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Abstract

Mastitis, inflammation of mammary gland tissue, occurs in all lactating vertebrates. In
dairy cattle, mastitis is the most common and costly disease in which chronic inflammation of
mammary epithelial cells disrupts endothelial barrier integrity, compromising the health of
extravascular tissues. Despite established prevention methods and antibiotic treatment,
approximately 75% of dairy cattle in the U.S. suffer from mastitis each year, highlighting the
need for improved therapeutic strategies. Small molecule histone deacetylase (HDAC) inhibitors
have been proven efficacious in suppressing inflammation and inflammatory signaling. Data
presented in this thesis used bovine MAC-T cells stimulated with tumor necrosis factor a (TNFa)
as a model of mastitis. We report that inhibition of class | HDACs significantly attenuates
TNFa-induced mammary cell inflammation, in part, via suppression of c-Jun N terminal
kinase (JNK) signaling. Moreover, we demonstrate that treatment with HDAC1/2-specific
inhibitors completely ablates JNK signaling. The implication of these findings suggests
potential therapeutic applications for small molecule HDAC 1/2-specific inhibitors for the

treatment of bovine mastitis; future research is needed to establish therapeutic efficacy in vivo.
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Chapter 1- Literature Review
History of Dairy Cattle and Agriculture

The modern dairy industry can be traced back to the early-1800 when economist Johann
Heinrich von Thiinen published The Isolated State, which explained how dairy farming could be
a viable industry (Atkins, 2012). However, cattle were involved in agriculture thousands of
years earlier. Eight thousand years ago two species of Aurochs, a wild ancestor of the cow, were
domesticated in Europe (Burger et al., 2007). The ability to digest the enzyme lactase was
gained approximately 4500 B.C.E., and the process of milking cows quickly popularized across
Europe, Northern Africa, and the Near East (Curry, 2013). For thousands of years dairy milk
served as a food source rich in protein without much change. In the 1500’s, cows were first
introduced to South America; one hundred years later the first cattle were brought to Plymouth

Colony in New England (Chartier, 2007; Schmid, 2009).

Modernization of the Dairy Industry

In the early nineteenth century the American dairy industry encountered its first major
issue. Distilleries fed cows swill, a by-product of whiskey production, after which the cows
became sick and their milk became contaminated. Despite this setback, the dairy industry
remained strong and steadfast. In 1884, Dr. Henry Thatcher proposed his “Common Sense Milk
Jar,” a glass jaw with the first ever cap seat ridge to allow reuse, which remained an American
standard until the 1950s (Popichak, 2012). Since then, dairy cattle have remained a nutrition
necessity in many first world nations. Methods to match increasing demand for milk include

artificial insemination were introduced in 1970 to keep cows in a constant state of lactating.



Cows only produce milk for one year after giving birth, so by maintaining a constant cycle of
pregnancy and postnatal lactation, farmers increase yield (Cole et al., 2009; Kolver et al., 2007).
Other measures to increase the milk production include embryo transfer technology and sexed
semen; these methods are designed to favor female births, as bulls do not produce milk (Bonilla
et al., 2014; Sorensen et al., 2011). Multiple agencies have been started to ensure animal welfare
is being kept a priority, but given the increased demand, infection runs rampant across dairy

farms in the United States.

Impacts of Mastitis on the Dairy Industry

Mastitis, the inflammation of mammary gland tissue, is an infection often contracted by
large lactating vertebrates (Duarte et al., 2015). This inflammation is generally a response to
contamination from various species of streptococci, staphylococci, and gram-negative bacteria.
However, chemical exposure, mechanical trauma, and thermal injury can also induce painful,
erythematous swelling (Zhao & Lacasse, 2008). If left untreated, mastitis can cause disruption
of the endothelial barrier and jeopardize extravascular tissue health (Hagiwara et al., 2014). In
severe cases, chronic inflammation of mammary glands can be fatal. Among lactating dairy
cows, 17% develop mastitis, making it the most common disease in dairy cattle. It is also
deemed the most costly, with recent research estimating 1.8 billion U.S. dollars lost annually due

to contaminated milk, veterinary expenses, and long-term reduced yields (Ruegg, 2005).

