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Abstract

Breast cancer is the second leading cause of cancer-related deaths in US
women. Basal-like breast cancer subtypes, commonly referred to as triple-negative
breast cancer (TNBC), account for 10-20% of cases and are associated with the poorest
short-term prognosis due to a lack of targeted therapies. Epigenetic reprogramming is
proposed to be required for malignant transformation and invasion, particularly in cells
undergoing epithelial to mesenchymal transitions (EMTs) such as TNBC. The ability to
reverse epigenetic changes, causing redifferentiation of cells, can sensitize tumors to

treatment and ultimately allow for apoptotic induction.

Although promising, many small-molecules inhibiting epigenetic enzyme activity
are highly toxic, with a narrow therapeutic index. Furthermore, the beneficial effects of
many of these molecules take months to realize. The time scale is too-slow to be a first-
line defense for patient populations with advanced stage tumors, who would benefit most
from the therapy. Along with small molecules, nutraceuticals are being investigated for
histone deacetylase (HDAC) inhibitory capacity. Short chain fatty acids, in particular,
have proven to be effective HDAC inhibitors, suggesting a possible role for other fats in

epigenetic regulation.

Research has shown that several omega-3 polyunsaturated fatty acids (PUFAS),
specifically docosahexaenoic acid (DHA; C22:6, n-3) and eicosapentaenoic acid (EPA;
C20:5, n-3) inhibit tumorigenesis, whereas the omega-6 PUFA linoleic acid (LA; 1C8:2,
n-6) promotes neoplastic growth; supporting the association of increased cancer
incidence with omega-6 PUFA dietary intake. Arachidonic acid (AA; C20:4, n-6) is
associated with pro-inflammatory signaling processes, and therefore tumorigenesis;

however, conflicting results, dependent on tumor type, exist in the literature. PUFAs are



bioactive nutrients known to mediate epigenetic effects within normal cells. More
recently, the alteration of DNA methylation and histone acetylation by PUFAs was

reported in HCT-116 colon carcinoma.

Current research focuses on the potential of dietary intervention in TNBC as an
epigenetic therapy. This study monitors epigenetic alterations in MDA-MB-231 TNBC
cells in response to both omega-3 and omega-6 PUFAs. DHA, EPA and AA all elicit
apoptosis, in a dose-dependent manner, suggesting effects are not omega-6 vs omega-
3 specific. DHA, EPA, LA and AA also exhibit dose-dependent effects on HDAC class I/ll

activity and chromatin remodeling.

The studies herein demonstrate that PUFA incorporation and attenuated
metabolism are not sufficient to induce apoptosis in MDA-MB-231 TNBC cells upon
supplementation. Plasma membrane integrity was not appreciably altered at 3 or 12
hour treatments. This was interesting because whole cell incorporation of PUFA for the
75 nmol (50% viable at 48 hours) doses did not significantly increase past 12 hours.
Therefore, any result from altered signaling should be present at the 12 hour time point
as well. These data, combined with a lack of programmed cell death initiation at 12
hours indicates that the level of intact PUFA in cell membranes doesn’t appear to be a
direct mediator of apoptotic induction. Mitochondrial membrane potential was universally
decreased throughout all time points and treatments in this study. This lead to
decreased intracellular ATP levels, relative to vehicle control, but not below non-treated
ATP levels. Therefore, ATP was not a limiting factor as previously proposed. Further
rejecting the membrane-disruption hypothesis, the reduction in mitochondrial membrane

potential was not sufficient to induce apoptosis at 3 or 12 hours.



Furthermore, activity was consistently altered among HDAC classes at 3 and 48
hours, typically punctuated with a recovery to basal levels noted at the 12 hour time
point. Chromatin condensation was observable in primarily in 12 and 48 hour time
points, although it was noted in DHA and EPA treatments at 3 hours. These data,
considered with the membrane, ATP and apoptosis data, demonstrates that PUFA
mediated epigenetic changes occur on a time scale proceeding apoptotic induction.
Research is ongoing to define a possible mechanism, but current data suggest PUFA

may be useful as epigenetically-targeted cancer therapeutic agent or adjuvant.
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Chapter 1

Introduction



I. Cancer

A Brief History

Cancer has existed throughout recorded history. The oldest documented cases
are found within the Edwin Smith Papyrus surgical text of ancient Egypt, circa 3000
B.C.L1. The papyrus describes eight breast “ulcers”, resected by a crude form of
cauterization with a sharp, heated instrument termed a “fire drill”. Some Egyptian
mummies have deformations of the skull and cervical vertebra consistent with
osteosarcoma®™ and the second oldest case of prostate cancer was confirmed via high
resolution computerized tomography (CT) in a 2250 year old Egyptian mummy?®; a
Scythian king in Russia was the first (2700 years ago)®. Cancer existence is not unique

to mummies of a single culture or continent, but has been noted across the globe’2°,

During the days of antiquity, cancer was understood to be a fatal malady but little
else was known. It was not until the Age of Pericles (480-404 B.C.) that Hippocrates, the
father of modern medicine, coined the terms carcinos and carcinoma to describe
neoplastic growth'®1%11 Aylus Cornelius Celsus (28 BC-50 AD) was a Roman author of
encyclopedias who transcribed the Greek “c a r ¢ iintodhs Latin “cancer’®*2, Cancer
translates to “crab” and was likely selected due to projections from a central tumor body
loosely resembling the crustacean. Later, a Greek physician named Claudius Galen
(130-200 AD) used the word oncos, “swelling”, to define tumors'®2. It is from these
terms that we derive modern medical terminology. Oncology is the study of cancer,

whereas the term cancer itself refers to malignant tumors.

During the 15" century, scientists began to define and use scientific methods,

leading to a better understanding of human anatomy. English physician William Harvey



pioneered the use of autopsies for anatomical systems research in this period®,
Subsequently, in 1761, Giovanni Morgagni of Padua originated the use of post-mortem
autopsies for cancer pathology**. Within the same period (1728-1793), the Scottish
surgeon John Hunter advised that cancers were curable by surgical resection provided
they did not invade adjacent tissues'®. Surgical interventions as cancer therapy
increased dramatically during the 1800s, after the first successful surgical procedure
under anesthesia was conducted in October of 1846; wherein Dr. John Collins Warren
removed a tumor from Edward Gilbert Abbott’s neck with Dr. William T. Morton

administering anesthesia®113,

The advent of microscopy in the 19" century allowed Rudolf Virchow, father of
cellular pathology, to amass the scientific basis of modern oncopathology” 124, He was
the first person to identify leukocyte presence in cancer tissues, identifying an
inflammatory effect in cancer and coining the term “leukemia” to describe cancer
patients with high serum white blood cell counts. Pathology remains a pillar for
identification of cancers today. At the cusp of the 19" century, (1898) Marie and Pierre
Curie discover radioactive polonium and radium, which were utilized soon after for the

first-ever radiation cancer treatments.

The onset of the 20" century saw rapid growth in tumor biology research. In
1902, Theodor Boveri noted damaged chromosomes in tumors*®; postulating this
abnormality causes unchecked replication, allowing for tumor development from a single
cell. In 1909 Paul Ehrlich discovered immune surveillance®’, wherein the immune
system has the ability to abolish cancers. By 1911, Peyton Rous showed that the Rous
sarcoma virus can induce tumorigenesis in chickens'®, proving infectious agents can

cause cancer. The importance of environmental factors in cancer development was



further substantiated by Katsusaburo Yamagiwa and Koichi Ichikawa in 1915 when they
demonstrated the ability to provoke cancer simply by applying coal and tar to the

epidermis of rabbits*®.

The first major cancer initiative in the United States began in 1937, when
President Franklin D. Roosevelt signed legislation creating the National Cancer Institute
(NCI). Cigarettes were directly associated with lung cancer by Wynder, Graham and Doll
in 1950%°; further promoting the importance of environmental factors that researchers
had noted in the early part of the century. However, the U.S. Surgeon general didn’t
issue a report declaring the connection between smoking and lung cancer until 14 years

later.

During the second-half of the 20™ century, President Richard Nixon signed the
National Cancer Act (1971), authorizing the NCI director to establish cancer research
centers and national control programs. Subsequently, the first oncogene was described
by Stehelin et. al. using avian sarcoma virus in chickens (1976)?. During this period, the

FDA began approve hormone therapy drugs.

In the latter portion of the 20" century many of the genes and proteins targeted
by current therapies were discovered, attributable largely to advancements in molecular
biology and biochemistry. At the same time, it was demonstrated that a lumpectomy
followed by whole-breast radiation had survival rates similar to mastectomies and thus
the breast-conserving surgery was born (1980s). In the mid-1990s breast cancer
associated genes (BRCA1/2) were identified. It wasn’t until 1997 that the FDA approved

the first use of a monoclonal antibody, rituximab, in cancer therapy.



The first NCl-sponsored breast cancer prevention trial was initiated in 1998, and
demonstrated tamoxifen reduces breast cancer incidence by roughly half in women with
increased risk factors. Based on this study, the FDA approved the first preventative
treatment for high-risk breast cancer patients. In the same year, the FDA allowed the
first use of human epidermal growth factor receptor isoform Il (HER2) targeted
immunotherapy. In 2010, the first ever cancer vaccine, sipuleucel-T, was approved by
the FDA for use in metastatic prostate cancer. Prevention, vaccines, and immunotherapy

remain areas of intense research and hope for cancer therapy today.

Hallmarks

Presently, cancer is typified by the unregulated replication and spread of abnormal
cells. The adult human body is a complicated network of individual tissues and organs,
comprised of an estimated 3.7 x 10*2 cells??, which regulate each other’s proliferation to
maintain organ structure and utility based on the organism’s needs?3. Normal cells will
not divide without a signal from adjacent cells, however cancer evades that governing
process®*?4, Although the term “cancer” refers to well over 100 different diseases,
malignant transformation of any cell is thought to be reliant upon a set of six common

traits®* (Fig 1. 1). These hallmarks are biologically distinct, but complementary?+2°,

1. Continual Proliferation

The first, and arguably most important, is the ability to maintain continual
proliferation despite contrary signaling from surrounding cells. Mitogenic signaling in
normal cells requires that growth factors bind tyrosine kinase receptors, initiating a
signaling cascade, resulting in cell growth and division?>?¢, The exact signaling
processes for normal cells are not well defined, as it is postulated to involve spatial as

well as temporal components?*. This kind of regulation is typical of paracrine signaling; a



difficult system to replicate. Cancer cells are known to initiate mitogenesis through
autocrine signaling®’-3°, stimulation of stromal cells to manufacture growth factors?>31,
elevating growth factor receptor expression323, and acquiring constitutively active

mutations in growth receptors®334,

Further complicating proliferative signaling, negative-feedback loops are
commonly employed by normal tissues to attenuate propagation in response to dynamic
pathway fluctuations and maintain homeostasis. One such signal, contact inhibition, is
an in vitro manifestation of an in vivo homeostatic negative-feedback mechanism,
wherein cells become quiescent when confluent?®3°, Tumorigenic cells, however, quell
this response using replicative signaling cascade anomalies, typically via constitutive
activation within the PISK/AKT/mTOR/Ras?>*5-38 pathway(s) through genetic mutations.
Despite activation of these pathways, tumors must maintain a delicate balance of growth
signaling levels because, contrary to original theories, disproportionate proliferative

signaling can induce cellular senescence®.

2. Circumventing Growth-Suppressive Signaling

Overcoming growth-suppressive signals is another substantial hurdle facing
cancers. Tissue homeostasis in normal cells relies on anti-proliferative signaling
suspending cells in a quiescent, Go, state?®. Anti-growth signals have two primary
outcomes in normal cells; (1) withdrawal from active proliferation until extracellular
signaling prompts it or, less commonly, (2) permanent loss of the ability to replicate via
differentiated, post-mitotic statuses?*. Neoplasms are able to circumvent these cell cycle
checkpoint-associated growth-retarding signals by a number of mechanisms, including
disrupting the signaling cascade through mutations in protein sequence(s), or altering

enzyme activity with post-translational modifications (PTMs)*%4!, Other cancers escape



these regulatory processes by utilizing transforming growth factors*?4® to undergo an
epithelial-to-mesenchymal transition (EMT) into a cancer stem cell phenotype, which is

associated with late stage neoplasms, metastasis and poor prognosis**¢.

Evading Insensitivity to
apoptosis anti-growth signals

Sustained Tissue invasion
angiogenesis & metastasis

Fig 1. 1. Hallmarks of Cancer adapted from Hanahan and Weinberg (**).A visual
representation of functions reported to be shared among cancers.



3. Evading Apoptosis

Avoiding programmed cell death, apoptosis, is thought to be a crucial requirement of
malignant transformation, as it appears to be a persistent hallmark among all cancers,
supported by a myriad of in vivo and in vitro experiments?>4"48, The propensity for
cancer to grow is reliant upon the rate of proliferation versus the rate of cell death?.
Apoptosis can be provoked in malignancies with anti-tumorigenic therapies as well as
physiological stressors. Many regulators of apoptotic induction have been documented,
and they all activate apoptosis through the typically latent proteases termed caspases®.
Extracellular apoptotic signals initiate caspase 8 (Cas-8) activity, whereas intracellular
stresses utilize caspase 9 (Cas-9)?>°. The activation of Cas-8/9 leads to a cascade of
proteolytic caspases which carry out the apoptotic program (Fig 1. 2). Specifically, Cas-
8/9 must form a multi-unit complex, apoptosome, with cytochrome C, apoptotic protease-
activating factor 1 (APAf-1) and dATP or ATP to activate, by cleavage, caspases 6, 3,
and/or 7. Activated Cas 3/7 then carry out apoptotic proteolytic programming within the
cell. It is thought that tumors are most susceptible to intracellular (Cas-9) apoptotic

induction, and are believed to largely suppress expression of Cas-9 associated genes?®.
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4. Replicative Immortality

Enabling replicative immortality is equally important to tumor progression,
necessitating the development of a telomere maintenance mechanism (TMM)*. The
prevailing theory states that as telomeres shorten with each replicative cycle, they
eventually reach the “Hayflick Limit” at which point the chromosomes are destabilized,
begin to unwind and lead to apoptotic induction®!. Constitutive activation of telomerase
continually lengthens telomeres, conferring immortality to cancer cells®°. Approximately
85-90% of all cancers utilize active telomerase, however the remaining cancers employ
an alternative lengthening of telomeres (ALT) process, akin to homologous

recombination, to maintain healthy telomere length®2.

5. Angiogenesis

Nutrients, oxygen, and a place to dispose of metabolic waste as well as off-load
carbon dioxide is as vital to tumors as it is to normal cells. Although early stage cancers
do not require a dedicated blood supply, angiogenesis is considered a hallmark of
cancer because it is required for progression to advanced tumor stages?. Evidence
supports a model which employs vascular endothelial growth factor (VEGF) as an
angiogenic inducer, and thrombospondin-1 (TSP-1) as an inhibitor thereof?*. These
angiogenic regulators bind vascular endothelial cells, either stimulating or inhibiting
angiogenesis. VEGF is shown to be upregulated with hypoxia and oncogene signaling,
and is the primary mechanism used by tumors to initiate development of a dedicated

blood supply®*.
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6. Continual Proliferation

Activating invasion and metastasis is one of the last hallmarks to be acquired. As
recently as the year 2000, clinical observations indicated that as tumors with epithelial
origins advance through pathological grades, including metastasis, there was a noted
loss of extracellular matrix (ECM) attachment and a phenotypic change in shape, but the
mechanisms were complete mysteries. A great deal of progress in the last 15 years
proposes an invasion-metastasis cascade, with discrete steps including; (1)
intravasation- invasion into nearby venous and lymph systems, (2) spread of cells
through blood and lymph tissues, and (3) extravasation- cells exiting vessel lumina into
the parenchyma for colonization of distant tissues. Research suggests that a loss of E-
cadherin, an ECM attachment protein, may be the required for intravasation?°. The
phenotypic shape changes typically associated with late-stage, metastatic cancers and
poor prognoses is defined as an epithelial-to-mesenchymal transition (EMT)34446, Many
of the transcription factors (TFs) known to be involved in the EMT process can directly
depress E-cadherin gene expression. Although little is known about the TFs involved in
EMT, it is apparent that they are capable of coordinating nearly all steps of the invasion-

metastasis cascade, except colonization.

A recent update suggested a number of “emerging hallmarks” including immune
evasion® and metabolic reprogramming®® as distinct but necessary components of
malignant transformation?. It was also noted that the “enabling characteristics” of pro-
inflammatory processes®® and genome instability>’=>° may be important to tumorigenesis.
Although evidence supporting the importance these is sparse, many of the newer cancer

therapeutics showing promise are immune system or epigenetically-targeted agents.
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Continued research is needed and may result in concrete identification of new hallmarks

and treatment targets.

Economic Burden

Many therapeutics in use today have been designed to exploit one or more of the
above hallmarks to fight cancer®®. Despite the progress made in therapies and early
detection, cancer remains a leading cause of death in the USA; second only to heart
disease®!. Worldwide, it is estimated that half of men and one third of women will be
diagnosed with cancer in their lifetimes®-2, Other studies suggest 100% of the
population will develop cancer if they live long enough. Cancer remains the leading
cause of mortality worldwide, culpable for 1 in 8 deaths globally according to the World

Health Organization (WHO). In the united states, 1 in 4 deaths are cancer related®®.

Cancer cases resulting in early morbidity and mortality cost an estimated $895
billion in lost production worldwide during 2008. Although not inclusive of direct medical
costs, that figure translates to roughly 1.5% of the world’s GDP (gross domestic
product), and is almost 20% higher than heart disease associated costs. Lung ($188

billion), colon/rectal ($99 billion), and breast ($88 billion) were the costliest globally. [¢%]

The direct medical costs associated with cancer in the United States were $74.8
billion in 2013, and are currently estimated to be $290 billion globally today, with
projections reaching $458 Billion by 2030°%. Lung, breast and colon cancers remain the

most economically taxing.

Breast Cancer
Nearly 1.7 million new cancer diagnoses and 600,000 cancer-related deaths are

predicted within the United States of America in 2016. Of those, approximately 246,660
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women and 2,600 men are expected to be diagnosed with invasive breast cancer. An
estimated 61,000 new cases of in situ (noninvasive) breast cancer will also be
diagnosed this year. U.S. breast cancer deaths in 2016 are expected to total 40,450

women and 440 men.[*°]

Although death rates have decreased in the last decade, breast cancer remains
the most commonly diagnosed and second leading cause of cancer-related deaths in
American women®. The vast majority of breast cancers begin in lobules (milk-producing
glands) or the ducts connecting them to the nipple. Connective, fatty and lymph tissues
comprise the remaining breast parenchyma and can, but typically do not, become

malignant.

The advent of new technology, such as the mammogram and ultrasound, allows
clinicians to detect breast cancer much earlier. The majority of new breast cancers are
detected at stage Il or earlier, which leads to better prognosis because they are less
resistant to therapy®®. Breast cancers are staged using the TNM clinical standard; T=
tumor, N= lymph node, and M= metastasis. Stage 0 growths have not invaded
surrounding tissues or lymph nodes. Stage | tumors are less than 2 cm, may begin to
invade other tissues but have not infiltrated lymph nodes. Stage Il carcinomas are 2-5
cm, have clearly invaded adjacent tissues, but have not spread to lymph nodes. Stage Il
cancers are 5 cm or larger, have advanced into surrounding tissues and lymph nodes,
but have not metastasized. Stage IV cancers can be of any size, spread through local
tissues, the lymph system and have distant metastasis. Early detection and
combinatorial treatments have decreased breast cancer deaths by a staggering 36%
between 1989 and 2012. Although the continual increase in survivorship is encouraging,

the ever-rising incidence remains troublesome. [6566]
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Subtypes

Within the breast cancer umbrella, there are at least 21 distinguishable
histological subtypes, which can be further delineated into four distinct molecular sub-
types. Categorization of breast cancer into molecular subtypes is based upon expression
of three receptors; estrogen receptor (ER), progesterone receptor (PR), and HER2.

These molecular subtypes differ in presentation, responsive indices, and prognosis.[®°]

The luminal A subtype is hormone receptor (ER, PR) positive and growth-factor
receptor (HER2) negative and accounts for nearly three-quarters of all new diagnoses.
This subtype has the best prognosis and is typically detected at earlier stages of the
disease. This favorable prognosis is largely attributable to the absence of HER2,
translating to diminished proliferative signaling. Breast cancers possessing the ER
and/or PR receptors (74%) present clinically as slow-growing, non-aggressive
phenotypes. These tumors demonstrate the best short-term response to hormone

therapy and therefore confer a higher survival rate for the patient. [¢%]

Luminal B subtype breast cancers are ER, PR and HER2 positive, and constitute
only 10% of cases. They typically present as faster-growing and more aggressive than
luminal A subtypes. This is often defined clinically with an increased Ki67, active cell
cycle indicator. These tumors are typically detected at higher grades than luminal A, and
have a poorer prognosis. Luminal B breast cancers are responsive to both hormonal and

HER?2 targeted therapies. [656768]

The HER2 enriched subtypes account for only around 4% of all breast cancers,
are hormone receptor (ER, PR) negative and display increased HER2 expression. This
leads to a highly aggressive presentation and typically a later stage diagnosis. The lack

of hormone receptors translates to a poorer overall prognosis than luminal subtypes, but
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the development of new immune-therapies directed at the HER2 receptor have helped to

mitigate this. [®°]

Basal like breast cancers are hormone (ER, PR) and growth factor (HER2)
receptor negative, giving rise to the colloquial “triple-negative” moniker. The triple-
negative breast cancer (TNBC) subtype includes roughly 12% of all new breast cancer
diagnoses. These tumors present at a later stage, are very aggressive and often
metastatic. They occur most commonly in premenopausal and BRCA1 mutated women;
with nearly twice as many diagnoses in black versus white women. Roughly 75% of all
TNBCs fall within the “basal like” phenotype, meaning they undergo an epithelial-to-
mesenchymal transition (EMT) thus morphologically resembling basal cells of milk-
producing glands. TNBC present the greatest treatment challenge, and have the poorest
prognosis of all breast cancers because the loss of ER, PR, and HER2 receptors results
in a lack of targeted therapies. Many diagnosed cases of TNBC have already acquired
most of the hallmarks of cancer, rapidly progressing through tumor stages into
metastasis. Intensive research is ongoing to identify potential targets for TNBC, with
studies assessing the potential of preventative and epigenetic therapies. Current
treatment of TNBC is heavily reliant upon surgical resection of masses in combination
with chemotherapy. For this reason, TNBC treatment costs often outpace all other

subtypes. [656%-71]

Each of the above subtypes has a unique set of risk factors but overall, today’s
estimates suggest that 1 in 8 US women will develop breast cancer, a drastic increase
from an incidence of 1 in 11 in the 1970s%. This increase may be partly due to
advancements in detection and early diagnoses; however, the American Cancer Society

estimates only 5-10% of all breast cancers are attributable to genetic abnormalities,



leaving 90-95% due to environmental factors. Nutrition is thought to play a role in as

many as 50% of breast cancers caused by environmental factors®72-75,

16
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[I. Nutrition and Cancer

Introduction

Environmental risk factors have been shown to have a profound impact on
cancer incidence since the early 1900s. Many studies have noted marked differences in
cancer rates among countries as well as alarming increases in incidence among newly
migrating populations, reinforcing the importance of lifestyle and environmental
factors?7%77, This trend is particularly apparent in western civilizations, which have the
highest cancer incidences in the world despite, or potentially because of, being leaders
in economic and industrial development. Ongoing research indicates tobacco, alcohol,
pollution, radiation, and an unbalanced diet all contribute to carcinogenesis by
supporting chronic inflammation’’. Over the last century, nutrition has become an
increasingly important indicator of overall health within the environmental risk factor

category.

Early hypotheses proposed that dietary fat intake was the culprit, as national
rates of consumption loosely correlated to observed disease rates. However, studies
reliant on total dietary fat intake alone remain unable to discern any statistically
significant differences in cancer risk in animal models. Multiple studies began to
investigate the potential importance of overall energy balance within a cell and how fats
may destabilize this process, leading to damage and disease. Despite broadening our
knowledge of diet and disease, these studies failed to explain the apparent correlation of

fat intake with cancer incidence in humans.["®"’]

Epidemiological studies in the 1970s again linked dietary fat to cancer incidence,
but suggested that the type of fat, rather than the amount consumed, dictated risk’8-81,

The data indicated that diets which were higher in marine sources of dietary fat, despite
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significantly increased fat intake overall, conferred a strikingly lower cancer risk. The
body of research following this observation founded the notion that omega-3 (n-3) fats
had anti-tumorigenic effects overall, while increased omega-6 (n-6) fatty acid

consumption is typically associated with carcinogenesis.

Fatty Acids

Fatty acids (FAs) are aliphatic hydrocarbons that can be categorized by
branching, degrees of desaturation, isomer of desaturation and chain length. For the
purposes of this study, FA branching and isomers will not be discussed as the study

utilizes only straight chain, cis FAs.

The most basic division of fatty acids is based on chain lengths, wherein fats can
be classified into one of four subgroups; short chain fatty acids (SCFAs, <6 carbons),
medium chain fatty acids (MCFAs, 6-12 carbons), long chain fatty acids (LCFAs, 12-20
carbons), and very long chain fatty acids (VLCFAs, >20 carbons) (Fig 1. 3). This
classification, although rudimentary, is useful because each is associated with specific

metabolic functions, further discussed below (pg. 22).

FAs can be further characterized by division into saturated fatty acids (SFAs) and
unsaturated fatty acids (UFAs). SFAs are straight chain hydrocarbons with no double
bonds, whereas UFAs have at least one double bond. UFAs can be divided further
based on degree of desaturation; monounsaturated fatty acids (MUFASs) have only one
double bond, while polyunsaturated fatty acids (PUFASs) have two or more double bonds

(Fig 1. 3).
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Fig 1. 3. Fatty Acid Classification Flowchart. A flowchart showing the organization
and relation of selected fatty acid classifications.

Nomenclature

In IUPAC (International Union of Pure Applied Chemistry) naming of a FA, the
first portion of the name always denotes the number of carbons in a chain; ie “docosa”
means 22 in Greek. The next section of the name communicates the number of double
bonds; ie “hexa” means there are six and “en” denotes a double bond. FAs have a polar
carboxyl group at the alpha (a) end and a non-polar methyl group on the omega (n, w)
end which are utilized in naming. Carbons are counted beginning from the carboxyl end,
with the alpha carbon first. In IUPAC nomenclature, the position of the double bond is
denoted by the carbon number; ie in “docosa-4,7,10,13,16,19-hexaenoic acid” each
number represents the position of a double bond. Lastly, the “oic acid” at the end of
every [IUPAC named FA simply signifies the carboxyl group at the alpha end of the

molecule.

FAs can be identified by short hand nomenclature as well, wherein “A:B”

represents the chain length (A) and number of double bonds (B) and “n-x" denotes the
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position of the first double bond relative to the omega-end (Fig 1. 4). When the first
double bond occurs 3 carbons in from the omega end, the UFA is considered an n-3 and
so on. Omega-9 and n-7 fats are typically MUFAs, whereas n-3 and n-6 fats are PUFAs.
This study focuses on n-3 and n-6 PUFAs; docosahexaenoic acid (DHA, 22:6, n-3),
eicosapentaenoic acid (EPA, 20:5, n-3), arachidonic acid (AA, 20:4, n-6) and linoleic

acid (LA, 18:2, n-6)

Docosahexaenoic Acid (DHA, 22:6 n-3)

)k/\/\/\/\/\/\/\

Eicosapentaenoic Acid (EPA, 20:5 n-3)

M WW\/W

Arachidonic Acid (AA, 20:4 n-6)

)W\FWW\A

O Linoleic Acid (LA, 18:2 n-6)
“)WW
w
H O 1 9 12

Fig 1. 4. Diagram of Polyunsaturated Fatty Acid (PUFA) Structure. lllustrative
depiction of selected polyunsaturated fatty acids.
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Although IUPAC is a standardized nomenclature, it is not always utilized. Due to
the nature of nutritional research, many FAs are referred to by their common names.
Linoleic (octadecadienoic acid) and arachidonic (eicosatetraenoic acid) are two such

examples utilized in this study.

Dietary Sources

Lipids are vitally important to every cell, as they are required for growth,
membrane formation and lipid raft organization. FAs, particularly PUFAs, function as
bioactive nutrients as well. However, as with most mammals, the human body cannot
synthesize n-3 or n-6 fatty acids de novo and thus both are considered to be essential
fatty acids (EFAs). EFAs are important to diverse processes including eicosanoid
biosynthesis, post-translational modifications of proteins and DNA, as well as acting as
secondary hormone messengers. Insufficient EFA intake can lead to cachexia (wasting

of the body), and even cell death.

In addition to the amount and type of dietary fat consumed, the ratio of n-6:n-3
FAs is important, with elevated levels of n-6 in comparison to n-3 potentially promoting
tumorigenesis’#8283_ |n the western world, with few exceptions, diets are high in n-6
intake relative to n-3884, The current American is estimated to consume 17 times more
n-6 than n-3; an alarming increase over the 1:1 (n-6:n-3) estimated for humans during
the hunter-gather era®. Countries that consume large amounts of food from marine

sources average a ratio of 4:1 currently, and have a significantly lower risk of cancer®.

In many cases, the increased n-6 in western diets is likely due in part to
excessive processed food intake, often high in omega-6 0ils®. The most common
dietary sources of n-6 PUFAs are from meat and vegetables, excluding leafy greens, in

the form of LA (18:2) and AA (20:4). The US Department of Agriculture estimates that
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LA (18:2, n-6) accounts for roughly 9% of total caloric intake in American diets®®.
Omega-3 PUFAs are found both in leafy greens and marine sources. The primary form
of n-3 found in leafy greens and canola or flaxseed oil is a-linoleic acid (ALA, 18:3, n-
3)%; however, research suggests that longer chain n-3 PUFAs confer the most
protective and anti-cancer properties®’2°. These beneficial 20 carbon and greater n-3

PUFAs (DHA and EPA) are only found in marine sources.

