes in knockdown
cells in pathways involved with ribosomal processing. C.) Ingenuity pathway analysis
identifies pathways that monitor protein homeostasis are significantly altered in
knockdown cells.
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Because our immunofluorescence data, EU and OPP data, and RNA-seq data all
indicate Resf1 is involved with RNA and ribosomal processing, we next looked to see if
ribosomal RNA was being altered. Since rRNA is ~80% of all newly transcribed RNA,
even small changes in rRNA transcription can have great effects on the cell. We obtained
primers for each ribosomal subunit [118], 5.8s, 18s, 28s, 45s, and performed qRT-PCR
on 6DT1 control and knockdown cells, WT and hypomorph tumors, and livers from
Resf1 WT, heterozygous, and KO mice. Surprisingly, we saw a decrease in all rRNA
subunits in the 6DT1 knockdown cells (Figure 3.10a). This was unexpected considering
the increase in protein production and RNA transcription we previously saw. RNA
collected from spontaneous tumors from 10 control and 10 hypomorph animals showed
similar results with a decrease in all rRNA subunits in hypomorph tumors using qRTPCR (Figure 3.10b). Because Resf1 KO is hemi-lethal in mice, KO mice are rarely
carried full term and successfully born, which makes their tissue precious. We again
performed qRT-PCR on various healthy tissue types from 1 mouse per Resf1 genotype
and saw various changes in transcriptional levels (Figure 3.10c). This suggests that Resf1
effects rRNA transcription upon tumorigenesis, but that in healthy tissue, it is dependent
on tissue type.
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Figure 3.10: Resf1 knockdown downregulates ribosomal RNA subunits.
(A) qRT-PCR analysis of rRNA subunits in 6DT1 cells reveals a reduction of all subunits
in Resf1 knockdown cells. N = 3+ (B) qRT-PCR analysis of spontaneous mammary
tumors from Resf1 control and hypomorph mice also showed a reduction in all rRNA
subunits, N = 10 mice per condition. (C) qRT-PCR analysis of various healthy tissue
types in Resf1 WT, heterozygous, and KO mice shows varying levels of rRNA subunits,
suggesting both tissue specific and tumor specific roles of Resf1. N = 1 mouse per
condition. Statistics calculated by Mann-Whitney test.
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3.5 Summary
A wide-cast net approach was used to conduct a semi-functional analysis of
Resf1. Resf1 is confirmed to be a nucleolar protein in tissue culture in human cells.
Human breast cancer samples also identify RESF1 in the nucleolus but also displays
staining in the cytoplasm as well as mixed cellular locations, which could be indicative of
a potential cellular shuttling mechanism of Resf1. Upon knockdown, it does not appear
that Resf1 is directly involved with canonical EMT associated genes, suggesting another
mechanism for altering metastatic potential. The use of a uridine analog, EU, that is
readily incorporated into newly synthesized RNA showed that knockdown of RESF1
results in higher RNA production. Imaging analysis via Imaris also displays that nucleoli
in RESF1 knockdown cells are significantly larger than control nucleoli.
We confirmed an interaction of Resf1 and SETDB1 via nuclear coimmunoprecipitation pull down. However, we did not see any significant changes in
LINE and B1-SINE retroelement expression levels between control and knockdown cells.
Since Resf1 is a nucleolar protein, we sought to determine if Resf1 is interacting with
other nuclear and nucleolar protein. In fact we did see that Resf1 interacted with various
genes with roles in rRNA, RNA, ribosomal, and mRNA processing, as well as histone
methylation modifications. The interactions with rRNA and ribosomal proteins, coupled
with the EU experiment strongly indicated to us that RESF1 is involved with rRNA and
ribosomal processes.
RNA-seq analysis of control and knockdown mouse 6DT1 cells highlighted many
transcriptional pathway differences. GO analysis identified pathways involved in RNA
splicing, mRNA processing, and ribonucleoprotein complexes significantly upregulated
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in Resf1 knockdown cells. The same analysis also identified pathways involved with the
cytosolic ribosome, large ribosomal subunit, and protein establishment to ER
significantly downregulated in knockdown cells. Ingenuity pathway analysis also
identified pathways that monitor protein production and homeostasis to be altered as
well. Furthermore, qRT-PCR analysis of each ribosomal subunit demonstrated a
paradoxical decrease in each subunit in knockdown cells and hypomorph tumors.
Identification of these pathways in vitro, coupled with our previous interaction and
immunofluorescence studies confirmed our hypothesis that Resf1 is involved with rRNA
and ribosome biogenesis.
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CHAPTER 4: Investigating the Interaction of Setdb1 and
Resf1

4.1 Background of Setdb1
SET domain bifurcated 1 (Setdb1) is a nuclear histone methyltransferase (Figure
4.1) of approximately 143kDa. It is responsible specifically for histone 3 lysine 9
trimethylation (H3K9me3) [119], a gene silencing epigenetic modification. Setdb1 has
been shown to have many functions in disease and development. For example, in Setdb1
null mice, embryos were significantly smaller and severely malformed compared to WT,
and also resulted in peri-implantation lethality, resulting in failure to implant on the
uterine wall, and often being resorbed [120]. Setdb1 has also been implemented in human
disease separate from cancer. In Huntington’s Disease, SETDB1 is significantly
increased, resulting in an increase of the repressive H3K9me3 epigenetic modification
[121]. Alteration of the nucleosome by these epigenetic modifications dysregulates
transcription and promotes disease expression.
In breast cancer, Setdb1 has been shown to have many detrimental effects when
dysregulated. A known regulator of SETDB1, Smad3, a tyrosine receptor kinase involved
in signal transduction, recruits SETDB1 to block transcription of Snail, thus promoting
transcriptional programs related to EMT [122], [123]. Furthermore, as cells move through
an EMT like program, SETDB1 is reduced and promotes TGF to move the cell through
the latter part of the program [122]. SETDB1 levels directly correlate to another SMAD
family member, SMAD7. Reduction of SETBD1, shown to have a better prognostic
outcome in breast cancer overall survival and relapse free survival [124], increases
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SMAD7. SMAD7 knockdown has been shown to decrease EMT markers and increase
MET markers, making the cell less invasive [125].

Figure 4.1: SETDB1 histone methyltransferase epigenetic modification.
SETDB1requires activation from SAM and a signal from DNMT 3A/B to recruit HP-1 to
the histone. SETDB1 then methylates H3K9me3 as a repressive transcription
modification. Image reprinted with permission from [126] in MDPI Cancers.