Mastitis Effects on Consumers
In addition to its impact on the dairy industry, bovine mastitis is regarded as a major

global health issue that causes decreased milk quality and increased food safety risks (Smith &



Hogan, 1999). Particularly in regions where dairy is a main food source, such as Northern
Europe, infection of cattle has the potential to be zoonotic, in which infection or disease can be
transmitted from cow to human via milk contamination or direct contact with animals and thus
has the potential to be detrimental. Over 2,000 mammalian species produce milk, yet cattle
continue to account for over 80% of human milk consumption (Faye & Konuspayeva, 2012).
While cows have proved advantageous as the main domesticated dairy animal, dependence on
this single species for nutrition can be dangerous when disease is prevalent. For example, recent
evidence suggests that methicillin resistant S. aureus (MRSA) can act as a zoonotic vector of
disease (Zadoks et al., 2011) that is transmitted from cow to human. MRSA, a term
encompassing many diseases resistant to antibiotics, is just one of the many concerns consumers
should consider.

In addition to health concerns, mastitis can also impact the consumer’s wallet. There are
over 260 million dairy cows across the globe with the potential to produce 600 million tons of
milk (CIWF, 2012). If mastitis could be prevented or treated more effectively, millions of
people would be positively affected. For example, the United States is the leading producer of
milk each year (14.6%) (CIWF, 2012), yet approximately 6% of dairy cows in the U.S. die
annually due to complications associated with mastitis (Endres, 2011). Add to this equation the
continued demand for milk, low-supply, and steadily increasing prices of milk products.
Because mastitis is a multifactoral disease, it is difficult to determine a primary cause,
preventative measure, and therapeutic treatment; until these goals can be met, prices of milk will
continue to rise.

Collectively, mastitis impacts global farm production and costs while increasing food

safety risks. For these reasons, farmers continue to search for improved preventative measures



while researchers investigate potential therapeutic treatments. This need is further highlighted by
the fact that established antibiotic treatments and prevention methods have yet to lower the cost
of milk and loss of productivity within the dairy industry (Duarte et al., 2015; Endres, 2011;

Erksine et al., 2003, Hogeveen et al., 2011).

Mastitis Overview

Mentioned previously, mastitis is the inflammation of the mammary gland and udder
tissue. Though it is generally a response to bacterial invasion, mastitis can also be caused by
trauma to the udder (Zhao & Lacasse, 2008). Mastitis is most commonly caused during milking;
both the milking machine and milker’s hands can spread contagious pathogens to bovine
epithelial tissue. For this reason, prevention is at the forefront of mastitis control, as most forms
of contraction can be prevented with hygienic practices. For treatment, non-steroidal anti-
inflammatory drugs (NSAIDs) and antibiotics are widely accepted. However, delays in
marketable milk during recovery periods promote continued research. This need for further
research led me to the following questions: could bovine mastitis be treated with epigenetics in
addition to drugs and antibiotics. More specifically, could a small group of enzymes inhibit

inflammatory gene expression within bovine mammary cells?

Subclinical versus Clinical Mastitis

Mastitis is an intramammary infection that can be classified into two categories-
subclinical and clinical. Subclinical mastitis is the presence of infection with little to no
evidence of local inflammation or systemic involvement (NMC, 2016). Subclinical mastitis is a
major concern as many infections can persist during lactation or throughout the cows’ life

(Erskine et al., 2016). Without diagnosable symptoms, somatic cell count (SCC) is the best



indicator of infection for subclinical mastitis. SCC’s are primarily composed of leukocytes,
which are white blood cells released by the immune system to protect the body against protection
and foreign invasion. Therefore, an increase in SCC indicates infection. In cattle, an SCC of
>280,000 cells/mL indicates a >85% chance of being infected (Erksine et al., 2016). The
relationship between SCC and infection intensity is a positive correlation.

