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Abstract

Lysine demethylase 5B as a mediator of collective invasion
By Elizabeth L. Zoeller

Metastatic disease is the primary cause of death in cancer patients. Therapeutic targeting of the
metastatic process has not performed well because of the complexity of the multi-step process and
difficulty identifying molecular targets. Recent discoveries point to collective cell invasion, in which a
group of cells invade in a coordinated, cooperative manner and can contain distinct functional
populations such as cells that lead and cells that follow, as key to successful metastases formation both
during the initial invasive steps leaving the primary site and the later establishment of tumors at a
distant site. Given the many adaptions to changes in environment required of metastatic cells, survival
of these cells depends on plasticity in gene expression, making epigenetic regulators promising anti-
metastatic targets. In fact, many inhibitors of epigenetic enzymes are currently in development as anti-
cancer treatments. Among these, lysine demethylase 5B (KDM5B) and fellow KDM5 family members
are being rigorously investigated in efforts to develop effective and selective inhibitors. KDM5 family
members are overexpressed across many cancer types. Moreover, KDM5B has been positively
associated with invasive cell behavior in multiple cancers. To clarify the role of KDMD5B in collective
invasion, we utilized a non-small cell lung cancer model of leader and follower populations isolated
from cells invading as a collective chain. Followers expressed less KDM5B overall and a mutant
version of KDM5B that was absent from leaders, leading us to hypothesize that intact KDM5B is a
requirement of leader cell behavior and decreased KIDM5B activity defines follower cells. By
measuring invasive behaviors after overexpressing wild-type or mutant KIDM5B across leader and
follower cells, we found that chain formation was enhanced by the presence of both KDM5B active
and KDM05B deficient populations. Next, to determine the feasibility of preventing collective invasion
through chemical inhibition of KDMS5 enzymes, we tested several compounds in our invasive model.
Although we did not successfully identify a treatment protocol against invasive behaviors, KDM5B
and family members remain promising anti-metastatic targets. Here we uncover a novel role for
KDMB5B in collective invasion and take a step towards understanding and preventing the occurrence
of metastasis.
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Chapter 1

Introduction



1.1 Metastasis and mortality

Cancer is the second highest cause of mortality in the United States with more than 1.7 million
new cases and over 600,000 deaths projected to occur in 2019 [1]. Of these cases, the vast majority of
deaths are attributable to metastatic spread from the primary tumor site to distant organs in the body
[2]. Metastasis occurs as cancer cells leave the tumor and organ in which they developed and move to
another organ where the proliferate and establish new tumors at this secondary site. Metastasis
becomes fatal when the growing metastatic tumors overwhelm the organs that house them and shut
down vital functions for the human body.

The deadly effects of metastasis are well exemplified by the course of lung cancer. Within all
cancer types, lung cancer accounts for one quarter of deaths caused by cancer and has less than a
twenty percent five year survival rate [1]. If lung cancer is diagnosed when the disease remains localized
to the primary site, the five-year survival rate is 54% [3]. However, as the disease progresses to a
regional stage and then to stages with distant metastasis, this survival rate drops from 26% to 4%
respectively [3]. Metastatic spread of tumor cells is clearly associated with decreased survival. Targeting

metastasis is an opportunity to save lives.

1.2 Heterogeneity in cancer

Our comprehension of the biology of cancer is further complicated by intratumor
heterogeneity (ITH). ITH arises as genetic changes occur in a cell that expands to form a subclonal
population within a tumor. I'TH itself varies in degree from cancer type to cancer type and from tumor
to tumor [4]. One study of glioma found that from 0 to 8,000 mutations were heterogeneous either in
the primary tumor or between the primary tumor and recurrent or metastatic sites [5]. Within non-
small cell lung cancer (NSCLC), two recent studies that sequenced multiple regions of primary lung

tumors found that around 24% to 30% of detected mutations were omitted from at least one of the



sampled regions [6, 7]. These results indicate that almost a third of mutations occur in spatially distinct
subclonal populations and could be missed if only one region of tumor were sampled. Recent advances
in technology have greatly increased our ability to detect ITH. Multiregional sequencing, genetic
screening of single cells, or single-cell-derived clones, and single-cell sequencing are some of these
advanced technical tools [8-17]. Bioinformatic tools to process these sequencing data have also
allowed for great advances in understanding the I'TH landscape across tumors [4, 18-23]. However,
our knowledge of I'TH will always be limited to the samples that are collected for sequencing—that is
multiple regions of tumors must be collected to fully capture degree of heterogeneity [4].

An important aspect of ITH is that this heterogeneity offers diverse phenotypes on which
evolutionary selection can act [24, 25]. After the initial development of cancer and acquisition of
malignant traits, most models of ITH are consistent with neutral growth—i.e. diversity is maintained
because little to no selective pressure causes a single subclone to outcompete its neighbors [8, 26-28].
However, some conditions can exert selective pressure on certain subclonal populations [29, 30]. Two
of the greatest soutces of selective pressure are clinical treatment of the tumor and invasion/migration
of tumor cells into a new environment [31, 32]. While the dominant subclone or subclones may be
treatment sensitive, a lesser subclone may have acquired mutations that enable its daughter cells to
thrive and expand even in the context of the therapeutic treatment [33-37]. In the case of invasion
and metastasis, cells are entering a new environment and must demonstrate traits unknown to the bulk
of the primary tumor [38-41]. As diversity in genotype increases so does the probability that one of

these subclones gains the ability to resist treatment or to survive in a novel environment.

1.3 EMT and the metastatic process

The multiple steps leading to successful metastasis are collectively termed the metastatic

cascade [42-45]. To complete the metastatic cascade, cancer cells must invade the local tissues



surrounding the primary tumor site, intravasate into the circulatory system, survive transit while
circulating, including a possible period of dormancy that could last up to several years, arrest their
circulation within the bloodstream, extravasate from the vascular walls and into distant tissues,
establish a microscopic colony, and finally, survive and proliferate to form a detectable metastatic
tumor [45]. Given the complexity of this route, metastasis is unsurprisingly an inefficient process with
some estimates that as few as 0.01% of cells that leave the tumor and enter the blood stream actually
develop into a secondary tumor [46, 47]. And yet, metastasized tumors are still major killers. Further
reducing the efficiency of this process by close examination of each step is necessary for successfully
targeting metastasis.

Much focus of research has been placed on the first step of the metastatic cascade—where a
cell changes from fixed to motile. This change marks a fundamental shift in cell identity from a cell
with no potential to metastasize to one that could. As tumor cells rapidly proliferate, they outgrow
their supply of oxygen and nutrients provided by their inceptive vasculature [43, 48, 49]. Cancer cells
often resort to several common strategies to handle the hypoxic environment—grow a new blood
supply (i.e. angiogenesis), alter their metabolism, or escape the primary tumor site [48, 49]. In the
context of metastasis, the last mode of accommodation is most relevant. Central to this shift is the
epithelial-to-mesenchymal transition (EMT). Indeed, protein markers of migration and EMT, such as
Twist, Snail, and COOH-terminal binding proteins, are upregulated in human tumor samples in the
context of hypoxia [50-54]. While EMT has an important role during normal development as in
embryogenesis and during wound healing in the adult, this programmed process is exploited by cancer
cells to shed epithelial traits and gain those of mesenchymal cells as they move out of their native
environment [55].

EMT is a spectrum of acquired traits with a number of intervening metastable phenotypes [56,

57]. At the epithelial end, cells demonstrate apical-basal polarity, a high number of cell-cell junctions,



and a noticeable lack of motility. At the mesenchymal end of the spectrum, cells display front-back
polarity, lack cell-cell junctions, are capable of degrading and passing through the extracellular matrix,
and importantly, are highly motile [55, 58-60]. Molecularly, epithelial cells are often defined by the
expression of E-cadherin, occludins, and cytokeratins, whereas N-cadherin and vimentin mark the
mesenchymal state [61].

When cancer cells halt their movement to sprout distant metastases, these cells must
reestablish their stationary, epithelial traits in process called the mesenchymal-to-epithelial transition
(MET) [62-68]. Provided the circulating tumor cells survive the physical forces and potential attacks
from the immune system that cells are subject to after entering the blood stream, cells must migrate
through the endothelial wall to extravasate [45, 69, 70]. At this point, many cancers may fail to thrive
or enter a dormant state [71]. Those cells that do develop into full-fledged metastatic cancer likely
regain some of the epithelial traits that made the primary tumor so successful at proliferation [45, 62].
In point of fact, quite a number of studies have shown that a MET reprogramming is essential for

establishing a metastatic colony [45, 63, 64, 67, 72].

1.4 Collective invasion and the origins of metastatic lesions

While invasion by single cancer cells has been well studied, collective invasion by groups of
cancer cells has recently become recognized as an important mode of movement. During normal
development and malignant progression, cohesive groups of cells move in a coordinated, cooperative
manner [73]. This process is called “collective migration” in the context of normal development and
other benign conditions, such as wound healing, and called “collective invasion” when the cells are
cancerous and invading the surrounding stroma [74]. During embryogenesis, collective migration
occurs in such processes as migration of neural crest cells and morphogenesis of ducts, glands, and

vessels [75-80]. Collective invasion is characterized by the maintenance of cell-cell junctions



throughout the movement of a group of cells and by the supracellular organization mediated by the
actin cytoskeleton that integrates cell forces along a front to rear polarity |75, 81]. Cancer cells co-opt
the programming underlying these processes in normal development much like that which occurs
during EMT as they invade collectively out of a tumor.

Despite having a higher velocity, single cell migration is less efficient than collective migration
due to the quick movements of single cells along an inconstant course [73]. Collective migration is a
more persistent, directional movement of cells [73]. Collective migration has even been proposed as
the predominant form of invasion leading to established metastasis [82]. Early in modern studies of
cancer, single cells and cluster of cancer cells were found in blood samples from cancer patients [44].
Early animal models demonstrated that these clusters could also survive passage through the lung and
were more efficient at producing metastases than single cells following tail vein injection [83, 84]. More
recent studies have focused on clonality within metastases. If just one single cell seeds a metastatic
site, the resulting tumor would be monoclonal, but if seeded by a cluster of cells, the secondary tumor
may be polyclonal [82]. In prostate cancer, frequent polyclonal seeding from the primary tumor has
been found at secondary sites and from existing metastases to new sites in the body [85].

The possibility that a polyclonal metastatic site results from multiple re-seedings by single cells
exists. Mouse models involving the use of primary tumors comprised of cells expressing fluorescent
proteins of varying colors have helped untangle this conundrum [82, 86-88]. Three independent
research groups found multicolor metastases when the primary tumor was multicolored,
demonstrating that the metastases were indeed polyclonal as is consistent with seeding by a cluster of
cells [86-88]. Moreover, one group working in an orthotopic breast cancer model established that
when creating single color tumors (one color tumor per side, separate colors per tumor), mostly single-
color metastases form, indicating a single tumor origin [86]. Similar results were obtained in an

autochthonous pancreatic cancer model expressing a multi-colored lineage labeling system [87].



Strikingly, by quantifying the relationship of the extent of clonal mixing in the primary tumor with the
frequency of detection of multicolored metastases in a spontaneous breast cancer model also utilizing
a multi-colored lineage labeling system, a further study estimated that more than 97% of metastases
were derived from tumor cell clusters [88]. Thus, collective groups of cells invading and migrating

together through the body are significant contributors to the formation of metastases.

1.5 Leader and follower cells

Cells that are migrating (or invading) collectively can be divided into two functionally discrete
groups—Ileaders at the front of the pack leading along the invasive/migrating edge and the followers
trailing behind, attached by cell-cell junctions [89]. Leader cells are called such because they are located
at the leading edge of invasion, sense migration cues in the microenvironment, and control where and
how fast the group of cells move [73]. Each leader cell is polarized into two distinct regions: the
leading free edge of the cell which is exposed to the surrounding environment, including a plethora
of external signals such as chemoattractants, and the trailing portion of the cell in which cell-cell
junctions form connections with the follower cells and delimit the range of motion of the leading cell
[73, 74, 89, 90]. Follower cells, by default, are the cells that follow the leaders behind the invasive front
but may have a more significant role than just that of passive passengers.

In fact, cells are selected as leaders by their responses to these external cues, which include the
extracellular matrix (ECM), soluble factors, and even interactions with other cells [73]. Integrins act
to mediate signaling between cells and the ECM and respond to the stiffness and composition of the
ECM [91, 92]. During intradermal tumor xenografts in mice, the ECM provided directional cues to
multicellular streams of cells [73, 93, 94]. Integrin-mediated signaling triggered by interactions with
the ECM during z» vitro wound healing assays resulted in rearrangements of the cytoskeleton, structural

reorganization, and morphological polarization—canonical characteristics of leader cells [73, 90, 95].



In turn, leaders also modify and remodel the ECM as they travel through the ECM and enlarge the
migration tract. Leaders alter the ECM through the focal-adhesion generated traction which reorients
matrix fibers and thereby promotes directional guidance and cell streaming. Leaders further alter the
ECM through the secretion of matrix metalloproteases, which directly remodel ECM fibers, and
secretion of ECM components, which change the nature and structure on which the cells migrate and
increases the polarity of the migrating cell pack [73, 93, 94, 96, 97].

Additionally, collective migration can be stimulated by soluble factors, such as nitrous oxide,
vascular endothelial growth factors (VEGFs), fibroblast growth factor, epidermal growth factor, and
several other cytokines [90, 98-109]. These soluble factors can promote cell polatization and/or
protrusions, often through downstream signaling aimed at actin polymerization, and active
intracellular signaling which controls gene expression patterns characterizing leader cell behavior [73,
110-113]. Movement along a chemical gradient is called chemotaxis and requires a source and a sink
(Fig. 1.1A) [114]. Within a collectively migrating pack, the follower cells can aid in the creation of a
chemical gradient by acting as a sink, by removing the chemical or signaling molecular from the
environment, either by destruction or expressing substrate-binding receptors unique to the rear of a
pack [73, 115, 116]. One example of such behavior occurs in melanoma cells for which
lysophosphatidic acts strong attractant and which break down lysophosphatidic acid (LPA), resulting
in a higher concentration of this attractant outside of the group of cells than within the group (Fig.
1.1B) [117].

Followers further polarize leader cells through the use of contact inhibition of locomotion
(CIL). CIL occurs when a moving cell encounters another cell and changes its trajectory of motion
away from the second cell (Fig. 1.2A). This process is an active one in which cell protrusions collapse
at the side of collision and extend from the opposite end and is mediated by RHOA and RAC signaling

[118]. At the point of contact, interactions of cell surface molecules, including cadherins [115, 119,



120], ephrin and EPH receptors [121-123], members of the planar cell polarity pathway [124-126], and
syndecan 4 [127], ultimately lead to the activation of RHOA and inhibition of RAC around the contact
(Fig. 1.2B) [73, 128-130]. This switch in the activity of RHOA and RAC creates major changes in the
cytoskeleton through microtubule catastrophe and disassembly of focal adhesions, and actin
contractility and collapse of protrusions at the contact site [128, 131-134|. Conversely, activation of
RAC at the end opposite the contact results in microtubule and microfilament polymerization,
stabilization of focal adhesions, and generation of new protrusions [129, 135-137]. The new
protrusions complete the last step of CIL by permitting movement away from the site of contact.
Some studies of leader cells have demonstrated that they can generate enough force to drag a
large number of followers behind them [138]. At their leading edge, leader cells generate traction forces
through focal adhesions which associate with acto-myosin cables to promote contraction of the cell
body and to transmit these forces across several rows of followers (Fig. 1.3A,B) [139, 140]. Followers
are able to respond to mechanical stimuli through mechanotransducers, such as talin in focal adhesion
and a-catenin in adherens junctions, which change conformation because of the stretching force
applied to them [141, 142]. For instance, stretching a-catenin exposes a protein domain capable of
binding vinculin, which permits more recruitment of actin and strengthens the adherens junction (Fig.
1.3C) [143-145]. Stress forces distribute in manner across several rows of cells in a monolayer that
cannot be explained by a model in which only leader cells generate traction, thus implicating that
follower cells themselves can generate some traction [146]. One concept that can explain how these
follower cells may also create pulling forces in the same direction as leader cells is that of plithotaxis,
in which cells move in the direction of highest principle stress as a means to minimize intercellular
shear stress [81, 147-149]. All in all, there are many physical forces and molecules contributing to the

physiology of collective invasion.
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1.6 Epigenetics in cancer

Epigenetics refers to heritable changes in gene expression and chromatin organization not
caused by alterations in the DNA sequence [150]. The epigenome maintains differentiated states in
normal tissues but, when aberrantly regulated, contributes significantly to the development and
progression of cancer [151]. According to recent next-generation sequencing studies, more than half
of human cancers possess mutations in the enzymes that organize the chromatin [151-153].
Additionally, the epigenome of cancer cells is profoundly disrupted when compared to that of normal
tissues [152, 154, 155]. A fundamental aspect of epigenetic profiles is their reversibility. As epigenetic
proteins regulate gene transcription and cell fate, their activity can profoundly alter phenotype in a
relatively short period of time [156]. Moreover, these changes in phenotype can be reversed. The term
plasticity encompasses this ability of cancer cell cells to change phenotype [156]. This plasticity is
essential as cells transition between epithelial and mesenchymal states or adapt and develop resistance
to therapeutics [57, 157].

The basic unit of chromatin at which epigenetic enzymes act is the nucleosome, which consists
of the 147 base pairs of DNA wrapped around this protein complex and the eight histone proteins
(two each of H2A, H2B, H3, and H4) that compose the complex [158]. Epigenetic enzymes regulate
the relative accessibility of genes to transcription machinery and are divided into three functional
classes—writers, readers, and erasers [159]. Writers covalently modify the molecules of the
nucleosome, readers recognize these modifications and recruit more proteins to further modify or
remodel the surrounding genomic region, and finally, erasers remove the modifications, which allows
for plasticity in gene expression [151, 159]. Each of these steps represent a potential therapeutic
target—either in a single agent or combination therapy protocol.

For DNA, cytosine residues, when followed immediately by guanine residues (CpG site), may

be modified by methylation through DNA methyl transferase enzymes (DNMTs) [160]. DNA
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methylation is then read by proteins containing methyl-CpG binding domains (MBD) [161]. Ten-
eleven translocation (TET) enzyme family members iteratively oxidize the methylated cytosines [150,
162-164]. Each of these oxidized modifications may have a role in regulating gene expression, but
importantly, TET enzymes act as erasers of DNA methylation by creating a hydroxylmethylated
cytosine that can be targeted for removal by DNA repair machinery [165-169]. The interpretation of
DNA methylation is context dependent. DNA methylation in promoters containing a large proportion
of CpG sites (so called CpG islands) represses gene expression [170]. However, in actively transcribed
gene bodies, CpG sites are often methylated [170]. DNMT's were among the first epigenetic targets
for which cancer chemotherapeutics were developed. The DNMT inhibitors azacytidine and
decitabine are cytidine analogs that trap DNMTs onto the DNA in which these analogs are
incorporated and lead to the degradation of DNMT's [171]. These inhibitors are broad reprogrammers
that cause large scale changes in gene expression and target all cells entering S-phase as opposed to
cancer cells expressing particular gene profiles [151, 172]. While approved for use in myelodysplastic
syndrome and acute myeloid leukemia, DNMT inhibitor use is limited in solid tumors due to their
toxicity, short half-lives, and possibly lack of specificity [151, 173-179].

Histones are the other major components of the nucleosome. Eight histones make up a
nucleosome with two each of four different proteins, histone 2A (H2A), histone 2B (H2B), histone 3
(H3), and histone 4 (H4) [150]. The N-terminal tail of histones are loosely structured and provide an
easily accessible substrate for post-translational modifications and proteins (such as readers, erasers,
and chromatin remodelers) to bind to these modifications [180]. Histones are subject to at least 16
classes of modification at over 60 documented residues [150, 180, 181]. As with DNA modifications,
the consequences of histone modifications are dependent upon the position of the modified residue
on a histone tail and the modifications to other surrounding amino acids [158, 180]. Lysine methylation

and lysine acetylation are the primary histone modifications and currently the most targeted for
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therapeutic intervention [150, 151, 159]. Histone lysine methyltransferases (IKMT's) and histone lysine
acetyltransferases (HATSs) are writers for these modifications, histone lysine demethylases (KDMs)
and histone deacetylases are their erasers, and a large number of protein domains are able to detect
these marks [151].

Broad inhibitors of all HDACs have been approved for lymphoma and multiple myeloma for
several years now [151, 182]. Additionally, small molecule inhibitors that target the bromodomains of
all BET proteins, which read acetylated lysines, are also in clinical trials [151]. Furthermore, readers,
writers, and erasers of histone modifications offer the opportunity to develop therapies specifically
targeted to cancer cells, which may only overexpress a particular histone modifying protein. For
example, several inhibitors of EZH2, an HMT that methylates H3K27, are in clinical trials as this
enzyme is positively correlated with poor prognosis and tumor aggressiveness across several cancer
types and is subject to activating mutations in multiple types of lymphoma [151, 159, 183-192].
Currently, inhibitors of DOT1L, an H3K27 methyltransferase, and KDM1A, an H3K4 and H3K9
demethylase (also called LSD1), are also being tested in clinical trials [151, 159, 193-201]. Many more

inhibitors with many more histone-related targets are in pre-clinical research across the globe.