Previously, SETDB1 has been shown to be regulated by another type of
epigenetic modifier. HIV-1 TAT interactive protein (TIP60), a lysine acetyltransferase
and tumor suppressor that also silences endogenous retroelements, and positively
regulates SETDB1 [127]. Knockdown of TIP60 results in a decrease of SETDB1 and
H3K9me3, also resulting in higher ERVs and more tumor growth in vivo [127]. More
recently, Fukuda et al. [62] utilized a CRISPR knockout screen to identify interactors of
SETDB1 and other potential retroelement silencing factors. They show that SETDB1
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silences retroelements through its methyltransferase activity and identify more than 80
genes that are involved with its function. They show an interaction of SETDB1 and
Resf1, and a repression of the same genomic repeats between the two genes. Since
SETDB1 uses its methyltransferase activity to add the H3K9me3 repressive modification
to repetitive elements, and it interacts with Resf1, we performed a methylation assay to
determine if H3K9me3 levels were changed upon Resf1 knockdown. The H3K9me3
mark can be generated by five different enzymes, including SETDB1, EHMT1, EHMT2,
SUV39H1, and SUV39H2 [128]. Since repetitive elements are abundant, SETDB1
interacts with Resf1 which may be altering its methyltransferase activity, and only a few
enzymes are responsible for the H3K9me3 mark, we hypothesized that global H3K9me3
may be altered upon Resf1 knockdown. However, colorimetric assay measuring
H3K9me3 levels showed no change between control and Resf1 knockdown MDA-MB231 cells (Figure 4.2).
Although it does not appear that Resf1 knockdown alters LINE or SINE elements
(Figure 3.8) or global H3K9me3 levels, the amount of prior evidence displaying
potential roles of SETDB1 in retroelement modifications, and how these mechanisms can
dysregulate pathways leading to cancer, we explored SETDB1 in vivo to determine if it
was a metastasis modifier as well.
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Figure 4.2: Knockdown of Resf1 does not alter global H3K9me3.
A.) Histone extraction lysate from 3 control and 3 Resf1 knockdown MDA-MB-231 cell
cultures was used in triplicate wells in the colorimetric assay. B.) Resf1 knockdown
lysate appears to be trending downward in H3K9me3 levels, but has 2 clear outliers. C.)
Removal of outliers shows no difference in H3K9me3 between control and Resf1
knockdown. Two-tailed Mann-Whitney test. N = 3
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4.2 Setdb1 Knockdown in 6DT1 Cells Does Not Change Pulmonary
Metastasis
To determine if Setdb1 is a metastasis modifier, we performed orthotopic
mammary fatpad injections using syngeneic cell lines. We used shRNAs to create stable
knockdown cell lines. Setdb1 was knocked down in 6DT1 cells using five shRNAs to
create five knockdown lines. Four of the shRNAs achieved greater than 50% knockdown.
We chose the 600 and 975 knockdown cell lines for further study because they had
similar knockdown levels (Figure 4.3a,b). Control empty vector shRNA and knockdown
cells were injected into the 4th mammary fatpad of female mice. This experiment was
carried out twice with 10 mice in each group. After 30 days, the primary tumor weight of
the knockdown cell lines was not significantly changed, but the 975KD line was trending
larger (Figure 4.3c). The number of pulmonary metastasis was trending lower in the
600KD line and was significantly lower in the 975KD line (Figure 4.3d). Normalization
of the number of pulmonary metastasis per gram tumor confirmed that the 975KD line
resulted in less metastasis, while the 600KD line was not significantly changed (Figure
4.3e). Because only one of the knockdown cell lines showed a significant decrease in
pulmonary metastasis, we could not conclude that Setdb1 is a metastasis modifier. We
used the 590 knockdown line to perform the same mammary fatpad assay to determine if
the decrease in pulmonary metastasis seen in the 975KD line was indicative of Setdb1’s
metastatic potential. Again, the experiment was performed in duplicate with 10 mice in
each group. After 30 days, we observed a modest increase in both tumor weight and
pulmonary metastasis in the 590KD line compared to control (Figure 4.4a,b).
Normalization of pulmonary metastases per gram tumor showed no difference metastasis
in the 590KD line compared to control either (Figure 4.4c). Since only 1 of 3 knockdown
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cell lines showed a significant reduction in metastases, we conclude that Setdb1 is not a
metastasis modifier.

Figure 4.3: Setdb1 knockdown displays mixed results in metastatic potential.
A.) Setdb1 protein expression of stable 6DT1 knockdown cell lines by western blot. B.)
Densitometry analysis of western blot in A.). C. – E.) Spontaneous metastasis of 6DT1
empty vector control and 600KD and 975KD cells in syngeneic FVB/nJ mice described
previously. Tumor mass C.) and pulmonary metastasis D.) were measured and counted
30 days after injection. E.) Number of pulmonary metastases were normalized to tumor
weight (Mets/gram tumor). N = 10 mice per group in 2 independent experiments, Twotailed Mann-Whitney test with Conover-Inman multiple comparison correction.
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Figure 4.4: Setdb1 knockdown does not change pulmonary metastasis.
A. - C.) Spontaneous metastasis of 6DT1 empty vector control and 590KD cells in
syngeneic FVB/nJ mice described previously. Tumor mass A.) and pulmonary metastasis
B.) were measured and counted 30 days after injection. C.) Number of pulmonary
metastases were normalized to tumor weight (Mets/gram tumor). N = 10 mice per group
in 2 independent experiments, Two-tailed Mann-Whitney test with Conover-Inman
multiple comparison correction.
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4.3 Summary
Epigenetic modifier SETDB1 represses retroelements through its histone
methyltransferase activity of the H3K9me3 mark [62], [128]. Interestingly, SETDB1
interacts with other known metastasis modifiers like ARID4B [67] and Resf1. Resf1 and
SETDB1 have been shown to interact and repress the same genomic repeats, likely
through different mechanisms. Although Resf1 and SETDB1 interact, it does not appear
that SETDB1’s H3K9me3 methyltransferase activity is altered by reduction of Resf1.
High SETDB1 levels have been shown to predict poor prognosis in breast cancer,
as well as interact with SMAD proteins and Snail through TGF mediated EMT [122],
[125], [126]. It has been shown in vitro to decrease cell migration and invasion when
knocked down [125], but no functional in vivo studies to determine if it is a metastasis
modifier have been conducted.
Here, we stably knockdown Setdb1 and performed orthotopic mammary fatpad
assays in mice. Knockdown of Setdb1 in syngeneic 6DT1 cells minimally increase
primary tumor size, but have no effect on pulmonary metastasis. We observe no
difference in metastatic potential when normalizing number of pulmonary metastasis per
gram tumor. While we do see an interaction of Resf1 and SETDB1, we do not conclude
that Resf1’s metastasis modifying mechanism is working through SETDB1’s molecular
functions to modify metastasis.
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CHAPTER 5: Investigating the Interaction of Rpl22 and Resf1

5.1 Background of Rpl22
The human 80s functional ribosome consist of two subunits; a small 40s subunit
and a large 60s subunit. Ribosomal protein L22 (Rpl22) is one of 49 proteins, together
with the 3 rRNAs, that make up the large ribosomal subunit. It is a 14.8 kDa protein
located in the nucleus and nucleolus and unsurprisingly has both a nuclear localization
signal (NLS) and one RNA-binding helix. While it is characterized as a ribosomal
protein, it can also be called an RNA binding protein (RBP). It binds to the 28s rRNA of
the large ribosomal subunit [129] late in ribosomal assembly stages, and is located
distally of both the mRNA entry tunnel and the protein exit tunnel (Figure 5.1). It is also
known to bind both Epstein-Barr Virus RNA in B cells [130] and Hepatitis C virus RNA
[131]. However, Rpl22 is not required for translation or ribosome assembly [129]. It is
well known that deficiencies in many ribosomal proteins can lead to ribosomopathies
such as Diamond-Blackfan anemia or Treacher-Collins syndrome. Interestingly though,
despite its ubiquitous expression, Rpl22 is not associated with any ribosomopathies.
Furthermore, ablation of Rpl22 in mice via gene-trap mutagenesis does not result in
embryonic lethality, obvious morphological defects, and are totally viable and fertile
[132]. While no diseases have been associated with Rpl22, many extra-ribosomal
functions have been observed.
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Figure 5.1: Rpl22 structure and location on the ribosome.
A.) Structure of an 80s ribosome displaying the distal position to mRNA entry and
protein exit tunnel of Rpl22. B.) Rpl22 amino acid sequence with canonical NLS and
RNA-binding sites. 80s ribosome altered and reprinted with permission from [133] in
Cell.

The last 15 years has identified many ribosomal proteins to have functions
independent to the ribosome. Many factors can lead to ribosomal proteins having these
extra-ribosomal functions. Ribosomal stress may incite the accumulation of free
ribosomal proteins [134]. Free ribosomal proteins also activate the p53 pathway, possibly
as a mechanism to mitigate the ribosomal stress the cell is undergoing [134]. A review of
ribosomal proteins with extra-ribosomal functions has compiled sources for more than
half of all ribosomal proteins with extra-ribosomal functions ranging from tumor
suppressive or oncogenic functions, to immune signaling, and to development and
disease [134] (Table 5.1). Rpl22, though not ribosomopathy pathogenic, is not excluded
from these extra-ribosomal functions which will be discussed next.
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Table 5.1: Known extra-ribosomal functions of ribosomal proteins with Rpl22
extra-ribosomal functions highlighted.