Clinical mastitis is characterized by visible signs of infection that is caused by
inflammation (Erskine et al., 2016). In addition, milk becomes visibly abnormal, with a watery
consistency and noticeable flakes or pus. As inflammation increases, changes in the udder such
as swelling, heat, pain, and redness can become apparent (Erskine et al., 2016). Some cattle can
develop severe clinical mastitis, caused by coliforms, which are lactose-fermenting gram-
negative rods. Following infection, coliforms increase rapidly within milk, and can cause
systemic reactions such as fever or shock. Due to the marked inflammatory response, clinical
mastitis is most directly related to the primary research discussed later in this thesis, which
focuses on the role of small molecule compounds as potent inhibitors of bovine mammary

inflammation.

Bacterial Invasion and Mastitis

Akers and Nickerson (2011) offer a comprehensive review of bacterial invasion, the
establishment of infection, and the detrimental effects of inflammation within epithelial tissue.
Mastitis is not spontaneous inflammation of tissue, but a response to foreign invasion. Bacteria
infect the teat of a lactating animal and soon infiltrate milk-producing tissues. Once at the
mammary epithelium, these invading microorganisms adhere to tissues so that routine flushing

via milking does not remove bacterial agents from the udder (2011). Over 100 pathogenic



species known to cause mastitis have been identified. However, Streptococcus agalactiae, S.
aureus, and Escherichia coli are the most common pathogens, and have well-developed
strategies to avoid expulsion.

S. agalactiae and S. aureus efficiently adhere to tissue lining, while E. coli multiply
quickly and avoid areas of frequent flushing (Akers & Nickerson, 2011). The infection is
established when the bacteria interact with milk leukocytes. Macrophages, large phagocytic
leukocytes, are activated in the presence of bacteria. By stimulating chemoattractants,
macrophages cause polymorphonuclear neutrophil leukocytes (PMNs) to migrate from the
vasculature to infected tissues. The accumulation of these white blood cells results in activation
of the inflammatory response, which is initiated by pro-inflammatory molecules such as
interferons, interleukins, and tumor necrosis factor (TNF o) (Akers & Nickerson, 2011). These
pro-inflammatory proteins will be discussed in detail later on.

Mastitis is a debilitating disease that impacts structure and function of mammary gland
tissue in cows. Infection can result in the physical obstruction of the udder teat (Akers &
Nickerson, 2011). Mammary alveolar epithelial cells within mammary cells are highly
differentiated cells that function in milk production. These cells convert (i.e. differentiate) from
non-secreting to secreting (i.e. lactogenesis) cells to produce milk (Akers & Nickerson, 2011;
Rinaldi et al., 2012; Zhao & Lacasse, 2008). However, the tradeoff for this differentiation is that
mammary epithelial cells are not as adaptable to inflammatory stress. Current research has
evolved from the animal level to the cellular level to better understand mechanisms that drive
mastitis, particularly in these mammary alveolar epithelial cells. My research investigates the
role of small molecule histone deacetylases (HDACS) and their role in inhibiting inflammation of

these mammary cells, specifically through phosphate-dependent regulation of c-Jun N-terminal



kinases (JNK) signaling, which will be further discussed in a later section.

Mammary Alveolar (MAC-T) Cells

Immortalized mammary epithelial cell lines have been developed to examine molecular
and cellular changes that drive bovine mastitis. Specifically, mammary alveolar (MAC-T) cells
have been developed as a unique and qualified line to mechanistically examine mammary
epithelial cell inflammation. In 1991, Huynh, Robitaille, and Turner developed a clonal cell line
from primary isolations of bovine mammary epithelial cells labeled MAC-T’s. MAC-T cells
provide a cost advantage to primary isolations. In addition, this cell line express a- and [3-casein
proteins necessary for milk production. It should be noted that other cell lines exist, such as the
COMMA-D cell line. However, MAC-T cells afford attributes that significantly outweigh the
use of COMMA-D cells. For example, MAC-T cells double in population size every 17 hours,
while COMMA-D cells take 50 to 80 hours to do the same (Deugnier et al., 2006). While both
cell lines continue to generate past passage six, MAC-T cells have been shown to thrive through
passage 350 (Huynh et al., 1991). In addition, the ability of the MAC-T cell line to secrete both
a- and B-casein under lactogenic conditions is impressive considering only 10 to 20% of
COMMA-D cells can synthesize casein. Lastly, transcriptomic (e.g. gene expression)
comparisons between MAC-T cells and primary isolations of lactating and non-lactating bovine
mammary epithelial cells revealed genotype similarity. Hosseini et al. (2013) determined that
MAC-T cells were a suitable substitute to primary cell isolations for in vitro experiments.
Because of these findings, we and other investigators have chosen this cell line to better
understand molecular mechanisms that drive bovine mastitis. From these studies, two major
signaling cascades have emerged as key regulators of inflammation; mitogen-activated protein

kinases (MAPKSs) and the nuclear factor kappa B (NF-KB) pathway. As our research focus for



this thesis topic examines MAPK activation, NF-KB will not be discussed in this review.