1.7 Functions of the lysine demethylase 5 family

The lysine demethylase 5 family (KIDM5s) consists of four closely relate proteins (KDM5A,
KDM5B, KDM5C, and KDM5D) which remove mono-, di-, and tri-methylation of H3K4 [202-207].
While traditionally considered transcriptional repressors because of their tendency to demethylate
activating marks H3K4me2/3 from promoters, KDMS5 can be activating ot repressing depending on
the context of the target methylation site [208]. Members of this family are additionally characterized
by a split catalytic Jumonji domain with a DNA-binding ARID, AT-rich interacting domain, and PHD

finger (PHD1) intervening between the N-terminal (JmjN) and C-terminal (JmjC), as well as a CsHC,
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zinc finger and an additional one (PHD?2) or two PHD fingers (PHD?3, only in KDM5A and KDM5B)
(Fig. 1.4) [202, 204, 208-212]. Besides the two halves of the Jumonji domain, the CsHC, zinc finger is
necessary for catalytic activity of the protein [204, 213]. The PHD domains aid in substrate
recognition. In KDM5B and to some extent in KDM5A, the PHD1 domain recognizes H3K4me0,
which may stabilize target gene repression by preventing re-methylation or promoting removal of
adjacent H3K4me2/3, but in KDM5C, the PHD1 domain binds H3K9me2/3 [206, 207, 212, 214,
215]. The PHD3 domains of KDM5A and KDM5B bind the substrate H3K4me3 [214].

The KDMS5s play significant roles in normal development. While KDM5A knockout mice
appear to be without defect, KDMb5A is ubiquitously expressed in adult tissues, binds Rb to promote
differentiation, and along with KDMD5B, helps activate the zygotic genome, with peak expression at
the blastocyst stage [216-220]. In adult tissues, KDM5B is only expressed highly in the testis and
pregnant mammary gland and moderately expressed in the eye, prostrate, and ovary with expression
varying temporally and spatially throughout the embryo in early development [221, 222]. Studies of
stem cells have shown that loss of KDM5B extends self-renewal in embryonic stem cells and
accelerates induced pluripotent stem cell reprogramming, indicating that KIDM5B has a central role in
regulating differentiation [223, 224]. Three reports of KDM5B knockout mice demonstrated great
variance in phenotype. In the first, complete KDM5B knockout, generated by replacing exon 1
through flanking the loxP-neomycin-LoxP expression cassette in a C57bl/129/ola mouse
background, was eatly embryonic lethal around day E4.5 to E7.5 [2106]. The second KDM5B knockout
study, which utilized a lacZ-Neo-reporter cassette flanked by FRT sites was inserted between exons 5
and 6 with exon 6 of KDM5B was flanked by loxP sites to create a frameshift mutation and subsequent
termination mutation in a C57BL/6N; Rosa26::CreERT2 mouse background, found major neonatal
lethality due to respiratory failure and neural and skeletal defects [225]. By generating KDM5B

knockdown mice of C57BL/6 through a gene trap cassette to cteate a truncated protein, the third
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study produced mostly viable KDM5B null mice with decreased body weight, reduced female fertility,
diminished serum estrogen levels, and delayed mammary development with supporting evidence of
defects in mammary morphogenesis and gene expression signifying that KDM5B positively regulates
mammary development, results supported by a mouse model expressing ARID deleted KDM5B [216,
222]. The differences between these studies have been attributed to differences in genetic background
of the mice and colony maintenance [222, 220]. Expressed throughout adult tissues and necessary for
embryonic development in mice, KDM5C, which is located on the X chromosome and is one of the
few genes to escape X inactivation, has multiple documented inherited mutations linked to intellectual
disability in humans [227-231]. Moreover, KDM5A and KDM5B have too been associated with
disorders of intellectual disability [232-234]. The least studied member of this family is KDMS5D.
Located on the Y chromosome, KDM5D is expressed in all male tissues and is important in

spermatogenesis [235].

1.8 Roles of lysine demethylase 5B in cancer

All four KDM5 family members have established roles in carcinogenesis. KDM5A is
overexpressed in glioblastoma and gastric and hepatic cancers, positively regulates the expression of
VEGTF and angiogenesis, and positively regulates EMT and metastasis [236-242]. KDM5C is either a
tumor suppressor or oncogene depending on context. In clear cell renal carcinoma, loss of KDM5C
enhances transcription of heterochromatic noncoding RNAs and consequently leads to genomic
instability [243-247]. Yet, KDM5C expression is also associated with poor prognosis in breast and
prostate cancer and drives invasion in hepatocellular carcinoma [248-250]. Loss of KDM5D promotes
prostate cancer and clear cell renal carcinoma [250-253]. However, of all the KDMJ5 proteins, KDM5B
has the most established role in carcinogenesis and cancer progression. Initially, KDM5B was

identified as a gene overexpressed in breast cancer, years before the first instance of lysine
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demethylation was detected [254]. In the ensuing years, KDM5B has also been found to be
overexpressed in melanoma, glioma, liver cancer, lung cancer, bladder cancer, colorectal cancer, gastric
cancer, prostate cancer, ovarian cancer, osteosarcoma, head and neck cancer [255-263]. KDM5B
represses tumor suppressors BRCA1, CAV1, and HOXAD5 by directly demethylating H3K4 at these
genes [204, 264, 265]. KIDM5B overexpression can also result in increases of downstream targets, such
as cell cycle regulators E2F1 and E2F2 and the long non-coding RNA MALAT1, which promotes
migration and invasion [266-268]. Moreover, KDMb5B is positively associated with EMT, migration,
and invasive behavior in lung cancer, gastric cancer, hepatocellular carcinoma, breast cancer [259, 268-
273].

Fascinatingly, KDM5 members have repeatedly been implicated in the persistence of therapy
resistant cancer cell populations. Recently, KDM5A was found to support a small subpopulation of
reversibly drug-tolerant cells in cell lines across several cancer types (lung cancer, gastric cancer,
melanoma, colorectal cancer, and breast cancer) and treated with several targeted and DNA damaging
therapies [274]. KDMO5A has also been linked to resistance to DNA damaging agent temozolomide in
glioblastoma and to EGFR inhibitor etlotinib in breast cancer [236, 275]. Similarly, KDM5B marks a
slow-cycling, multi-drug resistant subpopulation of melanoma cells and is associated with
chemoresistance in ovarian cancer, neuroblastoma, and breast cancer [249, 276-279]. Moreover,
KDMB5B is connected to radioresistance in oral squamous cell carcinoma and non-small cell lung
cancer through its involvement in recruitment of DNA repair machinery [280, 281]. To combat
therapy resistance and to target other oncogenic effects of KDM5 family members, a number of
inhibitors are currently in development to curtail the KIDM5 demethylase activity [282-286]. However,
specificity in targeting just the KIDM5 family, let alone individual members, has been limiting in this

endeavor [208, 287].
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1.9 Dissertation goals

The goals of this dissertation are to establish how KDM5B defines leader and follower cancer
cell subtypes and drives their unique invasive behaviors and to assess the feasibility of KDMD5B as an
anti-metastatic therapeutic target. Previous work in H1299 non-small cell lung cancer (NSCLC) cells
enabled us to examine leader and follower cells separately, both to understand the biology that
differentiates the subpopulations and to determine how they differ in their behavior when cultured
separately [288]. Leader cells invade extensively in chains and divide slowly, often with mitotic defects.
Follower cells invade far less and maintain a round spheroid but proliferate much more quickly.
Moreover, the cells have several underlying genetic differences, including a mutation in KIDM5B, as
shown in Chapter 2. These phenotypes are sustained over several passages, and study of them offers
the possibility of discovering novel mechanisms by which known proteins contribute to metastasis.
Firstly, in Chapter 2, we confirm that previously identified mutations from early RNA-seq performed
on leader and follower cells are exclusive to and delimit each subpopulation through extensive
resequencing. Secondly, the work in Chapter 2 determines the extent to which these mutations drive
the disparate invasive behaviors of leader and follower cells. We ask two important questions. Can we
make follower cells behave like leader cells, building and leading invasive chains, if we express leader
specific mutations in the follower cells? Can we make leaders stay close to home, tight to the spheroid,
and give up chain building like follower cells by forcing these leaders to express a follower specific
mutation? Lastly, in Chapter 3, we ask if KIDM5B is a good target for chemical inhibition of invasion
and metastasis. While a large number of compounds are in the earliest stages of preclinical
development, most focus on an endpoint of cell death or growth inhibition. We question instead if
some of these compounds can alter or even prevent invasion of cancer cells. The ultimate goal of this
dissertation is to contribute a body of work to the compendium of studies that may one day stop death

from metastatic cancet.
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Figure 1.1 Source and sink model of chemotaxis in cell migration and in melanoma. Images
adapted from Cai et al., 2014 [114] and Muinonen-Martin et al., 2014 [117]. (A) A cell migrates along
a gradient of the green chemoattractant created by secretion from the source tissue and depletion
within an opposite sink tissue, thus forming a gradient. (B) Depiction of growth of a melanoma tumor

and subsequent degradation of LPA (green). As the tumor grows, LPA becomes depleted in areas of

high cell density, generating a gradient of LPA concentration along which cells may migrate.
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Figure 1.2 The process of contact inhibition of locomotion. Image adapted from Mayor and
Etienne-Manneville 2016 [73]. (A) Cells changing direction (arrows) as a response to cell-cell contact
(red boxes) (B) Interaction of molecules at site of cell-cell contact (red box) leading to RHOA
activation (light red) and RAC inhibition (light green). At one the site of cell-cell contact, microtubules
(teal threads) and focal adhesions disassemble (white circles), and protrusions collapse as actomyosin
(red threads) contracts. Opposite to the site of cell-cell contact, protrusions form as microtubules

polymerize and focal adhesions stabilize (red circles).
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Figure 1.3 Force generation, mechanosensation, and distribution during collective invasion.
Image and text adapted from Ladoux and Mege 2017 [289], Chen et al. 2018 [290], and Gov 2011
[148]. (A) Model of a cell exerting traction forces through actomyosin contractility on the ECM at the
integrin-based adhesions (inset) both at the front and at the back. (B) Molecular mechano-coupling of
collectively invading cells and intercellular force transmission through cell-cell junctions to
actomyosin, mediated by mechanosensitive cadherin complexes (inset). (C) Binding of vinculin
(purple) to binding site of unfolded a-catenin (blue), exposed by force-dependent unfolding. (D)
Schematic of the forces (arrows) produced in the two-dimensional cell layer during plithotaxis. Overall
direction of forces and motion is depicted by the dashed black arrow. The full black arrows indicate
the inwards pull of the actin-myosin skeleton at cell—cell adhesions (blue) and cell-substrate adhesions
(green), which generate traction forces at the ECM. Additionally, each cell extends a small lamellipodia
(cryptic lamellipodia) beneath a neighboring cell, exerting a pushing force (red arrows). (E) Top-view
of the edge of the cell culture closing a wound. Where the red oval, marking local stress, is less circular,
forces are more polarized. Cell motion (black arrows) is highly correlated with the direction and degree
of maximal principle stress. The two cells at the edge are initiating pulling forces through develop large

lamellipodia (gray).
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Figure 1.4 Schematic of protein domains of KDM5B. Members of the KDM5 family are
additionally characterized by a split catalytic Jumonji domain with a DNA-binding ARID, AT-rich
interacting domain, and PHD finger (PHD1) intervening between the N-terminal (JmjN) and C-
terminal (JmjC), as well as a CsHC, zinc finger and two additional PHD fingers (PHD2 and PHD?3).
Besides the two halves of the Jumonji domain, the CsHC, zinc finger is necessary for catalytic activity
of the protein. The PHD domains aid in substrate recognition. In KDM5B and to some extent in
KDM5A, the PHD1 domain recognizes H3K4me0, which may stabilize target gene repression by
preventing remethylation or promoting removal of adjacent H3K4me2/3, but in KDM5C, the PHD1
domain binds H3K9me2/3. The PHD3 domains of KDM5A and KDMS5B bind the substrate

H3K4me3.
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Chapter 2

Genetic heterogeneity within collective invasion packs drives leader

and follower cell phenotypes

This chapter is adapted from a manuscript under consideration in the Journal of Cell Science and
published by Elizabeth L. Zoeller*, Brian Pedro*, Jessica Konen, Bhakti Dwivedi, Manali Rupii,
Niveda Sundararaman, Lei Wang, John R. Horton, Xiaodong Cheng, Chaojie Zhong, Benjamin G.
Barwick, Elisabeth D. Martinez, Matthew P. Torres, Jeanne Kowalski, Adam I. Marcus, Paula M.
Vertino

*Contributed equally to this work
This work is under revision at Journal of Cell Science.

Contributions: The work presented here is the result of a co-authorship with B.P. Each first author
contributed equally to the work. E.L.Z. performed experiments in Figures 2.1.D,E regarding
KDM5B, 2.4.C, 2.4.D protein expression blots, 2.5.A-E, §2.4, §2.5, 2.6, and S2.7 and graphed and

diagramed Figures 2.4.A, 2.6 A-C, and S2.8.
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2.1 Abstract

Collective invasion, the coordinated movement of cohesive packs of cells, has become
recognized as a major mode of metastasis for solid tumors. These packs are phenotypically
heterogeneous and include specialized cells that lead the invasive pack and others that follow behind.
To better understand how these unique cell types cooperate to facilitate collective invasion, we
analyzed transcriptomic sequence variation between leader and follower populations isolated from the
H1299 non-small cell lung cancer cell line using an image-guided selection technique. We now identify
fourteen expressed mutations that are selectively enriched in leader or follower cells, suggesting a
novel link between genomic and phenotypic heterogeneity within a collectively invading tumor cell
population. Functional characterization of two phenotype-specific candidate mutations shows that
ARP3 enhances collective invasion by promoting the leader cell phenotype, and that relaxed KDM5B-
enforced leader behavior may be necessary to support cooperative subpopulations in collective chains.
These results demonstrate an important role for distinct genetic variants in establishing leader and
follower phenotypes and highlight the necessity of maintaining a capacity for phenotypic plasticity

during collective cancer invasion.

2.2 Introduction

Metastatic disease is the cause of 90% of deaths among cancer patients [2]. In non-small cell
lung cancer (NSCLC), which comprises 80-85% of all lung cancer diagnoses, metastases are commonly
observed in the bones, lungs, brain, liver, and adrenal glands. Patients presenting with metastatic
disease have significantly worse prognoses than those with early-stage disease; for example, the 5-year
survival rate for stage I NSCLC is 55%, while stage IV disease (in which distant metastases are present)
carries a mere 4% five-year survival rate [291]. Successful colonization of distant sites requires that

cells from the primary tumor gain the capacity to invade through the surrounding basement
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membrane, travel through the bloodstream or lymphatic system, and ultimately expand to establish
colonies at the metastatic site [42, 292].

Cells migrate through the microenvironment via multiple mechanisms. A classic example is
the epithelial-to-mesenchymal transition, where cells lose expression of epithelial features such as E-
cadherin and gain expression of mesenchymal proteins including vimentin and N-cadherin. This shift
is thought to promote cellular detachment and enable cancer cells to undergo single-cell invasion. In
contrast, collective cell migration refers to the coordinated movement of a group of cohesive cells
[75]. This phenomenon is well-described in embryonic development and wound healing, and
histological evidence from primary patient tumor samples [293-297], mouse models of metastasis [298,
299], and 3-D cultures [288, 294, 300-303] suggest that cells from solid tumors often migrate and
invade in cohesive packs as well. These collective invasion packs and streams vary in width, shape,
and cell number, as well as in the mechanisms guiding their movement [93, 304-309].

Understanding the mechanisms that underlie the outgrowth of metastatic clones is further
complicated by the heterogeneous mix of cell populations within each tumor. This intratumor
heterogeneity arises from cell-to-cell variation in the genetic background each expanding to create a
unique subclonal population [4]. Superimposed upon this subclonal genomic heterogeneity is the
potential for epigenetic heterogeneity reflected in variations in gene expression even among genetically
identical cells. Recently, multiregional sequencing of primary lung tumors characterized the intratumor
heterogeneity of NSCLC and showed that upwards of 24% to 30% of mutations went undetected in
at least one sampling region, demonstrating that almost a third of mutations are occurring in spatially
distinct subclonal populations and may have been missed in broad scale data based on single sampling,
such as those analyzed as part of the TCGA project [6, 207]. These unique subpopulations may be
endowed with properties that enhance attributes beneficial to tumor cells, such as resistance to drug

therapy or the ability to invade and metastasize [40, 310-312]. For instance, the clonal profile of
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metastatic disease often does not reflect the profile of the primary tumor, but instead includes one or
just a few subpopulations from the primary site [88, 312-314].

One example of phenotypic heterogeneity associated with invasive behavior includes rare,
specialized leader cells that lead collective invasive packs, and follower cells that adhere to and follow
behind the leaders, both of which cooperate to achieve collective invasion [89, 288, 293, 294, 309].
We developed a novel platform (Spatiotemporal Genomic and Cellular Analysis, or SaGA) to isolate
specific leader and follower cell populations from collectively invading NSCLC cells [288].
Characterization of these cell types revealed that isolated follower cells are highly proliferative but
poorly invasive, while isolated leader cells are highly invasive, but poorly proliferative [288]. These
cellular sub-types cooperate through an atypical angiogenic signaling pathway that is dependent upon
VEGTF. Previous data suggest a symbiotic relationship, in which both leader and follower cells are
necessary for collective invasion to proceed successfully; however, key questions remain as to what
drives the biology and emergence of leader and follower cells from a tumor cell population.

In this study, we aimed to elucidate the role of genetic heterogeneity on collective invasion.
We analyzed invading leader and follower populations arising from a common H1299 parental
NSCLC cell line grown as 3-D spheroids. Strikingly, this revealed mutational landscapes that differ
significantly between leader and follower cells, including several expressed mutations that were found
exclusively in one cell type or the other. To our knowledge this is the first identification of leader- and

follower-specific gene mutations within the same collectively invading tumor cell population.

2.3 Results
Leader and follower cell populations contain distinct mutational profiles.
We previously developed the SaGA technique for isolation of leader and follower cells from

collectively invading packs of human NSCLC cancer cells [288]. Briefly, cells expressing Dendra2
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green-to-red photoconvertible fluorescent protein are formed into multicellular spheroids, embedded
in Matrigel and allowed to invade for 24 hours. Leader or follower cells are then selected based upon
physical positioning within invasive chains, optically highlighted by photoconversion using a 405nm
laser, and separated by fluorescence-activated cell sorting (FACS) (Fig. 2.1A). Using this approach, we
isolated three follower populations and two leader populations from H1299 parental cells. Following
expansion of each population in 2-D culture, RNA-seq was performed in triplicate, using three
separate passages of parental H1299 cells, the three separately isolated populations of follower cells,
and the two separately isolated populations of leader cells (including two passages of one of the leader
populations). Sequence variants were determined for each population (leader, follower, parental)
independently by mapping the RNA-seq profiles to human reference genome Hgl9 (GRCh37),
resulting in a total of 6240 filtered variants combined in the three populations (see Methods for
details). Notably, when comparing variant allele frequencies (VAF) via pairwise t-test analysis, a
number of variants were disproportionately present in the leader versus follower populations. We
therefore further filtered for those variants that exhibited >20% VAF in either leaders or the followers
and <1% in the other (VAF student’s t-test p-value <0.01 between leaders and followers). For the
purposes of this study, we further excluded those located in 5 or 3 UTRs and known SNPs.
Application of these criteria identified fourteen missense mutations — six leader-specific and eight
follower-specific (Table 1). This represents the first identification of leader- and follower-specific
mutations within the collective invasion pack.