Metabolism

Although fats can be elongated and desaturated into other FAs within the same
series, n-3 or n-6, humans cannot change 18 and 20 carbon PUFAs from one omega
class to another (Fig 1. 5). LA can be elongated to AA and ALA to EPA or DHA, but this
is a highly inefficient process in humans and rarely occurs. Classes of enzymes, known
as desaturases, further desaturate PUFAs by creating a new double bond between two
carbons within the fatty acid chain. Although an n-3 preference exists, n-3 and n-6
PUFAs compete for A4 and A6 desaturases. The rate-limiting step in the elongation
process is thought to occur with A6 desaturase, utilized in desaturation steps at the

beginning and end of the pathway. [838490°1]

Furthermore, supplementation studies suggest that elevated EPA intake does not
alter DHA levels appreciably, but an increase in DHA leads to a significant boost in EPA
levels®>3, This suggests retro-conversion is employed by cells more readily than
elongation. For these reasons, ALA (18:3, n-3) and LA (18:2, n-6) have distinctly
different metabolic pathways in humans in comparison to longer chain FAs like AA (20:4,
n-6), EPA (20:5, n-3) and DHA (22:6, n-3). These factors are an important consideration
when making broad characterizations about omega-3 and omega-6 effects in cancer, as

the commonly utilized DHA and LA can trigger different effects due to their chain length
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rather than their level of desaturation. This study includes EPA and AA to assess if the
effects seen in TNBC upon supplementation are truly omega class dependent or if chain
length may also play a role. All four PUFAs in this study (LA, AA, EPA and DHA) are

representative of the most common n-6 and n-3 PUFAs in human cells.

a-Linolenic Acid Linoleic Acid
18:3, w-3 18:2, w-6
* « A6 desaturase > ‘
Steraidonic Acid y-Linolenic Acid
18:4, w-3 18:3, w-6
l - elongase > l
Eicosatetraenoic Acid pgey, Pefiar - Dihomo y-Linolenic Acid
20:4, w-3 ~ txay, Blocks It, 20:3, w-6
AS desaturase >

peds, pges, pefs,
pgis, txa;, Itas,
Iths, Itcs, Itds

elongase

[‘ Elongase “‘
+

A6 desaturase

L v onton ]
B-oxidation

A/J-Ring Neurosprostane
175 Resolvins
Blocks Prostanoids

Sprecher Shunt

Eicosanoids-
pg: prostaglandin pgi: prostacyclin tx: thromboxane It: leukotriene

|_ Anti-inflammatory ‘ _

Fig 1. 5. PUFA Biosynthesis and Metabolism. A non-exhaustive summary of
PUFA biosynthesis and metabolism.
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Potential Mechanisms

Many potential mechanisms for n-3 anti-tumor activity have been proposed over
the last 40 years (Table 1. 1), including lipid second messengers, eicosanoid signaling,
oxidative stress and angiogenesis regulation®*®, The predominant theories in the field
suggest membrane alterations, involving inhibition of lipid raft signaling, may have the
most striking effects on signaling and viability®®-1%°, OQur lab demonstrated that DHA
displaces the epidermal growth factor receptor (EGFR) from the lipid raft, inhibiting
down-stream proliferative signaling in lung (A549), colon (WiDr) and TNBC (MDA-MB-
231) cancer cell lines!®, These data support membrane disruption as a potential
mechanism of n-3 in cancer. Additionally, metabolic attenuation has also been proposed.
This mechanism relies on membrane disruption causing bioenergetic changes in the
cells. Our lab demonstrated that DHA decreases intracellular ATP and mitochondrial

respiratory capacity in breast cancer'®2,

Although PUFAs have well-documented effects on membrane signaling, other
theories suggest modulation of gene expression’6193104 or altered transcription factor
(TF) activity may be responsible®1051%_Data in normal and tumor cells alike
demonstrate n-3 PUFAs elicit changes in micro RNA (miRNA)®>%7 long non-coding
RNA (IncRNA) and gene expression'®1% This wide-ranging effect on the transcriptome
lends credence to the mounting evidence supporting the role of PUFAS, or their

metabolites, as epigenetic pathway co-factors or effectors.
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Table 1. 1. Proposed Mechanisms of PUFAs in Cancer adapted from Biondo et al.
(®¥. A list of commonly proposed mechanisms for antitumorigenic PUFAs in cancer.

Mechansim

Modulation of eicosanoid production by:
¢ Displacing arachidonic acid form cell membranes
»  Competing with n-6 PUFA for desaturase and elongase enzymes, as well as
' cyclooxygenase and lipoxygenase enzymes
e Decreasing expression of cyclooxygenase enzymes
Alteration of membranes
e Fluidity, receptor binding, cell-cell interactions, membrane associated enzyme activites
Changes in the production of lipid second messengers
(e.g., diacylglyceride, ceramide) '
Incorporation into signaling molecules
(e.g., diacylglycerol, acylated proteins)
Incorporation into lipid rafts, leading to changes in the dlstnbutlon and/or activity of
raft-related signaling proteins
Modulation of gene expression !
Modulation of gene expression via activation of peroxisome prollferator-actlvated
receptors
Modulation of transcription factor activity
(e.g., NFkB)
Oxidative Stress
* Formation of lipid peroxidation products
Angiogenesis '
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lll. Epigenetics

Introduction

With the Human Genome Project (HGP), it was assumed that many diseases
would be mapped to specific mutations in the genome. While this was true for some
diseases, for most the completion of HGP was not the silver bullet many scientists had
hoped for. For cancer, specifically, a series of oncogenes have been described as a
result of the HGP, but these are regulatory pathway genes that are required in normal
cell function as well. In cancer, these genes tend to be de-regulated or overexpressed,
both of which often have more to do with transcriptional regulation than genome

sequence.

Researchers have since discovered and began to characterize a series of
controlling factors of gene expression, termed epigenetics. Epigenetics is defined as an
inheritable trait that is not dependent upon alterations in DNA sequence. This is very
exciting for cancer research because it infers that there may be a way in which negative

environmental impacts can be reversed.

Currently, epigenetics is not well understood although consortiums like the
Human Epigenome Project (HEP), and individual laboratory publications continue to
piece together the puzzle. Data have established three major molecular events in
epigenetic regulation; (1) DNA methylation, (2) histone modification and (3) chromatin
remodeling. These have extensive effects on the transcriptome by modulating

accessibility to transcription-initiating complexes, as discussed below.



27

DNA Methylation

DNA methylation, although not a focus of this study, is particularly important in
gene silencing!®®1, Increases in DNA methylation are typically associated with
decreases in gene transcription and vice versa. DNA methylation can only occur at
cytosine bases (Fig 1. 6) via DNA methyltransferase (DNMT) enzymatic activity*'*.
DNMTs can be divided into two categories; maintenance and de novo. Maintenance
DNMTs are responsible for duplicating DNA methylation patterns from the parent strand
during replication'?, De novo DNMTSs, however, are responsible for adding new
methylation sites to DNA, the mechanism is proposed to rely on recruitment of DNMTs
by histone tail modifications in flanking regions of chromatin!113114  DNMT 1 is the only
known maintenance methyltransferase in humans, while DNMT 3a and DNMT3b serve
as de novo methyltransferases. The DNMT 3L isoform is thought to be a recruiter of

DNMT 3a/b de novo methylations, but the role of DNMT 2 remains undefined!!1-114,

NH, NH,
SAM-CH,  SAH

U -
>

DNMT

Cytosine 5-Methylcytosine

Fig 1. 6. Simplified DNA Methyltransferase Mechanism. A simplified illustration of
DNMT methyltransferase activity on cytosine bases.
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In cancer, the genome is largely hypomethylated with areas of intense
hypermethylation often enveloping the apoptotic regulatory and tumor suppressor genes
(TSGs), resulting in the inability of the body to trigger apoptotic pathways. Breast cancer
in particular inhibits TSG expression through DNA-methylation mediated silencing.
Furthermore, it is interesting to note that DNMT 3b mRNA is often overexpressed in
TNBC; possibly contributing to the TSG hypermethylation, and poor prognosis, although

no direct mechanism has been proposed.

Histone Modifications

Histones are small proteins, 102-135 amino acids (aa), which comprise the
nucleosome. An octamer with two copies of histones 2A (H2A), 2B (H2B), 3 (H3) and 4
(H4) compose one nucleosome core (Fig 1. 7). Nucleosomes are the fundamental units
of chromosomes in eukaryotes, around each of which 146bp of DNA is wound, resulting
in the characteristic “beads on a string” visualization!!®. Histone 1 (H1) then binds to the
DNA packaged on the nucleosome, securing it in place. The DNA is then further
organized into chromatin, which is condensed into mitotic chromosomes (Fig 1. 8)*6.
Relaxed, accessible chromatin (euchromatin) is associated with actively transcribed
genes whereas condensed, inaccessible chromatin (heterochromatin) is linked to gene
silencing®’. Within each chromosome, varying degrees of DNA accessibility exist and

this is regulated by histone modifications*8,



Nucleoson:e “bead”
(8 histone molecules +
146 base pairs of DNA)

Fig 1. 7. Nucleosome Core Formation, adapted from Kim, YZ (11°). An
illustration of nucleosome core structure.
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DNA packaging into chromatin and chromosome
DNA

DNA wraps around

nucleosome l histones, forming nucleosomes
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condensed chromatin forms
chromosome a chromosome

© 2013 Encyclopzedia Britannica, Inc.

Fig 1. 8. lllustration of DNA Packaging in Eukaryotes, adapted from the
Encyclopedia Britannica (*°). Pictorial representation of DNA packaging into chromosomes.
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A diverse array of histone modifications have been documented to date (Fig 1.
9)118119 each thought to exert unique regulatory effects!'®120.121 pPhosphorylation, ADP-
ribosylation, methylation, ubiquitination, sumoylation, and acetylation are among the
most commonly studied. These post-translational modifications occur primarily on the N-

terminal tails (~20 aa) of histones H2A, H2B, H3 and H4 although PTMS have been

documented on H1 as well*18122,

C. o ©
N Zi/\:,l (A -~ 120 ¢ ‘K11g - S
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t. P K 12 K \K/ v’/ \\ // \\ P K 4
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s._ 5 g 12 _K @ WY/ a (A) A N
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Nature Reviews | Cancer

Fig 1. 9. Histone Tail Post-Translational Modifications as adapted from Marks et al.
(*22). lllustration of common histone tail post-translational modifications.

Originally, it was though that a specified PTM at a designated residue within a
single histone tail would have a consistent, predictable effect. However, current theories
employ a “histone code” model in which patterns of PTMs on a histone dictate regulatory
effect rather than individual residue status!'813-126_Global acetylation of H3 and H4
levels remain among the most powerful, accurate predictors of chromatin

structure!8122127  Acetylation on histone tails occurs almost exclusively at lysine
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residues, which are positively charged when unmodified. This positive charge of histone
tail residues allows the histones to more closely associate with the negatively-charged
sugar-phosphate backbone of DNA (Fig 1. 10)18128, Therefore, de-acetylation of H3 and
H4 translates to heterochromatin formation. Conversely, acetylation of the lysine
residues on H3 and H4 tails mitigates the positive charge, disallowing tight interactions
with DNA, thus promoting euchromatin formation. For the purposes of this study,
effectors of global acetylation levels and resulting chromatin remodeling will be the

focus.

HAT
Acstyl - C oA

acetyvlation
electrostatic binding t

E‘:‘ deamglat{nn
N4
— £-N -Acetyl

CoA .
- Lycine

reversible reactions

Fig 1. 10. Acetylation of Histone Tail Conserved Lysine Residues, adapted from
NobelPrize.org (*?8). lllustration of acetylation and de-acetylation of the e-amine group of
conserved lysine residues of histone tails. © NobelPrize.org
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Histone deacetylases (HDACS) are the enzymes responsible for removing acetyl

groups from the e-N-acetyl lysine residues on histone tails. These enzymes are also

referred to as lysine deacetylases (KDACSs), as some are known to be cytosolically

active as well'11129130. The HDAC superfamily can be divided into two major groups;

zinc-dependent and NAD*-dependent. Within the zinc-dependent HDACSs there are three

main classes; I, lla and lIb (Table 1. 1). HDAC 11 is the sole member of HDAC class IV,

but is the most poorly understood HDAC, and is not currently associated with

tumorigenesis. Zinc-dependent HDAC classes |, Ila and Ilb are the focus of this study as

they have been shown to be the primary modifiers of H3 and H4 acetylation levels*3?,

Table 1. 2. Summary of HDAC Classifications.

Group Class Enzyme Localization

Expression

| HDAC 1
HDAC 2
HDAC 3

Nucleus

NAD I SIRT 1-7 Nucleus/Cytoplasm

Ubiquitous

Ubiquitous
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Localized to the nucleus, Class | HDACs are ubiquitously expressed enzymes,
ranging from 377 to 488 aa, and include HDACs 1, 2, 3 and 8. HDACL1 and 2
homologues are typically co-expressed and share overlapping functions?1132.133 A
series of in vitro and in vivio experiments show deletion of HDAC2 results in an increase
in HDAC1 protein, without mRNA level changes, and vice versa!4. This supports the
idea that HDAC1 and 2 share regulatory pathways!2. Interestingly, cell cycle regulation
studies have noted a loss of HDAC1 causes a G1/S arrest, reducing proliferation, while
HDAC2 deletions have a negligible effect on proliferation in primary mouse embryonic
fibroblasts (MEFs)!32135136 A double deletion of HDAC1 and 2 results in a pronounced
G1 cell cycle arrest, and MEF apoptotic induction*®”. In tumors, HDAC1 has been found
to be overexpressed in pancreatic, prostate, colorectal, and gastric cancer, and is
correlated with a poorer prognosis?11%.13°  HDAC2 overexpression is seen in oral,
prostate, gastrointestinal and non-small cell lung cancers, whereas mutations of HDAC2
have only been associated with colon cancer*®2, HDAC3 expression in gastric, colorectal
and prostate cancers capitulates a poor prognosis#®4, HDAC8 expression is correlated
to a diminished survivorship in neuroblastoma patients'?2. HDAC2 and 3 overexpression
is linked to de-differentiated tumors, and clinical indicators of disease progression in

breast cancer patients3213,

Class lla HDACs, which are expressed in a tissue specific manner, include
HDACs 4, 5, 7 and 9. These HDACs have nuclear and cytoplasmic activity, which
complicates the elucidation of their role in cell-cycle and tumor progression
regulation'?132, Despite this, Class Ila HDACs are associated with multiple cancers,
including lung, colon, cervical, and breast cancer. Briefly, upregulation in HDACs 5 and 7
are associated with colon cancer'*?143 while decreased HDACS5 activity is correlated to

poor prognoses in lung cancer*2144, Overexpression of HDAC9 has been noted to
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suppress metastasis in cervical cancer'#®, and it is possible that diminished HDAC9
activity is a potential biomarker for cancer predisposition!?132, Multiple class Ila HDACs
have been associated with breast cancer32146-148 HDAC5 has been implicated in
promotion of breast cancer upon interacting with lysine-specific demethylase 1
(LSD1)*. Other studies show that HDAC7 and hypoxia-inducible factor 1 (HIF-1) form a
complex that represses cyclin D1, a cell-cycle mediator, in breast cancer®21%°, Mutations
in HDAC4 have also been associated with breast cancer'®211, While the complete role
of these HDACSs is not understood, it is apparent that class lla de-regulation is common
among many tumor types and may play an important role in breast cancer development

and metastasis.

Class IIb HDACs, HDAC 6 and 10, differ from class lla HDACs in that they have
a duplicated catalytic domain®2. Like class Ila HDACs, they are tissue-specific, but
function primarily in the cytoso *32. While HDACS is known for its regulation of -
tubulin?®3, alterations in expression are seen in cancer'®, Increased HDACS is
associated with breast cancer and oral cancers, with expression levels loosely
correlating to tumor stage, while decreased HDACG6 expression is common in lymphoma
patients at all stages®3*132, HDAC10 modulates the G2/M phases of the cell-cycle
progression through cyclin A2 regulation®®*. Low expression of HDAC10 is associated
with poor prognosis in lung cancer, making it intriguing to note that increased HDAC10
expression can inhibit metastasis of cervical cancer'?:131:145 Evidence of abnormal
protein levels of HDAC10 are also associated with colorectal, prostate, lung, liver and

breast cancer®.

Class IV is the newest of all HDAC classes and contains only one protein,

HDAC11, which possesses homology to class | and Il HDACs, is thought to be
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ubiquitously expressed and has reported activity in the nucleus as well as the
cytoplasm?32155.1%6 Early reports suggest a cytoplasmic localization in breast cancer;
However, conflicting reports on the function of HDAC11 in cancer exist, and there is no
direct evidence to suggest it alters H3 or H4 acetylation, causing chromatin

remodeling®3®-132, Due to this, HDAC11 was not included in this study.

HDACSs are associated with tumorigenesis because they have the power to
induce aberrant transcription levels of genes regulating proliferation, cell-cycle regulation
and apoptosis. Considering the results of the various studies discussed above, there
does not appear to be a single mechanism by which a specified HDAC, or class of
HDACSs, promotes or inhibits cancer. These data suggest that destabilization of the
epigenome by aberrant HDAC activity in either extreme may contribute to
carcinogenesis. This makes HDACs a prime target for new cancer therapies, as
epigenetics provides scientists a new avenue to attack multiple hallmarks of cancer

simultaneously.
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Class
HDAC1
HDAC2

HDAC3

HDACS

HDAC4
HDACS

HDAC7
HDAC9

HDACE
lib
0,

HDAC1

Cancer Relevance

References

Overexpressed in gastric, pancreatic,
colorectal, prostate, hepatocefular cancers
and correlates with poor prognosis.

Mutated in colon cancer, overexpressed in
. prostate, non-small cell lung,
gastrointestinal, oral cancers

Expression correlates with poor prognosis in
gastric, prostate, colorectal cancers.

Exprossion correlates with poor cutcome in
neuroblastoma.

Chol et al 2001, Fritzsche et al 2008, Miyske
ot al 2008, Rikimaru ot al 2007, Weichert ot al
2008, Znhang et al 2005.

Chang et al 2009, Fritzsche et al 2008,
Ropero et af 2006, Weichert et al 2008

Fritzsche et al 2008, Krusche et al 2005,
Morena ot af 2010, Weichort ot al 2008

Moreno et al 2010, Oehme et al 2009

Mutated in breast cancer.

Low expression in lung cancer associated with
poor prognosis, upreguiated in colon cancer.
Highly expressed in colorectal cancer.

Not known.

Ozdag et al 2006
Osada et al 2004, Ozdag et al 2006

Moreno et ai 2010

Low expeession in lymphoma, high exprossion
in oral squamous cell cancer and correlates
with stage.

Low expression in lung cancer associated with
POOI Prognosis.

Gioghini et al 2009, Moreno et al 2010,
Sakuma et al 2006

Osaca et al 2004

HDAC11HV [ Notknown
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Fig 1. 11. Summary of Cancer-Associated HDAC Activity, adapted from Spiegel et
al. (**').A brief, non-exhaustive summary of well-documented cancer relevance among

HDACSs
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2. Histone Acetyltransferases

Histone acetyltransferases (HATS) are enzymes responsible for attaching acetyl
moieties to the e-amine of lysine residues on histone tails. HATS, also referred to as
lysine acetyltransferases (KATSs), can be divided into two groups based upon cellular
localization; with type A found in the nucleus and type B relocated to the cytosol. Type A
HATSs are associated with nucleosomal histone modifications and chromatin remodeling
effects, whereas type B acetylate newly transcribed histones to facilitate nucleosome

formation.

HATs can be further sub-classified by catalytic mechanism into three major
families (Table 1. 3); GNAT (general control non-depressible 5 (Gecnb)-related N-
acetyltransferases), MYST (MOZ, Ybf2, Sas2, and Tip60), and p300/CBP127:130.132,158
There are several other HATs that do not fall within these families, many of which have
well-documented cytosolic KAT promiscuity rather than preferential HAT activity.
However, only the three major families will be discussed herein as they have

documented effects on chromatin remodeling.
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Table 1. 3. Summary of HAT family classifications, function and histone
substrates, adapted from Marmorstein et al. (**®). A summary of known HAT family
members, and their respective function as well as preferred histone substrates within

cells.

Table 2 | HAT families and their transcription-related functions

HAT

GCNS5/PCAF family

Gons
PCAF

MYST family
Sas?

Sas3

Esal

MOF

Tip&0

MOZ

HBCH

TAF 250 family
CBP/p300 family

SRC family
SRC-1
ACTRMAIB CIF/
THRAM-1/RACE
SRC-3

TIF-2

GRIF1

ATF-2

Organism

Yeast to human
Hurmarn

Yaast
Yaast
Yeast
Fruit fhy
Hurman
Hurman
Hurman

Yeaast to human
Worm to human
hice and hurman

Yeast to human

Function

Co-activator (adaptor)
Co-activator

Silencing

Silencin

Cel-cycle progression
DCasage cormpensation
HIV Tat interaction
Leukeomagenesis
Origin recognition
interaction

TEP-associated factor
Global co-actvator

Stercid receptor
co-activators

Sequence-specific DNA-
binding activator

Histone*
H3

H4
(H3)

Al
Ha/H4

7

* Only preferred histone substrates are indicated.
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GNAT family HATs contain a highly-conserved glutamate residue required for
catalysis, which utilizes an ordered mechanism requiring acetyl-CoA and histone protein
substrates to form a ternary complex (Fig S1. 1). GNATs also typically have either a
bromodomain or chromodomain for recognition of acetylated or methylated lysines,
respectively. GNAT activity is largely implicated in proliferative regulation. Consistent
with every known HAT, GNAT family proteins cannot directly associate with DNA and
require recruitment by transcription factors. GNATs commonly acetylate H3 and H4
substrates, with a preference for H3, although documented cases of H2A and H2B

acetylation exist. [130:158-161]

MYST family HATs are so hamed for the principle members; monocytic leukemia
zinc finger protein (MOZ), YBF2/SAS3, SAS2 and TAT-interactive protein 60 (TIP60).
These HATSs are characterized by the presence of a “MYST domain” which contains a
zinc finger motif and acetyl-CoA recognition site. Catalysis in this family utilizes a
conserved glutamate and cysteine residue in a pin-pong mechanism (Fig S1. 2). A
unique but related form of base catalysis is used in GNAT HATs. MYST HATSs regulate
transcription, cell growth and survival, and like GNATs, MYSTs prefer H3 and H4

substrates. [127,130,160,162—164]

The p300/CBP HAT family is small, comprised only of the two closely related
acetyltransferases p300 (binding protein p300) and CBP (CREB binding protein). These
have significantly larger HAT domains that GNAT and MYST families, a bromodomain
and three cysteine or histidine-rich domains. Although otherwise structurally dissimilar,
the HAT core is highly conserved with other HAT families. Despite a conserved core,
p300/CBP family HAT activity does not utilize base catalysis as in GNAT and MYST

families; rather, a Theorell-Chance mechanism (Fig S1. 3) is suggested. These HATs
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are coactivators, known to bind a variety of transcription factors, increasing target
expression. The ability of this HAT class to interact with and acetylate all histones, as
well as many non-histone proteins, is well-documented. This class of HATs has a highly
conserved tumor protein 53 (p53) binding site and has also been noted to interact with
GNAT class HATs; PCAF and Gcnb. Interestingly, p300, CBP, PCAF and Gcn5 are
linked to p53 and the subsequent activation of cyclin-dependent kinase (CDK) inhibitor

p21, ultimately inducing apoptosis. [130:164-166]

Chromatin Remodeling

Chromatin accessibility to non-histone proteins is a dynamic process reliant upon
many factors. Chromatin remodelers and histone modifiers are the two classes of
enzymes which principally control transitions between relaxed and condensed
states20167-169  Chromatin remodelers require ATP hydrolysis to remove or reposition
nucleosomes'’®172, Histone modifications, however, utilize enzymes which chemically
modify side-chain residues of histone tails, as discussed above. In accordance with the
histone code hypothesis!!®8123173 these modifications result in specific alterations in
chromatin structure via interpretation from non-chromatin proteins’®. This study focuses
on the relationship of chromatin structure relative to the activity of the HDAC and HAT

histone modifying enzymes discussed above.

It is important to understand that chromatin remodeling is in flux at various points
of the cell cycle (Fig 1. 12), which could alter data interpretation in the event of cell-cycle
arrest induced by treatment. Quiescent cells are those not actively engaged in
replication, considered “gap 0” (Go) phase. In Go, much of the chromatin is in a relaxed,
transcription-promoting state. Interphase is the preparatory stage for mitogenesis and

includes gap 1 (G1), DNA replication (S), and gap 2 (G2) cell-cycle phases. In the first
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phase of active replication, G1, cell growth is initiated and replication of all cell
components other than chromosomes occurs, readying cellular machinery for DNA
synthesis. In S phase of normal cells, DNA is replicated to synthesize form two copies of
each chromosome (sister chromatids). However, in many cancers, a series of deletions,
mutations, abnormal recombination events and duplicate or missing chromosomes result
in aberrant ploidies. Growth continues in G2 phase, the last step of interphase, and DNA
is prepared for entrance into mitosis via nucleosome maturation and inhibition of histone

biosynthesis. [#0:41175-179]

Prepare for
DNA
Synthesis

Growth,
G 2 Prepare for

Mitosis

DNA Replication

Fig 1. 12. lllustration of Cell Cycle Stages. A graphic summary of the different stages
of cell proliferation.
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The second stage of cell-cycle replication is mitosis (M) and includes prophase,
metaphase, anaphase, and telophase (Fig 1. 13). During this stage, the entirety of
cellular energy is dedicated to division and no growth occurs. In prophase chromosomes
condense, remaining paired to sister chromatids at the centromere, and microtubules
begin to form the mitotic spindles at each pole. Before the next true stage in mitosis, the
cells go through “prometaphase”, an intermediary step between prophase and
metaphase, wherein the nuclear envelope is degraded. Kinetochore proteins
simultaneously form around the centromeres and the mitotic spindles extend to connect
to the chromosomes. In metaphase, the mitotic spindles align the chromosomes across
the equatorial plane. This is followed by anaphase, wherein the sister chromatids are
pulled apart at the centromere and sequestered to opposite poles by the mitotic
spindles. This stage provides each daughter cell with an identical set of chromosomes,
but in tumors this step is defective and chromosomal distribution is unpredictable. In
telophase, nuclear membranes are formed around each chromosome set. At this point,
the chromosomes relax into a less condensed state. Cytokinesis is a related, but distinct
process that distributes the cytoplasmic components between daughter cells during
telophase. After completing cell division, cells typically enter quiescent states.
Considering the above, the cell cycle must be monitored to determine if chromatin

changes are a result of modulating proliferative progression. [180-182]

Mitosis

A
A\ 4

G1-S-+G2 Prophase Prometaphase Metaphase Anaphase Telophase G1
vy Y VY VY'Y
:,-g’or = 0@ >IN 2 d* & % > b‘: b g /i N N b"po .
N\ Microtubule
Spindle pole body Chromosome  Kinetochore

Fig 1. 13. Graphical depiction of the stages of mitosis, adapted from Sivakumar
and Gorbsky (*8?).
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Equally significant to interpreting chromatin remodeling data in an apoptosis-
inducing study is consideration of chromatin structure in various stages of apoptosis (Fig
1. 14). In healthy, normal cells chromatin exists in a heterogenous mix of silenced and
transcriptionally active pockets. However, during programmed cell death chromatin is
highly condensed and fragmented for packaging into apoptotic bodies. Cells undergo a
variety of morphological and biochemical changes, largely dependent on the apoptotic
inducer, and distinct stages of chromatin condensation occur with apoptotic progression.
In stage 0, chromatin is unchanged from healthy cells and apoptotic signaling cascades
are initiated. In stage 1 a characteristic “ring” forms within the nucleus as chromatin
condensation begins. In stage 2, the condensed chromosomes begin to fragment,
forming clusters reminiscent of beads, lending to the characteristic “necklace”
visualization. In late apoptosis, stage 3, the cell has begun to collapse into apoptotic
bodies, each with highly condensed fragments of DNA. This is important to proper
analysis because chromatin condensation occurs with apoptosis, and therefore any
chromatin remodeling seen during apoptotic time points is not directly attributable to an

epigenetic mechanism of tumor inhibition. [*83-18%]
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Fig 1. 14. Stages of Chromatin condensation during apoptosis, adapted from Toné
et al. [*8°]. Distinct stages of nuclear condensation in apoptotic HeLa cells; (a) Stage 0:

healthy cells, (b) Stage 1: ring condensation, (c) Stage 2: necklace condensation, and
(d) Stage 3: nuclear collapse and/or disassembly.
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Epigenetic Targets for Cancer Therapy

Many theorize that epigenetic reprogramming is required for malignant
transformation and invasion!®18’_ This is especially apparent in lines that undergo EMT,
de-differentiating into a stem-cell like state3!4446.18 The inference being reversal of
some or all of these epigenetic changes may be able to re-differentiate cells, leading to
TSG re-expression, immune-system detection, rescued pathway signaling, and
ultimately apoptosis (Fig 1. 15)*#. In comparison to healthy cells, tumors typically have
global hypomethylation, with localized hypermethylation of tumor suppressor and
apoptotic genes'®-19, For this reason, most therapeutic development is focused on
inhibition of the co-repressive complexes, typically at the level of HDACs (HDACI) and
DNMTs (DNMTI). Co-repressive complexes are simply large groups of enzymes that
promote epigenetic modifications that result in gene silencing and/or chromatin

condensation, [120:189.194-196]
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Epigenetic-mediated
gene silencing in cancer

R,

Lineage commitment >
L Immunomodulation /\
Modulate signaling pathways
| TGFB, etc

i Programmed cell death

Fig 1. 15. Commonly proposed model of epigenetic therapy in cancer, adapted
from Tsai and Baylin (38°). Current pharmaceuticals are being investigated to inhibit,
and thereby dissociate the co-repressive complexes that silence selected genes. This
should allow redifferentiation, tumor suppressor gene re-expression, immune recognition

and programmed cell death.
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Several epigenetic inhibitors are in various phases of review for, or have
approved usages in cancer patients (Table 1. 4)157:189.194 Most of the inhibitors are
derived from similar classes of small-molecules, and constitute a new form of
chemotherapy. Both DNMTi’s and HDACi’s have proven to be useful in treating various
forms of cancer. Currently, two DNMTi medications are approved for myelodysplastic
syndromes (MDS), a nascent blood cell cancer found in bone marrow, with three similar
compounds in development. Additionally, Azacytidine (Vidaza) is currently in clinical
trials, both alone and in combination with other therapies, to treat late stage breast
cancers®*197.1% Thijs small molecule is a cytidine analog, which irreversibly binds the
active pocket of DNMTSs, preventing further methyltransferase activity. At higher doses,
however, incorporation of azacytidine into DNA and RNA is thought to result in

cytotoxicity-induced cell death®7:1%°,

HDACIi’s are also being tested and utilized for the treatment of
neoplasms!31:157.200-204 "y/grinostat and Romidepsin are two HDACi approved for use in
cutaneous T-cell lymphoma (CTCL), and are currently in trials for use in breast
cancerl94204205 Both of these drugs are considered panHDACI’s, and function to
attenuate zinc-dependent HDAC Class I, Il and IV activity. Panobinostat, which
decreases only HDAC class | and Il activity, is another promising panHDACI undergoing
clinical trials?°2:2%4, Panobinostat is currently in trials for use as a triple-negative breast

cancer therapy, and has demonstrated antitumor activity in TNBC?2%,
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Table 1. 4. Selected epigenetic drugs under investigation for clinical use in cancer
therapy, adapted from Tsai and Baylin (*¥°). A non-exhaustive list of epigenetic targets

for cancer therapy.