MAPK Pathway

Mitogen-activated protein kinases (MAPKS) represent one of the most ancient and
universal signaling transduction pathways (Widmann et al., 1999) that link extracellular signals
to intracellular responses (e.g. gene expression) to regulate diverse biological functions
(Cargnello & Roux, 2011). There are over twelve MAPK enzymes that regulate cell
proliferation, differentiation, motility, and survival (2011). The “typical’ MAPKSs include
extracellular signal-regulated kinases 1 and 2 (ERK1/2), c-Jun N-terminal kinases 1, 2 & 3
(JNK1,2 & 3) and p38 (a, B, v, and 8). Activation of MAPKS is regulated by a cascade of
phosphorylation events mediated by sequential and concerted activation from upstream kinases
in which the MAPK is phosphorylated by upstream MAPK kinases (MAP2KSs), which are
phosphorylated by MAPK kinase kinases (MAP3KS) in response to diverse external stimuli. It is
well recognized that phosphorylation of MAPKSs on both the threonine and tyrosine residues of
(T-X-Y) motif within the activation loop by upstream MAP2Ks is essential and sufficient for
MAPK activation (Pearson et al., 2001; Cargnello & Roux, 2011) (Fig.1.1). MAPKS are
classified as Serine/Threonine (S/T) kinases that can phosphorylate multiple cytosolic and
nuclear substrates on S/T residues. Of these, c-Jun, GATA binding protein 4 (GATA4) and
MAPK-activated protein kinases (MAPKAPKS) (2011) are a subset of downstream targets
activated by MAPK-dependent phosphorylation (2011). These proteins regulate a diverse set of
cellular functions that include nucleosome regulation, gene expression, mRNA stability and

translation and cell proliferation as well as antagonizing actions such as cellular apoptosis or



survival dependent on signaling magnitude, duration and localization of MAPK activity

(Cargnello & Roux, 2011).
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Figure 1.1 MAPK Signaling Cascade

JNK Pathway

Initially known as stress-activated protein kinase [SAPK], the first c-Jun N terminal
kinase (JNK) family member identified was a cycloheximide-activated MAP-2 kinase that was
pulled down in association with (i.e. bound to) the c-Jun transcription factor (Hibi et al., 1993,
Kyriakis & Avruch, 1990). Similar to ERK, JNK phosphorylation at the TxY motif increased
following stress stimuli (Kyriakis & Avruch, 1996; Kyriakis et al., 1991). There are three known
JNK isoforms, JINK1, 2 & 3, which are more than 85% homologous and are encoded by three
distinct genes (Cargnello & Roux, 2011). JNK1 and JNK2 are ubiquitously expressed, whereas

JNK3 is localized in neuronal tissues, testis, and cardiac myocytes (Bode & Dong, 2007).
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JNK isoforms are activated in response to stress that includes heat shock, ionizing
radiation, oxidative damage, DNA-damage, starvation and inflammation (Bogoyevitch et al.,
2010). However, JNK can also, albeit to a weaker extent, be activated in response to growth
factors, serum, and G-protein coupled receptor stimulation (GPCR). Activation of JNK by these
external cues elicits both cytosolic and nuclear protein function within the cell that can drive for
instance inflammatory gene expression. In response to inflammation, JNK activation has been
shown to exacerbate the inflammatory response by promoting expression of pro-inflammatory
cytokines such as tumor necrosis factor oo (TNFa); TNFa in turn binds TNFa receptors (TNFR)
on the plasma membrane of mammary epithelial cells and activates JNK phosphorylation

creating a vicious inflammatory cycle (Kyriakis et al., 2001).