Given the cell type specificity, we hypothesized that these mutations could be key contributors
to the emergence of leader vs. follower phenotypes from the parental population. To test this, we
chose two candidate mutations for further study — one leader-enriched, ACTR3 chr2:114699797 A to
G, which results in a mutation in ARP3 at lysine 240 (ARP3 K240R), and one follower-enriched,

KDM5B chr1:202715414 A to C, resulting in a mutation at 1685 (KDM5B L685W) (Fig. 2.1B). We
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first confirmed these mutations by Sanger sequencing of genomic DNA and cDNA from the parental
H1299 population as well as the isolated leader and follower populations (Fig. S2.1). Both variants
were detectable at subclonal levels in genomic DNA, indicating that they were unlikely to have arisen
de novo during transcription, but represented a subpopulation of genomic alleles in the parental
population. Moreover, the selectivity for the leader or follower population observed at the RNA levels
was preserved at the genomic DNA level (Fig. S2.1; Fig. 2.1C). Analysis of ARP3 and KDM5B
expression in H1299 parental, leader and follower cells showed that ARP3 mRNA and protein levels
were comparable between the populations (Fig. 2.1D,E). KDM5B mRNA and protein were
significantly reduced in follower cells relative to leaders (Fig. 2.1D,E). Despite the reduced overall
levels, the KDM5B mRNA in follower cells retained the ~2:1 ratio of wild-type vs. mutant observed
at the genomic DNA level (Fig. 2.1C) suggesting that the follower-enriched KDM5B L685W mutation
is expressed. Similarly, while there was some variation in the frequency of both mutations in the
patental population between methods and DNA/RNA samples isolated at different times, there was
little variation in the allelic balance in leader and follower populations, which maintained a consistent
frequency of their respective mutations at both DNA and RNA level, suggesting that there is no allelic
bias in the expression of the mutant version in either case. Thus, our selection of leader and follower
cells based on phenotypic criteria also selected for subpopulations with distinct allelic balance of

expressed mutations.

Predicted functional impact of the leader-enriched ARP3 K240R mutation.

We next sought to characterize the potential impact of the observed mutations. We started
with the leader-enriched ACTR3 mutation, which results in a K to R shift in ARP3 (K240R). ARP3
is a key component of the Arp2/3 complex that helps facilitate cellular migration by promoting

lamellipodia protrusion [315]. Overexpression of ARP3 has been correlated with invasion, metastasis,
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and poor survival in multiple cancer types, including gastric, colorectal, liver, and gallbladder [316-
319]. Furthermore, multiple mass spectrometry studies indicate ARP3 K240 as a post-translational
modification (PTM) site, with evidence of both ubiquitylation and acetylation [320-322] (Fig. 2.2A,
inset). To evaluate the functional impact of the K240R mutation on the ARP3 protein, we used SAPH-
ire (Structural Analysis of PTM Hotspots) [323], which predicts the functional potential of PTMs in
protein families that have existing experimental and 3D structure data. SAPH-ire calculates a Function
Probability Score (FPS) using a neural network model trained with an array of protein sequence and
PTM-specific features extracted from PTMs with established functional impact. Consistent with these
data, K240 had among the highest FPS values of all known modified residues within the ARP3 protein
family and was among the top 90% of PTMs with well-established functional significance (i.e. 4 or
more publications) across all protein families (Fig. 2.2A). SAPH-ire also revealed six experimental
ubiquitylation sites in the ARP3 protein family between residues alignment positions 1298 — 1315,
four of which correspond to ubiquitylation of ARP3 specifically (K240, K244, K251, and K254). Of
these, K240 had the highest mean solvent accessible surface area (SASA) and was also proximal to a
protein interaction interface (Fig. 2.2B). The high solvent accessibility, proximity to a protein-protein
interface, and predicted functional impact of the ARP3 K240 site suggest that this mutation could

indeed be altering the activity of ARP3 in leader cells.

ARP3 K240R promotes invasion and leader cell behavior.

We sought to determine the functional impact of the ARP3 K240R by introducing this
mutation into follower cells and quantifying changes in 3-D invasion. Given the relatively low VAF
(23.4%) of mutant ACTR3 in leader cell DNA/RNA, we sought to replicate the leader cell ACTR3
allelic balance by employing a rescue approach. ARP3 levels were first stably knocked down using two

separate short hairpin RNAs (Fig. S2A,B), including one (shACTR3 #2) targeted to the 5> UTR of
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endogenous ACTR3. Knockdown of ARP3 significantly reduced 3-D invasion in H1299 parental,
leader and follower cells compared to pLKO.1 controls (Fig. $2.2C,D). Using a sulforhodamine B
(SRB) assay to measure cell growth, we found little difference upon ARP3 knockdown until 96 hours
in the leader and follower populations, and 120 hours in the parental population, when proliferation
was decreased (Fig. S2.2E).

To test the functional consequences of ARP3 mutation, follower cells expressing shACTR3
#2 were then ‘rescued’ by stably expressing empty vector, mCherry-tagged wild-type ARP3, or
mCherry-tagged ARP3 K240R, under the control of the moderate activity UBC promoter [324].
Higher expression was achieved for ARP3 K240R compared to wild-type ARP3 (Fig. 2.2C, upper
bands), suggesting that ARP3 K240R may be more stable than the wild-type protein. When grown as
a spheroid, embedded in a Matrigel matrix, and allowed to invade for 24 hours (Fig. 2.2D), ARP3
knockdown follower cells reconstituted with ARP3 K240R, and to a lesser extent those reconstituted
with wild-type ARP3, exhibited significantly higher invasive area compared with unmodified followers
or those reconstituted with empty vector (Fig. 2.2E). This indicates that ARP3 expression, and
especially ARP3 K240R expression, can increase invasive capacity even in normally pootly-invasive
follower cells.

Next, we sought to examine whether ARP3 K240R could specifically promote leader cell
behavior (i.e. facilitate collective invasion and travel at the front of invasive chains) in a heterogeneous
population. We created 3-D spheroids comprised of 90% unmodified H1299 followers and 10%
ARP3 depleted followers rescued with either empty vector, wild-type ARP3, or ARP3 K240R (Fig.
2.3A). After 24 hours embedded in Matrigel, we observed a significant increase in invasive area and
average number of chains per spheroid, and decreased circularity (indicating more chain-like and less
sheet-like invasion) in the mixed spheroids containing 10% ARP3 K240R-rescued followers, as

compared with the other three conditions (Fig. 2.3B,C). To determine whether the ARP3 K240R-
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rescued followers were in fact leading these invasive chains, we used confocal fluorescence imaging
to quantify the fraction of chains that exhibited mCherry-ARP3 K240R-rescued followers in the leader
position. In spheroids containing 10% wild-type ARP3-rescued followers, we found rescued cells in
the leader position in 53.8% of those chains (95% confidence interval 29.1% to 76.8%; Fig. 2.3D). By
contrast, in spheroids containing 10% ARP3 K240R-rescued followers, rescue cells were found in the
leader position in 87.2% of chains (95% confidence interval 78.0% to 92.9%; Fig. 2.3D). Thus, while
both wild-type ARP3-rescued and ARP3 K240R-rescued cells led chains at a higher frequency than
expected by random chance, the ARP3 K240R-rescued cells were more efficient in this regard. The
specificity of the effect was further confirmed by mixing experiments with empty vector-rescued
follower cells, which led only 17.7% of chains (95% confidence interval 6.19% to 41.0%; Fig. S2.3),
suggesting that the enhanced leader ability of the ARP3 K240R cells was not simply due to the
different cell types segregating within the spheroid. Together these data indicate that ARP3 K240R
confers key leader-like behaviors onto follower cells, including increased invasive capacity, increased
numbers of invasive chains, and a greater ability to lead those chains.

As noted above, the K240R-reconstituted ARP3 knockdown cells express higher levels of
ARP3 than those reconstituted with the wildtype ARP3. To distinguish the impact of ARP3 dosage
from that of ARP3 K240R mutation, we re-created the same rescue cell lines using a CMV promoter
(Fig. 2.3E) and repeated the above experiments creating mixed spheroids with 10% rescued cells (Fig.
2.3F). At this higher protein expression level, there was no significant difference in invasive area
between the groups (Fig. 2.3G). Additionally, while chain number increased and circularity decreased
in spheroids containing either wild-type ARP3-rescued or ARP3 K240R-rescued followers (Fig. 2.3G),
there was no significant difference between the two, suggesting that the functional difference between
ARP3 K240R and wild-type ARP3 is mitigated at higher expression levels. Furthermore, both wild-

type ARP3-rescued followers (81.5% of chains led; 95% confidence interval 63.3% to 91.8%) and
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ARP3 K240R-rescued followers (84.2% of chains led; 95% confidence interval 62.4% to 94.5%)
promoted leader cell behavior when mixed with 90% unmodified followers (Fig. 2.3H). Based upon
these findings, it appears that increased dosage of ARP3 is sufficient to promote leader-like behavior,
and that the selective ability of ARP3 K240R to lead invasive chains and drive collective invasion at

lower expression levels may arise, in part, from increased effective dose of ARP3 protein.

Functional impact of the follower-enriched KDM5B L685W mutation.

Subsequently, we sought to assess the effects of a follower-specific mutation on collective
invasion. As noted above, the KDM5B L685W mutation was selectively expressed in the parental and
follower populations but was excluded from the leader population (Fig.1B). KIDMS5B is a lysine
demethylase that catalyzes the removal of di- and trimethylation from histone H3 methylated at lysine
4 (H3K4me2, H3K4me3). As an epigenetic regulator, KDM5B is uniquely situated among the
identified mutations to influence multiple pathways directly involved in guiding invasive behavior
(Table 1) [57, 325, 320]. Indeed, KDM5B has been implicated in the regulation of invasive and
migratory behavior across many cancer types, including hepatocellular, gastric, breast, lung, and
prostate [261, 268, 269, 271, 327-329]. The point mutation at amino acid 685 observed in followers
results in a leucine to tryptophan (L685W) substitution and lies in close proximity to the zinc finger
domain, a region necessary for demethylase activity 7z vitro and in cells [204, 213] (Fig. 2.4A).
Furthermore, structural modelling of the L685W substitution showed that residue 685 sits in a
hydrophobic pocket within KIDM5B, near the binding site of the N-terminal tail of histone H3 (Fig.
2.4B). As tryptophan has a much bulkier sidechain than leucine, the introduction of this large, aromatic
sidechain has the potential to alter or disrupt the interaction of KIDM5B with histone H3 (Fig. 2.4B).

Overall, the follower cells expressed less KDM5B protein than leader cells or the parental

H1299 population (Figs. 2.1E, 2.4C), and, as noted above, at least a fraction of that (~30%) would be
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expected to harbor the L685W mutation. KDM5A was also slightly decreased in follower cells, but
expression of KDM5C was equal across populations (Fig. S2.4) Comparison of the global levels of
the KDMS5 substrates showed that while H3K4me2 and me3 were similar across populations, follower
cells had reduced global levels of H3K4 monomethylation (H3K4mel), the end-product of KDM5B
catalytic activity, suggesting reduced cellular H3K4 demethylase activity in follower cells (Fig. 2.4C).
To test this directly, we generated parental H1299 cells stably overexpressing HA-tagged wild-type
KDMS5B or KDM5B L685W and performed iz vitro demethylation assays on cell lysates (Fig. 2.4D).
Whereas overexpression of wild-type KDM5B trended toward increased cellular H3K4 demethylation
activity by approximately 2-fold, overexpression of KDM5B L685W had no impact on endogenous
H3K4 demethylation activity despite similar levels of wild-type and mutant expression (Fig. 2.4D).
Taken together these data indicate that the KDM5B L685W mutation seen in the followers is

associated with reduced cellular KDMS5 activity.

KDM5B L685W modulates collective invasion by tipping the balance toward follower cell
behavior.

The above data suggests that KDM5B L685W may confer a partial loss of function/decreased
activity on the follower cells, and further that this mutation is selected against in the leader population
(addressed in more detail below). We therefore sought to determine how the expression of the L685W
might behave in the context of an otherwise wild-type KDM5B background (to mimic the mixed
genotype observed in followers) by expressing KDM5B L685W in leader cells and determining the
impact on collective invasion in 3-D spheroid culture (Fig. 2.5A,B). Importantly, overexpression of
wild-type KDM5B or KDM5B L685W did not affect cell proliferation leading us to conclude that any
changes in spheroid phenotypes is attributable to alterations in invasive behavior, not expansion (Fig.

S2.5). Interestingly, overexpression of wild-type KIDM5B in leader cells suppressed their propensity



32

for chain-like invasion, as indicated by an increase in circularity and a decrease in the number of chains
relative to cells expressing empty vector (Fig. 2.5B,C). However, invasive area was similar between
leaders expressing empty-vector and wild-type KDM5B, suggesting that the wild-type KIDM5B
expressing leaders retain invasive capabilities but lose some of the collective (cooperative) behavior
manifested as chain-like invasion. By contrast, overexpression of the KDM5B L685W mutant
enhanced slightly the chain-like invasion, with spheroid behavior resembling the high chain number
and low circularity observed in empty vector expressing leader cells (Fig. 2.5B,C). Parental-derived
spheroids were similar in nature to leader spheroids in that spheroids expressing KDM5B L685W
produced more chains than those expressing wild-type KDM5B (Fig. S2.6). However, empty vector
expressing parental spheroids, unlike unmodified parental spheroids, produced negligible numbers of
chains making comparisons to wild-type KDM5B impractical (Fig. S2.6).

To reconcile these findings, we considered the possibility that heterogeneity in KDM5B
expression/activity may be required for cells in a population to take on the cooperative roles necessary
to form an invasive chain. Even in spheroids derived from a purified leader population, such as those
shown above, there must be at least some cells that take the trailing position, or evolve follower-like
behavior, even in the absence of new genetic events. One interpretation of the above data is that
overexpression of wild-type KDM5B may further enforce the leader cell phenotype and prevent the
emergence of cells with follower behavior, thus suppressing chain-like co-operative behavior; by
pushing the balance even further towards high KDM5B activity, the reduced population plasticity
might decrease the probability that cells can take on the follower role. By contrast, expression of
KDMS5B L685W might allow for greater variation in KDM5B activity, promoting heterogeneity and
the emergence of cells with follower behavior, further enhancing collective behavior. If this is the case,
then one might predict that ectopic expression of wild-type KDM5B or KDM5B L685W would have

relatively little impact on follower cells, which on their own do not exhibit significant cooperative
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behavior. Indeed, when expressed in follower cells, the further expression of KDM5B or KDM5B
L685W had a negligible impact on circularity or the chain number of follower-only spheroids (Fig.
2.5B,C). These data also indicate that increasing the concentration of wild-type KDM5B is in itself
not sufficient to impose leader behavior on follower cells.

The benchmark test for leader cell activity is to determine how such cells behave when mixed
with followers in 3-D invasion assays. As noted above for ARP3, leader cells can have a strong effect
on chain formation, even when they make up a very small proportion of the total cells in a spheroid.
We therefore tested directly how expression of KDM5B L685W affects the ability to lead in a
heterogenous population by creating mixed spheroids comprised of predominantly (75%) unmodified
follower cells into which leader cells overexpressing wild-type KDM5B or KDM5B L685W (25%)
had been added and monitoring chain-like invasion (Fig. 2.5D,E). We found again that even in the
context of unmodified followers, expression of wild-type KDM5B suppressed the chain-like behavior
relative to control (vector only) leaders. In contrast, expression of KDM5B L685W not only retained
but even somewhat enhanced the ability to lead invasive chains compared to those expressing either
empty-vector or wild-type KDM5B (Fig. 2.5D,E). These data suggest that overexpression of KDM5B
L685W mutant sustains chain-like cooperative behavior. Taken together, these data support the idea
that wild-type KDMD5B supports the leader phenotype in part by suppressing emergence of follower-
like behavior, while expression of the L685W mutant supports, and even somewhat promotes chain-
like invasion.

To further test the impact of KDM5B L685W population heterogeneity on collective invasion,
we mixed leader lines expressing empty vector, wild-type KDM5B, and KDM5B L685W with
unmodified leaders expressing mCherry at different proportions and monitored chain-like invasion in
3-D spheroids (Fig. S2.7). As both lines already express Dendra2, we quantified the fraction of chains

led by red/magenta positive cells (mCherry, unmodified leaders) or green-only cells (KDM5B
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modified lines) (Fig. S2.7A). We found that overexpression of wild-type KIDM5B again suppressed
chain formation in spheroids (Fig. $2.7D, 100% KDM5B WT) relative to empty vector, which was
recovered proportionally as the fraction of unmodified leaders in the spheroid increased (Fig. S2.7D).
Despite this suppression in total chains, the fraction that were led by a green-only, wild-type KDM5B
overexpressing leader was roughly proportional to its abundance in the mixed spheroid (compare Fig.
S2.7 panels C and D, 90% vs. 10% wild-type KIDM5B). By contrast, leaders expressing L685W showed
no suppression of chain-like behavior relative to vector-only cells (Fig S2.7D, 100% KIDM5B L685W),
and exhibited a similar frequency of green-only vs. magenta (unmodified leaders) in the lead position
regardless of their relative proportions. These data support the idea that overexpression of wild-type
KDMS5B may suppress the emergence of cooperative behavior necessary to form a chain, such cells

nevertheless retain the capacity to lead in a mixed population.

SNP analysis suggests distinct leader and follower cell lineages.

If high expression of wild-type KDMS5B enforces the leader phenotype and/or suppresses the
emergence of an alternate phenotype (e.g. followers), and this has an impact on collective behavior,
then one might predict that there would be a selection against the expression of KDM5B L685W in
leader cells and selection for KDM5B L685W in follower cells independently captured from H1299
spheroids relative to the parental population. Fortuitously, a common SNP (rs1141108, chrl:
202715284, G>A) is located within the same exon as the KDM5B mutation, and the H1299 cell line
was determined to be heterozygous for this SNP in our initial sequence analysis. Targeted deep
resequencing of an amplicon including the region containing both the mutation (chr1:202715414) and
the SNP (chrl: 202715284) in genomic DNA thus enabled us to trace the relationship between allelic
balance and the frequency of the KDM5B L685W mutation in each cell population (average depth=

348,327 reads).
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We first found that approximately one third of alleles in each population carried the .4 variant
and two thirds carry the G variant at rs1141108, leading us to conclude that there are 3 copies of
KDMS5B and/ot chromosome 1 in our strain of H1299 cells and that this ploidy is maintained actoss
the three populations. The ACTR3 mutation that gives rise to ARP3 K240R on chromosome 2 also
occurs in approximately one third of reads from genomic DNA in leader cells (Fig. 2.1B). Focal copy
number alterations in the genomic regions surrounding ACTR3 and KIDM5B have not been detected
in  H1299 «cells by SNP copy number analyses (COSMIC Cell Lines Project:
https://cancer.sanger.ac.uk/cell_lines). These data suggest that our strain of H1299 cells are
functionally triploid. We further ascertained that the KDM5B variant (chr1:202715414: A>C) giving
rise to the L685W mutation resides exclusively in «s with the SNP rs1141108 G allele (99.7%
concordance across 267,414 total reads containing the mutation). The analysis further confirmed the
proportions of KDM5B wild-type vs. mutant alleles shown in Fig. 2.1, including the more variable
mutation frequency observed among different isolates of the parental population, the complete
absence of the KDM5B L685W mutation (<0.00001%) in the leader cells and the very consistent
~30% in the follower cells (Fig. 2.6A). Additionally, the relative proportions of the wild-type and
variant expressed at the mRNA level were largely reflective of the proportion at the genomic DNA
level across all three populations, again suggesting that there was no allelic bias in expression of the
wild-type versus mutant forms of KDM5B (Fig. 2.6A, S2.8).

The finding that the KDM5B L685W mutation was exclusive to the G allele while the .4 allele
was exclusively wild-type allowed us to trace the relative proportions of the three genotypes (WT/A,
WT/G, mutant/G) across the patental, leader, and follower populations. These data showed that
whereas 4-12% of the parental population carries the KDM5B mutant/ G allele, this allele was strongly
selected against in the leader population, which exhibited essentially none of the KDM5B mutant/G

alleles (Fig. 2.6B). Motreover, relative to the parental population, the KDM5B mutant/G allele was
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nearly 2-fold enriched in the isolated followers (30%) (p=0.008; ANOVA plus Tukey’s post-hoc
correction) and approached the expected frequency (if each allele is independently sorted. Taken
together these data suggest that whereas the parental population varies in the fraction of cells
containing the mutant/SNP G allele, growth in 3-D culture and the isolation of leader cells selectively
enrich for cells expressing only wild-type KDM5B (and against KDM5B L685W), and the isolation of
followers selects for a population in which neatly every cell contains (and expresses) one copy of the

mutant KDM5B 1.685W allele.

2.4 Discussion

The greatest threat to cancer patient mortality is the metastatic spread of tumor cells from the
primary site [2]. Collective migration and invasion are major contributors to the dispersion of
metastatic cancer cells [73, 75, 89, 330]. Collective invasion is typified by the coordinated movement
of a group of cohesive cells, often including multiple heterogeneous cell populations with specialized
functions. One well-studied example of collective invasion is that of chain-like invasion, in which
specialized leader cells lead groups of cells termed follower cells, out of the tumor [73, 89, 288], with
both populations playing important roles in the process of invasion. Until now, studies of the distinct
populations within invasive chains have been limited by the inability to separate these populations.
Development of the SaGA technique [288], enabled us to independently analyze leader and follower
cells with different phenotypes to gain insight into population dynamics and the emergence of
populations that differ in cell behavior. Our results identify a set of expressed mutations that define
leader and follower cells, representing, to our knowledge, the first known instance of distinct
mutations as contributors to the leader/follower phenotypes within collectively invading packs.