Table reprinted with permission from [134] in JMCB.
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Extra-ribosomal Functions of Rpl22
Rpl22 is an interesting ribosomal protein in that it is ubiquitously expressed
throughout different tissues, but loss or reduction of it in mice or humans does not cause
any serious disease. One reason for this may be the existence of Rpl22 like1 (Rpl22l1),
the highly homologous paralog of Rpl22 [129]. It has been shown that Rpl22 directly
represses Rpl22l1, but when Rpl22 is decreased in mice, Rpl22l1 is increased, possibly to
take the place of Rpl22 and mitigate the effects of its loss [88]. Interestingly, increased
cell proliferation is associated with Rpl22 loss and Rpl22l1 incorporation into the
ribosome [88]. This antagonistic relationship between Rpl22 and Rpl22l1 can most
notably seen in morphogenesis and gastrulation. During embryogenesis of zebrafish,
rpl22 induces skipping of exon 9 of smad2 pre-mRNA, an important effector of TGF.
However, rpl22l1 opposes this mechanism and promotes the inclusion of exon 9 [133].
Further dysregulation of rpl22 and rpl22l1 in zebrafish disrupts the convergence and
extension of the embryo during the gastrulation process, thus resulting in abnormal body
development [133].
Rpl22 has also been shown to have important roles in development of B cells and
T cells, and an important effector in p53 signaling as well. In mice, Rpl22 depletion
results in T cell developmental arrest. However, ablation of p53 restores T cell
development and maturation [87]. RPL22 has also been shown to be inactivated in some
patients with T-acute lymphoblastic leukemia (T-ALL) [135]. Deficient levels of Rpl22
in mice also accelerates disease of T cell malignancies because it can no longer inhibit
Lin28B, a gene known to increase cell proliferation and tumor growth [135]. Ablation of
Rpl22 in mice also showed an 85% reduction in splenic B cells compared to WT mice,
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with 60% of the reduction originating from follicular B cells [136]. Furthermore,
although Rpl22 is not needed for initial maturation of B cells, is it required for
development of B cells from the pro-B cell stage onward, and for response to Interleukin
7 (IL-7), an important factor in further lymphocyte differentiation [136].
Although Rpl22 is not known to be causal of any human diseases, it has been
implicated to be an important regulator of many functions outside of the ribosome. It has
important roles in T cell and B cell development, as well as regulation of developmental
morphogenesis, and regulation of its own paralog Rpl22l1 in pre-mRNA splicing and
incorporation into the ribosome. However, Rpl22 has not been associated with breast
cancer or metastasis. We have identified Rpl22 to be significantly decreased in our Resf1
knockdown cells compared to control which we will discuss in the next section.

Figure 5.2: Knockdown of Resf1 results in a transcriptional decrease of many
ribosomal proteins.
A.) Gene set enrichment analysis (GSEA) plot of GO Cytosolic Ribosome from RNA-seq
data comparing 6DT1 control and Resf1 knockdown. B.) Most transcriptionally decreased
genes in A.).
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5.2 Rpl22 Knockdown in 6DT1 Cells Does Not Change Pulmonary
Metastasis
Previously mentioned, we performed RNA-seq on 6DT1 control and Resf1
knockdown cells. Upon analysis of the data, GO pathways analysis identified an
enrichment plot for “Cytosolic Ribosome” (Figure 5.2a) which had many genes in both
the large and small ribosomal subunit decreased, with Rpl22 being the most decreased
(Figure 5.2b). To confirm the transcriptional analysis from the RNA-seq data, we
performed western blots on many of the ribosomal proteins that were the most reduced.
We blotted whole cell lysate from control and knockdown MDA-MB-231 cells for
RPL22, EF2, RPS23, RPS14, RPS19, and RPL3 (Figure 5.3a). Surprisingly, only RPL22
was reduced at the protein level, displaying a reduction of 50% (Figure 5.3b,c). Based on
the prior knowledge of the many extra-ribosomal functions of Rpl22 and alterations that
occur due altered expression levels coupled with our western blot showing a 50%
reduction in RPL22 upon Resf1 knockdown, we sought to determine if Rpl22 is a
metastasis modifier in vivo.
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Figure 5.3: Knockdown of Resf1 results in a decrease of RPL22 at the protein level,
but no other ribosomal proteins.
A.) Western blot probe of ribosomal proteins found to be decreased in from RNA-seq
analysis in Figure 5.2. B.) Western blot of RPL22 in MDA-MB-231 control and Resf1
knockdown cells. C.) Densitometry of B.) reveals a 50% decrease in RPL22 levels in
Resf1 knockdown cells. N = 3
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As previously described, we used shRNAs to create stable Rpl22 knockdown cell
lines. We obtained 4 shRNAs and transduced 6DT1 cells to create 4 stable knockdown
lines. Only the 14KD line had a robust reduction in Rpl22 with the 17KD line having the
next best reduction of ~40% (Figure 5.4a,b). Control empty vector and each knockdown
cell line was injected into the 4th mammary fatpad of syngeneic FVB/nJ mice. This
experiment was carried out in duplicate with 10 mice per group. After 30 days, the mice
were euthanized, and primary tumors were weighed, and lungs dissected and counted for
surface pulmonary metastases. The 14KD line exhibited a significant increase in primary
tumor mass (Figure 5.4c) while the 17KD line showed no change (Figure 5.4d). There
was no significant change in pulmonary metastasis in either knockdown cell line
compared to control. Because the primary tumor weight was significantly increased in the
14KD we normalized the pulmonary metastasis per gram tumor to determine if there was
a significant difference that was covered due to the primary tumor being significantly
larger. However, after normalization, neither knockdown cell line was significantly
changed compared to the control (Figure 5.4e). Since we do not see a change in
pulmonary metastasis upon Rpl22 knockdown, we conclude that Resf1 does alter Rpl22
through an unknown mechanism, but it does not appear that Resf1 is functioning through
Rpl22 as a metastasis modifier.
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Figure 5.4: Rpl22 knockdown does not change pulmonary metastasis.
A.) Rpl22 protein expression of stable 6DT1 knockdown cell lines by western blot. B.)
Densitometry analysis of western blot in A.). C. – E.) Spontaneous metastasis of 6DT1
empty vector control and 14KD and 17KD cells in syngeneic FVB/nJ mice described
previously. Tumor mass C.) and pulmonary metastasis D.) were measured and counted
30 days after injection. E.) Number of pulmonary metastases were normalized to tumor
weight (Mets/gram tumor). N = 10 mice per group in 2 independent experiments, Twotailed Mann-Whitney test with Conover-Inman multiple comparison correction.

98

5.3 Summary
Rpl22 is a ribosomal protein on the large subunit of eukaryotic ribosomes. It is an
interesting ribosomal protein because it is ubiquitously expressed but is not required for
ribosomal production or protein production from the ribosome, and has many extraribosomal functions, but is not associated with typical ribosomopathies. Rpl22 directly
inhibits and has an antagonistic relationship with its paralog Rpl22l1. Together they
regulate pre-mRNA splicing of smad2, important in TGF signaling. It is also important
in embryogenesis, and development of B and T cells.
Rpl22 however is not associated with breast cancer or metastasis. Through our
RNA-seq data, we identified Rpl22 to be significantly decreased in Resf1 knockdown
cells. We confirmed this transcriptional observation at the protein level via western blot.
Interestingly, it was the only ribosomal protein among the 6 ribosomal proteins we tested
that was decreased at the protein level as well. To determine if Rpl22 is a metastasis
modifier in vivo, we stably knocked down the protein using shRNAs and injected them
into syngeneic mice. Mice injected with knockdown cell lines showed no difference in
pulmonary metastasis compared to control. Thus we conclude that although Resf1 alters
Rpl22 protein levels, it is not promoting metastasis in a tumor autonomous manner
through an Rpl22 centered mechanism.
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CHAPTER 6: Resf1 Alters Protein Production but Results in
Minimal Changes to Protein Sensing Pathways