Tumor Necrosis Factor a (TNFa)

Pro-inflammatory cytokines are signaling molecules released from immune cells such as
helper-T cells and macrophages. These cytokines include interleukins and TNFa. Pro-
inflammatory cytokines play an important role in mediating innate immune responses; generally,
cytokines upregulate inflammatory responses. Specifically, TNFa is one of the first cytokines
released during coliform mastitis, an acute and severe clinical form of mastitis (Piotrowska-
Tomalaetal., 2015). TNFa is able to induce fever and apoptotic cell death, and has been
proven to play a role in bovine mastitis (Piotrowska-Tomala et al., 2015).

Analysis of TNFa levels following Escherichia coli endotoxin exposure has helped
researchers further understand severe clinical mastitis. In a study conducted in 2000, blood and
milk samples from six cows were exposed to endotoxin and six were exposed to E. coli. Though

TNFa increased in both resulting in mastitis, levels were higher in samples infused with E. coli
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(Hoeben et al, 2000. A similar examination of cytokine kinetics in milk conducted by Waller et
al. (2003) showed that TNFa levels in milk, afferent lymph, and efferent lymph steadily
increased following intramammary infusion of endotoxin from E. coli. TNFa results for these
experiments indicated that endotoxin is not directly responsible for systemic changes seen in
coliform mastitis. While the innate immune response adapted to counteract infection as shown
by these studies in which TNFa increased to destroy infectious pathogens, chronic inflammation
as seen with bovine mastitis can be disruptive to milk production and overall cattle health. As
such, investigators have been elucidating treatment options to ameliorate deleterious actions of
bovine mammary inflammation. One such class of compounds, known as small molecule histone
deacetylase inhibitors (HDACI), has gained widespread interest in human health and disease, as
these drugs appear beneficial for the treatment of inflammation, heart failure, cancer and
rheumatoid arthritis (Angiolli et al., 2017; Cavasin et al., 2012; Ferguson et al., 2013; McKinsey,

2011).

Histone deacetylases (HDACS)

Histone deacetylases (HDACs) are a group of enzymes responsible for removing acetyl
groups from g-amino groups of lysine residues on histone tails of nucleosomal DNA, thus
changing the electrostatic environment in a manner that promotes chromatin condensation.
Chromatin condensation restricts DNA accessibility and therefore limits transcription factor
binding leading to gene repression (de Ruijter et al., 2003). Eighteen HDACs are encoded by
distinct genes and grouped into four classes: class | (HDACs 1, 2, 3 and 8), Ila (HDACs 4, 5, 7
and 9), I1b (HDACs 6 and 10) and IV (HDAC 11) HDACSs require zinc for catalysis, whereas

class Il HDACSs (SirT1-7), also known as sirtuins, require nicotinamide adenine dinucleotide
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(NAD") for catalytic activity (1, 2) (Fig.1.2). Of these, Class | (HDACs 1, 2, 3, and 8), which are
most closely related to the yeast (Saccharomyces cerevisiae) transcriptional regulator RPD3, are
thought to promote pathology and inflammation (Angiolli et al., 2017; Bradner et al., 2010).
Class I HDACs consist of HDACs 1, 2, and 3 which are predominantly found in the cell nucleus,
whereas HDAC 8 is found in both the nucleus and cytosol. HDACs 1 and 2 are highly
conserved and redundant, where for instance, HDAC1 can also regulate HDAC2-dependent
functions within the cell. HDAC 3 is most closely related to HDACS, and only related to
HDACSs 1 and 2 by 68% sequence homology (de Ruijter et al., 2003).

All class | HDACs have a nuclear localization signal (NLS), but HDAC3 also has a
nuclear export signal (NES) to function with HDACS working outside of the nucleus. The
presence of both an NLS and NES in HDAC3 indicates a possibility that it works both in the
nucleus and cytoplasm, further distinguishing it from HDAC1 and 2 (de Ruijter et al., 2003).
HDACS is most closely related to HDAC3 and is comprised of the catalytic domain with an NLS

in the center (2003). HDACS is the least well-known of all the class | HDACs.