We confirmed the importance of the leader cell-enriched mutation ARP3 K240R to the

invasive leader cell phenotype by introducing it into a population of non-invasive H1299 follower
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cells. Both in pure spheroids and when mixed with 90% unmodified followers, ARP3 K240R-
expressing followers displayed increased ability to invade and lead collective chains at both lower and
higher protein expression levels. Rescue with wild-type ARP3 also conferred leader cell behavior, but
only when expressed at supra-physiologic levels. One potential explanation is that ARP3 K240R
increases the effective dosage of ARP3 protein, essentially recapitulating ARP3 overexpression even
at low expression. Indeed, ARP3 K240R accumulated to higher levels than wild-type ARP3 when
exogenously expressed from the same vector. The K240R mutation might interfere with ubiquitylation
at K240, resulting in either decreased ARP3 turnover, or enhanced ARP3 activity. Ubiquitylation at
K240 has previously been observed by mass spectroscopy in multiple human cell lines as well as mouse
tissue, and K240R was predicted by SAPH-ire to have a high likelihood of functional consequence.
ARP3 is a key subunit of the Arp2/3 complex that regulates intracellular actin dynamics in a number
of processes, including lamellipodia protrusion during cell motility [315]. Indeed, we observed
significantly reduced invasion in parental, leader, and follower cells upon ARP3 knockdown,
supporting its importance for cell migration and invasion. Overexpression of Arp2/3 complex
subunits including ARP2, ARP3, ARPC2, and ARPC5 has been shown to promote invasion in
multiple cancer types including lung, colorectal, glioblastoma, and others [316-319, 331-333]. Our
results now further indicate a role for ARP3 as contributing to tumor collective invasion by promoting
the leader cell phenotype.

We also investigated the role of the follower cell enriched mutation, KDM5B L685W.
Surprisingly, overexpression of wild-type KDM5B in leader cells suppressed invasive chains as well as
the ability to lead invasive chains when mixed with followers. By contrast, overexpression of KDM5B
L685W restored chain-like invasion. Interestingly, these data are seemingly at odds with published
data showing that overexpression of wild-type KDM5B in cancer cells increases their migration and

invasion in 2-D assays [261, 268, 271, 327-329], including in H1299 cells [269], and may be a reflection
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of the differences in the assessment of invasive behavior in 2-D, which focuses on the behavior of
single cells, and that of cells grown as spheroids and undergoing collective invasion. Collective
invasion requires cooperation between cell phenotypes, and the ability of cells in the population to
take on distinct roles upon suspension in 3-D. One interpretation of our data is that wild-type KDM5B
may enforce the leader phenotype by tipping the balance away from cooperative behavior and that
KDM5B L685W is somehow deficient in this regard. KIDMD5B acts as a transcriptional repressor, and
its sustained expression in leader cells may act to repress the follower ‘program’ thus preventing the
emergence of the alternate (follower) phenotype. Consistent with this idea, isolation of cells that take
the lead position in 3-D invasive streams selects for those that lack the mutant allele, while the
followers can express up to ~30% mutant KIDM5B, exhibit reduced KDM5B expression, and have a
skewed intracellular H3K4me2/3 to H3K4mel ratio relative to leaders consistent with
reduced/compromised intracellular KDM5 activity. Interestingly, KDM5B was recently identified as
a key suppressor of transcriptomic heterogeneity. Whereas KIDM5B overexpression enforces
phenotypic stability of luminal breast cancer cells, its depletion/inhibition was shown to promote
transcriptional plasticity and to facilitate breast cancer cells to overcome therapeutic resistance [279)].
Reduced KDMS5B expression/activity and the ensuing transcriptomic heterogeneity may also be a
necessary step for the emergence of the specialized leader and follower phenotypes that define
collectively invading chains. In this regard, it is interesting to note that leader cell cultures tend to be
phenotypically stable over time and retain their highly invasive phenotype, whereas follower cultures
exhibit a greater degree of phenotypic plasticity, with a tendency to spin off new invasive chains (and
hence take on leader characteristics) over time [288], suggesting that at least some components of
collective behavior are epigenetically driven.

Previous studies have suggested that cooperation between phenotypically and genetically

distinct subpopulations derived from a common tumor cell population are necessary to promote
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invasion and/or metastasis 7 vivo. For example, Calbo ¢f al. [334] found that neuroendoctine and non-
neuroendocrine-like clones derived from a common primary murine SCLC tumor were incapable of
completing metastasis on their own, but once re-mixed became highly metastatic. Shared copy number
variations confirmed a common clonal origin, but some genetic alterations (e.g. amplification of Mye/T)
were only observed in the neuroendocrine-like population. Likewise, Mateo e# /. [335] found that co-
culture of phenotypically distinct subpopulations isolated from the PC-3 prostate cancer cell line
promoted invasion and metastasis over either population in isolation. Other studies have shown that
the post-hoc admixture of cells engineered to undergo EMT or to express activated HRAS with the
non-engineered control population was necessary to fully complete metastasis [330] or to promote
collective motility of breast epithelial cells [337]. The necessity for heterogeneity in the transcriptional
program, even when genetically driven, is an emerging theme, and is consistent with our observations
here.

Emerging research regarding how followers cooperate with leaders to promote their invasive
capabilities center on concepts such as contact inhibition of locomotion (CIL) and movement along
a chemical gradient [73, 338]. CIL occurs when a migrating cell contacts another cell and begins
forming protrusions opposite the site of contact to move in the opposite direction [118, 339, 340]. In
this case, follower cells contact leader cells, forcing them to polarize and move in a forward direction.
Follower cells also regulate signaling to leader cells, often through creation of chemical gradients that
motivate leader cells to move in a particular direction [73, 115-117, 341, 342]. Indeed, we previously
discovered that follower and leader cells engage in a symbiotic relationship, in which follower cells
promote the survival and proliferation of leader cells, which in turn secrete VEGFA to promote the
motility of follower cells [288].

Our sequencing data and the ability to discern the clonality of the distinct leader and follower

subpopulations relative to that of the parental population from which they were derived allows us to
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construct a model of the population origins (Fig. 2.6C). In a population of tumor cells which are
already functionally triploid, ACTR3 and KDM5B undergo mutation, each in separate cells. These
mutational events are the beginning of the divergent paths that will develop two separate but
cooperative subpopulations. Cells containing mutant AACTR3 go on to form the highly invasive, slow
proliferating leader cells while cells containing the KDM5B mutation ultimately become the follower
population of invasion-deficient, rapidly proliferating cells. Expressing the leader specific ACTR3
mutation in follower cells increases chain-like invasion. Likewise, expressing the follower specific
KDM5B mutation in leader cells increases chain-like invasion. Our phenotypic data adds to this model
the necessity for cells exhibiting both the leader phenotype and a follower phenotype to the
cooperative behavior demonstrated in collective invasion.

The approach used herein, while innovative, does have certain limitations. First, the work
focuses on the characterization of leader and followers isolated from a single NSCLC-derived cell line.
How universal the identified mutations/genes might be in contributing to leader/follower behavior
in other cell lines or cancer types is currently unknown. In addition, while our functional
characterization supports a potential role for ACTR3 and KDM5B in modulating collective invasion
in this setting, these were only two of the phenotype-selective mutations identified. It is possible that
no single alteration in isolation is sufficient to fully drive either phenotype, but rather the combinatorial
effects of multiple genetic and epigenetic alterations contribute to collective behavior. Studies aimed
at similar analyses of multiple cell lines, or collective invasion models and across cancer types may
converge on critical “drivers” or pathways. Ultimately the identification of such key alterations may
help in clinical decision-making by identifying predictive biomarkers or new therapeutic targets.
Indeed, several molecular inhibitors of the KDMS5 family are currently under development, particularly
in the setting of combination therapy and therapy resistance [212, 213, 281, 283, 284, 343-345].

Chemical inhibition of KDM5B as an anti-metastatic modality has not yet been tested. Moreover, a
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recently discovered Arp2/3 inhibitor CK-666 [346] has been shown to inhibit cell motility iz vivo [347].
An alternative approach would be targeting other components of the Arp2/3 pathway. One such
target, PLK4, has been implicated as a driver of cancer invasion and metastasis in part through its
interaction with Arp2/3 subunits [348], and PLK4 inhibitors are currently under clinical investigation
for patients with advanced solid tumors. Our identification of a panel of mutations delineating leader
and follower cell phenotypes in a non-small cell lung cancer tumor population is an initial step toward
elucidation of how heterogeneous genetic mutations contribute to cancer metastasis and how these

vulnerabilities can be exploited to circumvent the development of metastasis.
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Figure 2.1. ARP3 K240R and KDM5B L685W are validated mutations in H1299 leader and
follower cells. (A) Schematic of the SaGA protocol used to isolate leader and follower cell

populations. (B) Variant allele frequencies for ACTR3 and KDM5B from RNA-sequencing of H1299
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parental (P), leader (L) and follower (F) cells. #=3 separate populations per group. (C) TOPO-TA
cloning and subsequent Sanger sequencing confirms the presence of ACTR3 K240R and KDM5B
L685W mutations in both cDNA and genomic DNA (gDNA) from parental, leader and follower cells,
respectively. #=20 colonies (ARP3 parental, follower gDNA and parental, leader cDNA and KDM5B
parental gDNA); 19 colonies (ARP3 leader gDNA and KDM5B leader gDNA); 18 colonies (ARP3
follower cDNA and KDMS5B follower ¢DNA and parental, follower cDNA); and 17 colonies
(KDMB5B leader cDNA) (association between the genotype and cell phenotype was determined by
Fisher’s exact test as follows: mutant vs. wild-type, leader versus follower ARP3 gDNA p=0.008,
ARP3 cDNA p=0.11, KDM5B gDNA p=0.02, and KDM5B cDNA p=0.008). (D) mRNA expression
(via RNA-seq) and (E) protein levels (via Western blot) of ACTR3 and KDM5B in H1299 parental,
leader, and follower populations. *»<0.05, **p<0.01, ***»<0.001 by one-way ANOVA with Tukey’s

post-test.
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Table 2.1 RNA-seq reveals leader- and follower-specific gene mutations.
Gene Protein Variant locus VAF (%)
Full name .
symbol Function (GRCh37) Parental | Leaders Followers
:;ﬁ?i‘::lred Actin-related zﬂoi(gonent of
ACTR3 protein 3 A chr2:114699797; A:G | 8.76 234 0.08
rp2/3
(ARP3) complex
Minichromoso Pre-
me replication
MCM5 maintenance complex chr22:35809920; G:A 7.59 26.9 0.14
complex during DNA
component 5 replication
Mitochondrial Oxidative
MIPEP intermediate phosphoryiall | chr13:24413837; A.C | 7.75 37.2 0.98
tidase on protgln
pep maturation
NE.DDS Activation of
NAE1 activating neddylation chr16:66852492; T:C | 26.2 58.9 0.13
enzyme E1 thwa
subunit 1 pathway
Component of
NUP93 Nucleoporin 93 nuclear pore chr16:56868312; G:A | 25.9 57.8 0.29
complex
Zinc finger Function has
ZNF302 ) yet to be chr19:35175335; G:C | 4.71 34.6 0.47
protein 302 determined
Follower— Growth factor
enriched C-type lectin for
CLEC11A domain family hematopoietic | chr19:51228679; C:G | 8.42 0 22.4
11, member A progenitor
cells
Lysine Demethylates
KDM5B Demethylase lysine 4 of chr1:202715414; A:C 17.5 0.74 28.1
5B histone H3
NADH:Ubiquin Core subunit
one of electron
NDUFS1 oxidoreductase transport chr2:207012514; C:A 10.4 0.28 22.8
core subunit chain
S1 Complex |
S\Irugtg?:t-e Possible role
RERE di . in controlling chr1:8416225; G:C 38.7 0 65.4
ipeptide .
cell survival
repeats
RNF115 Ring finger E3 ubiquitin | 1\1.145686907; T:C | 14.7 0.27 21.9
protein 115 ligase
Spindle and
kinetochore Chromosome
SKA1 associated segregation chr18:47902232; C:G 13.0 0 21.6
complex during mitosis
subunit 1
Involved in
TBP TATA-Box transcription | 6170871308, G:T | 12.4 0.36 21.7
binding protein initiation by
RNA pol. Il
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Figure 2.2. PTM hotspot analysis of ARP3 K240 suggests functional impact of the K240R
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labeled, revealing multiple ubiquitylation sites between K240-K254. (Left) Structure of Arp2/3
complex (PDB 4XF2) indicating ARP3 K240 (spheres) within the K240-K254 region of ARP3 (red).
(C) Western blot showing exogenous (upper band) versus endogenous (lower band) ARP3 expression
in unmodified followers, and shACTR3-followers rescued with either empty vector (EV), wild-type
ARP3, or ARP3 K240R. Rescue constructs were mCherry-tagged to allow for visualization within

invasive chains. (D) Images of invasion in Matrigel at 24hrs of spheroids comprised of unmodified
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follower cells, or shACTR3 followers transfected with either empty vector, wild-type ARP3, or ARP3
K240R constructs. (E) Quantification of spheroid invasive area (meants.d., »=17, 15, 16, and 17
spheroids per group, respectively, across N=3 experiments. **»<0.01, ***p<0.001, ****»p<0.0001 by

one-way ANOVA with Tukey’s post-test). Scale bar: 100 um.
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Figure 2.3. ARP3 K240R confers leader-like properties when expressed in follower cells. (A)
Illustration of spheroid mixing experimental setup. Spheroids were comprised of either 100%
unmodified followers, or 90% unmodified followers plus 10% of shACTR3 followers rescued with
either empty vector, wild-type ARP3, or ARP3 K240R. (B) Invasion of mixed spheroids in Matrigel
after 24 hr. Rescue constructs were expressed under control of the UBC promoter. Representative
images shown for each condition. (C) Quantification of invasive area, circularity, and average number
of chains per spheroid for each condition (meants.d., =14, 11, 18, and 16 spheroids for unmodified

followers, EV rescue, wildtype ARP3 rescue, and ARP3 K240R rescue, respectively, across N=3
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experiments. ¥p<0.05, **p<0.01, ***p<0.001, ****»<0.0001 by one-way ANOVA with Tukey’s post-
test). (D) Confocal fluorescence imaging of mixed spheroids, with unmodified followers shown in
green and mCherry-ARP3 K240R-rescued cells or mCherry-wild-type ARP3-rescued cells shown in
magenta. Black arrows indicate invasive chains being led by experimental rescue cells. Graphs show
petcentage of chains (mean +/- 95% confidence intervals) led by wild-type ARP3-tescued and ARP3
K240R-rescued followers. Dotted line denotes 10% of chains led, corresponding to the proportion of
ARP3 rescued cells in the mixed spheroids. Scale bar: 100 um. (E) Western blot showing protein
expression levels of ARP3 in followers after knockdown of endogenous ARP3 and rescue with empty
vector, wild-type ARP3, or ARP3 K240R. Rescue constructs were expressed under control of the
CMV promoter. (F-G) 24 hr invasion of mixed spheroids in Matrigel. Representative images (F) and
quantification (G) of invasive area, circularity, and average numbers of chains per spheroid shown for
each condition (meants.d., #»=12, 12, 12, and 11 spheroids per group, respectively, across N=2
experiments. *p<0.05, ¥**<0.01, ***»<0.001, by one-way ANOVA with Tukey’s post-test). Scale bars:
100 um. (H) Confocal fluorescence imaging of mixed spheroids, with unmodified followers shown in
green and mCherry-wild-type ARP3-rescued cells or mCherry-ARP3 K240R-rescued cells shown in
magenta. Black arrows indicate invasive chains being led by experimental rescue cells. Graphs show
the percentage of chains (mean +/- 95% confidence intervals) led by wild-type ARP3-rescued and
ARP3 K240R-rescued followers. Dotted line denotes the proportion of ARP3 rescued cells in the

mixed spheroids thus the 10% of chains expected to be led based on random chance.
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Figure 2.4. Characterization of the follower-enriched KDM5B L685W mutation. (A) Diagram
of KDM5B protein domains and relative position of amino acid residue 685 to zinc finger domain.
(B) Partial model of KDM5B L685W with H3 N-terminal tail (residues 1-14). The model was
generated by superimposing a structure of KDM5B (PDB 5A1F) with that of KDMO6A in complex
with histone H3 peptide (PDB 3AVR), which placed a trimethylated H3K4 in the active site of
KDM5B, near the Fe(II)-binding site, and the C-terminal tail of histone H3 near Leu685. (C) Western
blot analysis of KDM5B expression and mono, di- and tri- methylated H3K4 in lysates from H1299
parental, leader, and follower cell populations. Loading controls 3-tubulin and H4 are probed from
the same blot as preceding bands. Experiment was repeated on three separate protein collections from
cells at different passages (IN=3) (D) In vitro H3K4 demethylation assay performed on lysates derived
from three separate, biological replicates of parental H1299 cells expressing empty vector, wild-type

KDM5B, or KDM5B L685W (meants.d. specific activity; IN=3 biological replicates).
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Figure 2.5. Wild-type KDM5B suppress and KDM5B L685W drives chain-like invasion. (A)
Western blot analysis demonstrating successful expression of HA-tagged wild-type and L685W
KDMB5B in leader and follower cell populations. (B) Images of invasion in Matrigel at 24 hr of leader
and follower spheroids expressing empty vector, wild-type HA-KDM5B, or HA-KDM5B L685W.

(C) Quantification of invasive area, circularity, and chain number from spheroids depicted in (B)
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(meants.d., #=16 spheroids (follower empty vector, leader KDM5BY", and leader KDM5B"**Y),
#n=17 spheroids (leader empty vector and follower KDMS5BY"), #=18 spheroids (follower
KDM5B"*Y) "across N=3 independent experiments, *»<0.05, **5<0.01, ***¥»<0.0001 by one-way
ANOVA with Tukey’s post-test). (D) Images of invasion in Matrigel at 24 hr of spheroids composed
of 75% follower cells and 25% leader cells expressing either empty vector, wild-type HA-KDMS5B, or
HA-KDM5B-L685W. (E) Quantification of invasive area, circularity, and chain number from
spheroids depicted in (D) (mean¥s.d., #=16 spheroids (+25% leader empty vector), »=17 spheroids
(follower only and +25% leader KDM5BY"), #=18 spheroids (+25% leader KDM5B"**Y), across

three independent experiments, *»<0.05, ****p<(0.0001 by one-way ANOVA with Tukey’s post-test).
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Figure 2.6. Leader and follower cells are derived from two separate populations defined by
mutational profile. (A) Deep targeted resequencing across KIDM5B exon 15 in genomic DNA (top)
and RNA (bottom) isolated from parental, leader, and follower populations (IN=2 independent isolates
of DNA/RNA at separate passages of cells derived from a single phenotypic isolation. Average
depth= 348,327 reads per sample). (B) Pie charts depicting proportions of KDM5B genotypes across
parental, leader, and follower populations as determined from the deep amplicon sequencing shown
in panel A. (C) Model of the potential history of leader and follower populations from parental cell

population as inferred from the genetic profiles of KDM5B and ARP3.
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Figure S2.1. Confirmation of leader- and follower-enriched mutations. Sanger sequencing
confirming leader-enriched ACTR3 mutation (A) and follower-enriched KDM5B mutation (B) in
cDNA (shown) and genomic DNA isolated from H1299 parental, leader and follower populations.
Black arrows indicate the bases of interest. (A) Only the wild-type A peak is seen in the parental and
follower populations, while the leader population contains both A and G peaks. (B) Only the wild-
type A peak is seen in the leader population, while the parental and follower populations contain both

A and C peaks.
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Figure S2.2. ARP3 knockdown inhibits 3-D invasion. (A) Western blot showing ARP3 protein
levels in H1299 parental, leader and follower cells upon expression of empty pLKO.1 vector, ARP3
shRNA #1 (Millipore Sigma TRCN0000029383), or ARP3 shRNA #2 (Millipore Sigma
TRCNO0000380403). (B) Western blot densitometry quantification, indicating 70-90% knockdown of
ARP3 protein using either shRNA #1 or shRNA #2. (C) Representative images of 24-hour invasion
of H1299 parental, leader, and follower spheroids expressing either empty pLKO.1 or shACTR3 #2.
Scale bar = 100pm. (D) Quantification of relative 24-hour invasive area, normalized to pLKO.1

control for each group. (mean¥s.d., n=5, 11, and 5 spheroids for parental, leader and follower lines,
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respectively. ***p<0.001, ****p<0.0001 by two-way ANOVA with Sidak correction). (E) Growth rate
of parental, leader, and follower lines expressing either empty pLKO.1 or shACTR3 #2. (mean+s.d.,
n=>5 replicates per time point. ¥p<0.05, ***$<0.001, **»<0.0001 by two-way ANOVA with Sidik

correction).
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Figure S2.3. EV-rescued followers do not lead invasive chains. (A) Representative widefield
fluorescence image of mixed spheroids, with unmodified followers shown in green and mCherry-
empty vector-rescued cells shown in magenta. (B) Graph showing percentage of chains (with 95%
confidence interval) led by empty vector-rescued followers. Dotted line denotes 10% of chains led,

corresponding to the proportion of rescued cells in the mixed spheroids. Scale bar: 100 pm.
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Figure S2.4. KDM5A but not KDMS5C is downregulated in follower cells. Western blot analysis
of KDM5A and KDM5C expression in lysates from H1299 parental, leader, and follower cell
populations. Loading controls B-tubulin are probed from the same blot as preceding bands.