6.1 Background and Rationale
Canonical mechanistic target or rapamycin (mTOR) signaling is responsible for
regulating many of the cell’s most important processes, and aberrant mTOR signaling has
been implemented in disease and cancer [137]–[139]. mTOR is a serine/threonine kinase
that dimerizes to form the central scaffolding unit of the mTOR 1 and 2 complexes
(mTORC1/2). There are several protein interactors of mTOR that determine if it will be
classified as mTORC1 or mTORC2 when assembled. An assembled mTORC1 contains
the dimerized mTOR subunit along with regulatory protein associated with mTOR
(Raptor) and mammalian lethal with Sec13 protein 8 (mLST8) [140], [141]. mLST8 is
primarily responsible for stabilizing the kinase activity of mTORC1 [141]. Raptor is a
semi-scaffold protein responsible for regulating and binding other proteins such as
p70S6K and 4EBP-1 that are responsible for subcellular localization [140]. mTORC2
also contains mLST8, but binds rapamycin insensitive companion of mTOR (Rictor)
instead of Raptor. Rictor, like Raptor as a semi-scaffolding protein, also binds the
regulatory subunits mSin1 and Protor1/2, as well as mTOR inhibiting and PI3K/Akt
promoting Deptor [142]–[144]. Rictor is a main component of mTORC2’s acute
insensitivity to rapamycin treatment [145]. Rapamycin, the eponymous compound of
mTOR, is a compound that was identified in bacteria from Rapa Nui, or colonially,
Easter Island [137]. It has an FKBP12 domain that directly inhibits the FRB domain of
mTOR and blocks it’s catalytic site [141]. Likely it appears that Rictor blocks the FRB
domain on mTOR thus preventing rapamycin-FKBP12 binding [141], [145].
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mTOR signaling pathways have roles in protein synthesis, regulation of protein
turnover, autophagy, and lipid, nucleotide, and glucose metabolism. Furthermore, as a
protein kinase, mTOR has many interactors both upstream and downstream in its
canonical pathways. Three of the major signaling pathways downstream of mTORC1
involve interactions with different subsets of genes that have roles in mRNA translation,
metabolism, and protein turnover [137], [138]. mTORC2 controls different aspects of cell
proliferation and survival through AGC protein kinases [146], [147]. mTORC2 is also
responsible for signaling through protein kinase b (Akt) to regulate insulin and PI3K
signaling which are also involved in cell survival and proliferation [148]. Mammalian
enhancer of akt 1,7 (mEAK7) is an evolutionarily conserved gene across eukaryotes, and
an interactor of mTORC1. However, recent studies suggest that mEAK7 binding to
mTORC1 changes its signaling molecules from S6K1 to S6K2 and regulates cell
proliferation instead of cell size, as is regulated by normal signaling though the Rag
complex, thus suggesting a potential new mTORC1/3 complex [149], [150].
Aberrant mTOR signaling has also been shown to be causal of central nervous
system or brain function disorders like autism and Alzheimer’s disease. Loss of mTOR
has been shown to impart similar “autistic-like synaptic pruning deficits” in mice and
neuronal cell lines [151], and conversely, hyperactive mTOR signaling has been found in
Alzheimer’s patients brains. Important signaling genes in the mTOR pathways like
PTEN, S6K, and Akt have all been found to be dysregulated upon postmortem studies in
Alzheimer’s patients [152], [153].
In cancer, many of the mTOR interactors have been associated with specific
cancers based on mutations or aberrant expression. For instance, in human breast and
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ovarian cancers, AKT is increased [154]. Expression of 4EBP1 was also found to be
associated with poor prognosis in breast cancer, and phosphorylation of 4EBP1 can be
causal of chemoresistance in ovarian cancer [155], [156]. Another important gene in the
mTORC1 signaling pathway, eIF4E, shown to be causal of transformation of cells, is
found to be overexpressed in breast cancer as well as non-Hodgkin’s lymphoma and
leukemia [157], [158]. These are just a few of the known causes of dysregulation of
different mTOR pathway proteins. Because mTOR is so intimately involved with protein
regulation and translation, and is implemented both as breast cancer suppressors and
promoters, we decided to probe a few of the genes in the mTOR network. We also
hypothesized that some of the genes would be altered due to the changes in total RNA
and protein that we have seen in our EU and OPP staining, respectively.

6.2 Knockdown of Resf1 Results in Higher Protein Production
Previously (Chapter 3.2), since we determined that knockdown of Resf1 does lead
to larger nucleoli and higher RNA production, we wanted to see if this observation
translated to protein production as indicated in the original paper from Ritter et al. [59].
To test protein production, we incubated control and knockdown cells with o-propargylpuromycin (OPP). OPP is a puromycin analog that is incorporated into newly synthesized
proteins. After a 30 minute OPP pulse, we saw in MDA-MB-231 (Figure 6.1a) and
MCF7 (Figure 6.1b) cells that there was brighter staining in knockdown cells. While our
results agree with Ritter et al., the outcome is paradoxical to the decrease in rRNA
transcription previously seen in our Resf1 knockdown cells (Figure 3.9). Thus, the
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increase in OPP we see may be indicative of a decrease in protein degradation, rather
than an increase in production.