HDAC Inhibitors

As mentioned above, HDAC dysfunction is associated with pathophysiology that
includes cancer, neurodegeneration and inflammation. As such, academic labs and the
pharmaceutical industry have pushed the development of novel small molecule HDAC inhibitors

(HDACI), particularly since FDA approval of vorinostat (Zolinza) in 2006 for the treatment of
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cutaneous T cell lymphoma (Breslow & Marks, 2007). More recently, medicinal chemistry
efforts have led to the identification of compounds that selectively inhibit class and isoform-

specific HDACs.
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HDAC inhibitors typically possess a stereotypical three-part structure that consists of a
zinc-binding group, a linker and a surface recognition domain. The zinc-binding ‘warhead’ group
docks in the catalytic active site of the HDAC whereas the surface recognition domain interacts
with residues near the active site entrance (McKinsey, 2011). This three-part structure is present
in the four chemical categories: hydroxamic acids, short-chain fatty acids, cyclic tetrapeptides
and benzamides. However, relative potencies and selectivity profiles differ between and within
these classes (Bradner et al., 2010). Hydroxamic acids, for instance, possess stron zinc-chelating
properties and are therefore potent (low nanomolar) broad-spectrum HDAC inhibitors, whereas
the short chain fatty acids are weak (millimolar) HDAC inhibitors. Benzamide and cyclic peptide
HDAC inhibitors are generally selective for class | HDACs (HDACs 1, 2&3), while short chain
fatty acids have modest selectivity for class | HDACs (McKinsey et al., 2011). In addition, aryl
substitutions of the zinc-binding ‘warhead’ group on benzamides produce highly selective
HDAC 1 and HDAC?2 inhibitors (Methot et al., 2008; Wilson et al. 2008), whereas other
benzamide scaffolds have been shown to selectively inhibit HDAC3 (Chen et al., 2009). Finally,
HDACSG6/class I1b selective inhibitors such as tubacin and tubastatin A have recently emerged

(Butler et al., 2010; Haggarty et al., 2003).

HDAC Inhibitors, MAPKSs, Inflammation and Mastitis

As mentioned above, HDACs removal acetyl marks from nucleosomal DNA and thus
globally regulate gene repression. However, this description represents a simplified view of
HDACSs, as HDAC inhibitor therapy has impacted diverse pathophysiological processes via
multiple mechanisms (Hull et al., 2016). Indeed, HDAC inhibitor therapy has been studied for its
utility in treating many chronic inflammatory diseases including cancer, heart disease and

diabetes (Hull et al., 2016). While many of these actions represent epigenetic regulation of
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inflammatory gene expression (Hull et al., 2016), others have demonstrated that HDAC inhibitor
therapy can also attenuate inflammatory signaling cascades such as the MAPKs (Ferguson et al.,

2013). Because of these findings, we propose the following working model that will be tested in
this Honor’s Thesis, in which HDAC inhibitors block bovine mammary cell mastitis via

mechanisms involving inhibition of MAPK signaling (Fig.1.3).

. N
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Figure 1.3. Working model of HDAC inhibitor-mediated suppression of MAPK

phosphorylation and inflammatory gene expression.
\- J/

Moving Forward

Mastitis has been well studied by leaders of both the dairy industry and immunology. In

1961 the National Mastitis Council was founded to “reduce mastitis and enhance milk quality,”
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(NMC, 2016). In over seventy years since its founding, this not-for profit organization has
gained 1,500 members with over forty participating countries. Not only does the Council
promote research, but they publish the latest data on mastitis for both prevention and treatment.
Because of the Council and similar foundations, global control programs are being made to
ensure hygiene, enhance milk, and encourage awareness.