Experiment was repeated on three separate protein collections from cells at different passages (IN=3).



58

Parental Leader Follower
25 20- 25+
020 -~ Empty vector A
2.5 = KDM5BW g
© ]
5 A KDM5B-e*s S
T10- =
i i
5.
0

Hours after plating Hours after plating Hours after plating
B 40+
) ® Empty vector
3 wT
2 30- B KDM5B
.E } { } A KDM5BL685W
E 20-
(=2}
=
= 10+
]
=]
(m]
0 T T T
N
a&'@ @6é 0“‘9*
& X ¢
R <°

Figure S2.5 Overexpression of wild-type KDM5B or KDM5B L685W do not affect growth rate.
(A) Growth rate of parental, leader, and follower H1299 lines stably expression empty vector, wild-
type HA-KDM5B, or HA-KDM5B-L685W (mean®ts.d. of N=3 independent experiments at each
time point). (B) Doubling time £95% confidence interval for lines in (A) as calculated through the
least squares fit of exponential growth of data in (A) in GraphPad Prism where doubling time equals

In(2) /rate constant.
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Figure S2.6. Wild-type KDM5B suppress and KDM5B L685W drives chain-like invasion in
parental spheroids. (A) Western blot analysis demonstrating successful expression of HA-tagged
wild-type and L685W KIDM5B in parental populations. (B) Images of invasion in Matrigel at 24 hr of
parental spheroids expressing empty vector, wild-type HA-KDM5B, or HA-KDM5B L685W. (C)
Quantification of invasive area, circularity, and chain number from spheroids depicted in (B)
(mean*s.d., »=16, 18, and 14 spheroids in empty vector, wild-type KDM5B, and KDM5B L685W

respectively across N=3 experiments, *»<0.05, **»<0.01, ****p<0.0001 by one-way ANOVA with

Tukey’s post-test).
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Figure S2.7. Leader cells overexpressing wild-type KDM5B but not KDM5B L685W exhibit
diminished chain formation but retain leader activity in leader-only spheroids. (A)
Representative confocal fluorescence imaging of spheroids in which, 10%, 50%, or 90% leaders stably
expressing empty vector, wild-type HA-KDM5B, or HA-KDMb5B L685W were mixed with
unmodified leaders 24 hours after embedding in Matrigel. Both populations express Dendra2 (green)
whereas the unmodified leaders also express mCherry (magenta) Bottom panel: Representative

example of a spheroid containing 50% empty vector expressing and 50% unmodified leaders with
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black arrows indicating magenta cell led chains and white arrows indicating green-only led chains. (B)
Percent invasive chains led by green-only (vector/KDM5B/KDM5B L685W) transduced cells,
grouped by KDM5B overexpression cell line (meants.d., #=6 spheroids for 90% and 10% mixes or
#n=5 spheroids for 50% mixes across IN=1 biological replicate, n.s. not significant, p>0.05, by two-way
ANOVA with Tukey’s post-test). (C) Same data as in panel B except grouped by the fraction of green-
only (vector/KDM5B/KDM5B L685W) transduced cells in the spheroid (meants.d., #=6 spheroids
for 90% and 10% mixes or #»=5 spheroids for 50% mixes across N=1 biological replicate, n.s. not
significant, *»<0.05, ***»<0.001 by two-way ANOVA with Tukey’s post-test). (D) Average number
of chains per spheroid grouped by percentage of the indicated trans-duced leader cell line (mean¥s.d.,
#n=06 spheroids for 90% and 10% mixes or #=5 spheroids for 50% mixes across N=1 biological
replicate, n.s. not significant (»>0.05), **»<0.01, ***p<0.001 by two-way ANOVA with Tukey’s post-

test).
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Figure S2.8. The relative proportions of the wild-type and variant mRINA expression reflects
of the proportion at the genomic DNA level across all three populations. Pie charts depicting
proportions of KDM5B genotypes across parental, leader, and follower populations as determined

from the deep amplicon sequencing shown in Fig. 2.6.A (IN=2 biological replicates per cell line).
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Chapter 3

Investigating KDMJ5B as an anti-metastatic therapeutic target

A portion of the following text and Figure 1 are adapted from “Characterization of a Linked
Jumonji Domain of the KDM5/JARID1 Family of Histone H3 Lysine 4 Demethylases” published
by John R. Horton, Amanda Engstrom, Elizabeth L. Zoeller, Xu Liu, John R. Shanks, Xing Zhang,
Margaret A. Johns, Paula M. Vertino, Haian Fu, and Xiaodong Cheng in Journal of Biological Chemistry,

2016 Feb. 5.
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3.1 Introduction

Although metastatic cancer is a major cause of death in the United States, therapeutic targeting
of this phenomenon has yet to be developed [1]. Currently much research is being conducted into the
physiology and molecular biology governing how cancer cells leave the primary tumor and establish
metastatic colonies at distant sites. Much progress has been made in understanding the proteins
regulating the epithelial to mesenchymal transition (EMT), the first stage of metastasis and the process
in which a cell loses its stationary epithelial properties and gains invasive and migratory properties like
that of mesenchymal cells [45, 56, 59, 61]. However, the greater dynamics of invasion are now in the
spotlight. Of particular note, collective invasion, in which multiple cells leave the primary tumor
together as a cohesive group, has arisen as a significant contributor to successful metastasis [74, 82,
85, 87, 88, 349]. An important concept regarding collective invasion is that a group of cells can contain
genetically heterogenous cells with varying phenotypes (see Chapter 2) [73, 89, 90, 350]. One example
is of leader and follower cells in collectively invading cell branches. Leaders are a specialized
population of cells that lead the group of invading cells out, and followers are the trailing portion of
the pack that follows the leaders [89, 288, 293, 294, 309, 350]. The distinct biology of each
subpopulation could allow for more specific targeting of metastatic cancer.

Another rapidly expanding area of study in cancer biology is that of epigenetics. Epigenetic
mechanisms contribute to the heritable regulation of gene expression without permanently altering
the genetic code and govern much of the plasticity that defines cancer phenotypes [150, 156]. This
plasticity allows for cell behavior to alter in response to changes in environment, as occurs throughout
the process of metastasis or during the development of drug resistance [57, 157]. For these reasons,
epigenetic modifiers are promising targets for chemotherapeutics. Traditionally, epigenetic inhibitors,
such as inhibitors of DNA methyltransferases or histone deacetylases, have had quite broad effects

across a whole class of enzymes and extensively disrupted transcription regulation [151]. More
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recently, epigenetic drug development has focused on specificity of target proteins, pathway, cancer
type, and biological effects [151, 159]. The burgeoning number of compounds aimed at inhibiting the
lysine demethylase 5 (IKDM5) family are one example of such renewed focus on specificity [209, 219,
282-286]. KDM5 family members have been implicated as drivers of oncogenesis, drug resistance,
and invasion and metastasis [208, 209, 219]. Identifying which cancer types and cell behaviors exploit
the KDMS5 family is crucial to determining how to use these new inhibitors most effectively [287].
Here we explore how several newly developed KDMS5 inhibitors affect cancer cells in different
circumstances.

Furthermore, we recently identified the upregulation of KDM5B in an isolated leader cell
population derived from a model of lung cancer chain-like collective invasion [288]. The
complementary follower cell population derived from the same model is poorly invasive in isolation
and expresses much lower amounts of KDM5B. Furthermore, a loss-of-function point mutation in
KDM5B was found to be exclusive to the follower cell population (further described in Chapter 2).
With KDMS5B expression thus correlated with degree of invasiveness, we sought here to dissect the
role of KDMD5B in chain-like, collective invasion and to validate inhibition of the KDMS5 family as a

means to curtail cancer cell invasion.

3.2 Results

KDM5B and its closest relatives have been implicated in multiple cancer processes, such as
drug resistance and oncogenesis, in several cancer types, including breast cancer [204, 216, 221, 254,
279, 351-354]. Furthermore, the road to developing effective inhibitors of KIDM5s as an anti-cancer
strategy has been an iterative process of whittling chemical structures down to those that complement
the small differences in architecture of lysine demethylases. To understand how 7 vitro differences in

the specificity of the KDM inhibitors influence cellular activity, we determined the impact of JIB-04
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and GSK-J4 on the growth of two breast cancer cell lines, MDA-MB231 and MCF7. Overall, the
breast cancer cells were =10-50-fold more sensitive to JIB-04 treatment than to GSK-J4, with half-
maximal growth-inhibitory concentrations (Glso) in the 20-300 nM range for JIB-04 versus 1-3 uM
for GSK-J4 after 72 hours of treatment (Fig. 3.1A,B). Additionally, JIB-04 exhibited differential
activity among the breast cancer cell lines. MCF7 cells were 14-fold more sensitive to the
antiproliferative effects of JIB-04 than were MDA-MB231 cells, with Glso = 22 nM (range = 16-25
nM, n=3) versus 300 nM (range 270-330 nM, n=3) (Fig. 3.1A,B). In contrast, GSK-J4-induced growth
inhibition demonstrated relatively little cell type specificity, comparing MCF7 cells (GIso = 0.9-1.0
uM, n=3) versus MDA-MB231 cells (GIso = 2.9 uM, range = 1.3-5.2 uM, n =4) (Fig. 5¢). GSK-J5, a
less active isomer of GSK-J4 [355] and negative control, showed little growth-inhibitory activity
against either cell line (GlIso > 40 uM). Thus, the relative selectivity of JIB-04 toward KDM5B versus
KDM5C correlated with an increased cellular potency overall and a propensity for cell type specificity
not observed with GSK-J4 (at least between these two cell lines) and may reflect dissimilarities in the
underlying biology of the cell lines. For example, breast cancer cells may be more dependent on the
KDMS5 family versus KDMG, the preferred target of GSK-J1/4 in vitro [355, 3506]. Cell type-specific
differences in the levels or activity of KIDM4 may also contribute because JIB-04 has neatly equivalent
activity against KDM4 family enzymes in vitro and against cellular histone H3 trimethylated Lys-9
demethylase activity [357].

Having identified KIDM5B as a promising target for inhibitors with antiproliferative effects,
we next sought to expand inhibition of KIDM5B to another model in lung cancer. Previously, leader
cells and follower cells from collectively invading chains of non-small cell lung cancer (NSCLC) line
H1299 were separately isolated (three follower and two leader populations) through fluorescence-
activated cell sorting (FACS) after identification by activation of a photoconvertible dye [288]. These

subpopulations were then expanded in 2-D culture for further study. Parental cells include cells
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isolated from whole spheroids before isolating leaders or followers. RNA-seq analysis was performed
on RNA isolated from parental H1299 cells isolated from spheroids from three different passages,
three separately isolated populations of follower cells, and the two separately isolated populations of
leader cells (including two passages of one of the leader populations post-expansion in 2-D culture).
These studies revealed KDMD5B to be overexpressed at the transcription level in leader cells (~150%
of parental reads and ~175% of follower reads) (Fig. 2.1E, 3.2A). We verified the expression levels of
KDM5B mRNA across parental, leader, and follower cells using quantitative reverse transcriptase
PCR. Indeed, leader cells express more KDM5B mRNA than either parental or follower cells (again
~150% of average parental signal and ~175% of average follower signal when normalized to B-
tubulin) (Fig. 3.2B). Furthermore, in Chapter 2, we found that leader cells express much more KDM5B
protein than do follower cells by Western blot analysis. Although not the only gene upregulated in
leaders versus followers or vice versa, KDMD5B is of particular interest in studying leader cell behavior
because KIDM5B is correlated with invasive behavior across several cancer types [259, 268-273].
Given that KDM5B is more highly expressed in the more invasive leader cells, we sought to
determine the role of KDM5B in chain-like invasion. KDM5B was independently stably knocked
down in parental, leader, and follower H1299 lines with two short hairpin RNAs of different target
sequences (Fig. 3.3A). We then ascertained the effects on chain-like collective invasion by imaging
spheroids in 3-D culture (Fig. 3.3B,C). Despite similar growth rates (Fig. 3.4A,B) and consistent
knockdown between both shRNAs at the protein level (Fig. 3.3A), the effects on invasion, including
chain number, circularity, and invasive area, were significantly different between lines expressing the
knockdown construct KDM5Bsh1 and those expressing KDM5Bsh2, across parental, leader, and
follower cells (Fig. 3.3B,C). Lines expressing KDM5Bshl tended to have fewer chains, higher
circularity, and less invasive area than those expressing KIDM5Bsh2, particularly in the parental and

leader lines. Even when mixing knockdown leader lines with wild-type followers at 25/75 to determine



68

the ability of KDMD5B deficient leaders to lead a chain, the chain number was strikingly different
between mixes with KDM5Bsh1 leaders and KDM5Bsh2 leaders (Fig. 3.3D,E).

We also stably transfected the knockdown leader lines with mCherry to determine if the chains
generated were indeed led by KDM5B knockdown leader cells, in which case the cells at the end of a
chain would fluoresce red, in a 25/75 mix with green only followers (Fig. 3.5A). The mixes with
control leaders expressing a scramble control shRNA produced more chains than followers alone or
either KDM5BshRNAT1 or 2 as is consistent with the data in Figure 3 (Fig. 3.3D,E, 3.5A,B). However,
no significant difference was observed in the percent of chains led by a red leader cell whether the mix
contained scrambled control, KDM5BshRNA1, or KDM5BshRNA2 (Fig. 3.5A,B). These results
indicate that chains were equally as likely to be led by one of the red leader cells regardless of whether
the leader was a scramble shRNA control leader cell or if it was a KDM5Bsh knockdown leader cell.
Leader cells in which KDM5B is knocked down are just as capable of leading chains as control but
do suppress chain formation.

Our next approach in establishing the relationship between invasion phenotypes and KDM5B
was to chemically inhibit the enzymatic activity of this demethylase. At this juncture, we moved from
the partially selective inhibitors JIB-04 and GSK-J4 to treating cells with KDM5-C70, the cell
permeable ethyl ester derivative of KDM5-C49, one of the earliest compounds developed to
specifically target the KDMD5 family [212, 284, 326, 343, 358]. To narrow our therapeutic window to
the highest concentration for inhibition of KIDM5 activity that still permits study of healthy cells
during invasion, we first measured toxicity of KDM5-C70 in our H1299 parental, leader, and follower
lines by cell growth assays (Fig. 3.6A). From these growth curves, we were able to determine that
KDM5-C70 has no effect on cell growth up to doses of 150 pM.

We next determined the effect of 5 uM or 50 uM of KDM5-C70 on KDMS5 activity by assaying

H3K4me3, the substrate for KDMD5 family members, as collected from parental lines after 4 or 7 days
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of treatment (Fig. 3.6B). H3K4me3 levels were greatly increased by C-70 treatment but changed little
between the 5 pM and 50 pM treatments leading us to select 5 pM as our optimal dose. No greater
effect was observed after 7 days of treatment. To test the activity of the drug across all H1299 lines,
we treated parental, leader, and follower cells with 5 uM KDM5-C70 for 72 hours before collecting
histones and assaying H3K4me3 levels (Fig. 3.6C). We found that H3K4me3 levels increased with
KDM5-C70 treatment across all groups. We concluded the most effective treatment plan for studying
the behavior of living cells under KDM5-C70 treatment is to treat with 5 uM for 72 hours prior to
further studies.

Having established a treatment protocol, we sought to determine the effect of KDM5
inhibition on invasive behavior by treating cells with KIDM5-C70 before plating and embedding
spheroids for 3-D invasion assays (Fig. 3.6C,D). However, no change in invasive area or circularity
was noted between the untreated, DMSO, and KDM5-C70 treated sample groups (with the exception
of some change in invasive area between untreated and DMSO controls in followers at 48 hours).
Perhaps continued revision of the treatment protocol, for instance longer treatment times, might have
a greater effect, such as changes in invasive activity, downstream of H3K4me3 levels becoming
apparent. Another possibility is that off target effects could cancel out those exerted on the KDM5
family. KIDM5-C70 has some lesser activity against the KDM4 and KDMG6 family as well [212, 326].

Hunting for inhibitors that are both powerful and specific against the KDMS5 family is a pursuit
shared by many researchers and institutions. As a result, the number of new KIDM5 inhibitors has
multiplied in recent years. We employed three of these recently developed compounds—GDC-50
(N54 or NCGC00482457) (patent WO2016057924) [343], Dong-A-167 (NCGC00487054) (patent
W02016068580), and CPI-48 (NCGC00488278) [286]—to study the impact of KDM5B enzymatic
activity on invasion. We first performed cell growth assays on parental H1299 cells to determine the

effect of GDC-50, Dong-A-167, and CPI-48 on cell growth (Fig. 3.7A). As was seen with KIDM5-
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C70, there was no significant effect of any of these compounds on the growth of H1299 cells at doses
up to 5 uM of any compound or DMSO vehicle. We confirmed the activity of the compounds by
assaying H3K4me3 after treating H1299 parental cells with 5 pM GDC-50, Dong-A-167, CPI1-48, or
vehicle control for 72 hours (Fig. 3.7B). All three compounds greatly increased H3K4me3 over
untreated or DMSO control samples.

We next treated parental, leader, and follower cells during spheroid formation and invasion in
Matrigel with 5 pM GDC-50, Dong-A-167, and CPI-48 (Fig. 3.7C,D). In our first experiment, we
found that CPI-48, but not GDC-50 or Dong-A-167 decreased invasive area in parental, leader, and
follower spheroids by 48 hours. Moreover, CPI-48 treatment resulted increased circularity in leader
and follower cells at 24 hours over control spheroids. These results indicate that CP1-48 may decrease
chain-like invasion and invasion as a whole and is a candidate for further study. We repeated our
studies of invasion under CPI-48 treatment in triplicate (Fig. 3.8A,B). Although follower cells had a
slight but statistically significant increase in circularity, overall, there was little impact of CPI-48 on
invasive area across the parental, leader and follower populations. The genesis of the variation between

independent experiments is unknown and thus the results remain inconclusive.

3.3 Discussion

Cancer has long plagued humankind, and for as nearly as long, people have attempted to stem
this disease. Initial therapies were imprecise and often toxic. As scientists have progressively
uncovered the distinct pathways driving cancers, recent decades have brought therapies targeted at
specific cancer types and molecules that drive the disease. The ultimate goal is to find a target exploited
by cancer cells but unimportant to healthy cells and to develop a molecule that interacts with only this

target and prevents it from performing its pro-cancer role. The field of epigenetics is a fecund source
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of therapeutic targets that has only recently reached peak harvest. Chemical inhibitors of the KDM5
family are some of the newest and most promising fruits of these studies.

A unifying theme of the work in this chapter is the need for specificity in targeting KDM5B
and the KDM5 family, both in drug design and context of use. When designing chemical compounds
to inhibit enzymatic activity of KDM5B, the strategy is quite complicated as members of the KDM5
family and other lysine demethylases have high similarity in structure [287, 326, 358]. The KDM5
proteins belong to a larger group of lysine demethylases that containing the catalytic Jumonji C domain
(JmjC) and require Fe (II) ions and a-ketoglutarate as cofactors [208, 326, 359]. As these demethylases,
including KDMb5s, depend on these cofactors, most inhibitors of JmjC proteins have turned out to
block the interactions with one or both of the cofactors. However, this approach is a double-edged
sword as the binding sites for these molecules are near facsimiles across all JmjC proteins. For example,
JIB-04 chelates iron at the catalytic site and also disrupts binding with the histone substrate across the
Jumonji demethylase superfamily albeit with some differences in efficiency amongst individual
enzymes [213, 357]. In our work in breast cancer cells, MCF7 cells were 14-fold more sensitive to JIB-
04 as an antiproliferative agent than were MDA-MB231 cells. I vitro, JIB-04 was about 8-fold more
potent at inhibiting the activity of KDM5B than KDM5C [213]. Meanwhile, GSK-J1, which is
competitive with a-ketoglutarate and inhibits both the KDM5 and KDM6 family [355, 350], is
conversely about 8-fold more potent against KDM5C than KDMS5B [213]. GSK-J4, the cell permeable
ethyl ester derivative of GSK-J1, was similarly active against MCEF7 and MDA-MB231 cells.
Differential effects on cytoplasmic targets of the KIDM enzymes may also play a role because JIB-04
has been recently shown to inhibit translation and to sensitize cells to the growth inhibitory effects of
mechanistic target of rapamycin (mTOR) inhibitors, possibly through its effects on KDM4A or

KDM5A, both of which were found to associate with polysomes [360].
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Context, such as cancer type, is another major consideration when selecting inhibitors of
KDM5 enzymes. We obtained inconsistent results between our two targeting shRNAs with our
KDMS5B knockdown NSCLC lines despite both shRINAs efficiently diminishing the expression of
KDM5B protein, either one or both could have off target effects on other proteins not detected in
the assays utilized. These cryptic targets might also affect invasion. Even so, previous work using these
same constructs has demonstrated that suppressing KDM5B expression decreases cell proliferation
in breast cancer lines with high levels of endogenous KDM5B but had little effect on cell proliferation
in breast cancer lines that already expressed low levels of endogenous KDM5B [282]. Moreover, in
melanoma lines, knockdown of KDM5B using the same shRNA sequences was shown to increase
cell proliferation [361], as is consistent with the known roles of KDM5B in melanoma as an anti-
proliferative transcriptional regulator and marker of a slow-cycling subpopulation of cells required for
continuous tumor growth [255, 276]. Such differences in response highlight how the background of
the cells under study influences the impact of KIDM5B modulation and how important a
comprehensive study of KDM5B function across multiple processes and cancer types is necessary
before use of inhibitors in the clinical setting.