Table 1 _Jr N Epigenetic Drugs

Drug Compound Study Phase

DNMT inhibitors Azacitidine (Vidaza) US FDA-approved in MDS
Decitabine (Dacogen) US FDA-approved in MDS
5110 Phasel
CP-4200 (elaidic azacytidine) Preclinical
MNanaomycin A Preclinical

HDAC inhibitors Vorinostat (Zolinza) US FDA-approved in CTCL
Romidepsin (Istodax) US FDA-approved in CTCL
Panobinostat Phase I
Belinostat Phase I/l
Valproic acid Phase I
Belinostat Phase lI/1I

HMT inhibitors Deazaneoplanocin A (DZNep) Preclinical
Quinazoline derivatives Preclinical
Ellagic Acid Preclinical

Histone demethylase  Polyamine analogues Preclinical

inhibitors Hydroxamate analogues Preclinical

HAT inhibitors Spermidinyl-CoA derivatives  Preclinical
Hydrazinocurcumin Preclinical
Pyrazolone-containing Preclinical

small molecules

CoA = coenzyme & CTCL = cutameous T-call lymphoma; DNMT = DNA methyltransferase; HAT = histone
acetyltransferase; HDALC = histone deacetylase; HMT = histone methyitransferase; MDOS = myelodysplastic

syndroma,



50

All chemotherapy agents have toxicity risks to the host because historically they
only affect actively replicating cells, but epigenetically-targeted therapies have the
potential to affect all cells'®+2%7, This presents additional challenges to the normal
determination of dosage and therapeutic index, as these drugs have the potential to
negatively impact signaling in normal cells. This is evidenced by studies indicating that
high levels of epigenetic therapies have the potential to become carcinogenic. These
trials should not dissuade researchers, but rather should motivate studies that further

elucidate epigenetic mechanisms, allowing for highly specific targeting of malignancies.

For cancers like TNBC where no known receptors exist to target, leaving only
chemotherapy and surgical interventions, epigenetic therapy is a promising new
avenue?®®, The potential to re-differentiate a cell may increase efficacy of less-toxic
immunotherapies, and sensitize metastatic breast neoplasms to endocrine therapy.
Additionally, epigenetic inhibitors typically take months, rather than weeks (as with
current chemotherapy), to elicit effects. This time-scale is problematic in later-stage
tumors which would benefit the most from this type of drug, because patient survivability
for advanced tumor stages is small. Current epigenetic targets may serve better as

adjuvant, sensitizing therapies rather than first-line defenses.

Fatty Acids

Fatty acids may provide a safe, non-toxic and relatively inexpensive method for
epigenetic modulation within cells. The ability to transform the epigenetic landscape in
mammals via alterations in diet is well-documented’’839:298 gnd the etiological
implications thereof have been shown to persist across generations®209:210,

Polyunsaturated fatty acids (PUFASs) are demonstrably important bioactive nutrients,
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effecting miRNA expression, gene transcription, and transcription factor activity in a

variety of tissues103104.211-213

Early evidence suggested gastrointestinal changes in genomic DNA (gDNA)
methylation patterns results in altered gene expression, promoting adipose tissue
formation and expansion, ultimately contributing to the development of obesity and
diabetes!®®214, A ground-breaking study by Waterland and Jirtle in 2003 was the first to
demonstrate the importance of mammalian maternal nutrition on disease susceptibility,
without genome mutation, of offspring?'®. This study showed nutritional supplementation
had the ability to silence the Agouti gene via de novo gDNA methylation. Subsequently,
it was thought that epigenetic imprinting that occurred in fetal development was
malleable but, irreversible thereafter. However, recent data suggest nutritional

supplementation alters epigenetics regardless of age or developmental stage.

Normal Cells

A regulatory role for PUFAs in lipogenic tissues is well-established. During the
1970s, a diet containing 60% LA (18:2, n-6) markedly reduced lipogenic liver enzymes in
rats!®, In 1990, rat pups weaned from high fat to low fat diets displayed increased
lipogenic enzyme expression®®26, These studies lead to the discovery of many hepatic
genes that are regulated by dietary fats. Further studies found modulated mRNA levels
with PUFA treatment in adipocytes as well?!’. These data suggested FAs may have
systemic, rather than localized regulatory signaling effects. This concept is supported by
studies showing that DHA (22:6, n-3) and EPA (20:5, n-3) can induce differentiation of

hematopoietic stem cells into monocytes and granulocytes in vitro'%3218,

Other documented effects of PUFAs include regulation of nuclear receptors,

transcription factors, and long-noncoding RNAs, suggesting the potential of an



52

epigenetic regulatory role for these molecules. Both n-3 and n-6 PUFASs have been
shown to bind and activate peroxisome proliferator-activated receptors (PPARS), altering
gene expression. PPARs form heterodimers with the retinoid X receptor (RXR), they
positively regulate lipogenesis, while repressing B-oxidation at a transcriptome level.
Several more recent studies have demonstrated that membrane and PPAR-mediated
effects are not sole mechanisms of PUFA supplementation changing transcriptome

prOfileS. [103,216,219,220]

Recent research has shown valproic acid (VPA), phenylbutyrate and butyrate to
be potent HDAC inhibitors?°4221, These short chain fatty acids act as HDAC class /Il
inhibitors, and are typically administered intravenously (IV), as the half-life of these fats
is relatively short; typically, 9-18 hours for butyrate in the plasma. The maximum
therapeutic dosage for VPA is 50-60 mg/kg/day. For the average American male who
weighs roughly 88.5 kg and female weighing an average 75.3 kg, the required intake
would be approximately 5 g and 4 g, respectively. This amount is certainly attainable via
supplementation, but a life-style change, including constant supplementation would be
required to maintain beneficial effects. Although VPA is not a normal PUFA metabolite,
both butyrate and hydroxybutyrate can be made from PUFAs and may suggest another

role for PUFA-mediated regulation of gene expression.

Neoplastic Cells

PUFAs have been shown to alter gene expression and transcription factor activity
in multiple pathways across tumor types, potentially causing apoptosis. However, the up
or down-regulation of specific genes is not conserved among cancer sites or subtypes.
PUFA-induced epigenetic de-regulation and the resultant instability may be responsible

for this apoptotic induction'®4222, A recent study in HCT-116 colon carcinoma is the only
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published data supporting a global epigenetic change in cancer supplemented with
PUFA?%, DHA was shown to alter DNA methylation both globally and at apoptotic gene
promoter loci as well as increase histone 3 acetylation in this in vitro colon cancer model.
In the same study, global DNA methylation levels for LA treatments were not significantly

different from controls or DHA; however, increased H3 and H4 acetylation were noted.
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IV. Summary

Breast cancer is the leading cause of cancer in American women, and second
most deadly. Triple-negative breast cancer (TNBC) accounts for only 10-20% of these
cases but has the poorest prognosis, culpable for a majority of the mortalities. Breast
cancer has a high economic burden, ranking in the top three most costly cancers
annually both in the United States and globally. Finding a way to target, or sensitize
TNBC subtypes would greatly increase breast cancer survival rates and result in drastic
decreases in economic burdens incurred from associated morbidities and

mortalities.[6571:224.225]

Polyunsaturated fatty acids (PUFAS) are a class of bioactive nutrients with anti-
tumorigenic and sensitizing potential in TNBC®8, In the 1970s, epidemiological studies
correlated increased amounts of omega-3 (n-3) PUFA consumption with decreased
cancer incidence. Together, data from these studies provided a scientific foundation
indicating the type, rather than the total amount of fat in the diet confers cancer risk.
Specifically, omega-6 (n-6) PUFAs found largely in vegetable and seed oils increase
risk, whereas marine-derived n-3 FAs decrease risk. Current research infers beneficial,
antineoplastic effects are dependent on the n-6:n-3 dietary ratios, beginning at 4:1; far

from the 16:1 estimate for the American diet today.

The omega-3 PUFAs Docosahexaenoic acid (DHA; C22:6, n-3) and
eicosapentaenoic acid (EPA; C20:5, n-3) have demonstrated antitumor activity across
tumor types and subtypes, initiating apoptosis in vivo and in vitro. The mechanism by
which these n-3 effects are realized has been proposed to rely on membrane disruption
at the lipid raft level altering proliferative and survival signaling. Still others suggest

metabolites, eicosanoid or otherwise, are responsible.
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Bioactive dietary nutrients, including PUFAs, are well-documented to alter the
epigenetic landscape and gene expression in mammals?’:839:208 wjith persistent effects
transferrable to subsequent generations®42°%219 Epigenetics are currently an area of
intense focus in cancer research as it may provide investigators a way to re-differentiate
and sensitize tumors to programmed cell death and/or existing therapies!®®1%4, This
suggests a potential role for n-3 fatty acid use as epigenetic therapy, or as a therapeutic

adjuvant, to sensitize TNBC and promote programmed cell death.

This study was designed to determine if omega-3 PUFAs mediate epigenetic
reprogramming in breast cancer. Many studies compare LA (18:2, n-6) and DHA (22:6,
n-3) directly, making broad generalizations about omega-6 and omega-3 effects in
cancer; however, it is possible that the differences in chain length may lead to distinctly
different fates and effects within cells. EPA (20:5, n-3), DHA (22:6, n-3), LA (18:2, n-6),
and AA (20:4, n-6) were chosen to examine the effects of omega-3 vs omega-6, as well
as the impact of chain length on epigenetic reprogramming in TNBC. MDA-MB-231 cells
were selected for this study as they are a well-defined TNBC model. LA has been shown

to have tumor-promoting activity in in this cell line.

This study surveys a time course of HDAC activity and chromatin remodeling
relative to apoptotic induction and membrane integrity upon PUFA supplementation to
determine if epigenome alterations occur before apoptotic induction. Data supporting
global epigenetic reprogramming before appreciable apoptotic induction would suggest a

potential epigenetically-directed regulatory role for PUFA in tumorigenesis.
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Abstract

The antitumor mechanism exerted by omega-3 (n-3) polyunsaturated fatty acids
(PUFASs) in cancers is not well understood. Historically, two main mechanisms have
been proposed; membrane-incorporation and attenuated metabolism. Despite evidence
supporting each, recent advances propose a novel third mechanism, epigenetic
remodeling. In order to determine which of these mechanisms may be the initiating
event, MDA-MB-231 triple negative breast cancer (TNBC) cells were treated with linoleic
acid (LA; 18:2, n-6), arachidonic acid (AA; 20:4, n-6)), eicosapentaenoic acid (EPA; 20:5,
n-3), or docosahexaenoic acid (DHA; 22:6, n-3) complexed with bovine serum album
(BSA). A time course of cellular markers for membrane-incorporation of FAs, attenuated
metabolism, and epigenetic inhibition effects on those parameters was utilized to tease
out cause versus effect. Our results show that increased plasma membrane permeability
(present only at apoptotic 48 hr time point) and decreases in mitochondrial membrane
potential (present at all time points) were not sufficient to induce apoptosis in PUFA-
treated TNBC. Furthermore, epigenetic inhibitors were noted to diminish mitochondrial
membrane potential and decrease ATP levels, similarly to PUFAs, in TNBC. This
suggests that the membrane alterations previously associated with direct PUFA
incorporation may actually be due, at least in part, to epigenetic regulatory effects of
PUFA treatments in cancer. Together, the data from this study and previous reports
suggest an epigenetic remodeling mechanism as a plausible initiator of antitumor activity

of PUFAs in TNBC.
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Introduction

Antitumorigenic omega-3 (n -3) polyunsaturated fatty acids (PUFASs) are well-
documented to induce apoptosis across cancer types®’:88226-229 This ability is proposed
to be reliant on disruption of one or more cellular membranes, particularly lipid raft
signaling in the plasma membrane, or a loss of mitochondrial membrane potential and
ATP. Lipid raft signaling is often important for proliferative signaling in tumors, and
although TNBC are human epidermal growth factor receptor isoform 2 (HER2) negative,
they maintain an epidermal growth factor receptor (EGFR) which receives and translates
growth signals to the cell. EGFR replicative signaling is interrupted in MDA-MB-231
TNBC cells by DHA treatment, which causes dislocation of the growth receptor from the
lipid raft at 48 hours post supplementation®*. Additionally, although Warburg phenotype
cancer mitochondria are non-functional in the canonical sense, they remain vital to cell
survival, likely due to cofactors and metabolites derived from the TCA cycle!!!2%0, Recent
evidence demonstrated attenuated mitochondrial capacity and ATP levels in DHA-
treated MDA-MB-231 cells'®?2, The evidence supporting both of the above mechanisms is
reliant on assays performed at apoptotic time points. During programed cell death, cells
undergo changes in signaling, metabolism and gene expression, and thus alterations

noted at these stages cannot truly be deemed causative*8176.185,

This study aims to characterize causative versus resultant changes documented
with respect to apoptotic induction. A series of commonly used markers exist for
membrane incorporation and attenuated metabolic mechanisms, inducing apoptosis.
These studies frequently employ fluidity estimations, mitochondria membrane (MM)
stability, plasma membrane (PM) integrity and lipid raft signaling assays. Membrane

incorporation studies focus primarily on stability of the MMs and PMs. Plasma
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membrane integrity is an important parameter in any apoptotic study because
penetration of the PM can lead to toxicity rather than programmed cell death.
Cytotoxicity from n-3 FAs is not thought to occur as a result of membrane incorporation
of these lipids; rather an increasing amount of omega-3 PUFA in the PM alters
proliferative signaling at the level of the lipid raft, ultimately resulting in apoptosis.
Mitochondrial membrane integrity changes with PUFA incorporation is monitored
because a loss of inner mitochondrial membrane (IMM) stability leads to the release of
cytochrome C, which is needed for apoptosome formation and apoptotic initiation. IMM
integrity establishes and maintains an electrochemical gradient, or mitochondrial
membrane potential (MMP), and a loss of this potential is typically associated with

cytochrome C release.

Similarly, reports affirming attenuated metabolism directed mechanisms of n-3
PUFAs in cancer utilize MMP assays, as well as total intracellular ATP levels as
indicators of metabolic status in cancer cells post treatment. This is due to the fact that
decreases in ATP produced from oxidative phosphorylation are known to accompany
losses of MMP. ATP levels are required for a variety of enzymatic processes within
tumors, and are associated with overall cell health. Consequently, ATP is regularly
monitored in studies proposing decreased metabolic capacity as a mechanism of

apoptotic induction for n-3 PUFAs in cancer therapy.

This study employed a time course evaluation of membrane incorporation and
metabolic mechanisms to show that these events do not precede apoptosis in omega-3
treated triple-negative breast cancer. Furthermore, we hypothesize an epigenetic

remodeling mechanism warrants further investigation.
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Materials and Methods

Reagents and Cell Lines

The metastatic MDA-MB-231 triple negative breast cancer cell line was
purchased from the ATCC (Manasses, VA). All reagents and chemicals were purchased
from Sigma (St Louis, MO) unless otherwise stated. Fatty acid (FA) sodium salts of
linoleic acid (LA), arachidonic acid (AA), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA) were complexed with essentially fatty acid free fraction V
bovine serum album (BSA), solubilized in phosphate buffered saline (PBS) (Mediatech,
Herndon, VA). All FA aliquots were flushed under nitrogen, shielded from light, stored at
-20°C, and thawed no more than 4 times. Epigenetic inhibitors, 5-azacytidine (5-Aza),
Panobinostat (Pano) and C646, were solubilized in tissue culture grade dimethyl
sulfoxide (DMSO), and diluted in PBS immediately before dosing cells. The final amount
of DMSO in a well was diluted 5,000-fold or greater. PBS vehicle control for these
studies includes DMSO in the highest concentration present for epigenetic inhibitor

dosing.

Cell Culture

MDA-MB-231 cells were maintained in RPMI 1640 (Mediatech, Herndon, VA)
supplemented with 10% fetal bovine serum (Peak Serum, Colorado, USA)). Cells were
grown as monolayers at 37°C, with 5% CO,, in a humidified environment. Twenty-four
hours after seeding, cultures were supplemented with specified concentrations of FAs,
epigenetic inhibitors, or equal volumes of vehicle control. Assays were then conducted at

1, 3, 6, 12, 24, or 48 hours post treatment.

Cell Viability Assay
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Cells were trypsinized and counted using a hemocytometer and trypan blue
staining. Unstained cells were counted as viable. Results represent six individual

experiments.

Dose Determination

DHA titration curves were used for PUFA dose selection. The 75 nmoles/1.5 x
108 cells and 250 nmoles/1.5 x 10° cells dose represent roughly 50% and 25% cell
viability, respectively, at 48 hrs. All PUFAs (LA, AA, EPA and DHA) were dosed in molar
equivalents, brought to the same total dosing volume with vehicle. 5-Azacytidine
(DNMTi), Panobinostat (panHDACI), and C646 (p300 HATI) epigenetic inhibitors were
titrated to determine the effective dose for 50% viability at 48 hrs. Results represent six

separate experiments.

Fatty Acid Incorporation Analysis

Whole-cell LA, AA, EPA or DHA incorporation levels were determined by gas
chromatography (GC-FID). 10-cm dishes were evenly seeded with MDA-MB-231s 24 hrs
before treatment. At 1, 3, 6, 12, 24, or 48 hrs post treatment, media was aspirated and
cells were washed three times in cold PBS. Cells were then trypsinized and pelleted by
centrifugation. Fatty acids were then isolated and detected by GC-FID as described
previously 1°1. Briefly, samples were extracted using a 2:1 chlorofom:methanol mixture,
vortexed, and centrifuged at 1,000 x g for 5 min. The chloroform fraction was removed,
spiked with 20 uL of an internal standard (19:0), and dried under nitrogen gas. 14% BF;
in methanol was added, and incubated at 110°C for 15 minutes. Petroleum ether with
0.02% BHT was added. The fatty acid-containing petroleum ether layer was dried with

anhydrous Na,SO4/NaHCOs (2:1, w/w). Extracts were flushed with N, and stored at -
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20°C until use. GC analysis was performed using an Agilent 7890A and SP2340
capillary column (30 m by 0.25 mm ID). Helium carrier gas, H», and air flow gas rates
were set at 0.5 mL/min, 1.25 mL/min and 12-15 mL/min, respectively. A thermal gradient
program over 12 minutes, beginning with 180°C column and 220°C injector
temperatures was used. The initial settings were held for 5 min, then temperatures
increased 10°C/min to 215°C and held for 3.5 minutes. Results represent the mean fatty

acid content (LA, AA, EPA or DHA) from six separate experiments.

Plasma Membrane Integrity

Plasma membrane integrity was assessed using plasma membrane
impermeable 7-AAD stain, detected with flow cytometry. Briefly, cells were trypsinized,
washed in PBS and stained with 7-AAD (1 ug/mL). A BD Accuri C6 Flow Cytometer was
used to enumerate intact (no stain) and compromised (stained) cells in each sample.

Results represent six different experiments, normalized to non-treated cell count.

Mitochondrial Membrane Potential

The JC-1 Mitochondrial Membrane Potential Assay Kit from Cayman Chemical
(Ann Arbor, MI) was used per manufacturer’s instructions. Briefly, cells were seeded in
black-walled, clear-bottom 96-well plates 24 hrs before treatment. At specified times, 10
ML of JC-1 staining solution was added to each well and placed in a 37°C, 5% CO,
humidified incubator for 15-30 minutes. The plate was then centrifuged at 400 x g for 5
minutes and the supernatant was aspirated. 200 uL/well assay buffer was added, the
plate was centrifuged, and the supernatant was discarded again. The assay buffer wash
step was repeated once more. 100 pL/well assay buffer was added and were analyzed

for red (A535ex/ A595em) and green (A485ex/ A535ewm) fluorescence with a SpectraMax M5
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plate reader (Molecular Devices, Sunnyvale, CA). Red signal is characteristic of intact
mitochondria, while green is associated with decreased mitochondrial membrane
potential. The ratio of red to green fluorescence is an indicator of overall mitochondrial

health. Data represent six individual experiments.

Intracellular ATP

The CellTiter-Glo Luminescent Cell Viability Assay from Promega (Madison, WI)
was used per the manufacturer’s instructions. Briefly, cells were seeded in white-walled,
clear-bottom 96-well plates 24 hours before treatment. At specified times, 100 uL of
CellTiter-Glo reagent was added to each well, mixed for 2 minutes on an orbital shaker,
and allowed to stand 10 minutes at room temperature. Luminescence was detected
using SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA). Results

represent six separate experiments.

Caspase 3/7 Activity

The Caspase-Glo 3/7 Assay from Promega (Madison, WI) was used per
manufacturer’s instructions. Briefly, cells were seeded in white-walled, clear-bottom 96-
well plates 24 hours before treatment. At specified times, the 96-well plate and Caspase-
Glo 3/7 reagent are allowed to equilibrate to room temperature. 100 yL/well of Caspase-
Glo 3/7 reagent was added to each well, mixed for 30 seconds on an orbital shaker, and
incubated in the dark for 30 minutes at room temperature. Luminescent readings were
taken with a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA). Results

represent six individual experiments.
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Apoptosis

The Cayman Chemical (Ann Arbor, MI) Multi-Parameter Apoptosis Assay Kit was
used per manufacturer’s instructions. Briefly, cells were evenly seeded in 12-well plates
24 hrs prior to treatment. At indicated times, 100 uL/well TMRE/Hoescht Dye staining
solution was added and incubated for 10 minutes at 37°C, 5% CO.. Cells were then
trypsinized, collected and pelleted at 400 x g over 5 minutes. The supernatant was
discarded and cells were resuspended in 2 mL binding buffer. Cells were pelleted by
centrifugation as before, discarding the supernatant and resuspended in 250 yL Annexin
V FITC/7-AAD Staining Solution. Cells were incubated for 10 minutes at room
temperature, in the dark. Cells were then pelleted by centrifugation and the supernatant
was discarded. Cells were suspended in 250 pL binding buffer and immediately
analyzed with a BD Accuri C6 Flow Cytometer (BD Biosciences, San Jose, CA). Early
stage apoptotic cells display Annexin V FITC staining (FL1), healthy mitochondria are
TMRE-stained (FL2), and dead cells have both 7-AAD (FL3) and Annexin V staining.
Data is representative percentage of total population within a single treatment group,

with three individual experiments per sample.

Protein Normalization

Total protein was determined for each microplate assay using The Pierce BCA
Protein Assay Kit per manufacturer’s instructions. Briefly, for every microplate assay
described above a duplicate 96-well plate was seeded and treated. At specified times,
200 pL/welll of WR reagent was added, mixed for 30 seconds on an orbital plate shaker
and incubated for 30 minutes in the dark at 37°C. The plate was then equilibrated to
room temperature and absorbance read at 562nm with a SpectraMax M5 plate reader

(Molecular Devices, Sunnyvale, CA). A bovine serum albumin (BSA) standard curve was



65

used to quantitate total protein. Total protein was used to normalize all microplate assay

data.

Statistical Analysis

Significant variances between treatments were identified by one-way analysis of
variance (ANOVA) with Tukey post-hoc analysis. All quantitative data are shown as
percentages versus non-treated control, unless otherwise specified. PUFA and
epigenetic inhibitor treatments were compared to BSA and PBS vehicle controls,
respectively, to detect significance. Data represent mean + SEM, n=3-6, with p< 0.05
considered significant. GraphPad Prism version 7 (GraphPad Software, San Diego, Ca)

software was used to perform all statistical analysis.

Results
PUFAs Readily Incorporate Into TNBC Cells 3 hrs Post Treatment

A predominant theory among proposed omega-3 anticancer mechanisms
dictates that PUFA incorporation into tumor membranes disrupts signaling, and leads to
apoptosis. A FA incorporation time course was employed to properly assess the
potential for membrane disturbances, as a result of PUFA incorporation, to direct
apoptotic induction in TNBC. Important factors including PUFA formulation were
considered in experimental design as different delivery methods will alter uptake. Briefly,
triglycerides and diglycerides packaged in chylomicrons are the most common form of
FA transport throughout the venous system in humans?!. However, serum lipases
release fats, allowing long chain (LCFA) and very long chain (VCLFA) fatty acids to bind
serum albumin, facilitating cellular uptake. Therefore, a bovine serum albumin (BSA)-
complexed PUFA formulation was utilized in this study to replicate a more physiological

environment. As the anticancer n-3 fats DHA and EPA are both known to produce time
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and dose-dependent inhibition of tumor survival, two PUFA treatment doses were
selected using the DHA titration curves (Fig S2. 1), with 75 nmol and 250 nmol
treatments corresponding to approximately 50% and 25% cell viability, respectively, at
48 hours post treatment. All PUFA treatments (LA, AA, EPA and DHA) occurred 24
hours after seeding, at the “0 hr” time-point. Samples were then collected and analyzed
for PUFA incorporation into whole cells by gas-chromatography (GC) at 1, 3, 6, 12, 24 or

48 hours post treatment.

Selected PUFAs (LA, AA, EPA and DHA) were first detectable at 3 hours post
treatment, with similar incorporation levels across the omega classification and near
identical patterns within omega classes (Fig 2. 1). Notably, the low (75 nmol) EPA dose
was the only PUFA treatment wherein incorporation was not measurable at 3 hours. At
the 6 hour data point, LA and AA had no significant incorporation gains over the previous
time point. The low (75 nmol) EPA treatment was detectable for the first time at 6 hours,
and the high dose had no significant increase over the 3 hr time point. Both DHA
treatments had a striking rise (more than 3-fold) in PUFA incorporation at the 6 hour
point, although no discernable dose-dependent difference was observed. Within 12
hours of treatment, negligible increases in PUFA uptake were observed in all but the
high (250 nmol) DHA dose compared to the previous time point. 24 hours after dosing
cells, clear dose-dependent incorporation was apparent for both DHA and LA but not
EPA or AA. Dose-dependent incorporation was observed for all PUFAs at 48 hrs.
Notably, DHA had conspicuously higher levels of uptake at 24 and 48 hours than all

other PUFAs.

Interestingly, overall incorporation patterns appear similar, although on different

scales, for DHA and LA as well as EPA and AA. Furthermore, the lower dose (75 nmol)



in all PUFAs shows no significant incorporation gains after roughly 12 hours, despite

decreasing proliferation and survival in DHA, EPA and AA treatments.
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Fig 2. 1. Polyunsaturated Fatty Acids Incorporate Within 3 Hours of Dosing. Either
75 nmol or 250 nmol of each PUFA, or equal volumes of vehicle control, were used to
treat MDA-MB-231 TNBC cells for the times indicated above. The insets of each graph
are magnifications of the 1, 3 and 6 hour time points for the respective PUFA. PUFA
incorporation was detected by gas chromatography and normalized to cell count. Data

represents n=6, mean = SEM.
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Plasma Membrane Permeability is Increased by DHA, EPA and AA Incorporation
When monitoring membrane changes in the induction of programmed cell death,
the time course of plasma membrane (PM) permeability alterations versus apoptotic
induction is important to differentiate cytotoxicity from other causes. Specifically,
increases in PM permeability which occur, and continue, prior to apoptosis indicate a
cytotoxic mechanism; whereas the inverse is supportive of programmed cell death.
Another potential mechanism of PUFAs in cancer relies on epigenetic modulation
initiating cell death. As epigenetics is an emerging field, the consequences of an altered
epigenetic landscape and its downstream effects on membranes are not well defined.
Therefore, in addition to the PUFA treatments, epigenetic inhibitors were included in all
experiments aside from membrane incorporation of PUFA (above). For this study,

permeability was assessed by 7-AAD staining of cells with compromised PM structure.

Low LA, AA and EPA doses (75 nmol) caused no change in PM permeability for
surveyed time points prior to 48 hrs (Fig 2. 2A). However, the 75 nmol DHA treatments
produced a minor increase (211 = 2.1%) in plasma membrane penetrability at 12 hrs
post treatment, which persisted but did not increase at 48 hrs (319 £ 32.4%). The 75
nmol AA elicited the most drastic increase in PM permeability, 781 + 24.8%, at 48 hrs
despite no significant effects at previous times. 75 nmol EPA elevated PM permeability,
329 + 35% at 48 hours although no significant changes were found at earlier time points.
The plasma membrane in 75 nmol LA treatments was statistically equivalent to the BSA

control throughout the time course. [Table S2. 1]

High dose (250 nmol) PUFAs, excluding LA, decreased PM intactness at every
time point surveyed (Fig 2. 2B). DHA produced the greatest increase in PM permeability

at 12 and 48 hrs with 375 + 2.4% and 1,174 + 39.4% increases, respectively. DHA also
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decreased PM integrity at 3 hrs (159 £ 7.2%), in a manner similar to EPA (195 + 1.8%)
and AA (194 £ 2.1%). No further reduction in PM stability was detected at 12 hrs for
EPA (186 + 4%) or AA (191 + 3.6%). Additional losses in PM intactness were detected
for EPA (445 £ 9.7%) and AA (492 + 3.8%) treatments at the 48 hrs. It is interesting to
note that the n-3 EPA (20:5) and n-6 AA (20:4) displayed statistically identical patterns of
PM disruption at 250 nmol doses. High LA treatments, as with the 75 nmol doses,

produced PM stability results undistinguishable from the BSA control. [Table S2. 1]

Epigenetic inhibitors had no significant effect on PM stability at 3 or 12 hours post
treatment (Fig 2. 2C). Panobinostat (panHDACI) caused a 560 + 12.4% increase in PM
permeability at 48hrs. Similarly, C646 (p300 HATI) and 5-Aza (DNMTi) caused a 923 +
52.9% and 735 + 38.9% rise, respectively, 48 hours after treatment. The overall trend in
plasma membrane potential changes is consistent among inhibitors of both transcription-

repressing and activating epigenetic enzymes. [Table S2. 1]



71

Plasma Membrane Permeability

A 75 nmol PUFA B. 250 nmol PUFA
1500
T *BSA §1soo * BSA
: BLA Z § oA
q £1000 = AA o £1000 e 2 AA
<5 g vEPA  Z: 4 EPA
~E +DHA N~ E + DHA
i £ 500
z o
E 2
$
s

C. Epigenetic Inhibitors
E1500 o PBS
3 ©5-Aza
E] B Pano
o i 1000 = C646
< £ -
<: o
~2 e
2 500 -8
=
< EL-:.ﬂ‘::
0
) ) )
s & s
N o ®
Hours

Fig 2. 2. Alterations in Membrane Permeability With Treatment Over Time. MDA-
MB-231 cells were treated with either 75 nmol (A) or 250 nmol (B) PUFA, epigenetic
inhibitors (C), or equal volumes of vehicle controls. Flow cytometry was used to detect 7-
AAD labeled cell populations. Data are a shown as a percent of non-treated control,
normalized to cell count. All experiments represent n=6, mean + SEM.
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PUFAs and Epigenetic Inhibitors Decrease Mitochondrial Membrane Potential
Mitochondria are important regulators of programmed cell death (apoptosis),
particularly as governing bodies of cytochrome C mediated apoptosis. Cytochrome C is
tethered to the inner mitochondrial membrane (IMM) by anionic lipids, typically
cardiolipin, sequestering it to the mitochondria. However, upon IMM disruption a pool of
cytochrome C is released, solubilized and transported into the cytosol through outer
mitochondrial membrane (OMM). Specifically, losses in mitochondrial membrane
potential (MMP, Wy) cause matrix swelling, and ultimately burst the OMM. Cytosolic
cytochrome C then initiates apoptosis via binding apoptotic protease activating factor 1
(APAF-1) to allow ATP binding, as further described in the discussion section. For the
purposes of this study, MMP was monitored for each time point using JC-1 membrane

permeable dye.