Figure 6.1: Knockdown of Resf1 results in higher protein production.
A 30 minute pulse of OPP confirms previous accounts that knockdown of Resf1 results in
higher protein production. Experiment performed in A.) MBA-MB-231 and B.) MCF7
cells. N = 3
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6.3 mTOR Pathways Are Minimally Altered in RESF1 Knockdown
Cells
As previously mentioned, we conducted total RNA-seq on control and Resf1
knockdown 6DT1 cells. In the analysis of this data using Ingenuity Pathway Analysis
(IPA) software, the most significantly changed pathways were involved with translational
control and mTOR signaling. The 1st and 2nd most significantly altered pathways were
“eIF2 Signaling” and “Regulation of eIF4 and p70S6K Signaling” which are important to
translation initiation. eIF2 is an important protein involved in protein synthesis initiation
and is directly tied to priming the small ribosomal subunit by being charged with a GTP
and the methionine “start” tRNA [159]–[161]. eIF2 consists of 3 subunits; alpha, beta,
gamma, that function to bind other eIF proteins, GTP, or RNA. In normal cells, activated
eIF2β blocks eIF2B to promote protein synthesis [159]. Interestingly, our analysis shows
eIF2β significantly reduced at the transcriptional level, with many other eIF genes with
the exception of eIF5, reduced as well. Reduction of all members of the eIF4 complex is
also observed and may serve as an explanation to the increased protein production. eIF4E
binds the cap structure of the of mRNA to be translated. eIF4E can be competitively
inhibited by eIF4G which would hinder cap dependent translation [162]. Although eIF4E
is reduced, reduction of all other eIF4 complex members may free up eIF4E for binding
and reduce inhibition to translation. Furthermore, ATF3 and ATF4 are significantly
increased in the Resf1 KD cells. ATF3 is activated in response to protein folding stress
and ATF4 is directly related to ER stress, both of which could be occurring due the
observed increase of peptide staining [163], [164]. The 3rd most significantly altered
pathway identified by IPA is “mTOR Signaling.” This was expected since the mTOR
complexes are a crucial intermediate involved in mRNA translation and protein turnover.
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In the mTORC1 arm of the mTOR signaling pathway, Raptor is shown to be significantly
decreased, and in the mTORC2 arm, downstream effectors Akt, Rho, Rac, and Pkc are all
significantly reduced. These findings however, were not expected, but are consistent with
the hypothesis that protein degradation is decrease in knockdown cells. mTORC1
canonically is expected to be increased during an increase of translation, but a decrease in
Raptor and the downstream signaling eIF transcripts mark an opposite finding. However,
reduction of Akt, downstream of mTORC2 is in line with current findings that
PI3K/Akt/mTOR pathway is increased in 30-40% of triple negative breast cancers [165].
Because 6DT1 is a triple negative mouse cell line, and show less metastasis in vivo when
Resf1 is knocked down, a reduction of the PI3K/Akt/mTOR pathway is within reason.
To validate some of the transcriptional changes we see from the RNA-seq data,
we performed western blots on a few of the mTOR pathway targets identified from IPA.
Whole cell lysate from control and knockdown MDA-MB-231 cells were collected with
the use of CHAPS detergent instead of the standard Triton X-100 in order to preserve the
proteins and interactions within the mTOR complexes. A first pass of mTORC1 pathway
genes Phospho-p70S6K and pS6 showed only moderate reductions of about 5% and 15%
respectively, while mEAK7 of mTORC1/3 displayed a 20% decrease. Phospho-eIF4B
downstream of mTORC1 displayed a 35% decrease and pAKT downstream of mTORC2
showed a 50% decrease in knockdown cells compared to control (Figure 6.2). Because
we saw a reasonable decrease in Phospho-eIF4B and pAKT, we probed again with new
lysate and observed the same decrease. Since pAKT is activated AKT and not total AKT,
we also probed for AKT to determine if all AKT levels were reduced or only activated
pAKT. We saw relatively no change in total AKT levels, just a 5% reduction in
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knockdown cells compared to control, suggesting a significant reduction in the active
pAKT. To interrogate the mTORC1/2 pathways even further, lysate from the same
samples previously described was used in an antibody array from Full Moon Bio (Figure
6.3). Interestingly, we see no significant changes between RESF1 control and knockdown
MDA-MB-231 cells. Almost all targets in the array had less than a 1.5 fold change, with
the only exception being phosphoinositide-dependent kinase-1 (PDK1) displaying a 1.6
fold increase in knockdown cells, and a majority of targets displaying less than 20% fold
change.
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Figure 6.2: RESF1 knockdown reduces some proteins in the mTOR pathway.
A.-D.) Western blots were performed with lysate collected using CHAPS buffer from
MDA-MB-231 control and knockdown cells. P-eIF4b and pAKT had the greatest
reductions in knockdown cells. E.) AKT was relatively unchanged in knockdown cells
indicating that only activated pAKT is altered in RESF1 knockdown cells. N = 3
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Figure 6.3: RESF1 knockdown does not greatly alter fold changes in MDA-MB-231
cells.
A.) mTOR antibody array from Full Moon Bio does not show any great differences by
eye. B.) Fold change analysis shows that a vast majority of targets are changed by less
than 10% and only one target, PDK1, has more than a 1.5 fold change. N = 1
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6.4 UPR Pathways Are Not Consistently Changed
The cell is a highly regulated entity, so it was surprising to see such significant
changes in some of the most basic processes that allow it to proliferate and survive. Since
we see such a significant increase in observed protein production in Resf1 knockdown
cells we checked a few main targets of the unfolded protein response (UPR) pathway.
The UPR is an endoplasmic reticulum (ER) stress sensing pathway that detects misfolded
proteins and varying levels of stress to determine what type of transcriptional program
the cell should induce during repair [166]. Protein kinase RNA-like endoplasmic
reticulum (PERK) and activating transcription factor 6 (ATF6) are ER stress sensors. If
the ER is stressed from aberrantly translated proteins, or misfolding, ATF6 and
separately, an activated phospho-PERK (pPERK) will transduce downstream signals to
activate target genes associated with autophagy, apoptosis, and other quality control
pathways [166]–[168]. Activating transcription factor 4 (ATF4) is downstream of pPERK
and can activate both apoptotic genes at high ER stress levels, and cryoprotective genes
at low or moderate ER stress [169][170]. Binding immunoglobulin protein (BiP, also
known as GRP78) is a chaperone located in the lumen of the ER [166]. BiP is normally
associated with inositol requiring protein 1 (IRE1) but dissociates to bind misfolded
proteins allowing IRE1 to dimerize and phosphorylate to activate a downstream
response that regulates protein folding [171], [172]. Transformed cells, like MDA-MB231, MCF7, and 6DT1, are tumorigenic and have adapted to altered transcriptional
profiles. Furthermore, in typical tissue culture conditions, they have abundant nutrients to
survive and proliferate. To induce a UPR response we incubated control and knockdown
cells in tunicamycin, a drug that prevents protein folding and induces ER stress [173],
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[174]. We probed whole cell lysate from control and knockdown cells from MDA-MB231 and 6DT1, all were incubated with DMSO control or tunicamycin, and plated on
plastic or glass surfaces. Results were inconsistent between UPR markers and cell lines
(Figure 6.4).
In 6DT1 cells, ATF6 exhibits an overall decrease compared to DMSO control,
and levels are inconsistent between control and knockdown cell lines. pPERK is
significantly decreased with tunicamycin treatment, and overall exhibits a slight increase
in the knockdown cell lines. ATF4 and BiP are significantly increased with tunicamycin
treatment on both tissue culture surfaces, and also show an increase in knockdown cell
lines. In MDA-MB-231 however, only BiP is consistent with the results from the 6DT1
cells, indicating an increase in misfolded proteins in the ER lumen as expected upon
tunicamycin treatment. ATF4, ATF6, and pPERK all show inconsistent results in MDAMB-231 with or without tunicamycin treatment when comparing to 6DT1 cells.
Results from probing of these UPR markers highlight the effect of tunicamycin on
ER stress and display some potential differences that Resf1 may be inducing on the cell,
but comparisons between control and knockdown cells do not prove to be consistent. The
marker for unfolded proteins within the ER, BiP, does show there are more unfolded
proteins in the knockdown cell lines upon tunicamycin treatment. However, upstream
activators of these various UPR pathways are inconsistent and therefore do not indicate
that Resf1 is significantly altering the UPR to promote metastasis.
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Figure 6.4: UPR pathways are not consistently altered between cell lines.
A.) Resf1 control and knockdown 6DT1 and MDA-MB-231 were plated on plastic or
glass, and treated with DMSO as a control, or tunicamycin (3ug/mL for 12 hours) to
induce a UPR response. Whole cell lysates were extracted and ran on a western blot then
probed for ATF4, BiP, ATF6, pPERK, and beta-Actin for control. B.) Densitometry was
used to quantitate the bands from the western blot. N = 1
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6.5 Summary
Ingenuity Pathway Analysis of RNA-seq data from control and Resf1 knockdown
cells identified several pathways involved with translation initiation and mTOR signaling
significantly changed. Considering we see significant changes in the amounts of both
newly synthesized RNA and newly synthesized protein, identification of these pathways
was not wholly unexpected. However, interpretation of these results comes with its own
challenges.
Typical upregulation of cap dependent protein synthesis results in an increase of
many of the eIF4 proteins as well as p70S6 via phosphorylation from mTORC1. The
results of the mTOR array are not wholly convincing that there are significant changes in
other downstream or upstream proteins of the mTOR pathway or mTOR complexes.
While we see some subtle mTOR changes, we conclude that this is likely to happen due
to the translational increase in Resf1 knockdown cells, however, despite these changes,
we do not believe that alterations in the mTOR family of protein monitoring is the cause
of the metastatic changes we see in vivo from Resf1 knockdown cells.
Furthermore, we observe that canonical UPR markers ATF4, ATF6, and pPERK
are not consistently or significantly changed between 6DT1 and MBA-MB-231 cell lines
with or without the use of tunicamycin to induce a UPR response. BiP is consistently
upregulated in knockdown cells in both cell lines because it directly monitors misfolded
proteins in the ER which is what is induced by tunicamycin. However, since the other
canonical markers are not consistently or significantly changed, we do not believe that
Resf1 is modifying metastasis solely through an altered UPR pathway.
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CHAPTER 7: Discussion

7.1 Discussion
Breast cancer is the second leading cause of cancer related deaths among women
in the US, and metastasis is the primary cause of 80% of these deaths. Despite the
lethality of metastasis, many aspects of metastatic disease are not understood. Here, we
used a mouse genetics approach to exploit the genomes of two different strains of mice
that exhibit significantly different metastatic phenotypes. With this approach a region at
the distal region of mouse chromosome 6 associated with the metastatic phenotype was
identified. 2810474O19Rik, now Resf1, was chosen for study because it appeared to be
very significantly associated with metastatic disease after quantitative loci analysis. A
paradoxical relationship of Resf1 orthotopic implantation vs. spontaneous metastatic
disease was identified in mouse, while both mouse and human metastatic survival data
agree tumor non-autonomously, further affirming the relevant use of mouse genetics
research. As stated previously, we believe that since there was no effect on metastasis
when implanting wild type cancer cells into the hypomorph and heterozygous mice these
differences are more likely due to cell line ectopic environment artifacts rather than
stromal effects of the mouse.
We also showed the significant involvement of RESF1 in ribosomal processing,
RNA processing, and ribosomal RNA alterations. However, before 2018, RESF1 was
unnamed and uncharacterized, thus lacking significant background data and
subsequential insight to interacting proteins and other cellular functions. Additionally,
RESF1 has limited data in genomic studies and is not associated with any known human
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disease. We aimed to cast a wide net to gain more knowledge of the canonical function of
Resf1 and to elucidate its metastatic function.

Resf1 Alters rRNA and Ribosomal Processing
RNA-seq data showed that many pathways involving Ribosomal and RNA
pathways were altered upon Resf1 knockdown. Furthermore, ribosomal RNA was
reduced in all of the in vitro and in vivo samples suggesting an involvement with basic
ribosomal functions. This was somewhat surprising considering the increase in both EU
and OPP staining we observed in our knockdown cell lines. While the decrease in rRNA
transcription seen may be modest, even small changes in rRNA transcription can
potentially have great effects on the cell because ~80% of all transcription is rRNAs. To
accompany the decrease in rRNA, knockdown of Resf1 transcriptionally decreased many
small ribosomal proteins, and at least one, RPL22, at the protein level as well. Since
many ribosomal proteins have extra-ribosomal functions [134], we posited that RESF1
was having a two-fold effect on aberrant ribosomal processing, both at the ribosome, and
with the extra-ribosomal functions of RPL22 which include cancer associated mutations,
IRES mediated translation, and T-cell development. Rpl22 itself was not a metastasis
modifier in the orthotopic metastasis assay. This could be due to the molecular
redundancy of the highly homologous Rpl22l1 [88], [133]. In a similar manner, we
hypothesize that many of the proteins and transcription factors associated with ribosomal
biogenesis and processing are highly regulated and redundant due to it’s cellular
importance. The significant involvement of RESF1 in ribosomal RNA and proteins
suggests a canonical role in the nucleolus. The observation that Resf1 interacts with

114

several nucleolar proteins and have roles in RNA processing further elucidates other
potential roles for Resf1 in metastasis. Although the increase in newly synthesized RNA
and protein, seen from the EU and OPP assays respectively, presents a difficult
observation to explain linearly, and seem like conflicting results, RESF1 displays other
characteristics that could alter mRNA expression level.