Currently, prevention remains the ideal way to eradicate mastitis. However, if
transmission of bacteria cannot be avoided, therapeutic techniques may serve as the solution.
For now, mastitis remains the most costly and common disease in dairy cattle, but continued
investigation such as HDAC inhibitors as efficacious therapy for the treatment of bovine
mammary gland inflammation are certainly prudent. The work discussed in this thesis aimed to
answer the question of whether HDACs regulated inflammatory gene expression within bovine
mammary cells and, if so, could inhibition of these HDACSs prevent mammary cell inflammation
through a known signal transduction pathway. My findings confirm that, indeed, inhibition of
class  HDACs block TNFa-induced mammary cell inflammation, in part, by suppression of c-

Jun N-terminal kinase (JNK) signaling, which will be discussed further in the following chapters.
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Chapter 2- HDAC1/2-Mediated Regulation of JINK Phosphorylation and Inflammation In
Bovine Mammary Epithelial Cells
Introduction

Approximately seventy prevalent diseases affect dairy cattle; mastitis is the most
common. Bovine mastitis is linked to significant economic loss among U.S. dairy farmers with
annual estimates of 2 billion dollars; this loss occurs despite current prevention and antibiotic
treatment strategies, highlighting the need for better therapeutics. Mastitis is an inflammatory
reaction characterized by tissue damage to the milk-producing glands in the udder. Tissue
damage is typically initiated by bacterial infection (e.g. streptococci or gram-negative bacteria),
followed by neutrophil and macrophage infiltration of the mammary glands that ultimately
results in activation of the innate immune response (Zhao & Lacasse, 2008). Interactions or
cross-talk between resident and recruited immune cells with mammary epithelial cells regulates
immediate immune defense against infection, in part by expression and secretion of cytokines
such as tumor necrosis factor a (TNFa) (Rinaldi et al., 2010).

Bovine mammary epithelial cells are milk producing cells that represent the first line of
defense against infection (Rinaldi et al., 2010; Strandberg et al., 2005). It has been suggested that
TNFa secretion by fibroblasts within the mammary stroma signals epithelial cells to recruit
neutrophils and macrophages to the alveoli and promote inflammation (Chen et al., 2016).
Inflammatory effects of TNFa within mammary epithelial cells are mediated through mitogen-
activated protein kinase (MAPK) signaling pathways that involve c-Jun N-terminal kinase (JNK)
and p38. Nuclear activation of JNK and p38 has been shown to stimulate release of
chemoattractant proteins that trigger migration of immune cells from the blood to the mammary
glands (Zhao et al., 2008). Collectively, immune migration and epithelial cell inflammation

contribute to tissue damage during mastitis.
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Small molecule inhibitors of histone deacetylases (HDACS) have been shown efficacious
in various inflammatory models including pulmonary hypertension and rheumatoid arthritis
(Angiolli et al., 2016; Cavasin et al., 2012; Stenmark et al., 2012; Zhao et al., 2012). Moreover,
our publications have demonstrated that HDAC inhibitors attenuate signaling of the MAP kinase,
extracellular-signal regulated kinase (ERK) in cardiac cells under pathological conditions
(Williams et al., 2014; Ferguson et al., 2013). HDACs catalyze the removal of acetyl groups
from lysine residues in a variety of proteins and have been grouped into four distinct classes:
class | HDAC:s (1, 2, 3 &amp;8), class Il HDACs (4, 5, 6, 7, 9 &amp; 10), class 11l HDACs
(Sirt1-7) and class IV HDACs (11) (10). Class I, 1l and IV HDACSs require zinc for catalytic
activity, while class Il HDACs are nicotinamide adenine dinucleotide (NAD +)-dependent.
Inhibition of zinc-dependent HDACs blocks inflammation (Williams et al., 2014); yet the role
for specific HDAC isoforms in the control of inflammation and the mechanism(s) by which
HDACSs block inflammation remain unclear.

Mammary alveolar cells (MAC-T) have been used to study molecular mechanisms that
underlie bovine mammary inflammation (Chen et al., 2016; Fournel et al., 2008; Huynh et al.,
1991; Rinaldi et al., 2010; Strandberg et al., 2005). Using MAC-T cells, we demonstrate that
inhibition of class I HDACs blocks mammary epithelial cell inflammation. Specifically, we show
that inhibition of class | HDACs, HDACs 1 and 2 blocks JNK phosphorylation and that
inhibition of JNK contributes to suppression of inflammatory gene expression in mammary

epithelial cells in response to TNFa signaling.