Low dose PUFAs (75 nmol) decreased MMP at all time points (Fig 2. 3A). The
omega-6 fatty acids displayed a more fixed decrease in MMP over time with 83 + 3.3%,
79 + 2%, and 79 £ 5.4% for LA, and 64 £ 2.1 %, 61 + 2.5% and + 62 + 4% for AA
treatments at 3, 12 and 48 hours, respectively. Conversely, omega-3 fatty acids
displayed a more dynamic response over time. 75 nmol DHA and EPA displayed similar
reductions in MMP with 84 + 1.8% and 74 + 1.8% at the initial, 3 hr, time point. At 12
hours post treatment, a partial recovery of MMP to 92 + 2.7% was noted in EPA whereas
DHA treated cells maintained previously decreased membrane potential (77 £ 2.6%).
Surprisingly, DHA had a near complete recovery (98 + 6.9%) of MMP at 48hrs, but the
BSA control also increased MMP to 114 * 6.5% at that time. Finally, a drastic reduction

(roughly 44 %) in MMP was noted at 48 hours for 75 nmol EPA to 48 + 3%. [Table S2. 2]
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High PUFA doses, 250 nmol, universally attenuate MMP (Fig 2. 3B).
Remarkably, EPA and AA again elicit identical patterns throughout the time course.
Specifically, EPA diminished MMP to 64 + 1.1% , 68 + 2.0%, and 61 + 4.5% at 3, 12,
and 48 hours, respectively. Similarly, high dose AA treatments resulted in reduced
MMPs of 58 + 1.9% (3 hrs), 76 + 4.8% (12 hrs), and 64 * 4.2% (48 hrs). Surprisingly,
high dose AA and EPA had increased MMP at 12 hours and 48 hrs, respectively,
compared to the corresponding 75nmol dose of each fat. Despite reductions in MMP
exceeding 25% within 3 hours for 250 nmol EPA and AA, DHA and LA affected more
conservative declines of 96 + 4.5% and 97 + 4.7%, respectively. Interestingly, the PUFA
vehicle control (BSA) caused an increase (110 = 1.8%) in MMP at 3 hours, which
recovered to 104 £ 2.2% by the 12 hour time point before again increasing (114 + 6.5%)
at 48 hours. DHA and LA treatments further reduced MMP to 70 = 1.0% (DHA) and 77 +
2.4% (LA) at 12 hours. MMP at 48 hrs remained constant for DHA (68 + 2.8%) but
further decreased to 60 + 61% in the LA treatments. Notably, all 250 nmol PUFA doses

produced nearly comparable reductions in MMP at 12 and 48 hours. [Table S2. 2]

Interestingly, the initial 3 hr time point assay of epigenetic inhibitors effectively
resulted in a 50% decrease in MMP (Fig 2. 3C); 54 £ 2.4% (5-Aza), 51 + 2.1% (Pano),
and 56 £ 2.2% (C646). This is significantly below all of the PUFA treatments within the
same time. At 12 hours, the repressive-complex inhibitors 5-Aza (DNMTi) and
panobinostat (panHDACI) almost completely recover MMP, with 94 + 3.8% and 104 +
6.2%, respectively. The epigenetic inhibitor vehicle control (PBS) also increases at 12
hours to 118 + 4.0% and remains constant, 112 + 5.7%, at 48 hrs. Conversely, the
activator-complex inhibitor C646 (p300 HATi) further degrades MMP to 45 + 2.4% at 12
hours, and steadily declines to an striking 24 + 1.2% at 48 hrs. Transcriptionally

repressive-complex inhibitors 5-Aza and Pano treatments result in MPPs of 48 + 2.9%
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and 35 £ 1.5%, respectively, at 48 hrs post dosing. These initial (3 hr) and final (48 hr)
epigenetic inhibitor induced MMP reductions are statistically equal to, or exceed those of
PUFAs at any dose. HATi C646, however, was the only epigenetic inhibitor with MMPs
consistently lower than all PUFA doses at the 12 hour time point. The pattern of
mitochondrial membrane potential reduction appears divisible between inhibition of

repressing vs activating epigenetic effectors. [Table S2. 2]
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Fig 2. 3. Treatments Universally Alter Mitochondrial Membrane Integrity Across All

Time Points. MDA-MB-231 cells were treated with either 75 nmol (A) or 250 nmol (B)

PUFA, epigenetic inhibitors (C), or equal volumes of vehicle controls for 3, 12 or 48
hours. Mitochondrial membrane potential was detected via fluorescent microplate assay.
Data are a shown as a percent of non-treated control, protein normalized. All
experiments represent n=6, mean + SEM.
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PUFA and Epigenetic Inhibitor induced apoptosis in TNBC is not ATP-dependent
Apart from being a vital energy source for catalytic processes throughout the cell,
ATP/dATP are required by apoptotic protease activating factor 1 (APAF-1) for active
apoptosome formation. Furthermore, ATP levels are known to be concomitantly reduced
in response to diminished MMP due to decreased oxidative phosphorylation. A
luciferase-based assay chemistry to monitor intracellular ATP at specified times for this

study.

ATP levels in low dose n-3 PUFA treatments (75 nnmol) were not greatly
affected within 3 hours of treatment, despite large MMP decreases (Fig 2. 4A).
Seemingly consistent with slightly reduced MMP, 75 nmol LA caused a small reduction
in intracellular ATP, 94 + 2.4%, at 3 hrs. Contrary to a loss of more than 25% in MMP,
the 3 hour time point for 75 nmol AA increased to 112 + 2.3% ATP. Although unaltered
at 3 hours, intracellular ATP was significantly elevated to 127 £ 1.6% and 119 + 0.1% at
12 and 48 hrs, respectively, in BSA vehicle. This may be due to additional nutrients
(protein) available to the cells by this vehicle. 12 hours after dosing, ATP levels in low
AA doses reduce to 103 + 2.0%, statistically significant reduction compared to increased
ATP levels of BSA vehicle. EPA results at 12 hrs, 103 + 1.9%, are identical to AA. This
similarity continues at 48 hours with further reductions to 85 + 1.0% (EPA) and 91 +
1.0% (AA) ATP. The minor reductions in ATP levels detected at 12 hrs for DHA (115 +
2.7%) and LA (121 £ 1.6%) were fully recovered, above BSA vehicle control (119 +
0.1%), by the 48 hr assay point. Although low dose PUFAs decrease ATP levels at
various time points, no decrease below non-treated cell levels is noted at time points

preceding 48 hours. [Table S2. 3]
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Despite an initial change of intracellular ATP levels at 3 hours for the omega-6
fats at low (75 nmol) doses, none of the high dose (250 nmol) PUFAs elicited a change
(Fig 2. 4B). All four PUFAs reduced ATP at 12 hrs. DHA and AA caused the greatest
reduction with 106 + 2.0% and 106 + 0.3% ATP, respectively, compared to BSA control
(127 £ 1.6%). 12 hour ATP levels were also attenuated in 250 nmol LA (114 + 1.9%) and
EPA (111 + 2.1%) treatments. ATP levels in 48 hr LA were steady at 115 + 1.2%, but
DHA, EPA and AA declined to 84 + 0.2%, 90 £ 1.1%, and 80 + 0.8%, correspondingly.
The decrease in ATP levels does not appear to be dose-dependent for any of the
PUFAs throughout the time course. Again, ATP levels are attenuated at 12 hours, but do
not below normal non-treated ATP levels in MDA-MBA-231 TNBC before the 48 hour

time point. [Table S2. 3]

Epigenetic inhibitors 5-Aza (113 £+ 1.9%) and C646 (112 + 2.1%) slightly
increased ATP levels, compared to PBS vehicle (97 £ 2.5%), at 3 hours (Fig 2. 4C). The
minor rise in Pano treatments was not significant. Similarly, to the BSA vehicle, ATP
levels in the PBS control increased at 12 (115 + 1.4%) and 48 (120 + 0.0%) hours. 5-Aza
ATP levels were negligible from PBS control at 12 hours, but HATi and HDACI
treatments exhibited an identical, although minorly significant, decrease in ATP to 109%
for both (Pano, £ 1.9%) and (C646, + 1.8%). By the 48 hour time point, inhibition of
repressive enzymes by 5-Aza (DNMTi) and Pano (HDACI) greatly depleted ATP levels
to 52 + 1.2% and 85 + 0.1% compared to PBS vehicle (120 +0%). No clear pattern
relating epigenetic inhibitors exits regarding effects on intracellular ATP levels, nor is any
relation to PUFA decrease of ATP discernable. Congruent with results in PUFA
treatments, ATP is not limiting when compared to non-treated cells at 3 or 12 hours.

[Table S2. 3]
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Fig 2. 4. Intracellular ATP Levels are Altered by PUFA and Epigenetic Inhibitor
Treatment. MDA-MB-231 cells were treated with either 75 nmol (A) or 250 nmol (B)
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hours. Intracellular ATP levels were monitored via luminescent microplate assay. Data
are a shown as a percent of non-treated control, protein normalized. All experiments
represent n=6, mean + SEM.
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Caspase 3/7 activity is not significantly increased at 3 or 12 hours

Caspases are a class of proteolytic enzymes within cells that are required for
programmed cell death, covered in detail in the discussion. Briefly, caspases 3 and 7 are
effectors of apoptotic programming. Activation of caspase 3 and/or 7 by multiprotein
apoptosome complex-mediated cleavage leads to digestion of cellular components,
apoptotic blebbing and cell death. Total Caspase 3 and 7 activity was detected using

luminescent chemistry for this study.

Early (3 hr) treatments at 75 nmol did not alter caspase activity, aside from a
sudden increase to 151 + 5.3% caspase 3/7 activity in the EPA treatment (Fig 2. 5A). At
12 hours post treatment, the 75 nmol EPA dose returned to levels indistinguishable from
BSA control. DHA and LA treatments were also unchanged from control levels at 12 hrs.
However, AA diminished caspase activity approximately one-quarter to 66 + 4.3%,
compared to BSA vehicle (88 + 6.5%). As expected, caspase 3-7 activity was elevated
at 48 hours for all 75 nmol PUFA treatments. Low DHA (111 + 4.1%), EPA (116 £ 5.1%)
and AA (120 £ 4.6%) treatments produced statistically equal increases in caspase
activity. Unexpectedly, the tumor-promoting PUFA, LA enhanced caspase activity the
most with 133 + 4.1% at 48 hours. No significant pattern was identifiable amongst the
caspase activity modulation by these fats, apart from a general lack of activity preceding

the 48 hour time point. [Table S2. 4]

High, 250 nmol, DHA and LA treatments had no effect on caspase activity at 3
hours, but EPA and AA decreased activity levels by almost half to 52 + 2.0% and 63 +
3.4%, respectively (Fig 2. 5B). Similarly to the low PUFA doses, 250 nmol DHA, LA and
EPA treatments didn’t alter activity at 12 hrs post treatment, but AA (53 * 3.9%) caspase

activity was diminished relative to control (88 + 6.5%). As predicted, caspase 3/7 activity
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was significantly increased in all 250 nmol PUFA treatments at 48 hours. DHA had the
most substantial gain in activity, at 236 + 4.4% compared to 94 + 4.2% for BSA control.
EPA (153 £ 5.1%) and AA (179 £ 4.9%) had similar increases in caspase activity, while
LA was minimally elevated at only 118 + 4.3%. Again, caspase activity was not
significantly increased by PUFA supplementation for selected times prior to 48 hours.

[Table S2. 4]

Similar to results for both doses of PUFAs, none of the epigenetic inhibitors
increased caspase activity within 3 or 12 hours of treatment (Fig 2. 5C). Relative to non-
treated cells, the PBS vehicle control had 98 + 6.2%, 102 + 11.4%, and 97 + 4.1%
caspase 3/7 activity at 3, 12 and 48 hours, respectively. HDACi and DNMTi treatments
actually minimally inhibit caspase activity at 3 hours, as evidence by 80 + 6.9% (Pano)
and 81 + 4.2% (5-Aza) caspase activity, respectively. C646 had no effect at 3 hours,
slightly decreased caspase activity at 12 hours to 67 + 3.9%, and caused an increase in
proteolytic activity (162 + 4.4%) at 48 hours post treatment. 5-Aza maintains a small
decrease in caspase activity (72 + 8.1%) at 12 hrs, which holds (82 + 4.3%) at 48 hrs as
well. Pano, however, as no measurable effect at 12 hours, but did increase caspase
activity by 391 + 4.4% within 48 hours. Similar to PUFA treatments, caspase activity is

not increased at 3 or 12 hour time points. [Table S2. 4]
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Fig 2. 5. Changes in Caspase 3/7 Activity in Response to PUFA and Epigenetic
Inhibitor Treatments Over Time. MDA-MB-231 cells were treated with either 75 nmol
(A) or 250 nmol (B) PUFA, epigenetic inhibitors (C), or equal volumes of vehicle controls
for 3, 12 or 48 hours. Luminescent microplate assays were used to detect caspase
activity. Data are a shown as a percent of non-treated control, protein normalized. All
experiments represent n=6, mean + SEM.
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PUFAs and Epigenetic Inhibitors Induce Apoptosis at 48 hour time point

As this study aims to test, and eliminate, prominent proposed mechanisms of
omega-3 PUFA-directed apoptosis, Profiling percentages of each stage of apoptosis,
relative to total population within a single sample, is crucial. Percentages of viable (no
label), early apoptotic (annexin V) and late apoptotic/necrotic (annexin V + 7-AAD) cells

were quantitated by flow cytometry for this study.

Neither the low (75 nmol) nor high (250 nmol) treatments of PUFA significantly
decreased the number of viable cells within the first 3 hours (Fig 2. 6A). As expected,
that lead to no changes in the number of early apoptotic, or late apoptotic/necrotic
population at 3 hours. Epigenetic inhibitors also did not alter any population percentages
significantly from control within 3 hours of dosing. A lack of any significant change
among cell stages was documented at the 12 hour time point for all treatments as well

(Fig 2. 6B).

At the 48 hour time point, both doses of DHA, EPA and AA as well as the high
dose (250 nmol) of LA decreased viability and increased apoptotic populations (Fig 2.
6C). The low doses (75 nmol) of DHA, EPA and AA resulted in 47 £ 2%, 43 + 1%, and
59 + 0% viable cells, respectively. Annexin V stained, early apoptotic increased to 25 +
1% (AA), 50 + 2% (EPA), and 46 + 1% (DHA) of the population for 75 nmol doses.
Interestingly, AA was the only 75 nmol PUFA treatment to increase late
apoptotic/necrotic populations (16 = 1%) relative to BSA control (3 + 0%). The low dose
of LA had no measurable effect. Diminished viable cell populations were noted for 250
nmol LA (71 £ 1%), AA (21 = 1%), EPA (25 + 2%), and DHA (22 £ 0%). Concomitant
rises in high dose LA (26 + 1%), AA (69 + 1%), EPA (66 + 2%), and DHA (54 = 1%)

treatments were observed in early apoptotic cells. 250 nmol DHA, EPA, and AA
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supplementation also elevated late apoptotic/necrotic populations to 24 + 0%, 9 + 0%,
and 10 £ 2%, respectively, compared to BSA control (3 £ 1%). A dose-dependent
decrease in viability, as well as corresponding increase in dead or dying cells was noted
in n-6 (AA) and n-3 (DHA and EPA) PUFAs, suggesting the anticarcinogenic mechanism
isn’t omega classification specific in MDA-MB-231 cells. The epigenetic inhibitors all
reduced viability and amplified apoptotic populations 48 post treatment too. Specifically,
5-Aza had 60 = 1% viable, 25 + 0% early apoptotic and 15 + 1% late apoptotic/necrotic
populations at 48 hours. Panobinostat more significantly inhibited tumor survival with 40
+ 0% viable, 48 + 0% dying, and 12 + 0% dead cells. Decreased viable cell number (56 +
2%), and increased early apoptotic (25 + 0%) as well as necrotic (19 + 2%) populations
were documented for C646. The distribution of percentages was similar between DNMTi
5-Aza and p300 HATi C646. No parallel was noted between population patterns of

epigenetic inhibitors and PUFAs.
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Apoptotic Populations in MDA-MB-231 TNBC
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Fig 2. 6. Apoptotic Induction in Response to Treatment. MDA-MB-231 cells were
treated with 75 nmol or 250 nmol PUFA, epigenetic inhibitors, or equal volumes of
vehicle controls for 3 (A), 12 (B) or 48 (C) hours. Viable and apoptotic populations were
guantified using flow cytometry. Data are a shown as a percent of non-treated control,
normalized to cell count. All experiments represent n=3, mean + SEM.
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Discussion

Elucidation of anticarcinogenic mechanisms of foods, and particularly
polyunsaturated fatty acids (PUFAS), is critically important before clinical implementation
is possible. The reasoning behind this is two-fold; avoiding contraindicated therapeutic
combinations, and allowing the development of methods to identify patient populations
whom will benefit the most from dietary intervention. Although omega-3 PUFASs are
broadly considered safe for use in humans, based on years of use as a pharmaceutical
intervention for cardiovascular diseases?®?, a 2015 report from Voest’s group suggested
a contraindication in cancer patients receiving platinum drugs?*. Specifically, the study
found that a 16-carbon (16:4) omega-3 platinum-induced fatty acid (PIFA) presentin
patients’ serum during concurrent cisplatin treatment lead to chemoresistance. Still,
other data suggest that omega-3 PUFASs increase the therapeutic index of various anti-
cancer agents, including chemotherapy. Furthermore, omega-3 PUFAs have been
shown to inhibit tumor survival and progression in the absence of additional therapy in
vitro and in vivo8388228 These conflicting reports further validate the need to better

understand the mechanisms governing anti-tumor activities with PUFA supplementation.

This study evaluated three proposed mechanisms for PUFA-induced apoptosis in
triple-negative breast cancer; membrane incorporation, altered metabolism, and
epigenetic remodeling. In MDA-MB-231s specifically, membrane incorporation of DHA
disrupted lipid raft signaling in vitro and in vivo resulted in apoptosis!®. Additionally,
reduced ATP and mitochondrial respiratory capacity were linked to cell death in MDA-
MB-231 TNBC, supporting attenuated metabolism theories!®. Still, in vitro and in vivo
breast cancer reports noted altered transcriptomes, and protein post-translational

modification (PTM) profiles with omega-3 PUFA supplementation, suggesting a role for
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epigenetic remodeling in programmed cell death in neoplasms’6108211.234 Some studies
in normal cells have even demonstrated that transcriptome-level changes occur in
PUFA-treated tissues before detectable membrane incorporation of the supplemented
lipid13216 Further supporting the epigenetic theory, a recent publication by Cho et. al.
was the first to identify global genomic DNA methylation and histone acetylation

alterations in cancer (HCT-116 colon carcinoma) in response to PUFA treatment??3,

To select points for the time courses used to differentiate between proposed
mechanisms, cellular uptake of PUFAs at specified times was monitored in MDA-MB-
231s (Fig 2. 1). All PUFAs were incorporated within 3 hours, although the low dose (75
nmol) of EPA was undetectable. Interestingly, the omega-6 PUFAs LA and AA had the
highest incorporation levels through the 3 hour time point although DHA uptake levels
were much higher thereafter. Overall, the intake of PUFAs is similar at time points from
6-48 hours for LA, AA and EPA, at only around 4-5% incorporation of total across doses
(75 or 250 nmol) at 48 hours. DHA, however, had nearly double the uptake with
approximately 7% and 8% for 75 nmol and 250 nmol treatments, respectively. At first
glance, These data may suggest that relatively small percentages of supplemented
PUFAs are taken into MDA-MB-231 breast cancer cells, and that DHA is preferentially
incorporated into MDA-MB-231 TNBC. However, PUFAs are bioactive nutrients with the
ability to act as substrates in multiple pathways®. It is much more likely that a pool of
absorbed the PUFAs are converted to various metabolites, but more research is needed
to trace these PUFAs through cells. Another interesting discovery was that although
PUFAs are known to inhibit tumor progression and survival in a time and dose-depend
manner (Fig S2. 1), only minor increases in incorporation were noted for any 75 nmol
PUFA treatment past 12 hours. This suggests that any membrane disruption, such as

altered lipid raft signaling, seen at 48 hours is likely to be present at 12 and 24 hour time
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points as well. Therefore, if apoptosis is induced by membrane alterations, programmed
cell death would be expected to begin as early as 12 hours post treatment. The 3 hour
data point was selected for study inclusion because it is the earliest detectable
incorporation. The 12 hour time point serves as an intermediary level of incorporation for
the high (250 nmol) PUFA doses within this study, with significantly different absorption

levels from the 3 hour and 48 hour time points.

TNBC plasma membrane integrity assays (Fig 2. 2) resulted in no striking
alterations in PM permeability before the apoptotic time point (48 hrs) for epigenetic
inhibitor or PUFA treatments, excluding DHA. DHA caused minor increases in
membrane permeability with the low dose across time points (Fig 2. 2A), but had a
nearly linear increase to an approximately 10-fold loss of PM integrity within 48 hours
upon 250 nmol supplementation (Fig 2. 2B). These data supports programmed cell
death rather than cytotoxicity because considerable loss of PM integrity is not observed
before apoptotic time points. These initial results indicated changes in PM permeability
during apoptosis may be a result, rather than an initiator, of apoptosis but did not

constitute enough data to preclude the membrane incorporation mechanism.

Unexpectedly, mitochondrial membrane potential in MDA-MB-231 TNBC was
decreased in all treatment groups, at every time surveyed (Fig 2. 3). The effects of
epigenetic inhibitors on mitochondrial membrane potential (Fig 2. 3C) seemed to be
divisible by enzyme-associated transcriptional effect, promoting vs silencing. No
discernable pattern of diminished MMP was noted in low dose (Fig 2. 3A) n-3 PUFAs,
but n-6 LA and AA caused a nearly identical pattern of MMP disruption over time,
although the effects in AA treatments were more pronounced. As 75 nmol LA did not

display anticancer activities during the time course, we propose that decreased
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mitochondrial membrane potential in TNBC upon PUFA supplementation is not sufficient
to induce apoptosis. Interestingly, high doses (Fig 2. 3B) of EPA and AA shared patterns
of MMP reduction over time, as did LA and DHA. No clear pattern of dose-dependence
was detected for MMP over the time course with any of the PUFASs, further suggesting

decreases therein may not directly mediate apoptotic induction.

ATP levels are typically reduced in response to a loss of MMP, as ATP is
produced in mitochondria by oxidative phosphorylation, which relies on an
electrochemical gradient established and maintained by the inner mitochondrial
membrane (IMM). This gradient is what is referred to as the MMP. Surprisingly, despite
attenuated MMPs, an increase in ATP was noted for 75 nmol AA, 5-Aza and C646 after
3 hours of treatment (Fig 2. 4). Furthermore, although reductions in ATP were seen at
various time points for PUFAs (Fig 2. 4A-B), relative to BSA vehicle, no correlation was
found between attenuated ATP and MMP levels. This is likely due in part to the fact that
MDA-MB-231s exhibit a Warburg phenotype, which utilize anaerobic rather than
respiratory metabolism for the bulk of ATP production within cells. Also, despite
reductions in ATP for all PUFAs at 12 hours compared to control, there is no decrease
below basal ATP levels in non-treated cells. Therefore, ATP is not limiting at 12 hours
post supplementation. Further dissociating ATP levels from a causative mechanism, 75
nmol DHA (50% viable dose) at 48 hours did not diminish ATP levels. However, these

data also suggests that ATP would be readily available for use by apoptotic enzymes.

Despite these observations mounting support for a mechanism apart from
membrane-mediated induction of programmed cell death, a large body of data exist
detailing cytochrome C release as a direct result of a loss in MMP. Cytochrome C,

typically tethered to the IMM, then binds apoptotic protease activating factor 1 (APAF-1),
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causing a conformational change which allows ATP/dATP binding. This complex then
interacts with procaspase to form an apoptosome, and cleaves caspase 3 and/or 7 (Cas
3/7), triggering proteolytic activity. Cas 3/7 then carries out the apoptotic proteolytic
program, resulting in cell death. This occurs on an impressive time scale of only 10
minutes from cytochrome C release to death “8. For this reason, Cas 3/7 activity can be
directly measured and related to cytochrome C release from the IMM. Interestingly, 75
nmol EPA increased Cas 3/7 activity nearly 50% within 3 hours of treatment but high
dose EPA, as well as AA actually reduced activity (Fig 2. 5A-B). No other increases in
Cas 3/7 activity were detected in any treatment until the 48 hr time point (Fig 2. 5). This

evidence further hinders support for membrane incorporation theories.

Finally, apoptotic populations in response to treatment were measured (Fig 2. 6).
No significant change was seen in cell populations for any treatments at 3 or 12 hours,
correlating to the documented lack of caspase activity. However, dose-dependent
decreases in viability and increases in dead or dying cells were noted for DHA, EPA and
AA. Although conflicting reports exist in the literature, this formulation of n-6 AA has
antitumor activity similar to EPA and DHA in MDA-MB-231 TNBC. For the first time, LA
(250 nmol dose) also has demonstrated anticancer activity. Specifically, high dose LA
results in an approximately 20% reduction in viable cells, with the balance of the
population transferring to early apoptotic cells. This may actually signify a protective
effect against otherwise lipotoxic levels of fat in cancers because corresponding DHA,

EPA and AA treatments caused a loss of almost three quarters of the viable population.

Paradoxically, the results of this study cannot be divided into omega-3 and
omega-6 directed mechanisms in cancer. However, the failure of reduced MMP or PM

stability to initiate apoptosis allows us to preclude membrane-incorporation as a
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mechanism of cell death in TNBC. Furthermore, we are able to eliminate attenuated ATP
and MMP levels as a mechanism because although decreased at various times and
doses, our data shows it is neither necessary (75 nmol DHA, 250 nmol LA) nor sufficient
to initiate programmed cell death in MDA-MB-231 breast cancer. Epigenetic inhibitors do
not alter PM permeability appreciably as a mechanism of apoptotic induction. However,
the epigenetic inhibitors altered MMP and ATP as well as induced apoptosis similarly to
PUFAs (Fig 2. 7). Therefore, changes seen in PUFA samples may not be due directly to
incorporation, further excluding the membrane incorporation mechanism. Considering all
of the data, epigenetic remodeling is the only plausible mechanism remaining. Future

research is needed to characterize this potential mechanism.
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Abstract

Polyunsaturated fatty acids (PUFAS) are bioactive nutrients, capable of altering
cellular signaling, metabolism and gene expression in cancer’®8323%.2%_(Classically,
omega-3 (n-3) PUFAs act as anticancer agents whereas omega-6 (n-6) fatty acids are
often considered tumorigenic. Recent evidence supports a possible epigenetic
mechanism of action for PUFAs in triple-negative breast cancer (TNBC). Breast cancer
has the highest rate of diagnosis and is the second leading cause of cancer-related
deaths in American women today®. The TNBC subtype is responsible for a
disproportionate number of these deaths, due largely to a lack of targeted
therapies®®2252%7, Many cancer researchers are intensely investigating epigenetic
inhibitors as therapies and combinatorial treatments for metastatic cancers derived from
various tissuest11189.200.238.239 Thjs study utilized linoleic acid (LA; 18:2, n-6), arachidonic
acid (AA; 20:4, n-6), eicosapentaenoic acid (EPA, 20:5, n-3) and docosahexaenoic acid
(DHA; 22:6, n-3) to examine the potential use of PUFA dietary supplementation as an
epigenetic therapy, or adjuvant, in MDA-MB-231 triple-negative breast cancer (TNBC).
Unexpectedly, chromatin remodeling occurred within 3 hours of DHA and EPA
supplementation in 250 nmol treatments, with heterochromatin formation totaling 205 +
29% and 162 + 23%, respectively. This was particularly impressive as it preceded
alterations induced by epigenetic inhibitors of DNA methyltransferase (DNMTi, 5-
azacytidine, 5-Aza), histone deacetylase (panHDACI, panobinostat, Pano) and histone
acetyltransferase (HATI, C646) activity. Additionally, within 12 hours of treatment,
increased chromatin condensation was noted in 75 nmol LA (264 + 18%), EPA (247 *
11%) and DHA (268 = 17%) as well as 250 nmol AA (431 £ 21%), EPA (609 + 35%) and
DHA (462 £ 27%) treatments. Most notably, this chromatin condensation prefaced

apoptotic induction in MDA-MB-231 cells. Further investigation demonstrated that PUFA
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supplementation modulated total HDAC activity at the earliest detectable whole cell
incorporation time of only 3 hours after treatment. Class-specific assays found HDAC
activities are dynamically affected by PUFA supplementation over time. A generalized
trend supporting an initial alteration at 3 hours, followed by return to basal levels at 12
hours, and changed HDAC at 48 hours emerged. Overall, a flurry of modulated HDAC
activity was noted at 3 hours but normalized by the 12 hour time point, where PUFA-
treated TNBC cells displayed large gains in heterochromatin. All of these processes
preceded apoptotic induction and further support the potential of an epigenetic

mechanism for PUFAS in breast cancer.
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Introduction

Cancer remains the leading cause of mortality globally, responsible for 1 in 8
deaths®2%*, Among women in the United States and most of the world, breast cancer is
the most commonly diagnosed with 1 in 8 women expected to be diagnosed in their
lifetime. It is estimated to account for 29% of all new diagnoses and 14% of cancer-
related mortalities in the US this year alone. The American Cancer Society estimates
that only 5-10% of breast cancers are attributable to genetic mutations, suggesting the
balance are due to environmental factors. Of the 90-95% of breast cancers associated
with environmental risk factors, upwards of 50% are estimated to be diet-related. This
provides a fairly low-cost opportunity to significantly decrease cancer diagnosis and

mortality rates in women, relative to the price of pharmaceutical interventions. [°]

A number of dietary components have known bioactive properties, but fatty acids
(FAs) were specifically linked to cancer incidence in the middle of the 20" century. Early
data suggested increasing dietary FAs directly correlated to an increased risk of cancer
development and progression. Epidemiological studies in the 1970s, however, proposed
that cancer incidence was dictated by the type, rather than total dietary intake, of fat
consumed’®®1, This prompted investigations into the effects of omega-3 (n-3) and
omega-6 (n-6) polyunsaturated fatty acids (PUFAS) in relation to cancer risk. Basic
research supports a generalized theory that long-chain, marine-derived n-3 PUFAs elicit
anti-inflammatory, antitumorigenic effects while n-6 PUFAs are largely pro-inflammatory,
tumor-promoting FAs. This is generally accepted as true, although conflicting reports
exist across cancer types for arachidonic acid (AA; 20:4, n-6)28, which exhibits antitumor
effects in MDA-MB-231 triple-negative breast cancer (TNBC) cells. Although many

mechanisms of action have been proposed, mounting evidence supports an
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epigenetically-mediated role of PUFAs in cancer survival and progression. PUFAs have
been known to alter non-coding RNA transcription in normal cells since the 1990s, but a
recent publication from Cho et. al was the first to describe a PUFA-induced epigenetic
mechanism of apoptotic induction in cancer??. The study documented altered global
DNA methylation and histone acetylation patters in HCT-116 colon carcinoma,

suggesting n-6 and n-3 PUFAs may induce epigenetic remodeling in tumors.