Resf1 May Be Involved in a Cellular Stress Response
What little background data that was present at the beginning of this study was
collected primarily in human was not completely validated. Further investigation into the
cellular location of Resf1 has led us to believe that the nucleolar and cytoplasmic
locations of RESF1 in human breast tissue seen in the Human Protein Atlas appear to be
off target. Transient transfection of Resf1-V5, with staining against the V5 tag shows
Resf1 in the nucleus. Preliminary data of Resf1 transfection into human 293FT cells
staining with a new antibody against Resf1 also identifies the protein to be nuclear. The
cell has many survival techniques under stressful conditions, some of which include
shuttling between the cytoplasm and the nucleus, as well as various aggregation or
amyloidogenesis, or fibril type formations [72], [73], [96], [175]. Due to the
repetitiveness of the rRNA cassettes, they were only sequenced recently and were shown
to contain long non-coding RNAs between the rRNA cassette repeats [72]. Interestingly,
the IGSs of rRNA contains sequences that are activated upon heat shock or acidosis
stressors which shuttle proteins into a packed amyloid state in the nucleus. Because Resf1
is very unstructured and may have fibril forming propensity, it is plausible that it has
amyloid forming properties upon stress. Preliminary data suggest RESF1 knockdown
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cells appear to have an increase in IGS16 upon heat shock indicating a potential role in the
nucleolar stress response. It is also possible that RESF1 has a protective ribosomal
binding protein function, generally since many RNAs are degraded under stress.
Furthermore, Mass-spec proteomics of Resf1 identified nearly all members of the 14-3-3
family interact with Resf1. It is well known that 14-3-3 proteins have countless roles in
the cell, but more specifically they have been shown to be a type of adaptor that targets
misfolded proteins that are positioned for aggresomes [175]. Future experiments are
planned using a heat shock shuttling construct, VHL-GFP [176], to determine if Resf1
changes cellular location upon heat shock or other stressors, and if so, are the kinetic
rates of cellular translocation altered upon Resf1 knockdown?

Resf1 Post Translational Modifications and RNA May Be Important
The RESF1 exonic structure is somewhat irregular. The RESF1 sequence codes
for a ~195kDa protein, but nearly all of it’s coding sequence comes from a single large
exon, exon 4. This region of RESF1 also contains a putative nuclear localization signal,
as well as a predicted nucleolar localization signal. Exon 4 also contains many post
translational modifications (PTMs). RESF1 is heavily ubiquitylated, as well as
phosphorylated and acetylated on many different residues. Interestingly, RESF1 interacts
with N-acetyltransferase 10 (NAT10) which catalyzes the N4-acetylcytidine (ac4C) PTM
[177] that effects a broad range of mRNAs, thus changing translation efficiency.
Alterations in acetylation, perhaps though a NAT10-RESF1 interaction could partially
explain the changes in translation efficiency seen when RESF1 is knocked down. Other
interactions with different kinases like CDC2, p38MAPK, and PKA, all of which are
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predicted to phosphorylate RESF1, may also contribute to increase or decrease the
functional activity of RESF1. It is also possible that RESF1 has one or many linked genes
that are playing roles in its metastatic function due to it’s proximity to several genes at
distal chromosome 6. Additionally, although RESF1 codes for a 195kDa protein, it is
plausible that the RESF1 RNA is equally important. Regulatory genes such as Apela, that
have important roles both as an RNA and a protein, monitor DNA damage and function
with other proteins to mediate apoptosis [178]. Further data using an antibody currently
in production will help elucidate these questions through ChIP-seq, RIP-seq, and Massspec to identify potential linked genes and other molecular interactions.
These results identify a novel metastasis modifier that alters ribosomal and RNA
processing mechanisms. The involvement of RESF1 altering many of the small ribosomal
proteins, as well as the rRNA itself highlights an interesting basic biology pathway being
altered by a single gene. Reduction of RESF1 levels decreases all of the rRNAs and many
of the small ribosomal proteins that are assembled to create a functioning ribosome.
Alterations in this basic, yet incredibly important fundamental cellular mechanism can
have compounding downstream effects in the cell. The effect of the transcriptional and
translational alterations we observe in RESF1 knockdown cells may stress the cell,
causing various survival mechanisms and pathways to be activated, including the
nucleolar stress response. In summary, the precise canonical molecular mechanism of
RESF1 remains a mystery, however we have shown it to be a novel breast cancer
metastasis modifier in multiple systems. The alterations in RNA and ribosomal
processing, and the multiple locations of RESF1 present important clues for induction of
stress in the cell and a potential response from RESF1.
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7.2 Study Limitations and Strengths
RESF1 was uncharacterized when this study was first begun. There was very little
knowledge about its role in the cell. Like all studies, this one has many limitations, but it
also has many strengths that drive at the core of scientific pursuit; filling a gap in
knowledge. The first obvious limitation for this study is a lack of antibody for the mouse
ortholog, and a functioning antibody against the human ortholog for IP and western blot
experiments. Without a working antibody against the endogenous protein, many
experiments had to utilize a transient expression system with a V5 or Myc tag attached to
the 3’ terminus of the RESF1 construct. This system has it’s benefits for overexpression
experiments, but can also cause unwanted artifacts that may confound data. The lack of
antibody also prevented us from performing experiments such as ChIP-seq, to look at
chromatin binding, and DRIP-seq, for DNA-RNA hybrid binding which is very common
in rRNA transcripts, on endogenous levels of RESF1. Additionally, without an antibody
against Resf1, simple western blot experiments cannot be performed which limits an
immense amount of mechanistic data to potentially be obtained.
The use of pooled cells from shRNA mediated stable knockdown of RESF1 in
cells may also be considered a limitation in this study. A full knockout in vitro with the
use of CRISPR or another gene silencing mechanism would provide a cleaner study. It is
possible that because the viral titer per cell in the lentiviral transduction is random, some
cells may have more or less knockdown than others, and ultimately out compete each
other thus accidentally selecting for a specific phenotype. Furthermore, it is well known
and fairly common for cells to lose their knockdown overtime, as well as develop a
compensation for the specific protein that is knocked down, which can obscure the initial
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biological effects. Because RESF1 appears to be altering transcription and translational
mechanisms itself, a potential change in expression levels or compensation overtime
would likely have significant changes on the phenotypes seen in the knockdown cells.
While this study has some limitations, particularly with reagents, there are many
strengths associated with the data collected. First, RESF1 was identified in an unbiased
manner using a well characterized GEMM for spontaneous tumorigenesis and metastasis
which resulted in a large sample size of mice with tumorigenic and metastatic
phenotypes. Second, the overall survival and distant metastasis free survival data agreed
with human breast cancer and distant metastasis free survival data. Taken together, this
shows our mouse genetics approach is relevant for human breast cancer. Third, the
variations of mouse experiments utilized to identify the tumor autonomous effect of Resf1
provides a multi-disciplined approach to provide confidence in the data. While tissue
culture cell lines are far from perfect, and are inherently changed, because we see similar
results in rRNA transcription levels in mouse tumors and triple negative cell lines, we
again can be confident in the resulting data. There is still much to do to identify the
mechanism by which RESF1 alters metastasis, but the many experimental techniques and
validations back to the mouse model system provides a strong base to move this project
forward in the future, as discussed in the next section.