As more specific inhibitors have become available, we have had the opportunity to try these
compounds as inhibitors of invasive behaviors via KDM5B inhibition. KDM5-C49 and its cell
permeable derivative KDM5-C70 blocks the a-ketoglutarate binding site in KDM5B (as well as in
other KDMb5s and to a lesser extent in KDM4s and KDM6s) [212]. In our work, treatment with 5 uM
of KDM5-C70 for over 72 hours failed to change how H1299 parental, leader, or follower cells invade
in a 3-D assay. However, the limited published work on the effects of KDM5-C70 largely characterize
its antiproliferative activity. KDM5-C70 reduced viability of multiple myeloma cells by 50% at about
20 uM over 7 days [212]. In several breast cancer lines KDM5-C70 inhibited colony formation in

several breast cancer cell lines by more than 70% when treated with 5 pM for at least 7 days [343].
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Yet, KDM5-C70 affected colony formation little in cell lines previously shown to be resistant to
KDM5B knockdown [343] and did not induce cell death in HelLa cells at up to 10 uM after 24 hours
[358]. These studies, including our own, vary in three major ways—the endpoint measured, the
background of the cells in use, and the treatment regime. All three points must be addressed in
preclinical stages of drug development before understanding how to test the efficacy of a compound
in humans. The work depicted in this chapter plays a small part in gathering this information for our
newest compounds.

GDC-50, Dong-A-167, and CPI-48 were developed in the last three years and have been used
in even fewer published studies than KDM5-C70. GDC-50, Dong-A-167, and CPI-48 also compete
with a-ketoglutarate at the active site of KDM5 enzymes [362-364]. Wu et al. 2018 found that at 10
uM all three compounds increased H3K4me3 levels after 3 days of treatment and activated interferon
induced genes after 6 days of treatment [362]. GDC-50 is notable for its specificity for KDMS5 proteins
with an ICsq of 45, 56, and 55 nM for KDM5A, -B, and -C respectively whereas the strongest detected
1Cs for other KDM enzymes tested (1A, 2B, 3B, 4C, 6A, 7B) was 4.1uM for KDM4C [363]. Moreover,
in breast cancer cells, GDC-50 induced higher levels of H3K4me3 but not H3K9me3 or H3K27me3,
substrates for the KDM4 family and the KDMG6 family, respectively [364]. Additionally, GDC-50
inhibited colony formation in MCF7 breast cancer cells at 10 uM over 12 days [364]. In the one
functional study of CPI-48, Liu et al. 2019 found that treatment with 1 pM CPI-48 over 8 days in
mouse melanoma cells greatly induced H3K4me3 levels and shifted cells to a more BRAF inhibitor—
sensitive CD34+ state [361]. This newest generation of demethylase inhibitors show great promise in
a variety of settings.

As the search for specificity at the molecular level for inhibition of KDM5 enzymes, either
targeting the whole family or each member on its own, KDM5-C70, GDC-50, Dong-A-167, CPI-48,

and their successors must have well defined protocols. These protocols must include precision for
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use in specific cancer backgrounds with precise treatment courses and doses. KDM5B remains a
promising target for repression of invasion and metastasis in multiple cancer types, but further studies
both on the function of KDM5B and on the activities of inhibitor compounds are necessary before

we can attain this goal.
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Figure 3.1 GSK-J4 and JIB-04 inhibit of breast cancer cell. Cell growth-inhibitory effects of GSK-
J4, -]5 (A), and JIB-04 (B) in human breast cancer cell lines. GSK-J5 is a less active isomer of GSK-
J4 [355] and is used as a negative control. MDA-MB231 (red) or MCE7 (blue) cells were treated with
the indicated concentrations of JIB-04 or GSK-J4 (so/id line) or GSK-]J5 (dashed line) or vehicle
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four independent experiments performed in triplicate.
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Figure 3.2 KDM5B is overexpressed in H1299 leader cells. (A) KDM5B transcription levels in
parental, leader, and follower cells by RNA-seq. Parental cell and follower cell populations were
derived from three separate isolations, and leader cell populations were derived from two separate
isolations with two passages of one isolation being sequenced. HT-Seq Read counts are plotted for
each experiment (dots) with mean count for each subpopulation represented by a horizontal bar (£s.d.,
vertical line). P-values were calculated by one-way ANOVA with Tukey’s post-test. (B) KDM5B
expression levels by quantitative reverse transcriptase PCR of RNA isolated from parental, leader, and
follower cells. KDM5B expression levels were normalized to B-tubulin mRNA. (meants.d., N=3
independent experiments, 3 RNA isolations of three passages of parental, leader, and follower cells).

P-values were calculated by one-way ANOVA with Tukey’s post-test.
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Figure 3.3 Knockdown of KDMS5B produces varying results between shRNAs of different
targeting sequences. (A) Western blot analysis demonstrating successful knockdown of KDM5B in
parental, leader, and follower cell populations. (B) Images of invasion in Matrigel at 24 hours of
parental, leader, and follower spheroids expressing scrambled shRNA, KDM5Bsh1, or KDM5Bsh?2.
(C) Quantification of invasive area, circularity, and chain number from spheroids depicted in (B)
(mean*ts.d., #=13-18 spheroids across N=3 experiments, *»<0.05, **p<0.01, ***»<0.001,
#xkp<0.0001 by one-way ANOVA with Tukey’s post-test). (D) Images of invasion in Matrigel at 24
hours of spheroids composed of 75% follower cells and 25% leader cells expressing either shRNA,
KDM5Bsh1, or KDM5Bsh2. (E) Quantification of invasive area, circularity, and chain number from
spheroids depicted in (D) (meants.d., #=14-17 spheroids across N=3 experiments, *»<0.05 by one-

way ANOVA with Tukey’s post-test).
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Figure 3.4 Knockdown of KDM5B does not alter growth rate. (A) Growth rate of parental, leader,
and follower H1299 lines stably expression scrambled shRNA, KDM5Bshl, or KDM5Bsh2
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data in (A) in GraphPad Prism where doubling time equals In(2)/rate constant.
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Figure 3.5 Knockdown of KDM5B does not change the percentage of chains led by introduced
leader cells. (A) H1299 leader cells with stably expressing either scrambled shRNA, KDM5Bshl1, or
KDM5Bsh2 and mCherry (red) were mixed at 25% with unmodified followers (remaining 75%) still
stably expressing Dendra2 (green). Representative images at 24 hours invasion in Matrigel shown in
(A). (B) Quantification of the number of chains (top) and percent of these chains positive for leader
cells expressing mCherry. (bottom). Chain number is calculated by averaging number of chains per
spheroid from #=15-18 spheroids across N=3 independent experiments. Percent of chains with red

leader cells is the average of percents calculated from IN=3 independent experiments.
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Figure 3.6 Treatment with KDM5 inhibitor KDM5-C70 fails to change invasive behavior. (A)
Growth inhibitory effects of KDM5-C49 and KDM5-C70. Data represents meants.d. of N=3
independent experiments. (B) Western blot analysis in H1299 parental cells of H3K4me3 after four
or seven days of treatment with either 5 or 50 uM KDM5-C70 or vehicle equivalent to 50 uM
treatment. (C) Western blot analysis in H1299 parental, leader, and follower cells of H3K4me3 after
72 hours of treatment with 5 uM of KDM5-C70. (D) Images of invasion in Matrigel 24 and 48 hours
after embedding of parental, leader, and follower spheroids treated with 5 pM KDM5-C70. (E)
Quantification of invasive area and circularity from spheroids depicted in (D) (mean*s.d., »=9

spheroids in N=3 independent experiment, **»<0.01 by one-way ANOVA with Tukey’s post-test).



83

A 150~

invasive area (pmz)

circularity

o
L
:
—

[=]
=

s
°
540 B 2 o AN %’\61 )
= e ¢ 3 o
] \3(\\‘ 0\‘\% (300 oo“g Q?\
2 G-H3KAME3| - G G G
‘g 50 15
8 -e- DMSO o-H4 . G esmp SIS GEED
o -®- GDC-50
2 --A- Dong-A-167
=¥~ CPI-48
0-
0.5 5 50 500 5000
nM of compound
c 24 hours 48 hours 24 hours 48 hours 24 hours 48 hours
. e 5 e @
£ - . i £l
= ¥ 2 ‘ i =
o) o) b o)
17} %) - 17}
= z8 . ‘-ﬁ; 2
8 al - B 8
1‘3 . .. 3]
S st 8 s P 23
s &/ Sl | IR 5
@ Qo a ! [FEs -0
o ©f Qo Eoa 00
2 - L ke . L
s s ‘T i 5
P 3 - | A
i i 4 o
c % = : c
[=] o o
o a e o
2 2 i 2
o) o] . » b; L &
D Parental Leader . Follower
5x10°7 EE Untreated 3 6x 105~ . 8x105_
== DMSO — _ -~ i
4x105] ™= GDC-50 & E 6x10° |_I
Dong-A-167 e 42105 ‘3 E _|_
| == CPl-48 L
3x105 T g % a0 )
@
%105+ ° =
2x108 2 2.10°] T B, e
1x10°% Ny s E 7] 2
0 0l
24 hours 48 hours 24 hours 48 hours 24 hours 48 hours
0.4 0.5 e * _*«m_‘
| 0.4 0.3 ]
0.3 5, é’
= 0.34 E 5
- — = Ve
0.2 2 ol 3
- v [x} -
’ © T 0.1]
] T
; 04 T 0.0

=]
o
I
o
o

24 hours 48 hours 24 hours 48 hours 24 hours 48 hours



84

Figure 3.7 Recently developed KDM5 inhibitors suggest invasion can be inhibited chemically.
(A) Growth inhibitory effects of GDC-50, Dong-A-167, and CPI-48. Data represents meants.d. of
N=3 independent experiments. (B) Western blot analysis of H3K4me3 after 72-hour treatment with
5 uM GDC-50, Dong-A-167, and CPI-48. (C) Images of invasion in Matrigel 24 and 48 hours after
embedding of parental, leader, and follower spheroids treated with 5uM GDC-50, Dong-A-167, and
CPI-48 for 72 hours during spheroid formation and during subsequent invasion after embedding in
Matrigel. (D) Quantification of invasive area and circularity from spheroids depicted in (C)
(mean¥s.d., #=3-6 spheroids in one experiment, *»<0.05, **»<0.01, ***»<0.001, ***»p<0.0001 by

one-way ANOVA with Tukey’s post-test).
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Figure 3.8 CPI-48 does not significantly alter invasion. (A) Images of invasion in Matrigel 24 and
48 hours after embedding of parental, leader, and follower spheroids treated with 5 pM CPI-48 for 72
hours during spheroid formation and during subsequent invasion after embedding in Matrigel. (B)
Quantification of invasive area and circularity from spheroids depicted in (A) (meants.d., #=3-6

spheroids in one experiment, *»<0.05, **»<0.01, ***»<0.001, ***p<0.0001 by one-way ANOVA

with Tukey’s post-test).
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As metastatic cancer is a looming threat to lifespan and quality of life of all people, much
scientific research is focused on abolishing this disease. Fundamental to accomplishing this goal is
understanding how cancer cells leave the primary tumor so we may prevent their exodus and eventual
colonization at distant, vital organs. The work presented in this dissertation focuses on defining the
underlying differences between types of invasive cells and how targeting this difference could

ultimately be an approach for metastasis prevention.

4.1 KDM5B as a mediator of collective invasion
4.1.1 Summary of findings

Increasingly, scientific evidence is indicating collective invasion, in which cells move as a
cooperative, coordinated, and cohesive group, as a principal contributor to metastasis [82]. Early on
in the history of metastasis research, animal models proved that clusters of cells are able to survive the
passage through the vessels of the lung and are more likely to produce metastases than single cell when
injected in the tail vein [83, 84]. From cancer mouse models to sequencing of human tumors,
numerous studies have shown that metastatic lesions are often multiclonal, demonstrating an origin
from more than one cancer cell [85, 87, 88, 349]. One study in a mouse breast cancer model even
estimated that more than 97% of metastases were seeded by tumor cell clusters [88]. Important to
collective invasion is genetic heterogeneity within tumors, both for detecting the presence of
multiclonal metastases and for the efficiency of the movement of the group of invading cancer cells.
Multiregional sequencing of primary and metastatic tumors has revealed that a significant proportion
of mutations occur in distinct subclonal populations [4-7, 9, 14, 17]. When exposed to a new
environmental challenge, as occurs during invasion and metastasis, the unique qualities of one or more

subclones can permit these cells to thrive where the bulk of the tumor cells do not [29, 31-33]. Even
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within a group of cells undergoing collective invasion, there may be heterogeneity essential to the
function of the group as a cooperative.

Leader cells and follower cells are two functionally and phenotypically distinct groups which
occur within some collectively invading groups, such as branches or chains. Leader cells occur at the
front of the pack and lead the pack along the invasive edge, and follower cells invade behind leader
cells, attached by cell-cell junctions [73, 74, 89]. Recent work by Konen et al. 2017 has permitted, for
the first time, the study of leader and follower cells in isolation. By fluorescently labelling cells with a
photoconvertible dye, leaders and followers could be selected by photoconversion of the dye in cells
in either the leading or following position of an invasive chain and isolated by fluorescence-activated
cell sorting [288]. Expansion of these populations enabled close observation of cell phenotypes and
dissection of cell genotypes. Leaders grew slower, invaded more, and secreted VEGFA, which was
necessary for pack formation [288]. In contrast, followers were much less invasive but proliferated at
a much quicker rate [288].

By performing RN A-seq on leader, follower, and parental (the population from which leaders
and followers were derived) cells, several mutations exclusive to either leader cells or follower cells
emerged—i.e. each subpopulation had a specific mutational profile. Two likely gene candidates were
identified based on their established functions: ACTR3, coding for actin-related protein 3, and
KDM35B, lysine demethylase 5B, both of which are known mediators of invasion and migration. Our
goal in Chapter 2 was to characterize the role of these candidate mutations in the specialized functions
of leader and follower cells. While actin-related protein 3 (ARP3) and its leader specific mutation
K240R are extensively covered in Chapter 2, the main focus of this dissertation as a whole is the role
of lysine demethylase 5B (KDM5B) in collective invasion. As such, this discussion will also center on

KDM5B and its follower specific mutation at L685W.
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Sanger sequencing and TOPO-TA cloning (to confirm the relative proportions of each
mutation in each population) validated the presence of ACTR3 mutations in leader cells and KDM5B
mutations. Sequencing of these clones revealed that ACTR3 was mutated in about 30% of leader-
derived clones, with almost no ACTR3 mutations apparent in parental and follower population.
KDM5B was mutated in approximately 30% of parental- and follower-derived clones.

To further understand how these mutations might be affecting leader and follower behavior
respectively, we assessed the established roles of the wild-type proteins and studied the nature of these
alterations. ARP3 is a key coordinator of lamellipodia protrusion during cell migration and is correlated
with invasion, metastasis, and/ot poor survival in gastric, colorectal, liver, and gallbladder cancers
[315-319]. Residue K240 was found to be a target for ubiquitination, and mutation to arginine would
likely obliterate any associated signaling with ubiquitination at this site, including protein degradation.
Indeed, follower cells expressing ARP3 K240R were able to take on the role of leader cells, and
overexpression of ARP3 mimicked the behavior of ARP3 K240R expressing lines, indicating that
ARP3 K240R is likely a gain-of-function mutation.

KDMS5B is a member of the lysine demethylase 5 family and as such, enzymatically removes
di- and tri-methylation of histone 3 lysine 4 (H3K4me2 or H3K4me3 respectively) [202, 204].
H3K4me2 and H3K4me3 are most often indicative of a permissive state for transcription, and
KDMBS5B is thus considered in most cases to be a repressor of transcription [208]. Furthermore,
KDMB5B is strongly and positively linked to invasion and metastasis in lung, stomach, liver, and breast
cancer [259, 268-273]. Of note in these reportts, the role of KIDM5B in regulation of invasion was
established largely in 2-D assays (such as scratch wound healing or transwell invasion/migration
assays), in human samples of metastatic sites, or from just a few mouse models using tail vein
injections. This study is the exception by examining how KIDM5B affects collective invasion in a 3-D

model.
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In follower cells, but not leader cells, KDM5B is mutated at leucine 685 to tryptophan
(L685W) in one third of reads. This change in bases substitutes a small, non-polar amino acid for a
bulky one, which has the potential to disrupt KDM5B secondary structure and interactions with other
proteins, including the histone substrate. Additionally, 1.685 is located just N-terminal of the C;HC,
zinc finger domain of KDM5B, which is indispensable for the demethylase activity of KDM5B both
in 7n vitro studies and in cells [204, 213] suggesting that L685W may be a disruptive alteration. By
modeling the known crystal structure of KDM5B with amino acids 1-14 of histone 3, we see that the
histone tail travels very near L685W, and when binding a full-length histone 3, L685W could disrupt
any further binding of substrate in this area. Fascinatingly, the end product of KIDM5B demethylation,
H3K4mel, was present at higher levels in leader cells, which express the highest levels KDM5B and
only wild-type KIDM5B, as was consistent with the hypothesis that KDM5B L685W decreased the
demethylase activity of KDM5B. However, all members of the KDM5 family demethylate histone 3
di- and tri-methylation [203-200]. In testing the iz vitro enzymatic activity of KDM5B wild-type and
KDM5B, we found, as a trend, that overexpression of wild-type KDMS5B increased the cellular
H3K4me3 demethylase activity over empty vector control cells and overexpression of KDM5B
L685W H3K4me3 decrease demethylase activity slightly as compared to control cells. Thus, our data
point to KDM5B being essential for the H3K4 demethylation activity of leader cells and suggest that
the L685W mutation of KDM5B in followers likely decreases this activity and is a loss-of-function
mutation.

In testing this hypothesis, we surprisingly found that spheroids from leader cells
overexpressing wild-type KIDM5B leader were much more circular and had significantly fewer chains
than control leader spheroids. Given our original hypothesis that leaders require wild-type KDM5B
to be leaders and reports from previous publications that KDM5B promotes invasion and migration

in 2-D assays [259, 268-272], we had expected our leader cells which expressed even more KDM5B
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to have an even more extreme leader phenotype, in which spheroids have large numbers of invasive
chains and very irregular invasive borders. Moreover, when leaders overexpressed KDM5B L685W,
these cells produced spheroids much like the control cells but with slightly more invasive chains on
average. These results introduce the idea that heterogeneity is fundamental to creating an invasive
chain. If cells all express a very high level of wild-type KDMD5B, these cells may be so far tipped
towards a leader phenotype that chains will not form without some cells taking on the functional role
of followers.

Correspondingly, overexpression of wild-type KDM5B or KDM5B L685W in follower cells
had almost no impact on how spheroids generated by these lines invaded. These results fit with our
model that leaders and followers have distinct genotypes as the first half of Chapter 2 details how
ARP3 K240R makes leaders from followers. Without the activating ARP3 K240R mutation, an
increase in wild-type KDM5B expression is not sufficient to convert a follower to a leader phenotype.
In spheroids mixed with unmodified followers and made to ascertain if these “tipped” leaders could
still lead chains, our wild-type KDM5B overexpressing leaders still failed to create chains where as
KDMS5B L685W leaders built even more chains than control leaders. Perhaps because even at 25% of
the population, the KDM5B L685W leader cells were able to better establish the unknown multiplex
signaling pathway necessary for chain-like invasion.

Targeted deep resequencing and SNP analysis of KDM5B across parental, leader, and follower
populations determined that the 30% of reads positive for KDM5B L685W in follower cells
represented the entire population (one allele in 100% of cells within a triploid population of followers)
and that KDM5B L685W was actively selected for within the follower population. Fortuitously, a
common SNP was located within the same exon as KDM5B L685W and was heterozygous in the
H1299 cell line. Sequencing around this exon revealed three genotypes for KDM5B: WT'/snpA,

WT/snpG, and MUT/snpG. Given that in each population the proportion of genotypes fit into ratios
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based on thirds, our H1299 lines are likely triploid for KDM5B and/or chromosome 1, and so the
30% of follower reads positive for KDM5B L685W represents one allele present in all triploid follower
cells. This result supports our conclusion from the previous 3-D invasion assays that follower cells do
play a necessary role in creating invasive chains. Followers are a unique subpopulation within the
parental population containing KDM5B L685W, and leaders are another rare distinct population
containing ARP3 K240R.