Global DNA methylation primarily controls gene expression; decreases are
associated with active transcription whereas increased DNA methylation is typically a
marker of gene silencing!?:240241 Cancers are usually hypomethylated compared to
normal tissues, with breast cancers reportedly among the most significantly under
methylated. Above this primary layer of epigenetic regulation of gene expression is
chromatin structure. Histone deacetylases (HDACSs) and histone acetyltransferases
(HATSs) are responsible for histone tail acetylation homeostasis, wherein HDACs remove
acetyl groups from conserved lysine residues of histone tails and HATSs attach them.
Deacetylated lysine residues maintain a positive charge about the e-amine, allowing for
tight interactions with the negatively charged sugar-phosphate backbone of DNA, thus
facilitating tight nucleosome coiling and gene silencing!?®. Acetylation of lysine residues
eliminates the positive charge, disrupting interactions with DNA, and promoting relaxed,

accessible euchromatin.

Epigenetics provides a new target for reversal of disease progression and a
potential route to a cure for cancer. This is particularly true in tumors, such as TNBC,
where poor prognosis is resultant of a lack of targeted therapies. Breast cancers typically
have very favorable prognoses because a number of endocrine and immunological

therapies exist to target hormone and growth factor receptors common in these
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tumors®®. TNBC, however, are so named due to a lack of estrogen (ER), progesterone
(PR) and human epidermal growth-factor receptor 2 (HER2) expression. These cancers
are notoriously difficult to treat, with only surgical resection and chemotherapy currently

available to patients®71:225,

Considering the above, the potential for PUFA to cause epigenetic remodeling
relatively cost-effectively, in difficult to treat TNBC warranted further investigation. The
current study found that PUFAs modulate HDAC activity and induce chromatin
condensation in TNBC before apoptotic induction. These data supports an epigenetic
mechanism for PUFAs in cancer therapy, necessitating detailed epigenetic profiling in

future studies.

Materials and Methods

Reagents and Cell Lines

The metastatic MDA-MB-231 triple negative breast cancer cell line was purchased from
the ATCC (Manassas, VA). All reagents and chemicals were purchased from Sigma (St
Louis, MO) unless otherwise stated. Fatty acid (FA) sodium salts of linoleic acid (LA),
arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)
were complexed with essentially fatty acid free fraction V bovine serum album (BSA),
solubilized in phosphate buffered saline (PBS) (Mediatech, Herndon, VA). All FA aliquots
were flushed under nitrogen, shielded from light, stored at -20°C, and thawed no more
than 4 times. Epigenetic inhibitors, 5-azacytidine (5-Aza), Panobinostat (Pano) and
C646, were solubilized in tissue culture grade dimethyl sulfoxide (DMSO), and diluted in
PBS immediately before dosing cells. The final amount of DMSO in a well was diluted
5,000-fold or greater. PBS vehicle control for these studies includes DMSO in the

highest concentration present for epigenetic inhibitor dosing.
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Cell Culture

MDA-MB-231 cells were maintained in RPMI 1640 (Mediatech, Herndon, VA)
supplemented with 10% fetal bovine serum (Peak Serum, Colorado, USA)). Cells were
grown as monolayers at 37°C, with 5% CO,, in a humidified environment. Twenty-four
hours after seeding, cultures were supplemented with specified concentrations of FAS,
epigenetic inhibitors, or equal volumes of vehicle control. Assays were then conducted at

3, 6, or 48 hours post treatment.

Chromatin Remodeling

The Nuclear-ID® Green chromatin condensation kit (Enzo Life Sciences, Farmingdale,
NY) was used per manufacturer’s instructions. Briefly, MDA-MB-231 TNBC cells were
evenly seeded in 6-well plates 24 hours before treatment. At specified times; cells were
trypsinized, collected in tubes and centrifuged at 400 x g for 5 min at room temperature
to pellet cells. The supernatant was discarded and cells were resuspended in Assay
Buffer. Centrifugation and supernatant disposal step were repeated once. Samples were
then resuspended in 500 L of ice-cold DNA staining solution, and incubated for 30
minutes, at 4°C, in the dark. Cells were immediately analyzed via flow cytometry using a
BD Accuri C6 Flow Cytometer (BD Biosciences, San Jose, CA). Changes in green
fluorescence (FL1) correspond to chromatin structure; increases convey chromatin
condensation, whereas relaxation of chromatin causes a decrease in intensity. Data

were normalized to non-treated samples and represent six individual experiments.

Total HDAC Activity

The HDAC-Glo I/ll Assay and Screening System from Promega (Madison, WI) was used

per manufacturer’s instructions. Briefly, cells were seeded in white-walled, clear-bottom
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96-well plates 24 hours prior to treatment. At indicated times, complete growth media
was aspirated and discarded from all wells and replaced with 100 yL serum-free media.
The plate was gently mixed for 1 minute on an orbital shaker, at room temperature. 100
pL/well HDAC-GIo I/l reagent was added and samples were incubated for 15-45
minutes at room temperature. Luminescence was detected using SpectraMax M5 plate
reader (Molecular Devices, Sunnyvale, CA). Results represent six individual

experiments.

HDAC Class | Activity

Class | HDAC activity was assessed as previously described by Lemon et al?*2, Briefly,
cells were seeded in black-walled, clear-bottom 96-well plates 24 hours prior to
treatment. At designated times, 5 pL/well of 1mM HDAC Class | substrate (ZLPA; CBZ-
{Lys(Propionyl)}-AMC) was added and cells were incubated 2.5 hours at 37°C. Next, 50
uL/well developer (1.5% Triton X-100, 3 uM TSA, 0.75 mg/ml trypsin in PBS) was
administered and the cells were incubated at 37°C for 20 minutes. AMC fluorescence
(A360ex/A\460em, £40 Nm) was detected using a SpectraMax M5 plate reader (Molecular

Devices, Sunnyvale, CA). Results represent six individual experiments.

HDAC Class lla Activity

Class lla HDAC activity was assessed as previously described by Lemon et al?*2, Briefly,
cells were seeded in black-walled, clear-bottom 96-well plates 24 hours prior to
treatment. 30 minutes prior to specified time points, 1uL/well of 300 uM apicidin (class |
HDACI) was administered to each well. Cells were then incubated at 37°C for 30
minutes. At designated times, 5 pL/well of 1mM HDAC Class lla substrate (I-1985; Boc-

Lys(Tfa)-AMC) was added and cells were incubated 2.5 hours at 37°C. Next, 50 yL/well
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developer (1.5% Triton X-100, 3 uM TSA, 0.75 mg/ml trypsin in PBS) was added and the
cells were incubated at 37°C for 20 minutes. AMC fluorescence (A360ex/A460gewm, +40 nm)
was detected using a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA).

Results represent six individual experiments.

HDAC Class lIb Activity

Class Ila HDAC activity was assessed as previously described by Lemon et al?*?. Briefly,
cells were seeded in black-walled, clear-bottom 96-well plates 24 hours prior to
treatment. 30 minutes prior to specified time points, 1uL/well of 300 uM apicidin (class |
HDACI) was administered to each well. Cells were then incubated at 37°C for 30
minutes. At designated times, 5 uL/well of 1mM HDAC Class IlIb substrate (I-1875; Boc-
Lys(Ac)-AMC) was applied and cells were incubated 2.5 hours at 37°C. Next, 50 yL/well
developer (1.5% Triton X-100, 3 uM TSA, 0.75 mg/ml trypsin in PBS) was added and the
cells were incubated at 37°C for 20 minutes. AMC fluorescence (A360ex/A460gm, £40 nm)
was detected using a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA).

Results represent six individual experiments.

Protein Normalization

Total protein was determined for each microplate assay using The Pierce BCA Protein
Assay Kit per manufacturer’s instructions. Briefly, for every microplate assay described
above a duplicate 96-well plate was seeded and treated. At specified times, 200 uL/well
of WR reagent was added, mixed for 30 seconds on an orbital plate shaker and
incubated for 30 minutes in the dark at 37°C. The plate was then equilibrated to room
temperature and absorbance read at 562nm with a SpectraMax M5 plate reader

(Molecular Devices, Sunnyvale, CA). A bovine serum albumin (BSA) standard curve was
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used to quantitate total protein. Total protein was used to normalize all microplate assay

data.

Statistical Analysis

Significant variances between treatments were identified by one-way analysis of
variance (ANOVA) with Tukey post-hoc analysis. All quantitative data are shown as
percentages versus non-treated control. PUFA and epigenetic inhibitor treatments were
compared to BSA and PBS vehicle controls, respectively, to detect significance. Data
represent mean = SEM, n=3-6, with p< 0.05 considered significant. GraphPad Prism
version 7 (GraphPad Software, San Diego, Ca) software was used to perform all

statistical analysis.
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Results

PUFAs cause chromatin remodeling before apoptotic induction

Global epigenetic reprogramming or destabilization will occur before apoptotic
induction if it is a mechanism, rather than a result, of programmed cell death. Post-
translational modifications (PTMs) of histone tails and DNA regulate chromatin structure,
ultimately controlling chromatin remodeling dynamics. Neoplasms, breast cancers in
particular, display global genome hypomethylation in comparison to normal,
differentiated cells. These areas of euchromatin are interspersed with regions of intense,
gene-silencing hypermethylation exist amongst tumor suppressor genes (TSGs) and
apoptotic regulatory genes. Although altered, maintenance of transcriptome levels is vital
in tumors and shifting that paradigm too far in either direction could have negative
impacts on tumor progression and survival. Therefore, chromatin remodeling serves as a
powerful measure of epigenome-wide reprogramming. A live-cell, membrane-permeable
fluorescent dye which intercalates with dsDNA, and has greatly enhanced fluorescence
upon chromatin condensation, was used to monitor chromatin dynamics in response to

treatment.

The first detectable chromatin remodeling occurred 3 hours post treatment with
205 + 28.7% and 162 + 22.7% heterochromatin, relative to vehicle, for high dose (250
nmol) of DHA and EPA supplementation (Fig 3. 1B). This was remarkable as the
epigenetic inhibitor controls had not yet altered chromatin structure (Fig 3. 1C). Within 12
hours of supplementation, heterochromatin dramatically increased in almost all
treatments (Fig 3. 1). While 5-Aza (DNMTi) had no significant effects on chromatin
structure, histone tail modifying enzyme inhibitors Pano (panHDACI) and C646 (p300

HATI) further condensed chromatin to 279 + 39.5% and 265 + 9.3% heterochromatin
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compared to control, respectively. 75 nmol LA, EPA and DHA treatments increased
condensed chromatin levels to 264 + 18.2%, 247 + 11.1% and 268 + 17.2%,
respectively, at 12 hours (Fig 3. 1A). 75 nmol AA treatments did not detectably alter
chromatin structure at 12 hours. Additionally, a drastic elevation was noted for 250 nmol
DHA (462 + 26.8%), EPA (610 = 35.2%) and AA (431 * 21.1%) treatments at 12 hours,
while no change was seen in high dose LA treatment at that time. 2 days (48 hours) post
treatment, all treatments except for 75 nmol LA had significant increases in condensed
chromatin formation, consistent with apoptosis. Epigenetic inhibitors elicited the largest
increase in heterochromatin formation, with 592 + 61.6% (5-Aza), 424 + 51.6% (Pano)
and 414 £ 39.2% (C646). Low dose (75 nmol) EPA and AA treatments had similar levels
of chromatin condensation at 48 hrs, with 172 + 14.7% and 195 * 22.1% respectively.
The 75 nmol DHA treatments had the highest amount of heterochromatin for low dose
PUFAs at 48 hours with 305 + 31.6%, however this was not a significant change from
the same sample at 12 hours. The 250 nmol LA (425 + 41.2%), AA (299 + 31.6%), EPA
(302 + 21.2%) and DHA (346 + 28.0%) PUFA supplementations had similar increases in

chromatin formation at 48 hours. [Table S3. 1]

Interestingly, the trend of chromatin remodeling over time was conserved
between HAT and HDAC inhibiting agents. Also, reduced DNMT activity doesn’t appear
to be an effective mechanism of initiating chromatin remodeling before apoptotic
induction. Furthermore, for the first time in triple-negative breast cancer, PUFAs have

been shown to cause chromatin remodeling before apoptotic induction.
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Inhibitor Treatment. MDA-MB-231 TNBC cells were treated for 3, 12 or 48 hours with
75 nmol (A) or 250 nmol (B) of each PUFA, epigenetic inhibitors (C) or equal volumes of
vehicle control. Chromatin remodeling was detected by flow cytometry and normalized to

cell count. Data are shown as a percent of the non-treated control, n=6, mean + SEM.
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PUFAs modulate HDAC activity in TNBC within 3 hours of supplementation

Histone deacetylases (HDACS) are a class of enzymes that deacetylate histone
tails, which can cause chromatin condensation. Globally, increases in HDAC activity are
associated with decreases in histone acetylation and heterochromatin formation,
whereas a decrease in HDAC activity results in acetylated histone tails and euchromatin.
Zinc-dependent HDACs have demonstrated histone tail modification activity. Total zinc-

dependent HDAC activity was detected at noted time points using a luminescent assay.

Inhibition of histone modifying enzymes by C646 (p300 HATI) and Pano
(panHDACI) resulted in the largest reductions in HDAC activity 3 hours post treatment,
with only 76 + 7.0% and 35 £ 1.0% of total activity, respectively (Fig 3. 2C). The DNMTi,
5-Aza, did not alter total HDAC activity at 3 hours. Interestingly, both 75 and 250 nmol
EPA treatments resulted in attenuated HDAC activity 3 hours after supplementation with
85 + 0% and 82 + 1.3%, respectively (Fig 3. 2A-B). AA treatment resulted in 92 £ 0.1%
(75 nmol) and 78 + 0.3% (250 nmol) total HDAC activity 3 hours post treatment. DHA
supplementation did not alter overall HDAC activity within 3 hours of treatment. The low
dose of LA did not elicit any effects at 3 hours, but the high dose (Fig 3. 2B) increased to

120 £ 1.9% of total HDAC activity. [Table S3. 2]

PUFA-induced alterations of HDAC activity were ameliorated at 12 hours for both
250 nmol and 75 nmol treatments (Fig 3. 2A-B). Similarly, the massive reductions seen
at 3 hours post treatment with Pano and C646 were again normalized at the 12 hour
time point (Fig 3. 2C). Although not significant at 3 hours, the 5-Aza (DNMTi) treatment

increased total HDAC activity t0 118 + 2.9% at three hours (Fig 3. 2C). [Table S3. 2]
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As predicted, epigenetic inhibitor controls decreased overall HDAC activity at 48
hours to 53 + 0.7% (5-Aza), 21 + 0.4% (Pano) and 66 + 6.5% (C646). Direct HDAC
inhibition by the panHDACI, panobinostat, decreased activity 20% or more compared to
other epigenetic controls. Unexpectedly, at 48 hours post treatment, the BSA vehicle
control samples demonstrated a sharp decline in overall HDAC activity to 68 + 1.0% of
non-treated control. This decrease is reproducible, but not understood and requires
further investigation. Data from other time points, however, demonstrates that BSA does
not interfere with assay chemistry and the results therefore remain valid. 48 hours after
75 nmol DHA (102 £ 3.3%), EPA (99 £ 1.8%) and AA (102 + 8.5%) supplementation,
HDAC activity increased nearly 30% compared to BSA vehicle (Fig 3. 2A). Low dose LA
treatment didn’t significantly alter HDAC activity. The high PUFA doses of LA, AA, EPA
and DHA all increased HDAC activity by 60% or more (relative to BSA) to 139 + 5.4%,

130 £ 5.2%, 134 + 3.1% and 137 + 3.9%, respectively. [Table S3. 2]
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Fig 3. 2. Total HDAC Activity is Modulated by PUFA and Epigenetic Inhibitor
Treatments at 3 and 48 hours. MDA-MB-231 TNBC cells were treated for 3, 12 or 48
hours with 75 nmol (A) or 250 nmol (B) of indicated PUFAs, epigenetic inhibitors (C) or
equal volumes of vehicle control. A luminescent microplate assay was used to assay
total zinc-dependent HDAC activity. Data are shown as a percent of the non-treated
control, normalized to protein. All experiments represent n=6, mean + SEM.
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EPA diminishes class | HDAC activity 3 hours after treatment in TNBC

Class | HDACs are members of Zn-dependent HDAC families, which have
demonstrated deacetylase activity about histones 3 and 4. This class of HDACs is
comprised of 4 members, each of which are ubiquitously expressed and localized to the
nucleus. Class | HDACs are known to regulate cell cycle progression through gap 0 and
1 (Gof G1) stages into s phase (active DNA replication). PUFAs with antitumor activity
are known to induce cell cycle arrest at Go/G1 phase at apoptotic time points. Therefore,

HDAC Class | activity was monitored using a fluorescence-based assay.

Although C646 appears to increase class | activity at 3 hours, it is not significant.
5-Aza failed to alter class | HDAC activity within 3 hours as well. However, panobinostat
(Pano) decreased class | HDAC activity to 75 + 1.6%, a 25% activity loss relative to PBS
control (Fig 3. 3C). Class | HDAC activity in TNBC continued to decrease through the 12
hr (69 £ 1.4%) and 48 hour (42 = 1.8%) time points with Pano treatment. 5-Aza and
C646 effects on HDAC class | activity were null at 12 hours, but decreased to 74 + 2.5%
and 69 £ 2.9%, respectively, at 48 hours post treatment. As with total HDAC activity, the
panHDACI panobinostat exhibited the greatest decline in HDAC class | activity. [Table

S3. 2]

HDAC class | activity at 3 hours was only significantly altered by EPA treatment
(Fig 3. 3A-B). EPA treatment diminished class | activity by approximately 15% in 75 nmol
(84 + 2.3%), and 250 nmol (86 + 3.2%) doses at 3 hours post supplementation. Similar
to total HDAC activity, the alterations detected at 3 hours were no longer present at 12
hours, with all PUFA treatment results equal to BSA vehicle control. At the apoptotic, 48
hour, time point the low dose of LA did not alter class | activity. 75 nmol AA and EPA

treatments have similar declines in class | HDAC activity to 76 £ 0.9% and 82 * 2.7%,
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respectively (Fig 3. 3A). DHA has the greatest effect on class | activity at 48 hours with
75 nmol treatment nearly halved to 55 + 1.3%. At 48 hours, the BSA vehicle (for
PUFAs) increased class | HDAC activity to 119 + 0.9%, and the 250 nmol dose of LA
decreased HDAC class | activity roughly 20% (100 + 3.2%), comparatively (Fig 3. 3B).
250 nmol DHA, EPA and AA treatments further reduced HDAC class | to 37 = 0.5%, 49

+ 0.8% and 35 £ 0.1%, respectively (Fig 3. 3B). [Table S3. 2]
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Fig 3. 3. PUFAs Attenuate Class | HDAC Activity 3 and 48 hours Post Treatment.
MDA-MB-231 TNBC cells were treated for 3, 12 or 48 hours with 75 nmol (A) or 250
nmol (B) of indicated PUFAS, epigenetic inhibitors (C) or equal volumes of vehicle
control. AMC fluorescence was detected by microplate to assay HDAC Class | activity.
Data are shown as a percent of the non-treated control, normalized to protein. All
experiments represent n=6, mean + SEM.
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PUFAs dynamically alter HDAC Class lla activity over time in MDA-MB-231 TNBC

Class lla HDACs are Zn-dependent enzymes, expressed in a tissue-specific
manner, with documented nuclear and cytosolic activity. This class is comprised of 4
HDACSs which are typically expressed in brain, skeletal and heart tissues, although a few
other tissues have HDAC Class lla activity. Notably, binding partners for Class lla
HDAC:Ss include hypoxia-inducible factor 1 alpha (HIF-1a), which is known to be
decreased with omega-3 PUFA treatment in MDA-MB-231 TNBC. Class lla HDAC

activity was monitored using a florescent assay.

Class Ila HDAC activity was increased in MDA-MB-231 TNBC treated with
epigenetic inhibitors within 3 hours (Fig 3. 4C). 5-Aza increased Class lla HDAC activity
to 130 * 4.4%, while C646 elicited 123 + 6.9% activities after 3 hours of treatment. The
slight rise in the Pano treatment at 3 hours was not significant. 12 hours after treatment
all 3 epigenetic inhibitors had a decrease compared to 3 hour activity, and 5-Aza treated
TNBC had decreased to 82 + 2.2% HDAC class lla activity. 48 hours after 5-Aza
addition, class lla HDAC activity deteriorated to 39 + 0.9%. Panobinostat exhibited
similar declines in class lla activity at 48 hours, 36 + 1.9%. HATi C646 caused HDAC
class lla activity to drop to 48 + 4.3% at 48 hours. Overall, epigenetic inhibitors initially
increased HDAC lla activity, and then steadily declined throughout remaining time

points. [Table S3. 2]

The low dose PUFA treatments did not significantly alter HDAC class lla activity
within three hours of treatment (Fig 3. 4A). Class lla HDAC activity declined to 81 + 1.2%
in the 75 nmol AA treatment, and remained unchanged in LA, EPA and DHA treatments
12 hours after supplementation. At 48 hours, DHA, EPA and AA decreased class lla

activity. EPA and AA affected statistically equal declines to 70 + 2.7% and 67 + 2.3%,
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respectively. DHA further attenuated class lla HDAC activity to 37 + 0.9% at 48 hours, a

nearly 70% loss compared to BSA control (107 + 5.2%). [Table S3. 2]

The 250 nmol PUFA treatments, excluding AA, effected an increase in class lla
HDAC activity 3 hours post treatment (Fig 3. 4B). Specifically, LA caused a roughly 30%
increase in lla activity to 132 + 5.6%. DHA and EPA also class lla activity to 135 + 2.5%
and 129 * 4.7%, respectively, 3 hours after supplementation. The increases noted at 3
hours in 250 nmol PUFA treatments were ameliorated at the 12 hour time point.
Additionally, 250 nmol DHA (85 + 4.7%) caused roughly a 20% reduction in class lla
HDAC activity at 12 hours, relative to BSA vehicle (108 + 3.4%). All PUFA treatments
diminished HDAC class lla activity at 48 hours post treatment, although the reduction of
250 nmol LA treated samples (91 £ 2.1%) was statistically undifferentiable from the
same dose at 12 hours. At 48 hours, 250 nmol EPA reduced class lla activity by roughly
60% to 40 + 0.4%. AA and DHA caused a greater reduction at 48 hours with 17 + 1.0%
and 16 £ 0.4%, respectively, class lla HDAC activity. Interestingly, the 250 nmol DHA,
EPA and AA appear to loosely follow the same trend at epigenetic inhibitors for the
HDAC lla activity time course; beginning with an increase, and then steadily decreasing

over time. [Table S3. 2]
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Fig 3. 4. HDAC Class lla Activity is Similarly Modulated by PUFA and Epigenetic
Inhibitor Treatments. MDA-MB-231 TNBC cells were treated for 3, 12 or 48 hours with
75 nmol (A) or 250 nmol (B) of specified PUFAs, epigenetic inhibitors (C) or equal
volumes of vehicle control. AMC fluorescence was detected by microplate to analyze
HDAC Class lla activity. Data are shown as a percent of the non-treated control,
normalized to protein. All experiments represent n=6, mean + SEM.
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Anticarcinogenic PUFAs stimulate HDAC Class llb activity at 3 hours

HDAC class llb is a small class of Zn-dependent deacetylases, with only two
members. This class has both nuclear and cytosolic activity, although class Ilb enzymes
primarily function in the cytosol. This promiscuity means that altered HDAC class IIb
activity may not directly translate to alterations in histone acetylation levels, but more
likely effects cytosolic protein acetylation. PTMs of cytosolic proteins often have
regulatory functions, and class Ilb in particular is known to interact with heat shock
protein 90 (HSP90); a protein with attenuated activity in DHA-supplemented MDA-MB-
231s, at 48 hours. Also of potential interest within the llb class of HDACs is HDAC 6,
which has been identified to be upregulated in many breast cancers including MDA-MB-
231 TNBC. It is believed that HDAC 6 promotes inflammation and metastasis in TNBC.

Fluorometric assays were used to quantitate HDAC Class Ilb activity in this study.

The epigenetic inhibitors largely had no effect on Class llb activity (Fig 3. 5C). The only
notable changes were detected at 3 hours, wherein the transcriptionally suppressive
enzyme inhibitors Pano (panHDACI) and 5-Aza (DNMTi) increased class IIb HDAC

activity to 145 + 4.8% and 157 + 4.4%, respectively. [Table S3. 2]

The low (75 nmol) AA dose amplified class Ilb activity to 130 + 3.9%. The 75
nmol DHA supplemented samples had an even more striking rise of 241 + 1.9% at 3
hours, nearly 2.5 times vehicle control levels (Fig 3. 5A). Low LA and EPA treatments
demonstrated no effect on class Ilb activity within 3 hours. By the 12 hour time point,
these increases were reversed and no significant changes were detected for any 75
nmol PUFA treated MDA-MB-231s. At the 48 hour, apoptotic, time point the low doses of

DHA, EPA and AA decreased class IlIb activity. DHA-treated samples exhibited the



115

largest decline with a final HDAC class IlIb activity of 72 + 0.6%. EPA and AA had similar

levels of IIb inhibition, with 87 + 3.5% and 87 + 5.1%, respectively. [Table S3. 2]

The high (250 nmol) dose of LA resulted in almost a complete loss of HDAC
class llb activity with only 11 + 0.1% activity 3 hours after addition (Fig 3. 5B). This was
shocking, and although not well-understood at present it is highly reproducible. DHA,
EPA and AA also modulated HDAC class llb activity at 3 hours, but increased activity to
192 + 6.5%, 145 + 4.0%, and 181 + 14.6%, respectively. Alterations in HDAC activity
seen at 3 hours were again abolished at the 12 hour time point, where all treatments
returned to control levels. At 48 hours, however all 250 nmol PUFA treatments
significantly decreased HDAC class lIb activity; LA (89 £ 3.2%), AA (64 £+ 0.5%), EPA

(68 + 1.4%) and DHA (78 + 0.4%). [Table S3. 2]



Class Ilb HDAC Activity

A. 75 nmol PUFA
E o]
E 200
o
=
c
2%
B
£ 100 - e
% Iy
5 e
5
=z
= 0
£ ® S
& & o
N oF ®
Hours
C- Epigenetic Inhibitors
H
E
£ 200
5
=
3 [<X
< i T
- ; ECUT— cmeooen e
%100 o7 T
£ |8
H
2
= 0
S Q o
_QG'Q & QQ-.Q
S o @
Hours

* BSA
aLA
¥ AA
v EPA
+ DHA

@ PBS

@ 5-Aza
& Pano
= C646

w

[
(=3
=

-
(=]
=]

u
(% Non-Treated, Protein Normalized)

250 nmol PUFA

G
©,
G2

116

* BSA
g LA
5 AA
& EPA
+ DHA

Fig 3. 5. Class IIb HDAC Activity is Temporally Modulated In Response to PUFA
and Epigenetic Inhibitor Treatments. MDA-MB-231 TNBC cells were treated for 3, 12
or 48 hours with 75 nmol (A) or 250 nmol (B) of specified PUFAs, epigenetic inhibitors
(C) or equal volumes of vehicle control. AMC fluorescence was detected by microplate
to analyze HDAC Class lla activity. Data are shown as a percent of the non-treated
control, normalized to protein. All experiments represent n=6, mean + SEM.
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Discussion

Triple-negative breast cancer (TNBC) is among the most difficult breast cancer
subtypes to treat, often with the poorest prognosis’. A lack of receptors to target for
these tumors provides an additional hurdle to researchers but the current advancements
in epigenetics provide a probable route to successful therapy in TNBC. Although small
molecules are often the focus of epigenetic inhibitor research, it is worth remembering
that many dietary components are bioactive and can alter epigenetic status within cells.

In fact, many of today’s pharmaceuticals have been derived from nutraceuticals.

Polyunsaturated fatty acids (PUFAS) represent a class of bioactive nutrients with
documented antitumor activity, predominantly upon omega-3 supplementation. PUFAs
are known to alter transcript and protein levels as well as activities in across tumor types
and subtypes. This is interesting because part of the difficulty in treating cancer is that
each solid tumor mass is a group of different malignancies, evolving independently of
previous generations. Therefore the mechanisms of tumor inhibition by selected PUFAS,
primarily n-3, are likely due to destabilizing the delicate balance of continually
proliferating cancer cells. Various mutations across cancers make it even less likely that
a specific pathway is altered in response to PUFA treatment to induce apoptosis. Rather,
it suggests global de-stabilization and remodeling at the nuclear level which would be
able to alter numerous pathways, metabolic profiles and processes throughout the cell,
as noted in many omega-3 studies. Considered together, PUFAs likely exert an

epigenetic mechanism in TNBC.

Interestingly, chromatin condensation was detected as early as 3 hours in DHA
and EPA treated TNBC (Fig 3. 1B). This constitutes a time scale preceding direct

inhibitors of epigenetic enzymes (Fig 3. 1C). Further, chromatin condensation was
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drastically increased at 12 hours for all PUFA treatments, excluding LA (Fig 3. 1A-B). At
48 hours post PUFA supplementation both 75 and 250 nmol doses resulted in increased
heterochromatin formation, similar to levels noted at 12 hours. The observed increase in
heterochromatin of PUFA treated cells is not due to altered cell cycle progression, as

PUFAs arrest cells in Go/G; stages where chromatin exists in relaxed states.

Within 3 hours of dosing, total HDAC activity was altered by epigenetic inhibitors,
as well as low and high doses of PUFAs (Fig 3. 2). Interestingly, a trend of initial total
HDAC activity attenuation at 3 hours, followed by nearly basal levels at 12 hours and
then increased activity at 48 hours emerged for PUFA treatments (Fig 3. 2A-B). Also of
note was the decreased total HDAC activity for the 75 nmol EPA treatment at 3 hours
(Fig 3. 2B), because EPA levels were below the limit of detection for this treatment and
time point during incorporation studies (data not shown). This demonstrated that the
effects of PUFAS on epigenetic enzymes occur far in advance of appreciable membrane
alterations. Class | HDACs were also shown to be attenuated by 75 nmol EPA treatment
at 3 hours, further supporting an epigenetic mechanism of PUFAs independently of
altered membrane-signaling. Additionally, PUFAs had similar patterns of HDAC class |
effects (Fig 3. 3A-B); decreased at 3 hours, return to control levels at 12 hours and then
decreased again at 48 hours post supplementation. PUFA treatments again altered
activity at 3 hours, appreciably increasing HDAC class lla activity for 250 nmol LA, EPA
and DHA treatments (Fig 3. 4B). Although little effect was noted in 75 nmol PUFA
treatments ahead of the 48 hour time point (Fig 3. 4A), the epigenetic inhibitors (Fig 3.
4C) and high (250 nmol) PUFA supplementations (Fig 3. 4B) shared a similar trend of
increased HDAC lla activity at 3 hours, followed by basal or reduced activity at 12 hours,
and markedly reduced activity at the terminal study point (48 hrs). Class Ilb HDAC

activities were, as with other classes, altered at 3 hours by PUFA treatment (Fig 3. 5A-
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B). Again, the trend of a flurry of changed HDAC (class IIb) activity occurs at 3 hours,
followed by return to basal levels at the 12 hour time point, and ultimately a decrease in

activity at 48 hours.