7.3 Future Directions
Further study into the mechanism of RESF1 should focus on two main topics as
the foundation. First, what is the cellular location of RESF1 in varying tissue types?
Second, where is Resf1 binding DNA, and potentially RNA as well?
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As previously stated, RESF1 appears to be located in the nucleolus in some
human breast cancer IHC, but also in the cytoplasm and mixed staining in other sections.
When transiently transfected into mouse cells, it appears to be nuclear. Elucidating what
may be causing these cellular location changes may be key to understanding the
mechanism of RESF1.
One possibility is that RESF1 is involved in the cellular and/or the nucleolar
stress response. Cells use chaperone proteins such as 14-3-3 and lncRNAs to capture and
pack proteins in the nucleus and nucleolus during various type of cellular stress including
heat shock, hypoxia, and acidosis. Transduction of a VHL-GFP reporter construct into
control and knockdown RESF1 cells may help to answer this question. Similar to heat
shock protein 70 (Hsp70), VHL-GFP translocates from the cytoplasm to the nucleolus
upon heat shock. A difference in the kinetics of this translocation between RESF1 control
and knockdown cells may be able to determine if RESF1 plays a role in the sequestration
of proteins to the nucleolus. Identification of the cellular location of endogenous RESF1
during various cellular stresses may also provide more insight into whether RESF1 is
involved in a stress response. Additionally, cellular protein levels of RESF1 upon various
stresses will be able to determine if it is upregulated, downregulated, or unchanged and
provide insight into its role in the stress response. Determining RESF1 protein levels in
various stresses may also help explain why lower expression of RESF1 in both mice and
humans predicts worse survival in breast cancer.
Validation of an antibody for Resf1 will allow for various sequencing experiments
to be conducted. Previous ChIP-seq data shows that RESF1 may be sitting on the rRNA
cassette as well as downstream intergenic spacer regions. However, this data is from a
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tagged overexpression of Resf1 in mouse embryonic stem cells. ChIP-seq with
endogenous levels of RESF1 will help clarify which ChIP-seq peaks are real, and what
are false or exaggerated due to transient overexpression. Based on our current
observations outlined in Chapter 3, we would expect RESF1 to be heavily involved with
rRNA sequences. Additionally, downstream of the rRNA cassette are IGSs which have
been shown to be involved with the nucleolar stress response. Because we expect RESF1
to be involved with rRNA transcription, we would also want to perform DRIP-seq, to
determine if RESF1 is interacting with DNA-RNA hybrids and R-loops which are a
common feature of rRNA transcription. R-loops are common features of most
transcription, but misregulation can lead to genome instability and transcriptional
elongation defects [179], [180] which could also explain the transcriptional changes we
see. It is plausible that the increase in EU staining we see is due to transcription
elongation defects. Since many of the canonical pathways that are often involved with
transcriptional and translational monitoring have been explored, identification of RESF1
chromatin binding is crucial to understanding more of the targets that RESF1 binds and
interacts with to alter transcription. Additional preliminary data of repurposed ChIP-seq
data shows that RESF1 also heavily interacts with satellite non-coding RNA (satncRNA).
satncRNA are short repetitive sequences at the centromeres of chromosomes where the
kinetochore is assembled. Because of the highly repetitive nature of satncRNAs they are
a fairly new topic due to modern sequencing techniques. Also interacting with satncRNA
are Ubf and polymerase I and II which could also tie in with the transcriptional changes
observed. Further ChIP exploration with endogenous RESF1 will need to be conducted to
determine the extent of these interactions.
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7.4 Conclusions
In conclusion, our study finds that Resf1 is a metastasis modifier that influences
ER- breast cancer potentially by modifying RNA and ribosomal processing. It currently
has no known role in any human disease, though appears to have a striking influence on
transcriptional processes. These interactions disrupt cellular homeostasis and alters
protein translation as well. Our data suggests that RESF1 is present not only in the
nucleolus but also in the nucleus and cytoplasm, suggesting a shuttling effect upon
different cellular processes or stress. Importantly, our mouse data is in agreement with
human breast cancer and distant metastasis free survival data. RESF1 is a newly
characterized gene that may be added to the list of known metastasis modifiers and may
be used by oncologists in the future as a prognostic factor to identify patients at an
increased risk for metastatic breast cancer.
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CHAPTER 8: Materials and Methods

8.1 MOLF/EiJ Backcross and Identification of Candidate Genes
The FVB/nJ x [MOLF/EiJ x MMTV-PyMT/FVB] cross resulting in 171 N2
backcross animals is previously described in [181]. N2 backcross animals were
genotyped using the Center for Inherited Disease Research (www.cidr.jhmi.edu). QTL
analysis mapping was performed using the R/QTL program with the J/QTL interface
[97]. Significance of the QTL peaks was determined by having a p-value smaller than
0.05 after 10,000 permutations to correct for genome wide significance, in the same
manner as [21].

8.2 Cell Lines and Culture Methods
Mouse and human cell lines were cultured for various experiments. Mouse 6DT1
and Mvt1 cells, and human HEK293, MCF7, and MDA-MB-231 cells, were cultured in
full DMEM (Gibco CAT#: 10313039, 10% FBS, 1% penicillin streptomycin (P/S), 1%
glutamine). Cells were contained in tissue container dishes or flasks and incubated at 37
°C with 5% CO2. Stable knockdown cell lines were cultured with various selection
antibiotics described below.

8.3 Virus Production for Lentiviral Stable Knockdown
Plasmid constructs containing shRNA constructs against various genes were
obtained from Dharmacon or MISSION by Millipore Sigma. Constructs were delivered
as glycerol stocks and subsequently spread on 100μg/ml ampicillin agar plates, single
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clones were selected and grown overnight in LB with 100μg/ml ampicillin. Clones were
maxi-prepped with Qiagen EndoFree plasmid Maxi kit.
For production of lentiviral particles for transduction of target cell lines, first, 1 x
106 HEK293 cells were plated on 6cm tissue culture dishes in P/S free media 24 hours
before transfection. Cells were then transfected using Xtreme Gene 9 (Roche) and OptiMEM – Reduced Serum Media (Gibco) with 1 μg of shRNA, .25 μg pMD2.G, and .75 μg
psPAX2, the latter two the viral packaging plasmids. The following day, the media was
replaced with full DMEM, then incubated another 24 hours. One the same day the media
was replaced with Full DMEM, 1 x 105 cells of the target cell line was plated in 6 well
plates. One well to be transduced for each shRNA construct, one well for the control
scramble shRNA, and one well to be transduced by nothing as a control during selection.
Next, media containing viral particles from the HEK293 cells was collected and passed
through a .45 μm filter to remove any cellular debris. Viral media was immediately
placed on the target cell line, then 24 hours later aspirated off and replaced with fresh
Full DMEM for another 24 hours. After this 24 hour incubation period, DMEM was
removed and replaced with selection media. Selection media was Full DMEM containing
either 10 μg/mL puromycin for 6DT1 and 4T1 knockdown cells, or 2 μg/mLpuromycin
for MDA-MB-231 or MCF7 knockdown cells. Transduced cells were then maintained in
their selection media during the length of their culture.

8.4 Orthotopic Mouse Injections
Female virgin FVB/nJ and BALB/cJ mice were obtained from Jackson
Laboratories at ~6 weeks age and housed in the NCI Animal Facility for 2 weeks to
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acclimate before injections at ~8-9 weeks age. Virgin female athymic nu/nu mice were
obtained from NCI Frederick at the same age, however, they were not injected until ~18
weeks age.
For FVB/nJ and BALB/cJ mice, 6DT1 and 4T1 cells were plated in P/S and
selective antibiotic free media two days before injections. For nu/nu mice, MDA-MB-231
cells were also plated in the same manner. On the second day, cells were lifted with
0.05% trypsin, washed 3 times in PBS, counted, and resuspended in room temperature
PBS to a concentration of 1 x 105 cells per 100 μL. For spontaneous metastasis assays,
the 100 μL solution containing 1 x 105 cells were injected into the 4th mammary fat pad
of the mice. Mice were euthanized 28-30 days later using an intraperitoneal
administration of Avertin followed by a cervical dislocation. Primary tumors were
removed and weighed, and lungs were removed and surface metastases were counted
then placed in formalin for 24 hours followed by 70% ethanol. All singular metastasis
assay dissections were conducted by a single investigator after being blinded.

8.5 FVB/nJ x C57BL/6J 28Rik Heterozygous Mice
For semi tumor non-autonomous investigation of 28Rik, male 28Rik
heterozygous male C57BL/6J mice were bred with 11 week old WT female FVB/nJ
mice. The F1 generation were genotyped according to the protocol provided by the
Knockout Mouse Project from UC Davis, where the C57BL/6J 28Rik heterozygous
parental mice were initially obtained. The heterozygous F1 females were selected and
later used for the spontaneous metastasis assay previously described. WT 6DT1 cells
were prepared and injected into the 4th mammary fatpad in the same manner as
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previously described. Primary tumors and lungs were removed and analyzed using the
same manner previously described.

8.6 MMTV-PyMT/FVB x C57BL/6J 28Rik Heterozygous Mice
For a true tumor non-autonomous investigation of 28Rik, female 28Rik
heterozygous mice were crossed with male MMTV-PyMT/FVB mice. All mice in the F1
generation were genotyped for both the PyMT transgene and 28Rik zygosity. Females
that were WT and heterozygous for 28Rik and containing the PyMT transgene were
maintained until endpoint (~130days) when they were euthanized, and samples collected.
All mammary tumors were weighed and surface metastases counted on the lungs.