While our initial supposition was that increasing expression of KDM5B in followers would
induce these cells to form spheroids with more invasive chains, like the high KDM5B-expressing
leader cells, we instead found that changes in KDM5B expression had little impact on how the
follower cells invaded. We had also conjectured that KDM5B L685W leaders might be more circular
and have fewer chains appearing much like pure follower spheroids, but overexpressing wild-type
KDM5B decreased the ability of leaders to invaded collectively in chains. Even so, our hypothesis that
KDM5B L685W distinguishes follower cells from leader cells in a functionally significant way can still
be accommodated.

An invasive chain inherently requires a mix of at least two cell types: those that lead and those
that follow. The isolation process of each population enriches for cells of either a leader or follower
phenotype and thus, enriches for the cells of the respective genotype or expression profile. Yet, even
in leader purified populations, there is likely some variation in expression of key proteins, including
KDMS5B. More chains form in a leader purified population because more cells act as traditional leaders
by directing attached groups of cells out of the spheroid [288], but chains may only be able to form
because some of the purified leaders express a profile just a bit less like those at the end of these chains
and may serve the role of follower. Increasing the expression of wild-type KDMS5B in the already
highly KDM5B-expressing leader cells seems to tip the balance of leader and follower phenotypes

even further towards the expression profile of leader cells, thus losing the heterogeneity so
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fundamental in building an invasive chain. This heterogeneity is maintained when KDM5B L685W, a

probable loss of function mutation, is expressed in the leader cells.

4.1.2 Models of heterogeneity and cooperativity in invasion

Earlier studies of H1299 leaders and followers established that leader cells and follower cells
have unique physiologies when cultured in isolation [288]. Leader cells developed highly invasive
spheroids with many branches but divided slowly, often with mitotic defects. In contrast, follower
cells grow rapidly but invade poorly [288]. When leaders were reintroduced to followers even at low
levels, invasive chains formed with labelled leader cells predominantly at the forefront. Moreover,
leader conditioned media increased the motility of follower cells [288]. Additionally, follower cell
conditioned media alone prompted growth of leader cells [288]. Subsequent transcriptome profiling
revealed that VEGF secretion by leader cell drove one half of this symbiotic relationship in which
leader cells promote the movement of follower cells [288]. The pro-survival factors secreted by
follower cells to promote leader cell growth are yet to be determined for the other half of this
relationship [288]. Our work adds to the leader-follower model a genetic basis for the differences in
cell behavior both together and separately and highlights the importance of heterogeneity as the
underpinning to chain-like invasion in H1299 cells. This model of heterogeneity as a crucial
component to invasive behaviors is not without precedence. Several studies have found that the
presence of at least two populations are required to elicit specific invasive behaviors of one or both
populations. While each study identifies a slightly different mechanism by which cells cooperate, these
mechanisms may give us insight into how leader and followers are cooperating,.

In our work, we cross-introduced SaGA-identified candidate mutations to leaders and
followers to determine how these genes controlled collective invasion. An entire cadre of genes have

previously been established as regulators of invasion and metastasis, and heterogeneous expression of
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these mutations within a cell population may also regulate collective invasion. Tsuji et al. 2008 created
two fluorescent cell lines from hamster cheek pouch carcinoma-1 cells; one induced to undergo EMT
by expressing pl2 and a green fluorescent protein and a control non-EMT induced line [330].
Xenografts of each line separately revealed that the p12 EMT cells were able to invade locally and
were detected in the blood stream [336]. When injected into the tail vein, the non-EMT cells readily
formed metastatic lesions, but the p12 EMT cells failed to form any metastases [336]. However,
subcutaneous injection of a 1:1 mixture of p12 EMT cells and non-EMT control cells formed primary
tumors with locally invasive fronts composed of both cell types and permitted intravasation of both
cell types (i.e. both cell types were detected in the blood stream) but resulted in lung metastases
composed only of non-EMT control cells [336]. In this model, both cells that had undergone EMT
and those that had not (non-EMT) were derived from the same cell line and work together during the
metastatic process.

As discussed in Chapter 1, heterogeneity is nearly ubiquitous in cancer cell populations. Our
work establishes that inherently present heterogeneity is required for invasive behaviors. Given the
frequency of genetic and epigenetic heterogeneity and invasion or metastasis across cancers,
dependence of collective invasion on the presence of multiple subpopulations likely occurs in other
cancerous milieus. Calbo et al. 2011 used a mouse model of small cell lung cancer (SCLC) to create
cell lines, some of which exhibited phenotypically distinct subpopulations—a neuroendocrine (NE)
type that grew as floating aggregates of small cells and expressed a neuroendocrine profile (high Ashl,
Syp, and NCAM) and a non-neuroendocrine (non-NE) type that grew as large cells in a monolayer
and expressed a profile absent of neuroendocrine markers but positive for mesenchymal markers,
including vimentin, and CD44 [334]. After clonally isolating each cell type, admixture in 2-D culture
revealed that the NE cells now attached to and spread along the larger non-NE cells as an adherent,

multilayer culture [334]. Most interesting when injected subcutaneously into mice at a 4:1 ratio, the
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admixture of NE and non-NE cells, despite an intermediate level of primary tumor growth, formed
extensive metastasis to the liver whereas no metastasis was observed with injection of either single
clone alone [334]. Moreover, the NE and non-NE cells had to be in close contact to cause metastases
as injection of single clones in opposite flanks abrogated this effect [334]. However, the metastases
appeared to be only of the NE-differentiated type as they lacked cells of the non-NE phenotype [334].
Array-CGH analysis demonstrated a shared background of genetic aberrations within NE and non-
NE cells indicating a common clonal heritage but also revealed some significant differences between
cell line pairs, in particular, amplification of Myc/T repeated across NE cell lines [334]. The similar
clonal origin of these genetically divergent, specialized populations is remarkably similar to the case of
our H1299 leaders and followers. However, Calbo et al. 2011 did not explore the genetic backgrounds
of these subclones past large genetic changes in copy number. Further study identified changes in
cytokine secretion across NE and non-NE cells. NE conditioned media contained almost no
cytokines, non-NE conditioned media had high levels of several cytokine, and mixture of NE and
non-NE cells secreted IGFBP-3 and IGFBP-5 de novo [334]. This study demonstrated that several
cell behaviors, including signaling and metastasis, are contingent on the presence of multiple subconal
populations in SCLC, analogous to our work with chain-like invasion in NSCLC.

Similarly, Mateo et al. 2014 discovered that clonal subpopulations generated from prostate
cancer cell line PC-3 produced divergent phenotypes: a cancer stem cell (CSC) enriched, epithelial-like
population called M cells and a CSC depleted, mesenchymal-like population called S cells [335].
Epithelial M cells readily formed spheroids (a sign of self-renewal potential), but mesenchymal S cells
invaded at a higher rate through a transwell [335]. However, co-culture of M and S cells or culture of
M cells in S cell conditioned media increased transwell invasion by M cells [335]. Mass spectrometry
of conditioned media from both sets of cells revealed that the most overrepresented diffusible factor

from the S conditioned media was the matricellular protein SPARC, and depletion of SPARC
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abolished the effects of S conditioned media on M cells [335]. Similarly, co-implantation of M and S
cells augmented tumor growth and M cell metastatic dissemination, which was lost when SPARC was
depleted [335]. In addition to reinforcing the importance of heterogeneity in cooperative invasion, this
study identifies a new molecule by which two cell types communicate to conduct cooperative
migration. This study substantiates the importance of two subpopulations directing the behavior of a
group of invading cells like our leaders and followers while providing a novel model for this
cooperation.

Although we studied inherently occurring subpopulations, controlled introduction of
heterogeneity can add a measure of precision in studying changes in cell behavior within interaction
subpopulations. By assembling mosaic microtissues in 3-D culture of the breast epithelial line
MCF10A, Liu et al. 2012 found that aggregates composed of one cell expressing constitutively active
H-Ras""? and several wild-type cells commonly produced single cell basal extrusions of the H-Ras""
cell or motile multicellular protrusions led by the H-Ras"'? cell [337]. Such extrusions and protrusions
were rare in homogeneous aggregates composed of only wild-type or only H-Ras""* cells [337]. For
the motile, multicellular protrusions to form, a rare cell with a unique characteristic, high H-Ras
activity, had to be present but only amongst cells of lower H-Ras activity [337]. Our H1299 cells
exhibit similar behavior in that leaders are a rare population within the follower-enriched parental
population and that pushing leaders too far to the leader phenotype with overexpression of KDM5B
(creating a population of cells universally expressing very high levels of KIDM5B) stops chain-like
invasion.

Important to our comprehension of the interaction between two subpopulations working
together is to uncover the direct mechanism by which they modify the behavior of their invasive
partners. Within a zebra fish melanoma model, Chapman et al. 2014 found that co-culturing or

xenografting together a highly invasive melanoma line with a poorly invasive line caused the highly
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invasive line to switch from a protease-independent mode of invasion to one requiring the MT1-MMP
protease and to alter the extracellular matrix (ECM) by increasing type 1 collagen and fibronectin
deposition [350]. Additionally, in xenografts, the poorly invasive melanoma cells greatly increased their
invasion in the presence of the highly invasive cells, and both cell types were present at the invasive
front [350]. By culturing the populations separately on either side of a transwell system, diffusible
factors were identified as the cause of changes in the ECM [350]. Although the exact factors were not
pinpointed, establishing a direct mechanism of altering invasion by remodeling the ECM makes this
study unique among those reviewed here. Future studies of candidate mutations in our NSCLC leader
and follower cell model would greatly benefit by establishing a direct mechanism as Chapman et al
have achieved.

Taken together, the above studies provide evidence that even small amounts of heterogeneity
in a population of cells can act synergistically to create cell behaviors not capable by either singular
subclone. These studies are similar in their use of a single cell line, except for Chapman et al. 2014
who utilized two existing cell lines of the same cancer type, to demonstrate that two subpopulations
with unique phenotypes act together to alter how the group as a whole invades the surrounding matrix
or tissue [334-337, 350]. These studies also parallel our work as we too found subpopulations existing
within an established cell line and that these subpopulations act synergistically. However, where the
aforementioned reports focus on a mechanism through which cells cooperate, our work seeks to
understand the basis of the differences. Moreover, we began with an intrinsically heterogeneous cell
line and isolated cells during a naturally occurring process in which these cells demonstrated
specialized roles (as opposed to engineering them by reintroducing single clones derived from a
common cell line and selected for their varying phenotypes in 2-D culture [334, 335] or by altering
expression of a specific protein in some of the cells [336, 337]) which is more likely to reflect the

inherent biology of tumor cells. Having found that the mutation ARP3 K240R distinguishes leader
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cells from followers and KDM5B L685W followers from leaders, we can now test the mechanism by
which these populations contribute to cooperative invasion. The heterogeneity that exists even in
populations of cells cultured from the same cell line or that has been introduced by a change in a single
gene can be narrow but have great effects on cooperativity between subpopulations invading

surrounding tissues (Fig. 4.1).

4.1.3 Future considerations

A clear limitation of our work is that we studied how naturally occurring mutations contribute
to cooperative invasion in a single cell line. Since several studies utilizing different cell lines across
multiple cancer types have shown that cooperation of subclonal populations aids invasive phenotypes,
support for this phenomenon as more than a one-off is not lacking. Our study identifies how
alterations in genetic background of naturally occurring co-existing population account for how these
subpopulations can inherently activate cooperative invasion. We prove simply that cooperative
invasion between two genetically distinct, yet related cell populations occurs naturally within a cell line
and that this cooperation is attributable their heterogeneity. Should we focus more on which specific
mutational drivers create leader and follower cells on a scale applicable to translation, we would need
to perform a similar analysis across a much larger set of established cell lines or from patient samples.
For example, we could use a panel of cell lines in which chain-like invasion occurs, subject them to
SaGA and analyze the genetic differences between the leader and follower subpopulations. If a pattern
of alterations in proteins or pathways is apparent, we could identify novel regulators of cooperative
invasion. Indeed, although Calbo et al. 2011 did not focus on the genetic differences between
subpopulations, they did find a consistent amplification of Mye/7 in NE cells derived from multiple
tumors that was not found in matched non-NE cells. A more in-depth study at a finer scale could

reveal more subtle but still significant genetic regulators of cooperative invasion [334].
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We also found several additional candidate mutations that were follower or leader specific but
only explored two. We began our work with the mutations most likely to affect invasion, but a profile
as a whole may have more impact. We could use our leader and follower specific profiles as detailed
in Table 2.1 to create leader or follower type cell lines in human bronchial epithelial cells. By converting
these normal cells to possible leaders or followers, we could determine the relative contribution of
each mutation to the phenotype. For example, if expressing three of the mutant proteins is required
for the leader phenotype but expression of all the other mutant proteins are not, we could determine
that only three of the mutations are driving the leader phenotype. Tsuji et al. (2008) and Liu et al.
(2012) made cell subpopulations by overexpressing proteins of interest and found that mixing these
populations altered invasive behavior of both groups [336, 337].

Previously, microarray transcriptome analysis comparing the transcripts of purified H1299
leader and follower populations uncovered vascular signaling as a major regulator of the H1299 leader
and follower cell collective invasion [288]. Leader cells overexpress VEGF and DII4 as compared to
follower cells [288]. Concomitantly, followers overexpress the Notch receptor [288]. Modulation of
this vascular pathway proved that these molecules regulate leader-follower collective invasion [288].
However, we have not connected our genetic alterations with this pathway or any other mechanism.
The studies outlined above used a variety of methods to determine how signaling occurred across
their two subpopulations. Calbo et al. 2011 initially subjected conditioned media collected from their
NE cells alone, non-NE cells alone, or co-culture of both to a cytokine antibody array and found
novel expression patterns from each condition [334]. In a follow-up study, Kwon et al. 2015
performed gene expression analysis via a microarray on NE cells that had been exposed to non-NE
cell conditioned media to find that the ETS transcription factor Pea3 became highly upregulated in the

NE cells [365]. Mateo et al 2014 performed mass spectrometry on conditioned media from both M
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cells and S cells on their own and identified SPARC as the most overrepresented diffusible factor S
cells [335].

The analysis of conditioned media in these studies was a good strategy for identifying paracrine
signaling between two cell types as a potential mediator of cooperative invasion. The cross-culturing
of lines with conditioned media also helped to determine response to any paracrine signaling
molecules. Initial studies on H1299 leaders and followers focused on expression differences between
these lines when isolated and cultured separately, which is unique in that this data covers differences
within the cells and not just in what factors are secreted [288]. However, this data only covers
differences in steady state mRINA levels. Changes in location, activation of proteins, degradation, or
modification of proteins are missing. Additionally, any synergistic effects are not measured as samples
were not analyzed post-mixing the lines. To further understand how wild-type KDM5B and KDM5B
L685W regulate collective invasion, mass spectrometry analysis of conditioned media from leaders
and followers either overexpressing wild-type KDM5B or KDM5B L685W and from unmodified
leaders, followers, and a co-culture of both should be conducted in hopes of finding a signaling
network between leaders and followers, especially one that is KDM5B regulated. However, this
approach would only work for a paracrine signaling network. To discover any juxtacrine signaling, in
which cells must be in physical contact, perhaps gene expression analysis of mRNA following co-
culture of fluorescently labelled leaders and followers after re-isolation by FACS might be the best
option.

In ascertaining a mechanism of interaction in their cell lines, Chapman et al. 2014 chose a
more targeted approach by predicting that matrix metalloproteinases were an important factor in
invasive behaviors amongst their cell lines based on observations of the positions of each cell line in
an invasive chain [350]. Their hypothesis was validated by differences in expression of proteases

between cell lines and the effects of protease inhibitors on invasion in solo and co-cultures of the cell
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lines [350]. By understanding the observed biology of our collective invasion patterns and carefully
searching published literature on related subjects, we may to identify a candidate pathway for further
investigation. In fact, KDM5B is known to suppress the transcription factor HOXAS5 [265], which
reduces VEGF [3060], a signaling molecule overexpressed in H1299 leaders and required for collective
chain formation [288]. By negatively regulating a negative regulator of VEGF, KDM5B
overexpression could lead to overexpression of VEGF. If knockdown of HOXA5 mimics KDM5B
overexpression or overexpression of HOXADS abrogates the effects of KDM5B overexpression, we
could connect the dots on the path of KDMD5B to interaction between leaders and followers in a chain
of cooperatively invading cells (Fig. 4.2).

The ultimate test for cooperative invasion is to employ an 7z vitro model of metastasis. Tsuiji et
al. 2008, Calbo et al. 2011, and Mateo et al. 2014 proved cooperativity in metastasis in cell lines through
xenografts of each cell type individually and of a mix of both cell types [334-336]. Metastases were
only possible with a combination of these lines and histology of locally invasive areas demonstrated a
mix of both cell types [334-336]. Similarly, we can inject leaders and followers subcutaneously, together
and separately, before measuring rate of metastases. Additionally, we can conduct this experiment

while modulating KIDM5B to understand how KDM5B regulates cooperativity.

4.2 KDM5B as a therapeutic target
4.2.1 Summary of findings

Metastatic disease is by far the most prolific killer following a patient’s cancer diagnosis [1].
Nevertheless, development of therapeutics targeting metastases is lagging behind [367]. Current
limitations include identifying targets at the right stage of the metastatic cascade, developing specific
compounds, and finding the most effective time course for preclinical trials and eventually

administration in patients [367]. One promising area for targeting metastasis is within epigenetics.
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Epigenetic modifications as heritable yet reversible alterations of the genome and prime regulators of
gene expression are key contributors to cancer cell plasticity [150, 156]. This plasticity permits cancer
cells to respond quickly to changes in their environment as occur during drug treatment or invasion
and metastasis [57, 157].

Development of compounds aimed at epigenetic enzymes has exploded in recent years. A
particularly interesting set of epigenetic targets is the histone lysine demethylase family KDM5. KDM5
family members promote oncogenesis, drug resistance, and invasion and metastasis across many
cancer types [208, 209, 219]. A major limitation for drug development in this field is creating specificity
as members of the KDM5 family and related proteins containing the catalytic Jumonji domain have
highly similar structures [287, 326, 358]. Even so, over the past decade considerable progress has been
made in honing effective and specific molecules. We have had the opportunity to use a number of
these molecules with varying specificities as anticancer agents in cell lines.

We were particularly interested in targeting KIDM5B as it has the most proven connection to
cancer formation and progression. Although upregulated in many cancer types, KDM5B was first
identified as a gene overexpressed in breast cancer twenty years ago [254]. Since then KDM5B has
also been shown to promote invasive behavior [249, 268] and chemoresistance [249, 275, 279, 352] in
several cancer types, including breast cancer. Our earliest work with lysine demethylase inhibitors
involved testing effects on cell proliferation in breast cancer cells after treatment with broad inhibitors
JIB-04 and GSK-J4 [213]. MCF7 and MDA-MB231 were more sensitive to the growth inhibition
effects of JIB-04 fold than to those of GSK-J4. Moreover, JIB-04 demonstrated much greater variance
in activity between the two lines. JIB-04 inhibits histone binding of all members of the Jumonji
demethylase superfamily with some variance in efficiency against individual enzymes [213, 357], but
GSK-J4 inhibits just the KDM5 and KDMG6 families [355, 356]. The relative sensitivities within cell

lines to JIB-04 and between JIB-04 and GSK-J4 could be accounted for by differences in how well
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each compound inhibits different Jumonji families and in the underlying biology of the cell lines,
particularly since MCF7 cells are estrogen receptor positive and MDA-MB231cells are not.
Fascinatingly, KDM5A, KDM5B, and KDM5 inhibition were recently discovered to mediate anti-
estrogen therapy in estrogen receptor positive breast cancer cells, including MCF7 cells [279].

KDMB5B is also an interesting target in lung cancer as we found it to be upregulated by RNA-
seq in a population of cells with a leader phenotype during collective invasion of H1299 NSCLC cells
(Chapter 2). After confirming the upregulation of KDM5B with qPCR and Western blot analysis, we
measured invasive capacity and behaviors in stable KDM5B knockdown lines of H1299 leader,
follower, and parental isolates. Unfortunately, the most significant differences in invasion occurred
between our two shRNA sequences targeting KDM5B. However, with one shRNA sequence, we did
see a trend in decrease of chain-like invasion in the parental and leader cells as one would expect if
KDM5B was a driving force in formation of and invasion by chains led by leader cells.