Overall, a trend exists among PUFA treatments that induce apoptosis at 48 hours
(75 nmol DHA, EPA, AA and 250 nmol DHA, EPA, AA and LA) wherein HDAC activity is
modulated at 3 hours post treatment, which is eliminated at 12 hours but replaced with
condensed chromatin, indicative of epigenetic reprogramming. Notably, this is well
before programmed cell death is initiated in these cells, thereby substantiating PUFA-
induced epigenetic reprogramming in MDA-MB-231 TNBC. This novel finding demands
a more thorough investigation of epigenome status in response to PUFA treatment in

TNBC and other cancers as a therapy or adjuvant thereof.
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Chapter 4

Concluding Remarks
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Dissertation Summary and Future Directions

The initial objective of this research was to establish a timeline of induction for
three probable mechanisms of PUFA-induced apoptosis in cancer; membrane,
metabolic and epigenetic mediated programmed cell death. Using well-established
markers of plasma and mitochondrial membrane integrity, as well as two markers of
active apoptosis, membrane disruption mechanisms were eliminated. This reasoning is
two-fold; firstly, apoptosis was not induced by cytochrome C leakage as a result of
decreased mitochondrial membrane integrity. This was apparent as mitochondrial
membrane potential (MMP), a signal of mitochondrial health, was diminished at all time
points, yet caspase activity and apoptotic markers were largely unaffected or decreased
at 3 and 12 hour time points. As expected, at 48 hours (in full apoptosis), both caspase
and apoptotic cell populations were markedly increased. Despite active apoptotic
induction at 48 hours, there was little change in MMP loss from previous time points.
This indicated that an alteration of mitochondrial membrane stability was not sufficient to
induce apoptosis is response to PUFA treatment in MDA-MB-231 TNBC cells. Exclusion
of a mitochondrial membrane-mediated mechanism left plasma membrane alterations
disrupting cellular signaling at the lipid raft as a possible inducer of apoptosis. Although
the lipid raft and downstream signaling was not directly assessed in these studies,
plasma membrane integrity and whole cell PUFA incorporation was monitored.
Considering that incorporation of PUFA in 75 nmol (50% viable at 48 hours) treatments
is not substantially elevated between 12 and 48 hours, altered cell signaling and
resultant programmed cell death should exist at nearly identical levels, but data
demonstrate no significant apoptotic induction at 12 hours. Furthermore, analysis of
plasma membrane permeability showed a stable plasma membrane through the 12 hour

time point; with appreciably reduced integrity at 48 hours. This body of evidence
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demonstrates that fatty acid incorporation into membranes is not sufficient to induce
programmed cell death. Therefore, PUFA-induced programmed cell death in MDA-MB-

231 TNBC is not a direct result of PUFA disruption of cellular membranes.

Metabolic status indicators, including MMP and intracellular ATP, allowed
exclusion of attenuated metabolism as a mechanism for PUFA-mediated programmed
cell death. Specifically, reduced MMP was universally noted, as discussed above, and
attenuated ATP levels (relative to vehicle control) were detected as early as 12 hours for
PUFA treated cells. However, this study included a non-treated control as well which had
ATP levels statistically identical to the decreased ATP levels in PUFA treatments. This
was because the BSA vehicle increased ATP production in cells at 12 hours, and
therefore the decrease in ATP affected by PUFA supplementation was actually a return
to basal ATP levels for these cells. For that reason, ATP was not limiting prior to
apoptotic induction and is therefore not a viable mechanism of inducing programmed cell

death for this model.

This dissertation established, for the first time, a body of evidence in direct
support of an epigenetic mechanism for PUFAs in breast cancer. Specifically, research
revealed that both chromatin structure and HDAC activity were affected long before
active apoptosis in PUFA-treated MDA-MB-231 TNBC cells (Fig 4. 1). Flurries of
alterations in HDAC activity, including various classes, were noted at 3 hours post PUFA
supplementation. Interestingly, this modulated HDAC activity was largely recovered to
basal levels at 12 hours, at which point increased heterochromatin formation was noted.
These data support epigenetic reprogramming as a potential mechanism of apoptotic

induction.
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Contrary to widely accepted correlations, the data herein suggests no omega-3
versus omega-6 specific epigenetic mechanism in TNBC. Additionally, although similar
trends exist for EPA (20:5, n-3) and AA (20:4, n-6) apoptosis-inducing PUFAs over time
in various experiments, it is not sufficient to establish a chain-length dependent effect of
PUFA-mediated cell death. An exhaustive assay tracing PUFAs, and their metabolites,
through cells would help the field to elucidate the mechanism by which PUFAs mediate
epigenetic remodeling in TNBC. Ideally, studies including a larger subset of common
dietary omega-3 and omega-6 PUFAs would also be conducted wherein histone tails
modifications and individual HDAC activity are monitored; helping identify PUFA-specific,

rather than omega classification generalized, mechanisms.

Overall, this dissertation provides a foundation for future research into a PUFA-
induced epigenetic mechanism for use in triple negative breast cancer therapy,

potentially as an adjuvant to current medications.
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Fig 4. 1. Abbreviated Summary of PUFA Experimental Results. With PUFA
treatment, HDAC activity is largely altered at 3 and 48 hours. Chromatin remodeling
occurs across most samples by 12 hours, which is before apoptotic induction.
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Chapter 1:

Ternary Complex Mechanism
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Fig S1. 1. GNAT family HAT mechanism of action, adapted from (*¢).
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Fig S1. 2. MYST family HAT mechanism of action, adapted from (369).



—_—

p300eAcCoA p300 ¢CoASH

AcCoA + p300 —/—=
Histone-NH, Histone-NHAc
TYria67
o e
HyC”y S-CoA
i —»  Histone
HlS(One\/\/\NHz - \/\/\NHAC
“NH |
(o]
e
HN
Trpiass

143

e
-~

p300 + CoASH

+ p300 + CoASH
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Chapter 2:

DHA Dose-Response
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Fig S2. 1. Docosahexaenoic Acid Dose Response Curves. MDA-MB-231 TNBC cells
were seeded 24 hours prior to dosing and then counted by trypan blue assay to
determine viable and non-viable cell counts. Data represents mean viable cell counts,
N=6, +SEM.
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Table S2. 1. Temporal Alterations in Membrane Permeability in Response to
Treatment. MDA-MB-231 cells were treated with either 75 nmol or 250 nmol PUFA,
epigenetic inhibitors, or equal volumes of vehicle controls. Flow cytometry was used to
detect 7-AAD labeled cell populations. Data are a shown as a percent of non-treated
control, normalized to cell count. All experiments represent n=6, mean + SEM. Bold
values are statically significant, with p <0.05 by one way ANOVA analysis.

(18:2, n-G) 250 nmol

AA 75 nmol

Sample Plasma Membrane Permeability
3 hr 12 hr 48 hr
BSA Vehicle 101 + 1.3 87 + 25 131 + 8.1
tA  75nmol 98+ 25 133:13 158+ 11.9

118+ 14 116 + 2.0 173 + 83.1

110+ 0.8 118+ 14 781 + 24.8

C646

s |04 00) %0nmol|  4e4.21 191:36 492:38
L.
|
Q. EPA  75nmol 111+ 04 133+ 14 329+ 335
(20:5,0-3) 250nmol| 195+ 1.8 186+ 40 445+ 97
DHA  75nmol 157+ 12 211+ 21 319+ 324
(226,0-3) 250nmol| 45912 375:24 1174+ 39.4
PBS Vehicle 101 + 11 86 + 2.5 77 + 3.2
.% @ 5-Azacytidine 119 + 1.3 130 + 0.9 735 + 38.9
(o]
§° o Panobinostat 156 + 4.1 105+ 2.9 560 + 124
o €

129 + 3.7 91+ 17 923 + 52.9
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Table S2. 2. Mitochondrial Membrane Potential is Universally Attenuated Across
Treatments and Time Points. MDA-MB-231 cells were treated with either 75 nmol or
250 nmol PUFA, epigenetic inhibitors, or equal volumes of vehicle controls for 3, 12 or
48 hours. Mitochondrial membrane potential was detected via fluorescent microplate
assay. Data are a shown as a percent of non-treated control, protein normalized. All
experiments represent n=6, mean + SEM. Bold values are statically significant, with p
<0.05 by one way ANOVA analysis.

Mitochondrial Membrane Potential
Sample
3 hr 12 hr 48 hr
BSA Vehicle 110 + 1.8 104 + 2.2 114 + 6.5
LA  75nmol 83+33 79+20 79+54
18:2, n-
(182, n-6) 250 nmol 97+47 T77+24 6061
AA  75nmol 64+21 61+25 62+40
&2 |26 250 nmol 58+ 19 76+48 64142
(F
S
Q. EPA  75nmol 74+18 92+27 48+30
(20:5, n-3) 250 nmol 64+11 68+20 61+45
DHA 75 nmol 84+18 77+26 98+69
(22:6,n-3) 250 nmol 9%6+45 70+1.0 68+28
PBS Vehicle 104 + 2.6 118 + 4.0 112 + 5.7
L » 5-Azacytidine 594+24 94+38 4829
® O
g::n 5 Panobinostat 51+21 104+6.2 35+15
- L
o
o = C646 56+22 A5+24 24+12




Table S2. 3. PUFA and Epigenetic Inhibitor Treatments Alter Intracellular ATP
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Levels in TNBC. MDA-MB-231 cells were treated with either 75 nmol (A) or 250 nmol
(B) PUFA, epigenetic inhibitors (C), or equal volumes of vehicle controls for 3, 12 or 48
hours. Intracellular ATP levels were monitored via luminescent microplate assay. Data

are a shown as a percent of non-treated control, protein normalized. All experiments

represent n=6, mean + SEM. Bold values are statically significant, with p <0.05 by one

way ANOVA analysis.
Intracellular ATP
Sample
3 hr 12 hr 48 hr
BSA Vehicle 102 + 2.2 127 + 1.6 119 + 0.1
LA 75nmol 94+24 121+16 127+0.0
18:2, n-
(182, n-6) 250 nmol 100+ 20 114+19 115+12
AA  75nmol 112+23 103220 91+1.0
20:4, n-
2 |48 2sonmol| 10516 106+20 8008
(F
)
Q. EPA  75nmol 101+23 103+19 85%1.0
(20:5, n-3) 250 nmol 101+ 14 111421 90+1.1
DHA  75nmol 102+ 1.8 115+ 2.7 122+ 0.0
(22:6,n-3) 250 nmol 100+ 18 104+19 84+0.2
PBS Vehicle 97 + 25 115+ 1.4 120 + 0.0
Q2w 5-Azacytidine 113+ 19 118+ 19 52+ 1.2
i
T Panobinostat 102+ 1.7 109+19 85%0.1
- L
o
o = C646 112+ 21 109+ 1.8 120+ 05




Table S2. 4. PUFAs and Epigenetic Inhibitor Treatments Modulate Caspase 3/7
Activity Over Time. MDA-MB-231 cells were treated with either 75 nmol (A) or 250
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nmol (B) PUFA, epigenetic inhibitors (C), or equal volumes of vehicle controls for 3, 12
or 48 hours. Luminescent microplate assays were used to detect caspase activity. Data

are a shown as a percent of non-treated control, protein normalized. All experiments

represent n=6, mean + SEM. Bold values are statically significant, with p <0.05 by one

way ANOVA analysis.
Caspase 3/7 Activit
Sample pase 3/ y
3 hr 12 hr 48 hr
BSA Vehicle 97 + 4.5 88 + 6.5 94 + 4.2
LA  75nmol 95 + 7.7 T4 5.2 133 + 4.1
18:2, n-
(182, n-6) 250 nmol 92+ 7.7 71+ 6.9 118 + 4.3
AA  75nmol 95 + 4.0 66 + 4.3 120 + 4.6
20:4, n-
& |26 250 nmol 63+34  53+39 17949
(N
)
Q. EPA  75nmol 151 + 5.3 82 + 6.6 116 + 5.1
(20:5, n-3) 250 nmol 52 + 2.0 77 % 4.2 153 + 5.1
DHA 75nmol 97 + 6.2 89 + 5.6 111 + 4.1
(22:6,n-3) 250 nmol 104 + 9.3 87 + 7.7 236 + 4.4
PBS Vehicle 98 + 6.2 102 + 11.4 97 + 4.1
g 5-Azacytidine 81+ 42 72+ 8.1 82+ 43
g S
T Panobinostat 80 + 6.9 85+ 6.5 391 + 4.4
- L
o
o = C646 89 + 7.2 67+39 162+ 44
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Table S3. 1. Chromatin Remodeling Dynamics Over Time with PUFA and
Epigenetic Inhibitor Treatment. MDA-MB-231 TNBC cells were treated for 3, 12 or 48
hours with 75 nmol (A) or 250 nmol (B) of each PUFA, epigenetic inhibitors (C) or equal
volumes of vehicle control. Chromatin remodeling was detected by flow cytometry and

normalized to cell count. Data are shown as a percent of the non-treated control, n=6,
mean + SEM. Bold values are statically significant, with p <0.05 by one way ANOVA

analysis.
Sample Heterochromatin
3 hr 12 hr 48 hr
BSA Vehicle 89 + 10.6 146 + 9.1 82+ 75
tA  75nmol 84 + 5.0 264 + 18.2 123+ 14.8
(182, n-6) 250 nmol 117 + 8.5 97 + 17.3 425+ 412
AA  75nmol 114 + 16.6 128 + 6.8 195 + 22.1
& |26 250 nmol 141+ 172  431+211 299+ 316
(N
S
Q. EPA  75nmol 133+ 12,7 247+ 111 172+ 147
(20:5, n-3) 250 nmol 162 +22.7 610+35.2 302+212
DHA 75 nmol 93+ 52 269+ 17.2 305+ 31.6
(22:6,n-3) 250 nmol 205 + 287 462+ 268 346 + 28.0
PBS Vehicle 92 + 12.7 168 + 5.4 78 + 6.2
L »n 5-Azacytidine 113 + 19.2 145 + 9.3 592 + 61.6
@ O
§ 35 Panobinostat 80+51  279+395 4244516
P
o
o = C646 61+99  265+93 414+ 392
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Table S3. 2. HDAC Activity is Temporally Modulated by PUFA and Epigenetic Inhibitor Treatments. MDA-MB-231 TNBC

cells were treated for 3, 12 or 48 hours with 75 nmol or 250 nmol of indicated PUFAs, epigenetic inhibitors or equal volumes of

vehicle control. A luminescent microplate assay was used to assay total zinc-dependent HDAC activity. AMC fluorescence was
monitored to evaluate HDAC Class |, lla, and llb activity. Data are shown as a percent of the non-treated control, normalized to
protein. All experiments represent n=6, mean = SEM. Bold values are statically significant, with p <0.05 by one way ANOVA

analysis.
Zinc-Dependent HDAC Activity
Sample Total Class | Class lla Class llb
3hr 12 hr 48 hr 3 hr 12 hr 48 hr 3 hr 12 hr 48 hr 3hr 12 hr 48 hr
BSA Vehicle 105 + 0.7 110+ 1.3 68 + 1.0 110 + 35 112+ 0.5 119 + 0.9 101 + 4.3 108 + 3.4 107 + 5.2 110 + 4.3 112+ 2.2 106 + 3.3
LA 75nmol 105 + 0.6 114+ 1.8 88 + 6.3 98 + 3.9 119 + 4.3 116+ 1.1 118 + 2.6 106 + 5.3 106 + 1.8 112 + 2.6 109 + 0.4 105 + 1.1
(18:2,n-6) 250 nmol 120+ 1.9 107 + 2.6 139+ 5.4 114+ 45 106 + 1.7 100 + 3.2 132+ 56 9+ 50 91+21 11+ 01 100+ 1.8 89+ 3.2
AA  75nmol 92+ 0.1 106 + 3.5 102 + 85 97 + 4.9 101 + 6.0 76+ 0.9 121 + 3.9 81+12 6723 130 £ 3.9 100 + 1.2 8735
] 20:4, n-6)
< (204, n-6) 250 nmol 78+ 0.3 106 + 3.4 130 + 5.2 97+ 4.6 108 + 6.4 35+ 0.1 118+ 146 107+ 35 17+ 1.0 181+ 146 113+ 11 64+ 05
2
EPA  75nmol 85+ 0.3 105 + 3.0 99+ 138 84+23 104 + 5.9 82+ 27 100 + 3.1 97 + 5.6 70+ 2.7 106 + 3.1 103 + 1.9 87+5.1
(20:5,1-3) 250 nmol 82+ 13 113+ 2.1 134+ 3.1 86+ 3.2 113+ 5.1 49+ 0.8 129 + 4.7 96 + 3.4 40+ 04 145 + 4.0 104 + 1.1 68+ 14
DHA  75nmol 112+ 0.4 111+ 3.3 102 £ 3.3 106 + 3.5 102+ 1.5 55+ 1.3 114 + 1.9 100 + 3.9 37+09 241+ 19 113 + 3.0 7206
(22:6,7-3) 350 nmol 106 + 0.3 98+ 2.9 137 £ 3.9 104 + 3.2 103+ 1.4 37+05 135+ 25 85+ 4.7 16+ 0.4 192+ 6.5 106 + 2.5 78+ 0.4
PBS Vehicle 109 + 2.4 104 + 1.8 121 + 16.1 103 + 4.9 108 + 1.2 102 + 1.1 91+ 29 104 + 4.3 95+ 4.7 95+ 2.9 108 + 0.8 98 + 2.0
'% g 5-Azacytidine 105 + 0.1 118 £ 2.9 53+ 0.7 99+ 35 9%+ 26 7425 130 £ 4.4 8222 3909 157 + 4.4 108 + 1.3 111+ 1.3
c =
& 2 Panobinostat 35+ 1.0 111+ 25 21+04 75+ 16 69t 1.4 42+18 117 + 4.8 104 + 1.0 3619 145+ 4.8 109 + 1.9 87+ 3.2
o o
g =
€646 76+ 7.0 111+ 2.7 66t 6.5 121+ 7.0 106 + 4.8 69t 2.9 123+ 6.9 90 + 3.2 48+ 4.3 69 + 13.9 116 + 3.0 91+ 4.3
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Appendix i

Immunofluorescent Staining on the Hamilton Microlab®
NIMBUS®
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1 University of Nevada, Reno, Department of Biochemistry and Molecular

Biology, 1664 N. Virginia Street MS 0330, Reno, NV 89557
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Abstract / Introduction:

The use of antibodies for immunofluorescence (IF) coupled with
microscopy is a powerful technique to identify subcellular protein abundance and
localization. While IF technology has significantly improved in both optical
resolution and sensitivity for protein identification, staining methodologies are still
cumbersome and time consuming. Manual IF staining requires extensive bench
time for laboratory personnel and due to the nature of detection, any variation in
antibody concentration or exposure time increases the risks for artifacts or false-
positive results. Increasing throughput also poses an additional problem because
the process is burdened by the availability and reproducibility of the staff to
process multiple plates in tandem. Thus, Hamilton Company and the University
of Nevada, Reno partnered to provide an automated IF staining protocol on the
Hamilton Microlab NIMBUS workstation. Here we describe an automated method
that enables processing of a variety of multi-well plates per run. The results
demonstrate that IF staining can be performed on an automated platform to
produce quality images, improved sample reproducibility between plates, and

increased staff walk-away time.



System Benefits and Key Features:

U Minimal hands-on time

U Optimized throughput up to six plates
in one experiment

U Holds up to 15 reagent positions

U Flexible platform to
accommodate variable IF
applications and antibodies

U Maintains sample integrity

153
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Workflow:

Placement of Addition of cell Incubation at
sterile glass suspension (cell 37°C with 5%
coverslips into seeding density CO, until optimal
center of each optimized for confluence is
well each cell/line) reached

Manual Steps:

Figure 1. Manual cell culture slide preparation for immunofluorescence
staining. Sterile glass coverslips were placed in the center of a 6-well plate. An
even distribution of cell suspension was added to each well and incubated in a
humidified 5% CO. atmosphere at 37°C until optimal confluence was attained.
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Automated Steps:

0-0-0-0-0

m LiqUid : ' nSfer FJU]:J ‘.-fll“s.w]ujd 'J'rausm
B ————ma R — —
e 1° /22 Antibody / Fix Coverslips to

— R —
Load Deck MediapASpiration
, Confocal Imagin
R

Figure 2. Simplified automated workflow on NIMBUS platform. Cells were
cultured on glass coverslips fixed with 4% formaldehyde fixative solution. After
washing with PBS, cells were blocked for 45 minutes at room temperature with a
solution of 10% diluted donkey serum and 3% Triton X-100. Cells were stained
for 24 hours at 4° with primary antibody directed against specific antibodies in
dilution buffer (1X PBS, 1% BSA, 1% normal donkey serum, 0.3% Triton X-100
and 0.01% sodium azide). After washing, cells were incubated in the dark at
room temperature for one hour with a fluorescent and donkey conjugated
secondary antibody accordingly. After washing the cells were stained with DAPI
(4’6-diamidino-2-phenylindole) solution for five minutes. The cells were then
washed and inverted on to a glass cover slide with anti-fade mounting medium.
Cover slides were stored in the dark at 4° and analyzed with confocal
microscopy.
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Deck Layout:

1 = 6-well Plate Position

2 = 60mL Reagent Reservoirs

3 =5mL Tips

4 = 6-well Plate Tilt Module

5 =6-well Plate Lid Park Position



System and Materials:
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Table 1: System and Materials for IF Staining and Analysis.

Product Vendor Part Number
Microlab NIMBUS4 Hamilton 62797-225
1 2 Independent 5mL
Liquid Channels
1 Labware Gripper
Arm
Liquid Waste Hamilton 63641-01
Deep Well Plate Pedestal | Hamilton 61053-01
Plate Tilt Module Hamilton 188061APE
Reagent Trough Pedestal | Hamilton 61052-01
60mL Reagent Trough, Hamilton 56694-01
Self-Standing with Lid
Framed Tip Rack Hamilton 61054-01
Pedestal
5000uL Conductive Non- | Hamilton 184020
Sterile Non-Filter Tips
CytoOne 6-well TC Plate | USA Scientific CC7682-7506
Olympus FluoView™ Olympus FVv1000

Confocal Microscope
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MDA-MB-231 breast ATCC HTB-26
adenocarcinoma

RPMI 1640 media Corning 15-040
Vinculin Abcam Ab11194
GLUT1 Abcam Ab15309
DAPI Thermo Fisher Scientific | 62248
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Results / Discussion:

IF microscopy is a commonly used technique to determine specific protein
localization and abundance, relying on the use of antibodies to precisely label antigens
of interest with a fluorescent dye. While there are many advantages to IF, one key
disadvantage is the inability to conduct live cell imaging. Once the cells are fixed and
stained, intracellular dynamic processes and structural architecture may be altered, thus
creating false positive signals and/or artifacts. It is therefore essential to include the
proper amount of replicates and controls, which can significantly increase time and
complexity of sample preparation, while trying to reduce as many manual errors as

possible.

In the current study, Hamilton Company and the University of Nevada, Reno
collaborated to report a proof of concept study defining the automation feasibility of IF
preparation and analysis on the Microlab NIMBUS platform. Dependent on the sensitivity
of the antibody, the IF processing method was separated into two parts, allowing the
user to select either a one hour 1° antibody incubation at room temperature or an
overnight incubation at 4°C. While the total assay time for automated IF staining was
similar to manual processing, the automated method contributed to significant hands-off
time for laboratory personnel. During this time, the laboratory employee was able to fulfill

other laboratory tasks during the staining process.
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Vinculin

GLUT 1

Figure 3. Protein localization assessment of Vinculin and GLUT 1.
Automated immunofluorescence staining of MDA-MB-231 breast cancer cells
using Vinculin or GLUT 1 (green) and DAPI (blue) on NIMBUS liquid handling
platform. Cells were cultured on glass coverslips and fixed. Cells were then
incubated for 1 hour at room temperature with primary antibody directed against
vinculin (1:200) or GLUT 1 (1:500). Cells were incubated in the dark at room
temperature for one hour with a fluorescent and donkey conjugated secondary
antibody against rabbit IgG (1:500). Cells were stained with DAPI and inverted on
to a glass cover slide with anti-fade mounting medium.
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The results for the automated IF staining method demonstrated excellent Vinculin
and GLUT 1 fluorescent signal and sensitivity with minimal background (Figure 3). Clear
protein localization and abundance for both Vinculin and GLUT 1 were observed with
strong nuclear DAPI stain as well. While only representative images are shown in this
report, the automated method delivered a standardized, reproducible and accurate
protocol for pipetting and staining, which eliminated common errors related to the
manual process. Additionally, the automated method was more flexible, offering higher
throughput of up to six plates per run, including inherent scheduling software to

guarantee equal staining times for each antibody.

In summary, the results reported herein support an automated IF staining method
on a low-cost, small footprint NIMBUS platform, allowing for accurate and precise
sample processing with high scalability. Contact your local Hamilton representative

today to get more information.
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Appendix I

Diffusion of smooth muscle myosin light chain kinase
on actin: a potential mechanism to enhance myosin
phosphorylation rates in smooth muscle
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Abstract

Smooth muscle myosin light chain kinase (MLCK) activates the ATPase of smooth
muscle myosin (SMM) by phosphorylating its regulatory light chain subunits, which is
required to activate muscle contraction. The amount of active MLCK is low relative to
SMM in muscle cells and MLCK is tightly associated with the contractile apparatus. A
critical unresolved issue concerns the mechanism for how one MLCK rapidly
phosphorylates many SMM molecules to account for the high levels of phosphorylation
and fast phosphorylation rates in muscle. We monitored single molecules of QD-labeled
MLCK interacting with purified actin and with stress fibers of smooth muscle cells using
TIRF microscopy. MLCK induced actin bundling and surprisingly, moved on the bundles
by a random one-dimensional (1D) diffusion mechanism. Random 1D diffusion of
proteins along microtubules and oligonucleotides has previously been observed, but this
is the first characterization to our knowledge of a protein diffusing in a sustained manner
along actin. The N-terminal 75 residues of MLCK (N75), which contain an actin binding
domain, are sufficient for motion on bundles, but N75 does not move on single actin
filaments. This suggests that more than one adjacent actin filament is necessary for the
diffusion of MLCK. Enzymatically active MLCK was not required for motion, which
occurred without ATP and Ca?*CaM. Both MLCK and N75 also moved diffusively on
stress fibers in smooth muscle cell cytoskeletons with diffusion coefficients (0.03-0.09
um?s?), similar to those observed on actin bundles. We compared the fraction of the
total MLCK or N75 molecules that moved under five different buffer conditions that were
designed to alter the state of myosin in the stress fibers. From these data, we present a
simple model in which the concentration of barriers to MLCK diffusion control the fraction

of MLCK molecules that move. Molecular interactions that act as barriers to motion are:
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1) acto-myosin cross-bridges in strongly bound states (versus the weakly bound state in
the presence of ATP), 2) relatively strong binding of the myosin binding domain of MLCK
to unphosphorylated myosin (weakened upon myosin phosphorylation and increased
ionic strength), and 3) MLCK itself acting as an actin-bundling protein. Diffusion of MLCK
along actin filaments may be an important mechanism for enhancing the rate of SMM
phosphorylation in smooth muscle. From diffusion coefficients, along with other kinetic
and geometric considerations relating to the contractile apparatus, we suggest that 1D
diffusion of MLCK along actin: 1) ensures that diffusion is not rate-limiting for
phosphorylation, 2) allows MLCK to locate to areas in which myosin is not yet
phosphorylated, and 3) allows MLCK to avoid getting “stuck” on myosins that have

already been phosphorylated.

Blurb

Direct observations of single myosin light chain kinase molecules give insight into its

mechanochemical interactions with actin and myosin in human airway cells.

Introduction

Smooth muscle myosin (SMM) light chain kinase (MLCK; Uniprot Q15746-7) is a Ca?*-
calmodulin (CaM)-activated kinase [1] that is required for smooth muscle contraction [2-
4] and regulation of tone in most of the hollow organs of the body [5]. It phosphorylates
the regulatory light chains (RLC) of SMM (a myosin Il), causing a switch from low to high
actin-activated myosin ATPase activity. Similar kinases modulate the activities of other

myaosin lls in skeletal and cardiac muscles, and also in nonmuscle cells [6].

The predominant form of MLCK in smooth muscle is a long multi-domain protein [7]

containing an N-terminal actin-binding (ABD) (3 DFRXXL motifs; [8]) within the first 75
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residues, IgG and Fn domains, a kinase domain, and a C-terminal myosin binding
domain (MBD; also known as telokin domain) that interacts at the junction between the
heads and the tail of myosin [9] near the phosphorylatable Ser-19 on the RLC.
Interestingly, very little MLCK can be extracted from the contractile apparatus of smooth
muscles under physiological conditions, presumably due to its combined interactions
with actin and myosin [10]. At the same time, even at a low ratio of MLCK to SMM,
smooth muscles can reach maximal levels of SMM phosphorylation within seconds [11].
Calculations considering molecular dimensions suggest that at most 8 local myosin
heads could be phosphorylated by one statically-bound MLCK, an insufficient number to
explain phosphorylation levels in vivo [1]. Presumably more phosphorylation could
proceed as contraction brings actin-tethered MLCK proximal to more myosin heads.
However, any model requiring contraction to explain phosphorylation kinetics is
weakened by the fact that ~90% of all the myosin in gizzard tissue can be
phosphorylated in the absence of contraction [12]. This suggests that relative sliding of

thick and thin filaments is not required for MLCK to access most of the myosin in muscle.

In an effort to understand how activated MLCK phosphorylates so much SMM so quickly
in the 3D environment of the muscle, in this study we used fluorescence video TIRF
microscopy to observe single molecules of MLCK interacting with three different actin
substrates; single actin filaments, MLCK-induced actin bundles, and stress fibers in
human airway smooth muscle cells (HASMCs). Surprisingly, MLCK moved along the
long axis of actin bundles and stress fibers. The ABD contained within the first 75
residues of MLCK was sufficient for motion, but it did not move on single actin filaments,
suggesting that at least two adjacent actin filaments are needed for motion. MLCK
moved by a random diffusion mechanism interspersed with periods of dwelling with no

evidence of directed motion like a processive motor protein. The motion of MLCK on
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actin bundles did not require enzymatically-activated MLCK, but the frequency of motion
was enhanced in the combined presence of Ca*?CaM and ATP, suggesting that cellular
conditions that promote kinase activity also promote MLCK motion. This is the first
characterization to our knowledge of a protein diffusing in a sustained manner along

actin.