8.7 RNA Isolation, qRT-PCR, and RNA-seq
For RNA isolation to be used in qRT-PCR, cells were plated at equal density 1 or
2 days before RNA extraction. On the day of extraction, media was removed and TriPure
isolation reagent (Roche) was added to the dish to collect all cellular material and protect
RNA before purification. Pure RNA was then measured using a DeNovix DS-11
Spectrophotometer before being reverse transcribed using iScript (BioRad). After reverse
transcription, RNA was measured for a second time with the DeNovix DS-11 and
samples were altered with varying amounts of DEPC water to have exactly the same
concentration. Quantitative real time PCR (qRT-PCR) was performed using Veriquest
SYBR Green qRT-PCR master mix (Affymetrix). mRNA expression was measured by
the threshold cycle. Normalization of target mRNA counts were normalized to either
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for human samples, or
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Peptidylprolyl isomerase (Ppib) for mouse samples. The Ct of the normalization gene
was subtracted from the Ct of the target genes (ΔCt). Expression levels of the target
genes calculated using the equation: Expression = 2^-(ΔCt)*1000 and compared to the
scramble control. Controls were normalized to 1 and experimental targets relatively
compared.

Table 8.1: Primer sequences

For extraction of ultra-pure RNA to be used in RNA-seq, cells were again plated
at equal density in triplicate per condition. On day of extraction, one or two days after
plating, media was removed and TriPure isolation reagent was added. After the samples
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were centrifuged to separate the RNA and organic phases, the RNA phase was removed
without disturbing the organic phase and isopropanol was added to precipitate. The RNA
isopropanol precipitation sample mixture was then added to a Qiagen RNeasy Spin
column. Samples were then purified using the Qiagen RNeasy Kit. After purification,
samples were sent to be analyzed by the Agilent 2200 TapeStation electrophoresis
system. All samples used for RNA-seq had an RNA integrity number (RIN) score greater
than 9 and were sent to Frederick National Labs for sequencing.

8.8 Protein Extraction
Prior to protein extraction, cells were plated at equal density on tissue culture
plates. After 1 or 2 days, media on the plates was removed and cells were washed once
with PBS, then additional 1mL of PBS was added to the plate while cells were scraped
off and added to an Eppendorf tube. Cells were gently spun down at 4C, supernatant
removed, and Golden Lysis Buffer (20mM Tris pH 8.0, 400mM NaCl, 5mM EDTA,
1mM EGTA, 10mM NaF, 1mM Na Pyrophospate, 1% Triton X-100, 10% Glycerol,
Complete EDTA-free protease inhibitor cocktail (Roche), and phosphatase inhibitor
(Sigma)) was added to the cell pellet to extract protein. Protein lysate was then measured
using the Pierce BCA Protein Assay Kit and measured at 560nm wavelength on a
Versamax spectrophotometer.

8.9 Western Blotting
Equal amounts of protein lysate previously measured and extracted had
proportional amounts of NuPage Reducing agent and NuPage LDS Sample Buffer
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(Invitrogen) added to each sample. Samples were then boiled for 5 minutes before being
loaded onto varying Polyacrylamide gels (PAGE) with the appropriate buffer to separate
the proteins in the gel during the run cycle. Gels were removed from the cassettes and
transferred to PVDF membranes (Millipore) using a wet transfer method. Membranes
were then blocked in 5% milk or BSA in 0.05% TBST (Tris buffered saline and Tween)
for one hour before it was removed and primary antibody diluted in the same milk or
BSA mixture was added for overnight incubation at 4C. Membranes were washed 3 times
with TBST before adding secondary antibody diluted in milk or BSA for 1 hour at room
temperature. Membranes were washed 3 times with TBST again before ECL Prime
Western Blotting Detection Reagent (GE Healthcare) was added for 5 minutes for
activation. Membranes were then imaged with ChemiDoc Touch Imaging System
(BioRad) or the ImageQuant 800 OD (Amersham). Densitometry analysis was performed
using ImageJ.

8.10 Nuclear Co-Immunoprecipitation
To study the physical interactions of proteins of interest in the nucleus, we used
the Active Motif Nuclear Complex Co-IP Kit. One or two days before using the kit, cells
were plated at equal densities on tissue culture plates. Using the kit, cells were
fractionated and nuclear lysate was collected. Lysate was then added to a 2mL low
retention tube at equal concentrations with the appropriate kit buffer and 3μg of the
antibody against a select target and incubated overnight rotating at 4C. The next day,
Protein G Dynabeads (Invitrogen) capture beads were washed 3 times with the kit wash
buffer, then 50μL of beads were added to each sample then placed on the rotator for 1
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hour at 4C. After incubation, beads were washed 3 times with kit buffer. Reducing
loading buffer from the kit was added to each sample before being boiled for 5 minutes,
then samples were run on PAGE gels for western blot as previously described.

8.11 Ethinyl Uridine (EU) Pulse
Cells were plated at equal densities on #1.5 glass coverslips that were placed in 6
well plates. Coverslips were either coated with 20μg/mL fibronectin for 1 hour at 37C or
nothing. After 1 or 2 days, cells were incubated for 30 minutes with EU from a Click-iT
RNA Imaging Kit (Invitrogen). After incubation, cells were fixed and processed through
the kit protocol. After Click chemistry was utilized to add Alexa Fluor 488 or 594 to EU,
Dapi was incubated, then washed 2 times with PBS. Cells were then mounted on slides
with ProLong Glass Antifade Mountant (Invitrogen), then sealed with clear nail polish.
Confocal images were taken using either a Zeiss LSM 710 or 880.

8.12 O-propargyl-puromycin (OPP) Pulse
Cells were plated at equal densities on #1.5 glass coverslips that were placed in 6
well plates. Coverslips were either coated with 20μg/mL fibronectin for 1 hour at 37C or
nothing. After 1 or 2 days, cells were incubated for 30 minutes with OPP from a Click-iT
Protein Imaging Kit (Invitrogen). After incubation, cells were fixed and processed
through the kit protocol. After Click chemistry was utilized to add Alexa Fluor 488 or
594 to EU, Dapi was incubated, then washed 2 times with PBS. Cells were then mounted
on slides with ProLong Glass Antifade Mountant (Invitrogen), then sealed with clear nail
polish. Confocal images were taken using either a Zeiss LSM 710 or 880.
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8.13 Immunofluorescence Staining
Cells were plated at equal densities on #1.5 glass coverslips that were placed in 6
well plates. Coverslips were either coated with 20μg/mL fibronectin for 1 hour at 37C or
nothing. After 1 or 2 days, media was removed from cells, washed 3 times with PBS then
fixed with room temperature 4% paraformaldehyde (PFA) for 15 minutes. PFA was
removed, then coverslips washed 2 times with PBS. After washed, 0.5mM Glycine was
added for 15 minutes to quench reaction. Glycine was then removed and 0.1% Triton X100 was added for 15 minutes to permeabilize the cells. After permeabilization, cells
were washed 3 times with PBS, 5% goat serum was added for 1 hour for blocking. After
blocking, cells were washed 3 times with 0.1% BSA in PBS before primary antibody
incubation. Primary antibody mixture contained antibody diluted to appropriate
concentration in 0.1% BSA in PBS and was incubated for 1 hour. Coverslips were then
washed 3 times with 0.1% BSA in PBS before adding secondary antibody diluted in 0.1%
BSA in PBS for one hour. Coverslips were then washed 3 times with 0.1% BSA in PBS
before a final wash with just PBS. During this final wash, NucBlue (Invitrogen) was
added to the PBS for 10 minutes, then washed away 3 times with PBS. Coverslips were
then mounted on slides with ProLong Glass Antifade Mountant (Invitrogen) then sealed
clear nail polish.

8.14 H3K9me3 Assay
Cells were plated on 6cm tissue culture plates in triplicate 1 or 2 days before
histone extraction. Histone extraction was performed using the EpiQuik Total Histone
Extraction Kit (Epigentek). After extraction, histone lysate concentration was determined
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by Pierce BCA Protein Assay Kit and measured at 560nm wavelength on a Versamax
spectrophotometer.
To examine global H3K9me3 levels, the EpiQuik Global Tri-Methyl Histone H3K9 Quantification Kit – Colorimetric (Epigentek) was used. For a standard control, the
recommended 7 dilution concentrations plus an 8th well for a blank were used. For lysate
samples, 200ng of the extract was loaded in triplicate into the capture wells of the 96 well
strip plate (triplicate of triplicate experimentally). After following the protocol, the
colorimetric results were read on a Versamax spectrophotometer at 450nm.
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