We next sought to inhibit the enzymatic activity of KDM5B to test the relationship between
this enzyme and invasion. We first used compound KIDM5-C70, one of the earliest compounds
designed for high specificity of the KDM5 family [212, 284, 326, 343, 358]. After narrowing the
therapeutic window through growth assays and histone methylation detection, we established a
treatment protocol of 5 uM KDM5-C70 over 72 hours before assaying collective invasion of a 3-D
spheroid. However, despite an increase in H3K4me3 after KDM5-C70 treatment indicating that
demethylase activity was inhibited, we noted no changes in invasive behavior across parental, leader,
or follower lines. The possibilities remain that our treatment protocol was ineffective or that the off-
target effects of KDM5-C70, which does inhibit all KDM5 proteins and KDM4 and KDM6 family
members to some extent [212, 326], overwhelmed the effects on KDM5B. Additionally, a longer

treatment period may be required to affect invasion.
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Fortunately, we had access to the next generation of KIDM5 inhibitors with even greater
specificity. Developed in the last three years, GDC-50, Dong-A-167, and CPI-48 are included in few
published studies. We tested these three compounds as we did with KDM5-C70 with growth assays
and measuring histone methylation levels. As a result of these assays, we adopted a similar treatment
protocol for initial studies: 5 uM compound over 72 hours before measuring collective invasion. In
our first experiment, we found that only CPI-48 increased circularity and thus may be decreasing chain
like invasion. We conducted three more experiments to validate this data, but overall results failed to
repeat. Perhaps the differences between the initial experiment and our repeats indicate that our
treatment protocol needs a bit more tweaking to prevent invasion or that CPI-48 will not accomplish

this task.

4.2.2 Future considerations

An obvious limitation to this study is that we were unable to chemically inhibit invasion by
targeting KIDM5B and fellow KDMS5 family members, preventing our ability to fully understand the
impact of KDM5B activity on invasion. A significant barrier is determining the proper treatment
regimen. KDMb5B as an epigenetic enzyme regulates gene expression. Even though H3K4me3
increased at 72 hours, the effects of modulating KDM5B may take longer as the target genes marked
by H3K4me3 must restart transcription and exert their downstream effects on regulators of invasive
behaviors. As well, the half-lives of our compounds are not established. A longer and/or repeated
dosing schedule could yield more inhibition of invasion. Optimization of treatment protocol might be
especially useful for CPI-48 as this compound was most likely to inhibit collective invasion.

Furthermore, specificity for KDMD5 proteins remains an ongoing problem. Given that some
compounds have varying degrees of affinity for other Jumonji proteins, the differences in efficacy may

be attributable to the relative dependencies of a cell or phenotype on additional demethylases.
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However, this complication may actually be beneficial. This effect could be abrogated by targeting all
KDMS5 proteins. Likewise, any disparity of cell response across different cell types could be dependent
on the profile of lysine demethylase activity of each cell type as a whole, not just one enzyme. A deeper
understanding of the biology of cancer types and histone lysine demethylases could allow us to exploit
this possibility by targeting multiple demethylases at the same time.

Our work utilizes only cells in culture and, as with any study, would benefit from 7 vivo
support. Several studies have shown that KDM5B regulates invasion and migration in 2-D assays [259,
268-272]. Some of these studies have also shown that cells overexpressing KDM5B are able to form
metastasis after tail vein injection in mice [259, 271]. KDM5B has even been found to be
overexpressed in human metastases as compared to non-metastatic tumors [270, 271]. Just because
some cell types can invade locally does not mean they are capable of forming metastatic tumors [334-
330]. In fact, experts in the field often debate about whether to target metastasis as a preventative
measure at local invasion of the primary site or to treat the secondary, metastatic tumors [368]. As
KDM5B can contribute to both actions, KDM5B may be a good anti-metastatic target. Future studies
should include analysis of KIDM5B inhibitors in xenograft models and tail vein injections in mice so
we can study the impacts of KDM5B inhibition on both ends of the metastatic spectrum. Ultimately,
the work presented in this dissertation aims to prevent deaths from metastatic cancer through

understanding the process and identifying targets.
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Figure 4.1 Model of invasive cooperativity within a heterogenous population. Within a
population of tumor cells, genetic or epigenetic alterations can give rise to subpopulations with
divergent phenotypes. These new phenotype may include producing or receiving paracrine signals that

create a symbiosis between subpopulations. One possible result of this symbiosis is the ability to

invade surrounding tissues that neither subpopulation would be capable of on its own.
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Figure 4.2. KDM5B may regulate leader behavior through HOXA5 and VEGF. KDM5B
suppresses the transcription factor HOXAS5. HOXAS reduces expression of VEGF, which is
molecule overexpressed in H1299 leaders and required for collective chain formation. Thus,
upregulation of KDM5B could lead to upregulation of VEGF and promote leader behavior.
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Chapter 5

Materials and methods

The following text is largely excerpted or adapted from “Genetic heterogeneity within collective
invasion packs drives leader and follower cell phenotypes” under revision at Journal of Cell Science and
“Characterization of a Linked Jumonji Domain of the KDM5/JARID1 Family of Histone H3
Lysine 4 Demethylases” published by John R. Horton, Amanda Engstrom, Elizabeth L. Zoeller, Xu
Liu, John R. Shanks, Xing Zhang, Margaret A. Johns, Paula M. Vertino, Haian Fu, and Xiaodong

Cheng in Journal of Biological Chemistry, 2016 Feb. 5.
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Cell lines and culture conditions.

Leader and follower cells isolated via the SaGA technique from the H1299 human NSCLC
cell line [288], as well as the parental H1299 cell line (ATCC, Manassas, VA), were cultured in RPMI-
1640 media supplemented with 10% fetal bovine serum and 100 units mIL." of penicillin/streptomycin,
and maintained at 37°C and 5% CO,. H1299 cells had been transfected with the Dendra2 as previously
described [288]. 293T cells were maintained in Dulbecco’s Modified Eagle’s Media (DMEM)
supplemented with 10% fetal bovine serum and 100 units mL" of penicillin/streptomycin at 37°C and
5% CO,. MCF7 and MDA-MB231 breast cancer cell lines (ATCC, Manassas, VA) were maintained

in Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum and 2mM glutamine and

cultured in a humidified incubator at 37°C and 5% CO2.

ARP3 knockdown and overexpression lines.

Lentivirus was prepared by seeding 2x10° HEK293T cells in a 100 cm dish and co-transfecting
with 5 pg transfer vector, 0.5 ug pMD2.G (Plasmid #12259, Addgene), 5 ug psPAX2 (Plasmid
#12260, Addgene), and 1 ug of lentiviral vector. After 24 hours, media was replaced with 5 mL fresh
complete media, then virus-containing media was collected after 24 hours. Media was centrifuged for
3 minutes at 1000 rpm, 4°C, and then supernatant was filtered through a 0.45 um low protein-binding
filter.

Target cells were seeded at 70% confluence in a 6-well plate one day prior to lentivirus
collection. After virus collection, target cell media was replaced with 1 mL complete media plus 340
uL. virus stock and 1.34 uL. polybrene (10 mg mI." stock), added dropwise. After 24 hours, media was
replaced with 2 mL complete media. Selection antibiotics (shRNA: puromycin; ARP3 expression

vectors: hygromycin) were added 48 hours after viral infection.



110

shACTR3 constructs were obtained from Millipore Sigma TRCN0000029383 and TRCN0000380403.
mCherry-ARP3 lentiviral constructs were created by cloning ARP3-pmCherryC1 (a gift from Christien
Merrifield; Addgene plasmid # 27682 [369]) into the pCDH-UBC-MCS-EF1 Hygro backbone. The
UBC promoter was subsequently exchanged for a CMV promoter. The ARP3 K240R mutation was

created using site-directed mutagenesis.

KDM5B knockdown and overexpression lines.

The pLKO-scrambled, pLKO-KDM5Bsh1, and pLKO-KDM5Bsh2 constructs were a kind
gift from Dr. Qin Yan as previously described [282]. Lentivirus was prepared by seeding 9x10°
HEK293T cells in a 6cm dish and co-transfecting with 0.1 ug VSV.G (viral envelope plasmid), 0.9 pg
dR8.2 (viral packaging plasmid), and 1 pg of lentiviral vector 24 hours post-seeding. After additional
24 hours, media was replaced with 6 mL fresh complete media, then virus-containing media was
collected after further 24 hours. Media was centrifuged for 3 minutes at 1000 rpm, 4°C, and then
supernatant was filtered through a 0.45 um low protein-binding filter.

Target cells (H1299 parental, leader, and follower cell lines) were seeded at 1x10° cells per well
in a 6-well plate one day prior to lentivirus collection. After virus collection, target cell media was
replaced with 1 mlL. complete media plus 300 uL virus stock, and 10 pg mL" polybrene (final), added
dropwise. After 24 hours, media was replaced with 2 mL. complete media. Cells were selected with 3
ug mI" puromycin at 48 hours after viral infection.

For KDM5B knockdown lines stably express mCherry, H1299 leader cells with stably
expressing either scrambled control RNA, KDMb5Bsh1, or KDM5Bsh2 were transiently transfected
with 2 pg mCherry hygro vector to 1x10° cells per well of 6-well plate with Lipofectamine 3000
(ThermoFisher Scientific Inc.) After 48 hours, plasmid expressing cells were selected with 500ug mI

! hygromycin.
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The HA-KDMS5B construct was a kind gift from Dr. Qin Yan [282]. The puromycin selection
marker was exchange for a hygromycin cassette, and the KDM5B L685W mutation was introduced
by site directed mutagenesis. H1299 cells were transfected with 2 pg plasmid vector to 1x10° cells per
well of 6-well plate with Lipofectamine 3000 (ThermoFisher Scientific Inc., Carlsbad, CA, USA). After

48 hours, transduced cells were selected with 500 ug mI." hygromycin.

RNA-sequencing and variant calling.

RNA-sequencing was performed in triplicate on H1299 parental, leader and follower cells. For
parental cells, three different passages were used. For follower cells, three separately-isolated
populations were used. For leader cells, two separately-isolated populations were used: one passage of
one population, and two passages of the other. RNA library preparation and sequencing were carried
out by the Emory Integrated Genomics core and Omega Bio-Tek, Inc. using the TruSeq Stranded
mRNA kit, followed by quantification using a Quantus Fluoremeter (Promega, Madison, WI, USA)
and integrity assessment using an Agilent 2200 Tapestation instrument. Sequencing was performed
using a HiSeq2500 instrument (Illumina, Inc., San Diego, CA, USA), with 50M total sequencing reads
generated per sample using the PE100 run format.

Data processing and statistical analyses were performed by the Emory Biostatistics and
Bioinformatics Shared Resource. Raw paired-end fastq reads were assessed for quality and
contamination using FastQC [370] and trimmed with Trimmomatic v0.32 [371]. Quality filtered reads

were mapped against human reference genome hgl9 using STAR aligner v2.3.0 [372]. Picard tools

v1.111 (http:/ /broadinstitute.github.io /picard) was used to assess post-alighment QC and to remove
PCR duplicates. With an average yield of 30M post-filtered reads, 88% of the reads mapped uniquely
with 78% of reads covered in the coding and UTR region. Genomic variants from RNA-seq were

called using SamTools v0.1.19 mpileup [373] with Varscan v2.3.6 [374] and functionally annotated


http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
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using ANNOVAR [375]. A filtering criterion was applied requiring that reported variant had > 6X

read depth coverage, 22X supporting alternate reads in all samples. Variants associated with intronic,
intergenic or synonymous changes, pseudo genes, non-coding RNAs, or sex chromosomes were
excluded. Variants were filtered if they were known in dbSNP but not present in COSMIC database.
This resulted in a total of 6240 variants. A pairwise two-sided independent t-test was done to compare

cell populations mean variant allele frequencies between the groups.

Data Deposition
RNAseq data generated as part of this project have been deposited in the NCBI Sequence

Read Archive (SRA) under accession # PRJNA542374.

Western blotting.

Total cellular protein expression was assessed via Western blotting as previously described
[376]. For histone detection, lifted cells were washed twice with PBS and lysed with Triton extract
buffer (PBS containing 0.5% Triton X 100, 2 mM phenylmethylsulfonyl fluoride (PMSF), and 0.02%
sodium azide) 10 minutes on ice. Samples were collected by centrifugation for at 4°C for 10 minutes
at 2000 rpm. Histones were then acid extracted in 0.2 M HCI by rotation overnight at 4°C. Samples

were then electrophoresed on a 6.5% SDS-PAGE gel and subject to Western blotting.

Reagents and antibodies.

Primary antibodies for Western blot: ARP3 antibodies (Santa Cruz, cat. no. sc-48344;
Proteintech, cat. no. 13822-1-AP) were used at 1:1000. KDM5B antibody (Sigma, cat. no. HPA
027179) was used at 1:500. KDM5A antibody (Cell Signaling, cat. no. 3876S) was used at 1:1000 in

5% milk. KDM5C antibody (Active Motif, cat. no. 39229) was used at 1:2000 in 5% milk. GAPDH
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antibody (Cell Signaling, cat. no. 2118) was used at 1:30,000. Beta-tubulin antibody was used (Sigma,
cat. no. T4020) at 1:5000. HA antibody (Biolegend cat. no. 901501) was used at 1:1000. H3K4me3
and H3K4me2 antibodies (Millipore cat. nos. 07-473 and 07-030 respectively) were used at 1:10,000.
H3K4mel antibody (Cell Signaling cat. no. 5326T) was used at 1:5000. H4 antibody (Millipore cat.
no. 05-858R) was used at 1:20,000. Horseradish peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch) were used at 1:10,000 for Western blot.

JIB-04 (Sigma-Aldrich SML0808), GSK-J4 (Sigma-Aldrich SML0701), and GSK-J5 (Cayman
12074) were dissolved in 100% DMSO to 20 and 40 mM, respectively. KDM5-C49 (Xcess Biosciences
M60191) and KDM5-C70 (Xcess Biosciences M60192) were dissolved in 100% DMSO to 50 mM.
GDC-50, Dong-A-167, and CPI-48 were gifted to us at 10 mM in 100% DMSO by Dr. Mark
Henderson ant the National Center for Advancing Translational Sciences Chemical Genomics Center
(NCGC). GDC-50, Dong-A-167, and CPI-48 were synthesized respectively as in patent
W0O2016057924 and Horton et al., patent WO2016068580, and Liang et al [2806, 364|. Stock solutions

were stored at -20 °C.

3-D invasion assays, spheroid microscopy and image analysis.

Spheroids were generated as previously described [376] and embedded in 2 mg mI." Matrigel
(BD Biosciences) diluted in complete media. Images were taken at 0, 24, and in some cases 48 hours
post-embedding at 4x using either an Olympus IX51 or CKX41 microscope.

For mixed spheroid experiments, cells were plated together in low-adhesion wells in the
indicated ratios with 3000 total cells per spheroid and embedded as previously described. After 24
hours, spheroids were imaged using a Leica SP8 inverted confocal microscope. Invasive area and

spheroid circularity were measured using Image] as previously described [288].
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For invasion assays utilizing chemical inhibitors, H1299 parental, leader, and follower cells
were plated at 3x10" cells/well in a 6-well plate and treated with 5 uM KDM5-C70 or vehicle equivalent
for 72 hours post-adhesion. Cells were then lifted and plated for spheroid formation as described
above in media containing 5 pM KDM5-C70 or equivalent vehicle for 72 hours. Spheroids were then
embedded in Matrigel as above. Both Matrigel and media in dish contained 5 uM KDMS5-C70 or
vehicle equivalent. Spheroids treated with GDC-50, Dong-A-167, and CPI-48 were plated and
embedded as above in 5 uM final in media during spheroid formation and in Matrigel and media

during invasion.

Target validation.

DNA and RNA were isolated from H1299 parental, leader and follower cells using DNeasy
Blood & Tissue Kit and the RNeasy Mini Kit (Qiagen Sciences, Germantown, MD, USA),
respectively. Isolation of samples occurred in two independent biological replicates. RNA was reverse
transcribed with M-MLV Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) top generate cDNA.
Primers were designed and used to amplify regions surrounding each locus of interest subject to
Sanger sequencing at GENEWIZ (South Plainfield, NJ, USA). Primer sequences are listed in Table
S1.  PCR products were cloned into the pCR4-TOPO TA vector by TOPO-TA cloning
(ThermoFisher Scientific 450071, Carlsbad, CA, USA) and transformed into bacteria. Fifty individual
colonies for each gene in each cell type were and re-streaked on a new ampicillin plate. After 24 hours

twenty colonies each were sent to GENEWIZ for Sanger sequencing,.

Targeted deep resequencing and analysis.

Targeted region of KDM5B surrounding exon 15 was PCR amplified using primer sequences

listed in Table S1. Amplified products were purified by SPRI beads (KAPA Biosystems, Cape Town,
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South Africa). Libraries were then created with custom TruSeq compatible adapters and KAPA Hyper
Prep Kit (KAPA Biosystems, Cape Town, South Africa). Quality for each library was checked using
an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Libraries were sequence on an
Illumina HiSeq 4000 (Illumina, Inc., San Diego, CA, USA) using 150 bp paired-end sequencing at
NYU Genome Technology Center. Quality trimmed reads were mapped to the human genome
(GRCh37) using Bowtie 2 [377]. Variant allele frequencies for the KDM5B SNP (rs1141108) were
quantified as the fractions # of reads (average depth= 348,327 reads for allele per line) at the
corresponding genomic position exhibiting the A or G allele at position chrl: 202715284 using R
packages Rsamtools, ShortRead, GenomicAlignments, and BSgenome.Hsapiens.UCSC.hgl9 [378-
382]. Differences in KDM5B variant allele frequencies were based on analysis of variance with Tukey’s

post-hoc correction using the R functions ‘aov’ and ‘“TukeyHSD”, respectively.

Histone demethylase activity assay.

Direct quantification of H3K4me3 demethylase activity, cells were lysed by sonication in PBS
(3x 4 sec) in the presence of protease inhibitors. Equal amounts of protein were incubated with a
histone H3K4me3 substrate for 2 hours at 37°C before specific immune-detection of the H3K4me?2
product using Epigenase™ JARID Demethylase Activity/Inhibition Assay Kit (Epigentek P-3083,

Farmingdale, NY, USA). Detailed reaction conditions were as previously described [357, 383].

Statistical analysis.

Two-tailed, unpaired Student’s t-test was used to assess statistical significance between any
two conditions. Ordinary one-way ANOVA with Tukey’s multiple comparisons test was used for
experiments in which three or more conditions were being compared. Fisher’s exact test was used to

compare observed versus expected values for invasive chains; odds ratios were calculated via the
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Baptista Pike method. Significance was concluded for p values <0.05. Error bars represent mean+s.d.
Confidence intervals of proportions in the mixed spheroid experiments were calculated via the
Wilson/Brown method. Fisher’s exact test was used to test the association of the identified mutations
and the phenotypes (e.g. mutant vs. wild-type, leader versus follower) in TOPO-TA cloning

experiments.

Cell proliferation assay.

H1299 cells expressing constructs for either overexpression or knockdown of KDM5B were
seeded at 1x10° cells/well in six wells each of the interior wells of 96 well plate and grown in culture
conditions described above until fixed at 24 hours, 48 hours, 72 hours, 96 hours, and 120 hours post-
seeding. For drug treatment experiments, H1299 cells were plated at 2x10° cells/well, and MCF7 and
MDA-MB231 cell lines 5x10° cells/well grown in triplicate wells in cell conditions as described above.
After adhering to the wells for 24 hours, cells were treated for 72 hours in the presence of a compound
or vehicle until fixation. One plate of adherent cells (plate Day0) at 24 hours was also fixed on the day
of drug treatment. Cells were fixed with 100uL/well cold 10% TCA for 1 hour at 4°C, washed three
times in ultrapure water, and dried. Cells were then stained with 100uL/well 0.4% sulforhodamine B
in 1% acetic acid for 30 minutes, washed three times in 1% acetic acid, and dried. Dye was dissolved
in 200uL/well 10mM Tris base (pH10.5) 30 min. Optical density (OD) was measured by
spectrophotometer at 510nm. Fold-change in OD follows: (ODxhous) / (ODa24 houss). The petcentage
of control cell growth was calculated as (Treatment group OD7; hous - ODpay0)/ (Untreated group

OD72 hours ~ ODDay ())-
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Quantitative Reverse Transcriptase PCR.

RNA was isolated with RNeasy Mini-Kit (Qiagen Sciences) and reverse transcribed with M-
MLV Reverse Transcriptase (Invitrogen). The cDNA was amplified with primers specific to KDM5B
and {3 tubulin using IQ SYBR Green Supermix (Bio-Rad) in real-time PCR. Primer sequences as
follows: KDM5B forward GTGCGCTGTACTGTGAAGGA, KDM5B reverse
GGCTGGCTTGAGTACCAGTC, B-tubulin forward CTTCGGCCAGATCTTCAGAC, and B-

tubulin reverse AGAGAGTGGGTCAGCTGGAA.
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