We present a model that explains our data in actin bundles, which do not contain
myosin, and in stress fibers, which do. It describes discrete molecular interactions that
serve as barriers to motion and how motion is enabled by decreasing the concentration
of the barriers. The data and model are consistent with the idea that the state of myosin,
with respect to both phosphorylation and acto-myosin affinity, controls the motion of
MLCK. From our measured diffusion coefficients, along with other kinetic and geometric
considerations relating to the contractile apparatus, we suggest that 1D diffusion of
MLCK along actin 1) ensures that diffusion is not rate-limiting for myosin
phosphorylation, 2) allows MLCK to “find” or self-locate to areas in which myosin is not
yet phosphorylated, and 3) allows MLCK to avoid getting “stuck” on myosins that have
already been phosphorylated. Our data suggest that diffusion of MLCK along actin
filaments may be an important mechanism for enhancing the rate of SMM

phosphorylation in smooth muscle.

Results

Interactions of single molecules of MLCK or the first 75 amino acids of MLCK
(N75) with actin. We imaged QD-MLCK or QD-N75 using total internal reflection
fluorescence (TIRF) microscopy and TRITC-phalloidin-labeled actin using wide-field
fluorescence microscopy, and merged the two images to assess their colocalization. Fig.

1 shows representative merged images of QD-MLCK and QD-N75 interacting with the
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three types of actin-containing structures. Previous work [13] has shown that MLCK
induces actin bundling in solution. Fig. 1A shows that QD-MLCK (green) binds to MLCK-
induced actin bundles (red) that were pre-formed on the surface by adding unlabeled
MLCK to actin (see Fig. S1 and Movies S1-S3 for details about bundling). QD-MLCK
colocalized on actin bundles (short arrows) but it was unusual to find it co-localized (see
arrowhead) with single filaments (long arrows). To determine whether QD-MLCK bound
to unbundled actin, we immobilized biotinylated single actin filaments on a streptavidin
surface [14] ; Fig. 1B) so that most of the free actin in solution could be washed away,
thus largely preventing bundling. It was rare to find QD-MLCK bound to the unbundled
actin using the same concentrations of MLCK as for Fig. 1A, and only one such QD-
MLCK was found in this representative example (Fig. 1B, arrow). Further work is
required to determine why MLCK more often localizes to bundles rather than single actin

filaments under these conditions.
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Actin bundles

HASMC stress fibers  Single actin filaments

Fig 1. Merged images of QD-MLCK and QD-N75 (green) colocalized on three different
types of TRITC-labeled actin (red). MLCK (A, B and C) and N75 (D, E, and F) are shown
colocalized with MLCK-induced actin bundles (A and D), single actin filaments (B and E),
and HASMC stress fibers (C and F) attached to a glass coverslip surface. A. Actin (300
nM) was applied to a coverslip, washed, and bundling was induced by adding 200 nM
MLCK for 12 min (similar to Supplemental Fig. 1E). Both actin bundles (brighter red
structures) and apparent single actin filaments (dim red, indicated by the long arrows)

are present. QD-MLCK (a mixture of 2 nM biotinylated MLCK and 8 nM QD; Method A)
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was applied for 30 min, followed by a wash. Short arrows indicate many of the QD-
MLCK co-localized on actin bundles, one arrowhead indicates QD-MLCK colocalized on
a single actin filament. B. 100 nM 5% biotinylated actin (red) attached on a PEG surface
to which streptavidin was added, washed, then QD-MLCK was applied as in A. Note that
most of the actin is not bundled. Arrow shows that only one QD co-localized with
unbundled actin. C. Cells were imaged by wide-field fluorescence, but stress fibers can
be clearly seen as large actin-containing filaments to which MLCK is bound. D. Same as
in A except that N75 was added to 1 uM followed by QD at 0.2 nM. E. Single actin
filaments were bound to a polylysine-coated coverslip followed by N75 at 1 uM, then QD
at 0.2 nM. Actin remains as single filaments and some of the QD-N75 colocalizes with
them. F. Same as C, except with N75. All images are at the same scale and show 512 x

512 pixels (54 x 54 um).
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To observe actin-MLCK interactions in a more physiological system, we cultured
HASMC and differentiated them to a contractile phenotype to promote the formation of
stress fibers. Cells were treated with Triton X-100 to expose the cytoskeleton, and actin
was labeled with TRITC-phalloidin. Cells were not fixed. Using Method B, biotinylated
MLCK followed by QD was added. Fig. 1C shows that QD-MLCK also colocalized to
actin-containing stress fibers. Direct interaction of the QD with actin was not the reason
for the colocalization because QD-BSA did not bind under similar conditions (data not
shown). Because QD-MLCK was imaged using TIRF, they are interacting with ventral

stress fibers that are within 100-200 nm of the coverslip surface.

Fig. 1D-F shows the corresponding data for QD-N75, which like MLCK, binds to MLCK-
induced bundles (Fig. 1D). Since N75 does not itself induce bundling (Fig. S1), we
found conditions in which QD-N75 co-localized on single actin filaments (Fig. 1E). QD-
N75 also colocalized along cell stress fibers in a similar manner to QD-MLCK (Fig. 1F;

Method B).

QD-MLCK moves lengthwise along MLCK-induced actin bundles. QD-MLCK
molecules that colocalized with actin bundles often moved along the long axis of the
bundles. The montage in Fig. 2A shows an example of a QD-MLCK (green) moving
along an actin bundle (red) and the plot below shows the X-Y trajectory at nm resolution.
QD-MLCK movement is characterized by periods of movement (relatively large
excursions between points) and periods of dwelling (clusters of points). The moving

MLCK molecules are easy to see by inspection (Movie S4).



171

05
0.6
10 T
—_— _/
g — 08
5 15[ H
= - 10
8 2
20} @
S 12
25 1 1 1 1 1 ] 14
1.5 2.0 25 3.0 35 4.0 4.5 :

Position (um)
1.6

- I NREEN
MM B

0.4 i

0.80 1.0 12 14

Position (um)

Fig. 2. Examples of motion of single QD-MLCK and QD-N75 molecules on actin. A.

Montage of QD-MLCK (green) moving on an MLCK-induced actin bundle (red) showing

the position of QD at 0.4 s intervals up to 7.4 s. Each image is 53 x 29 pixels or 5.6 x 3.1

pm. Below is the X-Y trajectory of the same QD. B. Montage of

QD-N75 (green) moving

on a HASMC stress fiber (red) showing the position of QD at 0.2 s intervals up to 9.8 s.

Each image is 20 x 26 pixels or 2.1 x 2.8 ym. Montages were prepared with ImageJ and

X-Y trajectories with the SpoTracker 2D plugin for ImageJ.
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To ensure that the observed motion was a property of MLCK, not an artifact relating to
the QD, the biotinylation, and/or the type of construct, we showed that DyLight 488-
labeled MLCK (Movie S5), and an expressed human smooth muscle MLCK containing a
single biotin on a Biotag sequence at the N-terminus (rather than multiple biotins on the
tissue-purified chicken MLCK) moved in a similar manner (Movie S6). These data

together strongly suggest that MLCK itself has the ability to move along actin bundles.

The first 75 residues of MLCK are sufficient for motion on MLCK-induced actin
bundles but not on single actin filaments. QD-N75 also moved lengthwise along
MLCK-induced actin bundles (Movie S7). In contrast, no motion was observed among
1190 QD-N75 (9 movies totaling 472 s) co-localized with single actin filaments in buffers
a, b or d (see Movie S8 as an example). Therefore, we conclude that N75 moves on
MLCK-induced actin bundles but not on single actin filaments. This suggests that at least

two proximal actin filaments are required for motion.

MLCK and N75 both move on HASMC stress fibers. QD-MLCK and QD-N75 also
moved lengthwise on HASMC stress fibers. The montage in Fig. 2B shows a typical
example of QD-N75 moving along a stress fiber. The trajectory below shows that it
ranged along the fiber for a total of ~1.2 um for 9.8 s before it detached from the fiber. A

typical example of MLCK motion is shown in Movie S9.
Factors that modify the motion of MLCK and N75 on MLCK-induced actin bundles.

Effect of Ca**CaM, ATP and Tm. Ca?*CaM activates MLCK to phosphorylate the RLC of
SMM using ATP as a substrate. Without Ca?*CaM, MLCK is inactive. To determine
whether MLCK activity was required for motion on actin bundles or if the nature of the
motion was affected by Ca?*CaM and ATP, we analyzed the frequency of motion defined

as the percentage of all the actin-colocalized QD-MLCK and QD-N75 that moved at any
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time during a movie. Fig. 3A shows that MLCK moves on actin in a physiological ionic
strength buffer (150 mM KCI) in its enzymatically inactive form in the absence of
Ca?'CaM and ATP. Adding Ca?'CaM or ATP alone had little effect on frequency but
when added together the frequency increased significantly. The presence of the actin-
binding protein Tm, which is abundant in the contractile apparatus of smooth muscle
[15], further increased the frequency of motion. These results suggest that MLCK
activation and the presence of Tm both enhanced movement. It is known that increasing
ionic strength weakens the binding of the MLCK to actin [16, 17]. Fig. 3A shows that
increasing ionic strength by including 300 mM KCI (rather than 150 mM) had no
significant effect and the effects of adding Ca?*CaM, ATP, and Tm were similar.
However, the movement of QD-MLCK was ionic strength dependent because no motion

was observed in buffers containing 50 mM KCI (data not shown).
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Fig. 3. Analysis of movement of MLCK and N75 on MLCK-induced actin bundles. Grey
bars are for MLCK and white bars are for N75. All data are for actin bundles, except for
those indicated as for actin-Tm bundles. The experimental conditions for A-C are
summarized at the bottom. Physiological buffer is at 150 mM KCI corresponding to
buffers a-d and the 300 mM KCI buffer is the same except at 300 mM KCI. A. The QDs
localized on the actin filament were counted and those QDs that clearly moved are
plotted as a percentage of the total. Error bars are the S.E.M. B. The diffusion
coefficient, D, was obtained as described in Methods and the error bars are the S.E.M.
C. The dwell times were obtained by NADA analysis and errors were obtained by the

jackknife procedure as described in Methods.
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We determined the diffusion coefficient, D, which is a measure of the mean size and
frequency of steps of diffusing particles, from curated trajectories of QD-MLCK moving
on actin bundles using MSD analysis (Equation 1; Fig. 3B). The average durations of
moving events (including periods of dwelling; see below) ranged between ~ 5.6 and 16 s
with no statistically significant differences between the tested conditions (p < 0.001). The
durations of these trajectories are much too long to be transient binding interactions. For
all conditions, D values fell within a tight range between 0.03 to 0.09 pm?s™. At 150 mM
KCI, Ca?*CaM alone significantly increased D (p < 0.01) but the change was less than a
factor of 2. ATP alone had no effect nor did ATP and Ca?*CaM together. However, with
both Ca?*CaM and ATP, MLCK moved with a significantly higher D (p < 0.01) if the
bundles included Tm at both 150 and 300 mM KCI. D was significantly higher (p < 0.01)
at 300 mM versus 150 mM KCI without and with ATP, but with both ATP and Ca*CaM
the increase was abolished. These data may suggest that more than one mechanism
underlies the data and although significant differences were observed, they are small in

magnitude.

As shown in Fig. 2A, QD-MLCK and QD-N75 trajectories contained periods of random
diffusion interspersed with periods of dwelling. We have developed an approach called
Non-Averaged Displacement Analysis (NADA; manuscript under review) that allows
direct visualization of different dynamic states, and gives information about the kinetics
of switching between them. This overcomes a limitation of MSD analysis, giving D and a
using Equation 1, which averages displacements from all dynamic states and provides
no such kinetic information. In NADA, combined trajectory displacements (not MSD) are
plotted in a 2D histogram as a function of window width and regions of high intensity
reveal different states according to the kinetics of the motion. Fig. 4A shows a NADA

histogram of modeled data of trajectories that contain 3 types of motion (insert). The
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dark blue line indicates directed motion with a velocity of 6 um s and an average
lifetime of 20 ms, which equals the inverse sum of the rates of transitions from the
directed to the dwelling and freely diffusing states. The freely diffusive state (cyan line) is
simulated with a D of 0.2 pm?-s* and a lifetime of 20 ms. The dwelling state (green line),
which does not increase in displacement, is simulated with a D of 0.2 pm?s°, a maximal
tethered distance of 0.1 um, and an average lifetime of 20 ms. Fig. 4B shows a
histogram of a representative dataset for MLCK motion, showing that there was no
directed motion, as was true for all other MLCK and N75 histograms for both bundles
and stress fibers (data not shown). However, random diffusion (cyan line) and dwelling
(green line) were evident. Fig. 4C shows the intensity decay of the dwelling state (green
line in Fig. 4B) fit to an exponential model, which gives the dwell time because the
probability of observing a single event of a fixed duration decreases exponentially as a
function of window width [18]. Longer dwell times mean that molecules dwell, on
average, for a longer time before they transition to the randomly diffusing state. Fig. 3C
shows the results of the dwell time analysis for MLCK moving on actin bundles. The
dwell times range from 2.5 to 4.7 s, with the highest value for MLCK with Ca?*CaM and
ATP at 150 mM KCI on actin. Further addition of Tm decreased the dwell time into the
range of all other measurements. This trend was also evident but less so at 300 mM
KCI. Overall, the differences in dwell times were not large, suggesting that the kinetics of
switching between the different dynamic states of moving molecules was not strongly

sensitive to the tested conditions.
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Fig. 4. NADA analysis of MLCK movement on actin bundles. A. NADA histogram of
modeled data (see Methods and text) of trajectories that contain 3 types of motion
(insert). Solid lines show the average displacement for each respective homogeneous
population: directed (blue), free diffusion (cyan), and tethered or dwelling (green) states.
B. NADA histogram of trajectories for MLCK motion on actin-bundles in buffer e. Note
the lack of a directed population. The average of the freely diffusing population is shown
by the cyan line and the tethered or dwelling population is shown by the green line using
a maximal displacement set at 0.1 um. C. The intensity of dwelling population from the
histogram in B is plotted versus window width. The red line shows an exponential fit to

the points giving a dwell time of 3.1 £ 0.04 s (s.e.m.).
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Effect of ratio of MLCK to QD. There was no statistical difference in D when comparing
Methods A and B that we used to prepare QD-MLCK (see Methods; buffer d; data not
shown). Similar results were obtained if QDs were added to the bundles after adding
biotinylated MLCK (Method B, likely giving MLCK > QD concentration) or QDs and
MLCK were premixed prior to adding to the bundles (Method A, 4 QD/ 1 MLCK). This
suggests that parameters of the motion did not depend significantly on the ratio of MLCK

to QD concentrations and therefore the number of MLCKSs attached to a QD.
Factors that modify the motion of MLCK and N75 on HASMC stress fibers

Effects of ATP and Ca*CaM at physiological ionic strength. We noticed early in our
study that the presence of ATP and Ca?*CaM greatly increased the frequency of MLCK
motion on HASMC stress fibers, to a much larger extent than on actin bundles. Because
stress fibers are contractile assemblies that are composed primarily of actin and myosin,
we explored the idea that the state of myosin, specifically its affinity for actin and its
phosphorylation state, could affect the motion of MLCK and N75. MLCK is a long
molecule that, when extended, is likely to be long enough to simultaneously bind both
actin and myosin [7], and importantly, the MBD binds tightly to unphosphorylated but
weakly to phosphorylated SMM [1, 17, 19]. Since N75 lacks the MBD, comparison of
MLCK with N75 will reveal the extent to which MBD-myosin interactions of MLCK control

its motion.

To visualize the extent of myosin phosphorylation in the HASMCs under the conditions
used for TIRF imaging, we immuno-stained cells with an antibody to the phosphorylated
RLC (pRLC) of SMM and labeled the actin with TRITC-phalloidin (Fig 5). We have
previously shown that stress fibers stain fairly uniformly along their length with a

polyclonal antibody to SMM [20], giving images that look very similar to the phalloidin
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staining. In the absence of ATP and Ca?*CaM, the myosin in these cells was essentially
completely dephosphorylated by endogenous phosphatases (Fig. 5 A,B). In the
presence of ATP and Ca?*CaM, some of the myosin becomes phosphorylated (Fig. 5
C,D) and the phosphorylation is inhibited by the selective MLCK inhibitor wortmannin

(Fig. 5 E,F).
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Actin Anti-pRLC

Fig. 5. Immunostaining of permeabilized HASMC with anti-pRLC antibody.
Permeabilized cells were treated with TRITC-phalloidin to label actin in stress fibers and
with an anti-pRLC primary antibody, then an Alexa 488 secondary antibody as
previously described [20]. TRITC-actin channel (A, C, E). Alexa 488 channel (B, D, F). A
and B, buffer control; C and D, treated with phosphorylation buffer (150 mM KCI, 2 mM
ATP, 100 nM CaM, pCa 4, 50 nM MLCK); E and F, treated with phosphorylation buffer in
the presence of wortmannin to inhibit MLCK activity. Phosphorylation was for 5 min at 25

°C. Slides were observed in imaging actin buffer.
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Fig. 6A shows the frequency of motion of QD-MLCK (grey bars) and QD-N75 (open
bars) at 150 mM KCI and 300 mM KCI (see conditions summarized at the bottom). In the
absence of added ATP or Ca?*CaM (buffer a), the myosin in the stress fibers was
dephosphorylated (Fig. 5B) and in a rigor state (no ATP) in which actin and myosin bind
strongly. Of all conditions tested, this should promote the highest possible fraction of

actin that has bound myosin heads. Very little of the MLCK moved (1.5 ° 0.33 %; mean

° s.e.m.), whereas a significantly larger (p <0.001) fraction of N75 moved (18.3 ° 1.6 %).
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Fig. 6. Analysis of movement of MLCK and N75 on HASMC stress fibers. Grey bars are
for MLCK and white bars are for N75. The experimental conditions for A-C are
summarized at the bottom. Physiological buffer is at 150 mM KCI corresponding to
buffers a-d and the 300 mM KCI buffer is the same except at 300 mM KCI. A. The QDs
localized on the stress fibers were counted and the percentage of those that clearly
moved are plotted. Error bars are the S.E.M. B. The diffusion coefficient, D, was
obtained as described in Methods and the error bars are the S.E.M. For the bars labeled
“zero” only a small percentage of the QD-MLCK moved under these conditions (see A)
so D is plotted as zero. C. The dwell times were obtained by NADA analysis and errors
were obtained by the jackknife procedure as described in Methods. For the bars labeled
“> 60 s”, essentially no motion (see A) was observed for the duration of movies that were
on average 60 s long. Therefore the average dwell time is indicated as longer than 60 s.
For the small fraction of QD-MLCK that did move, not enough trajectories were obtained

to reliably determine the dwell time.




185

In the presence of ATP, myosin remains unphosphorylated (very low [Ca?]) but now
binds weakly to actin in the M-ATP and M-ADP-Pi states leading to fewer cross-bridges.
The rate of ATP hydrolysis for dephosphorylated myosin is slow and the heads adopt a
conformation in which they interact with each other and with the myosin filament
backbone [21-27]. Alternatively, ATP can cause some of the myosin to leave the myosin
filaments, where myosin adopts a soluble monomeric form called 10S [28, 29] that binds
very weakly to actin [30]. This process has been demonstrated in this cell system [20].
By both mechanisms, ATP decreases the number of strongly bound cross-bridges
relative to the rigor condition. Upon addition of ATP, the frequency of N75 increased

relative to rigor by 1.3-fold to 24.3 ° 3.0 % (Fig. 6A). In contrast, MLCK rarely moved

(0.6 ° 0.2 %) in the presence of ATP.

In the presence of ATP and Ca?*CaM, some but probably not all of the myosin in the
stress fibers was phosphorylated by the activated endogenous and exogenous MLCK
(Fig 5D). Upon addition of ATP and Ca-CaM, the frequency of motion of MLCK
increased by a factor of 17.8 from 0.6 ° 0.2 % (ATP alone) to 10.7 ° 0.9 % (ATP and
Ca?*CaM). This was a much larger increase than seen for N75, which increased by

factor of 1.8 from 24.3 ° 3.0 % to 44.3 ° 5.5 % (Fig. 6A).

Effect of ATP on MLCK and N75 motion at higher ionic strength. One limitation of the
experiments described from "Fig. 6A is that even under conditions that promote myosin
phosphorylation (ATP + Ca**CaM), not all of the myosin in the stress fibers was
phosphorylated (Fig. 5D). Additionally, adding Ca?*CaM to the cell cytoskeletons may
alter other processes that are unrelated to myosin phosphorylation. To determine if
weaker MBD-myosin interactions underly the effect of ATP + Ca?*CaM, we tried another

way to weaken this interaction avoiding phosphorylation altogether. MBD-myosin



186

interactions are known to be significantly weakened at higher ionic strengths as are ABD
interactions [1, 9, 17], but the data for the bundles (Fig. 3A) suggest that the latter was
not sufficient to alter the frequency of motion. In contrast, the strong binding affinity of
SMM for actin (unlike the skeletal muscle isoforms), both in the absence and presence
of ATP, is relatively insensitive to increasing ionic strength [31]. Using our buffers, we
measured the Kqfor the acto-myosin (S1 head) interaction to be 15 nM at 150 mM KCI
and 25 nM at 300 mM KCI (data not shown) using the method of Cremo and Geeves
[32]. The corresponding Kgs in the presence of ATP are extremely weak, but have been

estimated to be > 600 uM [31].

At 300 mM KCI in the absence of ATP, MLCK motion remained inhibited at 1.0 ° 0.2 %
(Fig. 6A). This suggests that the weakened MBD interactions of MLCK with myosin were
not sufficient to allow for significant motion. However, upon addition of ATP, the
frequency of motion for MLCK increased 24.4 fold to 24.4 ° 1.4%. Without ATP, the
frequency of motion for N75 was similar at the two ionic strengths (18.3 ° 1.6 % at 150
mM KCI versus 15.6 ° 2.2 % at 300 mM KCI (Fig. 6A). However, as with MLCK, the
effect of ATP was pronounced at 300 mM KCI, increasing the moving frequency 3.9 fold

from 15.6 ° 2.2 % to 60.9 ° 2.4 %.

We also calculated D (Fig. 6B) and dwell times (Fig. 6C). When the vast majority of the
QD-MLCK did not move, D could not be calculated due to an insufficient number of
trajectories and is therefore shown as zero (Fig. 6B). By the same argument, dwell times
are > 60 s (Fig. 6C), which is the average movie duration. The remaining values for D
were similar to those seen in the actin bundles (Fig. 3B) in a tight range between 0.025
and 0.08 um?s™. For the QD-N75, which can be compared for all conditions, faster

diffusion was observed when the myosin heads were phosphorylated, and at 300 versus
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150 mM KClI, both in the absence and presence of ATP. Also, N75 moved faster with a
shorter dwell times than MLCK in the presence of ATP and Ca*CaM and also at 300
mM KCI with ATP. The measurable dwell times in general were similar to those seen in

the actin bundles in a range between 2.5 and 5 s.

Discussion

We have observed that MLCK and its N-terminal 75 residues, N75, randomly diffuse on
actin bundles in vitro and on actin present in stress fibers in situ. We found no evidence
for directed motion like a processive motor molecule. Random 1D diffusion of proteins
along microtubules and oligonucleotides has previously been observed, but this is the
first characterization to our knowledge of a protein diffusing in a sustained manner along

actin.

Because MLCK induces actin bundles, it was experimentally difficult to determine
whether MLCK moved on single actin filaments. However, N75 (does not bundle actin)
was not able to move on single actin filaments but was able to move on MLCK-induced
actin bundles and on HASMC stress fibers. Therefore the first 75 residues of MLCK are
sufficient for motion and more than one proximal actin flament appears to be necessary

for motion.

Diffusion of MLCK along actin filaments may be an important mechanism for enhancing
the rate of SMM phosphorylation in smooth muscle. The ratio of active MLCK to SMM in
smooth muscle is relatively low [33], and thus one MLCK must phosphorylate many
SMM within 1-2 s to account for phosphorylation rates (see references in [19]). When
MLCK diffuses along actin filaments its MBD passes many SMM of neighboring myosin
filaments in a relatively short time. The time, t, it takes a single MLCK molecule to diffuse

a distance, d, can be estimated by the first passage time for 1D diffusion, t = d%/2D [34,
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35]. Smooth muscle filaments are side-polar and have on average 2 molecules (4
heads) per 14.3 nm repeat on one side of the filament [36]. Using D = 0.05 um?s? (Fig. 6
B), it would take an average of 2 ms for an MLCK to diffuse from one repeat to the next,
and ~1 s to visit all of the 84 heads on one side of a 0.3 um filament. This gives a rate of
84 heads sw MLCKuw. Previously we showed, by observing single molecules in vitro, that
the MLCK-myosin detachment rate is likely to be rate-limiting for phosphorylation at 1.2
heads sw MLCK® [19], a value that is in reasonable agreement with the measured ratios
of MLCK to myosin and typical phosphorylation rates in muscle. These data together
suggest that diffusion time is much shorter than phosphorylation time. Therefore 1D
diffusion of MLCK along an actin filament ensures that diffusion is not rate-limiting for
phosphorylation. In addition, because the MBD of actin-bound MLCK is oriented toward
myosin, productive collisions with myosin are likely to be more frequent than random
MLCK-myosin collisions expected from 3D diffusion. In essence, by keeping MLCK
oriented and in close proximity to myosin, MLCK diffusion on actin may provide a large
scale binding funnel for MLCK-myosin binding. Finally, simply the fact that MLCK
remains bound to the contractile apparatus keeps the MLCK localized where it
effectively controls contractile rates, rather than in other cytoplasmic regions that likely

only contain myosin in its ATPase-inhibited monomeric form [20].

The permeabilized HASMCs allowed us to examine factors that affect diffusion of MLCK
and N75 in the presence of MLCK’s substrate, myosin. Interestingly, these data reveal
an additional feature of MLCK diffusion that is likely important to enhance rates of
phosphorylation in smooth muscle. Diffusion of MLCK on actin will increase the
probability that it can access unphosphorylated myosin, while avoiding getting “stuck” on
myosins that have already been phosphorylated. This idea is best explained by

summarizing all our data pertaining to the frequencies of motion of both MLCK and N75
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on both actin bundles (Fig. 3A) and on stress fibers (Fig. 6A) in the context of a model.
If the concentration of physical barriers to motion is higher than a cutoff value, D will be
zero, and essentially no motion will be observed. Below this cutoff value, the frequency
of motion will vary depending upon the linear density of barriers along actin filaments.
This is essentially what has been previously described as a percolation model of

diffusion [37, 38].

The interactions of MLCK, N75, and myosin that affect the frequency of motion
according to our simple percolation model are: 1) myosin strongly bound to actin can
serve as a barrier to both MLCK and N75; 2) simultaneous binding of MLCK to both
myosin and actin tethers it and serves as a barrier to MLCK and N75; 3) MBD
interactions with myosin are affected by two known mechanisms: it binds much more
tightly to unphosphorylated versus phosphorylated myosin, and it binds more weakly at

higher ionic strength; and 4) N75 does not bundle actin nor does it bind to myosin.

Fig. 7 shows cartoons of the above interactions and how they change under the
conditions tested. In MLCK-induced actin bundles (Fig. 7 A, E; blue horizontal lines),
which contain no myosin, the barrier to both QD-MLCK (orange, green, and blue
domains) and QD-N75 (orange domain) motion is most likely MLCK itself (greyed out
molecules are silent MLCK that are not QD-labeled), which was added to the actin
during the bundling procedure. It is known that the presence of two actin binding regions,
residues 2-114 and 138-213 (green domain), are necessary and sufficient for bundling
activity of MLCK [39]. Additional work is required to determine if MLCK molecules that
bundle actin can at the same time move or if they switch between bundling and motion.
Frequencies of motion were independent of ionic strength between 150 and 300 mM KCl

(Fig. 7 A and E, respectively), but no motion was observed at 50 mM KCI regardless of
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buffer additions (data not shown). From 150 to 50 mM KCI, the affinity of MLCK for actin
increases about 50-fold [17], suggesting that increasing binding affinity stops the motion.
This suggests that motion in enhanced by decreasing ionic interactions between the
ABD and actin, consistent with the positive charge on the ABD and negative charge on
actin. We show that these bundles contain anti-parallel actin filaments (Fig. S1) and
junction points and incorrect actin polarity could present barriers to motion. Therefore we
speculate that the moving molecules are in regions of low density of MLCK that is

participating in bundling and in regions of actin polarity condusive to movement.
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Fig. 7. Cartoons of predicted interactions of MLCK/N75 that affect motion frequency
according to simple percolation model. Left side of each box: interactions that are
barriers to MLCK or N75 motion. Right side of each box: the molecules that move
because they are in regions of low barrier concentrations or that the barrier interactions
are diminished. The frequency of motion from Figs. 3 and 6 is shown in red type above
each molecule. The upper row (A, B, C, D) and lower rows (E, F, G) correspond to data
for experiments at 150 mM KCL and 300 mM KCI, respectively. Actin bundles, either
induced in vitro by adding unlabeled MLCK (A, E) or those present in stress fibers (B, C,
D, F, G), are indicated by the two parallel blue lines (actins shown apart for clarity). The
text at the top of each colored box summarizes the experimental conditions and the
acto-myosin state. For actin bundles (A, E), one labeled MLCK molecule is immobile
because it is bundling actin and it is serving as a barrier, along with one unlabeled MLCK
molecule (grey) to the motion of one labeled MLCK that is not bundling. Labeled N75 is
similarly restricted from motion. At the right are MLCK and N75 that move with the
corresponding % moving in red type. Note data are similar at the two ionic strengths. For
stress fibers in the absence of ATP (B, F) one MLCK is strongly bound to myosin that is

in rigor and N75 is surrounded by rigor head barriers along with MLCK-complexes. In
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(F), higher ionic strength weakens MLCK-myosin interactions as indicated by the
reversible reaction, but this is not sufficient to allow motion because of the remaining
strong acto-myosin barriers. For stress fibers + ATP (C, G), myosin is weakly bound to
actin but the MBD of MLCK still binds strongly to restrict MLCK motion. These
interactions serve as barriers to N75 motion but more motion is allowed than in B due to
lack of rigor heads. In (G), now both acto-myosin and MBD-myosin interactions are weak
at this higher ionic strength allowing some MLCK to move. N75 motion is also increased
relative to (C). In (D), myosin in the stress fibers is phosphorylated, leading to very weak
MBD-myosin interactions, but myosin is in the strained ADP state that binds strongly to

actin to serve as a barrier to both MLCK and N75 motion.
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Fig 7 B shows three types of molecular interactions representing barriers to MLCK
and/or N75 motion on stress fibers in the absence of ATP and Ca?*CaM. First, myosin
heads (grey ovals) are unphosphorylated and bind strongly to the MBD (blue) of MLCK,
immobilizing MLCK. Second, actin and myosin bind strongly to one another presenting a
barrier to MLCK and N75 motion. Adjacent actin binding sites for myosin are 35 nm
apart, and an MLCK trapped between two such barriers would exhibit no noticeable
motion. Third, silent MLCK molecules bound to myosin will present a barrier to QD-
MLCK (should it not already be interacting with myosin). These interactions together
were sufficient to essentially prevent MLCK motion. The difference between MLCK (1.5
% moving) and N75 (18% moving) can be explained by the lack of the MBD in N75,
whereas rigor cross-bridges explain the significant amount of non-moving N75. In Fig. 7
F at a higher ionic strength, similar data were obtained suggesting that the weakened
MBD-myosin interactions were not sufficient to allow MLCK to move. This points to the

importance of acto-myosin cross-bridges as a barriers to motion.

In the presence of ATP (Fig. 7 C, G), myosin is in a weak actin-binding state but remains
unphosphorylated. The MBD still binds strongly to myosin and restricts motion along with
the silent MLCK molecules. Even in the absence of rigor heads less than 1% of the
MLCK moves. Again, the frequency of N75 motion is relatively high, at 24%. The small
increase from 18% (no ATP) to 24% (+ATP) moving may be due to the lack of rigor head
barriers, but silent MLCK-myosin complexes remain. As expected, increasing the ionic
strength (Fig. 7 C to G) significantly increased motion from <1% to 24% for MLCK and
from 24% to 60% for N75. This effect was largely due to weakened MBD-myosin
interactions rather than weakened actin-myosin interactions (see Results). The result
was essentially the same with or without the MLCK inhibitor wortmannin (data not

shown), suggesting that the increase in movement was not due to myosin
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phosphorylation. Nor was this attributable to ATP affecting MLCK-actin interactions
because under the same conditions there was little effect of ATP on motion frequency in
actin bundles, increasing only 1.2-fold from 7.2 ° 0.9 % to 8.5 ° 0.7 % (Fig. 3A). These
data strongly support the idea that MLCK motion: 1) is restricted by MBD-myosin
interactions, and 2) increases when the number of barriers is decreased (here by
increasing ionic strength). At the higher ionic strength, N75 motion is also greatly
enhanced by adding ATP (compare Fig. 7 F and G; from 16 to 60%), likely due to the

diminished MBD-myosin interactions of silent MLCK.

An alternative explanation is that ATP simply weakens the affinity of MLCK for myosin
(Fig. 7 B to C and F to G). Using SMM filaments stabilized against ATP-induced
disassembly [14], we found that the apparent Kp for MLCK binding was 1.3 ° 0.1 uM
without ATP and 1.5 ° 0.2 uM with 1 mM ATP (data not shown). Therefore, the presence
of ATP alone does not appreciably alter the affinity of MLCK for unphosphorylated SMM
filaments. This suggests that the increase in moving frequency of MLCK upon addition of
ATP (Fig. 7 F versus G) is a consequence of ATP-induced weakening of the acto-

myosin interaction rather than weakening of the MBD-myosin interactions.

If both ATP and Ca?*CaM are present (Fig. 7 D), myosin is phosphorylated by the
activated MLCK, activating ATPase activity and myosin cross-bridge cycling.
Importantly, the MBD of MLCK binds weakly to phosphorylated myosin, allowing a
significant frequency of motion for MLCK (11%). The remaining immobile fraction may
be due to residual unphosphorylated myosin. But also, the stress fibers likely cannot
shorten because they are adhered to the surface, and phosphorylated myosin can enter
a strained state in which the rate of ADP release is slow [32]. This ADP state binds

strongly to actin, similar to the rigor state [32], and could therefore present a barrier to
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MLCK motion. N75 motion is also enhanced (44%) compared to ATP alone (24%). A
small fraction of this increase may be due to direct effects on MLCK that alter its
interactions with actin because ATP and Ca?*CaM together modestly increase the
frequency of MLCK motion in actin bundles (Fig. 3A), which lack myosin. The majority of
the increase is likely due to the weak MBD interaction with phosphorylated myosin, but

the phosphorylated strained ADP myosin remains as a batrrier.

The percolation model of diffusion also leads to predictions about D and perhaps also
dwell times of moving molecules. In general, below the cutoff for no diffusion, fewer
barriers to motion will lead to faster diffusion (higher D) [37, 38]. Exact predictions are
not possible, but for N75 where all conditions can be compared (Fig. 6 B), faster
diffusion correlated with weak myosin-MBD interactions, consistent with our model (Fig
7. F, G, D). If the dwell times are pausing events related to transient barriers, they might
decrease depending upon the kinetics of barrier-actin interactions. The shortest dwell
times corresponded to the same conditions in which the fastest diffusion occurred,
namely conditions in which the myosin-MBD interactions were the weakest. However,
this may not be the only cause of differences observed in the cells, because differences
in both D and dwell times were seen in the actin bundles that do not contain myosin. In
bundles, the changing D and dwell times may be related to the kinetics of interactions

involved in actin bundling.

Fig 8 explains how diffusion of MLCK on actin will increase the probability that it can
access distal unphosphorylated myosin, while avoiding getting “stuck” on myosins that
have already been phosphorylated. Imagine a smooth muscle at physiological [ATP] and
low [Ca*] holding a basal tone with a low level of myosin phosphorylation (Fig. 8 A). By

prior diffusion, actin-bound MLCK will be localized to regions of the contractile apparatus
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in which the myosin is unphosphorylated because MLCK will be tethered to that myosin
through strong MBD-myosin interactions. Upon muscle activation at higher [Ca?*], MLCK
enzyme activity will increase, leading to phosphorylation of local myosin within reach of
one MLCK molecule (Fig. 8 B). This may involve several myosins, but in Fig. 8B only
one is shown for clarity. Upon phosphorylation, MBD-myosin interactions are weakened
and MLCK can begin longer-range diffusion largely unimpeded by local acto-myosin
barriers because the adjacent yet unphosphorylated myosin binds weakly to actin, and
the number of cycling heads relative to the total heads is low for this low duty ratio
myaosin. Diffusion allows MLCK to access unphosphorylated myosin heads that are too
distant to reach without diffusion (Fig. 8 C). This is the point at which diffusion may be
guite important to the net phosphorylation rate. We have shown that the rate-limiting
step in the cyclic interaction of MLCK with myosin is detachment of MLCK from myosin
[19]. Importantly, detachment rates are the same, regardless of whether or not MLCK
has already phosphorylated the myosin. Therefore, if fast overall rates of
phosphorylation of myosin are important, MLCK must avoid attaching to pre-
phosphorylated myosin altogether. Diffusion of MLCK on actin will increase the
probability that it can access unphosphorylated myosin, while avoiding getting “stuck” on
myosins that have already been phosphorylated (Fig. 8 D). As the Ca?* concentration
falls and the muscle relaxes, some myosin will be dephosphorylated by the phosphatase
and diffusion allows MLCK to rapidly localize to the dephosphorylated myosin to prepare

for the next cycle of contraction (Fig. 8 E).
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Fig. 8. Proposed mechanism for how MLCK diffusion on actin facilitates myosin
phosphorylation during a contractile cycle. See Fig. 7 for definition of cartoon elements
and text for descriptions. The blue line at the bottom indicates the changes in Ca?*

concentration over time.
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Our data point to a novel mechanism in which the state of an enzyme substrate controls
the localization of the enzyme. Here, the state of myosin, with respect to both
phosphorylation and acto-myosin affinity, controls the motion and therefore the
localization of MLCK on actin. This happens only because MLCK can move on actin by
diffusion. We suggest that the diffusion of smooth muscle MLCK on actin is an
adaptation specific to smooth muscles. The predominant form of myosin in adult smooth
muscles must be phosphorylated to turn on the ATPase activity is therefore required for
contraction. This is in contrast to skeletal and cardiac muscle in which the level of
phosphorylation remains fairly constant from contraction to contraction and
phosphorylation/dephosphorylation modulates rather than turns on/off the ATPase
activity of the respective myosin [5]. Interestingly, the skeletal and cardiac isoforms of
MLCK do not have the ABD domain that is sufficient for diffusion. They are soluble
proteins that presumably diffuse in the cytosol. In contrast, the long isoforms of smooth
muscle MLCK found in nonmuscle cells and undifferentiated smooth muscle have an N-

terminal extension that contains two additional copies of the diffusion domain sequence.

Our data suggest that 1D diffusion of MLCK on actin is a novel mechanism by which one
MLCK molecule can phosphorylate many myosin heads in a relatively short period of
time. Our observations that MLCK diffusion on actin is influenced by myosin- and MLCK-
dependent barriers to diffusion suggest novel mechanisms by which MLCK diffusion is

modulated to optimize smooth muscle activation rates.
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Materials and Methods

Reagents and cell culture materials. Collagen | (rat tail) and Qdot 525 (A= 525 nm)
ITK Streptavidin Conjugate Kit containing ~5-10 streptavidin conjugates per QD, herein
called QD, were from Invitrogen (Eugene, Oregon). D-(+)-glucose, glucose oxidase,
Type VII BSA, cow brain CaM, wortmannin, methylcellulose, apyrase, and ATP were
from Sigma-Aldrich (St. Louis, MO). Microscope coverslips, (22 x 30 x1.5 mm) and
microscope slides (76.2 x 25.4 x 1 mm) were from Fisher Scientific, LLC (Pittsburgh,
PA). Phalloidin was from Alexis Corp. (San Diego, CA). HASMCs) and culturing

reagents and procedures were as described [20].

Proteins. Unless otherwise noted, experiments were performed with the short isoform of
smooth muscle MLCK isolated from frozen chicken gizzards as described [40] and which
was biotinylated by EZ-link Sulfo-NHS-LC-LC-Biotin (Thermo Scientific Inc., Rockford,
IL) according to the manufacturer’s protocol, giving 2-5 biotins per MLCK. The
biotinylated-MLCK kinase activity was 3.8 umol mg™* min-, which was comparable to
MLCK without biotinylation (3.3 pumol mg?* min) using purified RLC as the substrate.
Biotinylated-MLCK and biotinylated-MLCK with attached streptavidin-QDs (QD-MLCK)
were able to fully phosphorylate SMM RLC as measured in a urea gel assay (data not

shown). The two methods used to prepare QD-MLCK are described below.

For some experiments, gizzard MLCK was not attached to a QD, but instead was
fluorescently labeled with DyLight 488 amine-reactive kit as recommended (Pierce,
Rockford, IL). Also, some experiments were performed with an expressed human
smooth muscle MLCK containing a Biotag sequence to which a single biotin was
attached at the N-terminus for reaction with streptavidin QDs. A recombinant Baculovirus

transfer vector (pORB2) containing a human smooth muscle MLCK construct
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(UnitProtKB/Swiss-Prot Q15746 (MYLK_HUMAN)) with an N-terminal 6XHistag and
Biotag (see below) was prepared by Allele Biotechnology and Pharmaceuticals. They
also generated the Baculovirus recombinants and amplified the recombinant Baculovirus
stock to >1 x 108 pfu ml. Details of their custom Baculovirus protein expression system
services can be found online (Allelebiotech.com). In house, Gibco sf21 insect cells
(Invitrogen; 3 x 107) were seeded with 0.5 ml of high titer virus stock grown for 3 days in
T175 tissue culture flasks at 27 °C. Extracted protein was purified from cells that were
incubated for 3 days using Talon resin (Clonetech) followed by anion exchange in 20
mM Tris (pH 7.5), 50 mM NacCl, 0.1 mM EGTA, 5 mM MgCl;, 1 mM DTT using a 1 ml
Resource Q column attached to an AKTA FPLC (GE Healthcare). A gradient from 50 to
300 mM NaCl in 20 ml at 1 ml min at room temperature eluted the protein. The MLCK

was biotinylated using an Avidity Biotin Ligase Kit (Avidity BirA-500 Kit).

N75 peptide was expressed in Escherichia coli and is the first 75 residues of rabbit
smooth muscle MLCK with the following
sequence:LNDIFEAQKIEWHRRASVGSgggMDFRANLQRQVKPKTVSEEERKVHSPQQ
VDFRSVLAKKGTPKTPVPEKAPPPKPATPDFRSVLGSKKKLPAENGS. The Biotag is in
italics followed by a kinase phosphorylation site (bold) and ggg is a glycine linker. The
underlined M is the beginning of the MLCK sequence. The construct in the pGEX-2TK
vector was expressed in CVB101 cells (Avidity). Before inducing expression, LB medium
with 75 pg mlIt ampicillin and 10 pg ml* chloramphenicol was inoculated and incubated
overnight at 37°C. To induce expression, the overnight starter culture was transferred to
a baffled flask with MagicMedia Escherichia coli Expression Medium (Invitrogen), 50 pM
D-biotin (Invitrogen) and incubated for 18-24 h at 37°C. Bacterial pellets were collected
via centrifugation (14,000 x g, 4°C, 10 min), re-suspended in 2-3 ml PBS (pH 8.0) per g

pellet and frozen at -20°C for at least 12 h. After thawing on ice, cells were incubated
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with 1 mg mlt lysozyme (Sigma-Aldrich) for 10 min at 4°C, followed by microtip
sonication (10 sec x 3 pulses) on ice. The lysate was centrifuged at 17,000 x g, 4°C, for
30 min to resolve the soluble fraction (cleared lysate) from the cell debris. The cleared
lysate was applied 5:1 to glutathione Sepharose Beads (Fisher), previously equilibrated
in PBS (pH 8.0), and incubated 4 h at 4°C with gentle agitation via rotation. The bead
slurry was transferred to a gravity flow column (1 cm x 10 cm), and washed with 10
column volumes PBS. To cleave the GST, 20 units of thrombin (GE Life Sciences) were
added, the column was sealed, and then rocked for 2 h at room temperature. A 1 ml
HiTrap Benzamidine FF column (GE Life Sciences) was attached to the end of the
gravity flow column to remove the thrombin, and the N75-containing fractions were
eluted with PBS (pH 8.0), and verified by SDS-PAGE, and western blotting. Protein

concentration was determined by BioRad Assay (Bio-Rad) with a CaM standard curve.

GST-N75 is glutathione-S-transferase appended to the first 75 residues of chicken
smooth muscle MLCK as previously described [41]. Most experiments were done with
this construct, but similar results were obtained with the N75 construct so for simplicity

the peptide is indicated as N75.

Actin was purified from chicken pectoralis muscle [42] and incubated with equimolar
TRITC-labeled phalloidin (Alexis Corp., San Diego, CA) overnight and stored on ice at 4
°C. MLCK-induced TRITC-actin bundles or TRITC-actin-Tm bundles were prepared on
glass coverslips as described in the legend to Fig. S1. Telokin was expressed in E. coli
as described [9]. Protein concentrations were determined using the following extinction

coefficients at 280 nm (1 mg mlt): SMM = 0.56; MLCK = 1.14; F-actin = 1.1.

Buffers. Actin buffer is 50 mM KCI, 50 mM imidazole (pH 7.4), 2 mM EGTA, 8 mM

MgClz, 10 mM DTT, Actin imaging buffer is actin buffer with added oxygen scavengers
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(0.1 mg ml* glucose oxidase, 0.018 mg ml'catalase, 2.3 mg ml?t glucose) and 0.5 %
methylcellulose. Buffer a is 150 mM KCI, 4 mM MgCl,, 2 mM EGTA, 10 mM DTT, 25 mM
imidazole (pH 7.0). If used during imaging, the buffers also contained 0.5%
methylcellulose and oxygen scavengers as above. The following buffers are the same as
buffer a with these additions: buffer b, Ca?* at pCa4 and 100 nM CaM, buffer ¢, 2 mM
ATP, buffer d, Ca?*CaM and ATP as above. Buffer e is the same as buffer d except at
300 mM KCI. Buffer fis 5 mM KCI, 2 mM MgCl;, 2 mM EGTA, 1 mM DTT, 10 mM

imidazole (pH 7.0).

Microscopy. Images of fluorescent actin were recorded using a Nikon TE2000
epifluorescence microscope (Technical Instruments, CA) with a 100X Nikon Plain Apo
TIRF objective using a NA of 1.45. A Roper Cascade 512B camera (Princeton
Instruments, Trenton, NJ) was used. Widefield excitation at 532 nm was with a Hg-Xe
lamp and a Nikon 565 nm (TRITC) G-2E\C band-pass emission filter. Image sequences
(movies) of QD-labeled proteins were by TIRF using 488 nm excitation wavelength. The
frame rate for the TIRF movies was 5 s™ to ensure adequate contrast to perform
centroid-based tracking. The merged images of the QD signal with TRITC signal from
actin were generated using Image J (National Institutes of Health, Bethesda, MD).
Movies or images were 512 x 512 pixels at a resolution of 106 nm/pixel (54 x 54 um).

Movies were typically 1 min long.

Preparation of QD-labeled proteins. Two methods were used to prepare QD-labeled
MLCK. In Method A, biotinylated MLCK (2 nM) was premixed with streptavidin-QDs (8
nM) in buffer ¢ before applying it to the actin bundles. The QD-MLCK was allowed to
bind for 30 min, washed, and imaged in the buffers indicated in the Figure Legends. This

method is designed to minimize the probability of multiple MLCK molecules binding to
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one QD. In Method B, biotinylated-MLCK or other biotinylated protein was applied to the
flow cell, incubated, washed, and streptavidin QDs were added followed by a final wash
to remove free QDs. N75 and GSTN75 peptides were biotinylated using EZ-link Sulfo-

NHS-LC-LC-Biotin and similar approaches to attaching QDs were used as described for

MLCK. Method B was used exclusively in cell studies.

MLCK interactions with stress fibers of HASMC cytoskeletons. HASMCs on
collagen-coated glass coverslips were allowed to differentiate to the contractile
phenotype for 3-5 days before cytoskeletons were prepared and used for imaging
experiments. Cells were rinsed with actin buffer, and then treated with 0.05% Triton X-
100 in actin buffer for 5 -10 min at room temperature. After rinsing, TRITC-phalloidin (2-3
UM) was applied to the coverslip and incubated for 5 min before rinsing 3 times. The
coverslips were assembled on a microscope slide to make a flow chamber, with the cells
towards to the inside. Actin buffer was used to keep the cells wet. Cells were incubated
with biotinylated MLCK (10-50 nM) for 15 min at 25°C, washed, and QDs (0.2 nM) were
applied and incubated for 1 min prior to a final wash. Buffer d or e was loaded to the cell

chamber for imaging experiments.

Effect of ATP on QD-MLCK diffusion on cell stress fibers at high ionic strength.
After cell stress fibers were labeled with TRITC-phalloidin, 2 units of apyrase in pH 6.8
actin buffer was applied for 20 min at 25 °C and washed. Stress fibers were treated with
4 uM wortmannin (if required) for 30 min at 25 °C and washed. One hundred nM
wortmannin-treated biotinylated MLCK was applied to the wortmannin-treated cell stress
fibers and incubated for 15 min at 25 °C and washed, then 0.5 nM QDs were loaded for
1 min, followed by a wash. Buffer e with or without 2 mM ATP was applied to the

coverslip. For experiments with N75 the procedure was the same as for MLCK, except
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the peptide was not pre-treated with wortmannin, and 1 uM peptide was applied to the

coverslip and incubated for 30 min.

Particle Tracking. To analyze the motion of the QD-labeled proteins, movies were
analyzed using our custom centroid-based tracking algorithm. This isolates regions of
high intensity from the background within each frame by intensity thresholding. The level
of the threshold was determined for each movie to adequately represent the particles of
interest without including excess noise from the background or joining of adjacent
fluorescent regions. Fluorescent regions with an area less than 5 pixels (~0.5 um) were
removed from the analysis and the centroid for each of the remaining regions was
calculated as previously described [43]. Trajectories were created by linking the
calculated centroid positions through a simple displacement minimization algorithm,
which calculates all of the possible ways of connecting the detected objects in one frame
to the next frame and chooses linkages between objects that minimize the total
displacement between frames. Trajectories with durations less than 20 frames (0.2 s
frame™) were excluded from the analysis to ensure that enough points were sampled to
properly describe its behavior. To exclude from the latter analysis trajectories in which
the particle was either fixed (immobile) or non-interacting (diffusing above the surface),
the aspect ratio of each trajectory was calculated by rotating it so it was parallel to the X
axis and then calculating the ratio of the displacements in the X and Y direction.
Trajectories with aspect ratio’s less than 3:1 (X:Y) were excluded from further analysis
because they did not likely reflect a particle moving along actin. Finally trajectories were
manually reviewed to remove any remaining tracking artifacts to give the final curated

data set.
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Data analysis for obtaining mean diffusion parameters of moving QD-labeled
proteins. The mean squared displacement (MSD) versus time window-width plots for

each trajectory were fit to Equation 1,

MSD=2dDt

Equation 1

where d is the number of dimensions approximated as 1, t is the time step or window
width, and a is a variable relating to the degree of caging or spatial restriction of the
motion below (a < 1) or above (a > 1) what is expected for free diffusion (a = 1). If a = 2,
motion is directed as in a processive motor protein. The diffusion coefficient (D) is
related to the size and frequency of steps underlying random motion. The larger and

more frequent the steps, the greater is D.

Non-Averaged Displacement Analysis (NADA) to determine lifetimes of dwelling
states. To measure the lifetime of the dwelling periods (dwell time) within the curated
trajectories, we used our Non-Averaged Displacement Analysis (NADA; Carter et al,
manuscript submitted) to prepare 2D histograms for each experimental condition (see
Results and Fig. 4). The intensity representing tethered motion is localized near the x-
axis because tethered particles do not increase their displacement as a function of time
(slope is zero), whereas any aspect of the motion that is directed will define a line with a
slope relating to the moving velocity. Periods of free diffusion will be in a broad region in
between these two extremes. The lifetime of each state of motion can be determined by
measuring the sum of the intensities within the NADA histogram as a function of window
width. A fit to an exponential function gives the lifetime of the state of motion. The
inverse of the lifetime is the rate at which the tethered state transitions to other states.

The statistical parameters for average lifetimes of tethered states were estimated by
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jackknife resampling. For example: if a data set was composed of 50 trajectories, 20 %
of the trajectories (trajectories 1-10) were excluded and the lifetime of the tethered
population was calculated as described above. The region of exclusion was then
indexed forward one trajectory (trajectories 2-11) and the lifetime was recalculated. This
indexing process and lifetime calculation was repeated for all possible consecutive
indices. The resulting lifetime population (49 in this case) was used to calculate the

average and standard variance.

Determination of frequency of QD motion. Each movie (QD and actin channel
merged) was inspected by eye to count the total number of QDs that colocalized to actin.
Counting was aided by using the multipoint selection tool in ImageJ. QDs were not
counted if they were 1) not obviously co-localized to actin structures, 2) too closely-
spaced to allow an accurate count, 3) in a region of the field that was blurry, or 4)
seemingly attached to a cell structure that was not adhered to the surface (intermittently
blurry), 5) clearly diffusing above the surface, or 6) aggregated. Typically, fewer than 10
% of the countable QDs in cells and fewer than 30% in bundles were considered
ineligible for inclusion in the dataset. QDs were counted as moving if they clearly moved
along the actin structure lengthwise at any time during the movie. The moving QD/total
colocalized QD in percent was calculated for each movie. The average movie length was
60 ° 11 s (S.D.) or 300 frames and a full data set was on average 1270 ° 670 s (S.D.) of
total movie time. The average and standard error for each dataset is reported in Figs. 3

and 4. Results did not significantly change if data were weighted for total movie time.
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Supporting Information (Hong et al)

MLCK induces actin bundling. We began our study of the dynamic interactions of
MLCK with actin by non-covalently attaching filamentous TRITC-actin to a glass
coverslip surface, followed by biotinylated MLCK and QDs. MLCK consistently induced
bundling of the actin under these conditions. It has been shown previously that MLCK
can induce actin bundling in solution [1, 2]. Fig S1A and B show representative images
of TRITC-actin and TRITC-actin-Tm filaments, respectively, attached to a glass
coverslip. The fields are populated with single actin filaments that were consistently
longer in the presence of Tm. After binding some actin to the coverslip surface, N75 (200
nM) was added and incubated for 15-30 min. This peptide did not induce bundling (Fig.
S1C), nor did 200 nM of a similar construct GST-N75 (Fig. S1D). In contrast, addition of
200 nM of full-length MLCK to actin or actin-Tm resulted in significant bundling (Fig. S1
E, F). The presence of Tm enhanced the bundling, giving longer bundled structures. At
50 nM MLCK, bundling was rarely observed under the same conditions as in Fig. S1 E,
F. These data suggest the first 75 N-terminal residues of MLCK alone are not sufficient
for bundling activity, in agreement with prior work [3] showing that the presence of two
actin binding regions, residues 2-114 and 138-213, are necessary and sufficient for
bundling activity of MLCK. Our data suggest that residues 176-213 of the second actin

binding site are important for bundling activity.

To quantify the number of actin filaments per bundle, we assumed that the amount of
actin was proportional to the total fluorescence signal intensity. Structures on the
coverslip (under the conditions in Fig. S1E) were traced and connected with a
continuous line 20 pixels wide (using the Imaged line tool; Fig. S1G). Regions in

between structures were set to an intensity of 0. The first 6 peaks appeared to be single
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filaments by eye and were used to calibrate the scale on the right Y-axis. Other
structures were estimated to have regions with 2, 3, or 4 filaments per bundle. Higher
intensity structures were common but were difficult to analyze. From many similar scans
of other images (not shown), we estimated that many of the long bundles, which appear
to be single structures, have regions of 1-4 filaments. For example, the bundle in F

(arrows) contained regions of 1, 2 and 3 actin filaments.

Movies were taken to study the dynamics of the bundling process (Movies S1 and S2).
In our protocol, actin is attached to the surface (templating actin), but also free actin
remains in solution. Therefore, when MLCK is added, bundles can form in solution in
addition to on the coverslip. Bundles formed in solution frequently zipper down to actin
filaments or bundle templates already bound to the surface. This must be a prominent
mechanism because we observed few bundles on the coverslip without the actin

templating step (data not shown).

To determine the polarity of the actin in the bundles, we inspected the movement of
fluorescently-labeled SMM filaments [4] along a single bundle. Movie S3 showing two
instances of myosin filaments moving in opposite directions on the same bundle,
suggesting that at least some of the bundles contain filaments oriented in an antiparallel
manner. This was consistent with the movement of single fluorescently-labeled myosin X
molecules on the bundles, where no evidence was found for unidirectional motion (data
not shown). SMM filaments often stopped at points where the bundle appeared to
change actin filament number (data not shown). This was unlike myosin filaments that
moved on a single actin filament, where motion was continuous until they reach the ends
[4]. Therefore, based upon several lines of evidence we conclude that the actin in

MLCK-induced bundles is oriented in an antiparallel manner.
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Fig S1. Wide-field images of TRITC-phalloidin-labeled filamentous actin on a glass
surface. A, 100 nM actin or B, actin-Tm (molar ratio 6:1) was applied to a flow cell and
filaments were allowed to attach to the glass coverslip surface for 15 min. After blocking
with 2% BSA for 10 min, 200 nM N75 (no GST) (C), GST-N75 (D), or 200 nM MLCK (E)
in buffer f was applied to the surface-attached actin and incubated for 15-30 min at 25
°C. After washing with actin buffer, imaging actin buffer was applied. F is the same as E
except with actin-Tm. Arrows in F point to a single bundle that contains regions of 1, 2,
and 3 actin filaments (scan not shown). All images have the same scale. G. Calibration
of the number of actin filaments per bundle. An image of MLCK-induced actin bundling
(image not shown) was found that had 6 clear single actin filaments (first six peaks in
plot) in addition to 3 bundles (last 3 peaks). The plot shows the intensity versus distance
in a continuous 20- pixel wide line scan connecting these 9 unattached actin structures
using the line tool in ImageJ. Note for this scan, the last bundle contained regions with 2,

3, and 4 actin filaments.
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Movie Legends

Movies 1 and 2. Dynamics of actin bundling process induced by MLCK. Methods
for Movie 1 and 2: To observe MLCK induced actin bundling, the following reagents
were added in sequence to a glass or nitrocellulose coated coverslip: 100 nM TRITC
labelled F-actin for 10 min (template actin), 5 mg ml* BSA for 5 minutes, wash with one
flow cell volume of actin buffer, 200 nM MLCK in actin buffer with oxygen scavengers. All
reagents were in actin buffer. Methylcellulose was not included in the imaging buffer.
The microscope was set for widefield excitation at 532 nm with a Hg-Xe lamp, with a

Nikon 565 nm (TRITC) G-2E\C band-pass emission filter, and a 100X objective.

Movie 1: At the start of the movie, the templating actin is in single filaments with regions
of bundling. In the upper center are two hazy areas that are pre-bundled actin just out of
the focal plane. Eventually the more central structures are “captured” by a templated

actin filament and the two structures merge into one large bundle. The one at the top of

the image appears to attach to the coverslip directly.

Movie 2: Similar to Movie 1, with more examples of different stages of the bundling
process. Also many single filaments are seen only partially attached to the surface, as

indicated by their hazy ends.

Movie 3. Bidirectional motion of myosin filaments on MLCK-induced actin filament
bundles. To determine the polarity of actin bundles, phosphorylated smooth muscle
myosin filaments (green; [5]) were added to MLCK-induced bundles (red) attached to the
surface. Overlaid movie shows one hook-shaped large bundle. Two examples of
bidirectional movement are seen on this bundle, one at the tip of the hook (arrow) and

the other centrally on the vertical portion of the bundle. Note the green filaments moving
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toward one another, indicating that they must be moving on separate actin flaments with

opposite polarity within the bundle.

Movie S4. Example of QD-MLCK molecules moving on an actin bundle. Four
molecules move in this video. Movie is 132 x 68 pixels, 292 frames at 25 frames sec™.

Each pixel is 106 nm. Condition is imaging buffer d.

Movie S5. DyLight-labeled MLCK motion on MLCK-induced actin bundles. MLCK
was labeled with DyLight as described in Methods. Movie shows actin in red and MLCK
in green. Note motion of several MLCK, as was typical. The observation buffer was
imaging buffer e. Movie is 252 x 287 pixels, 112 frames at 25 frames sec™. Each pixel is

106 nm.

Movie S6. Human Biotag MLCK motion on MLCK-induced actin bundles. Movie
shows actin in red and MLCK in green. Note motion of several MLCK, as was typical.
The observation buffer was imaging Buffer d. Movie is 219 x 433 pixels, 307 frames at

25 frames sec’. Each pixel is 106 nm.

Movie S7. QD-N75 motion on actin bundles. Movie shows actin in red and QD-N75 in
green. The observation buffer was imaging Buffer d. Movie is 264 x 199 pixels, 278

frames at 25 frames sec™. Each pixel is 106 nm.

Movie S8. QD-N75 does not move on single actin filaments. Movie shows actin in
red and QD-N75 in green. The observation buffer was imaging Buffer d. Note that QD-
N75 localizes to the actin filaments but does not move on them. Movie is 512 x 270

pixels, 330 frames at 25 frames sec™. Each pixel is 106 nm.
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Movie S9. QD-MLCK (green) moving on HASMC stress fibers (red). Movie is 411 x
334 pixels, 307 frames at 25 frames sec™. Each pixel is 106 nm. The observation buffer

was imaging Buffer d.
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