Materials and Methods

Cells and Cell Culture
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MAC-T cells were used for all experiments (<12 passages). MAC-T cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM; Caisson Labs), containing 10 % fetal bovine
serum (FBS; Atlanta Biologicals), 10 pg/ ml insulin (Sigma-Aldrich), 100 1U/ml penicillin, and
100 pg/ml streptomycin (Caisson Labs) at 37 °C in 5% CO2. MAC-T cells were cultured under
basal conditions. At 80% confluence, MAC-T cells were pre-treated for 24 hours with HDAC
inhibitors as indicated: Trichostatin A (TSA; Sigma #T8552), MCCD0103 (MGCD;
Selleckchem #S1122), Apicidin (Api; Enzo Life Sciences #BML-GR340), Romidepsin
(HDAC1/2i; Selleckchem #S3020), RGFP966 (HDACS3i; Selleckchem #57229), RG2833
(HDAC1/3i; Selleckchem #S7292), Diphenylacetohydroxamic acid (DPAH; Sigma #D6071),
Tubastatin A (TubA; Selleckchem #58049) prior to stimulation with tumor necrosis factor a

(TNFa; Invitrogen #PMC3014).

HDAC Activity Assays

HDAC activity assays were performed as previously described (Lemon et al., 2011). MAC-
T cells were lysed in PBS (pH 7.4) containing 0.5% Triton X-100, 300 mM NaCl and
protease/phosphatase inhibitor cocktail (Thermo Fisher). Cell lysate was clarified by
centrifugation prior to determination of protein concentration via BCA Protein Assay Kit (Pierce).
Protein lysate (15 pg protein/well) was diluted into PBS buffer (100 ul/well) in a 96-well plate.
Vehicle (DMSO) or HDAC inhibitors, TSA, Apicidin and MGCDO0103 was added to cell lysate
and incubated at 37 °C for 2 hrs. Class-specific HDAC substrates were then added (5 pl of 1 mM
stock solution), and plates returned to the 37 °C incubator for 2 hrs. Developer/stop solution was
added (50 ul per well of PBS with 1.5% Triton X-100, 3 uM TSA, and 0.75 mg/ml trypsin) and

plates incubated at 37 °C for 20 min. Subsequent to deacylation, trypsin is used to release AMC,
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resulting in increased fluorescence. AMC fluorescence was measured via BioTek Synergy?2 plate
reader, with excitation and emission filters of 360 nm and 460 nm, respectively. GraphPad Prism

used to calculate statistical significance (p<0.05) as assessed via ANOVA with Tukey’s Post hoc.

Immunoblotting

Cells were treated as indicated in Cells and Cell Culture, and cell lysate collected in lysis
buffer (PBS, 300 mM NacCl, 0.5% Triton-X, pH 7.4) containing protease and phosphatase
inhibitors (HALT™, Thermo Scientific). Cells were then sonicated prior to clarification by
centrifugation (at 16,000 x g for 5 min). Protein concentration was measured via BCA Assay Kit
(Pierce) and proteins resolved by SDS-polyacrylamide gel electrophoresis (PAGE), transferred
to nitrocellulose membranes (BioRad) and probed with antibodies for phospho-JNK (Cell
Signaling Technology; 4668), phospho-p38 (Cell Signaling Technology; 4511), total INK (Santa
Cruz Biotechnology; sc-571), or total p38 (Santa Cruz Biotechnology; sc-7149). Horseradish
Peroxidase (HRP)-conjugated secondary antibodies (Southern Biotech) were used at a
concentration of 1:2000. SuperSignal West Pico chemiluminescence system (Thermo Scientific)

and a ChemiDoc XRS+ imager (BioRad) were used to detect protein.

Real time quantitative PCR

To assess pro-inflammatory gene expression, expression of a panel of 83 genes was
analyzed using a quantitative polymerase chain reaction (QPCR) array (Qiagen; PABT-011ZA).
MAC-T cells were pretreated with vehicle, MGCD, or SP600125 (JNKi) prior to stimulation
with TNFa (300 pM) or vehicle (distilled H20O). Following TNFa (1h post) treatment, total RNA

was harvested using TRI Reagent (Life Technologies). RNA samples were diluted to 100 ng/uL



21

(500 ng) and then converted to cDNA using the RT? First Strand cDNA Synthesis Kit (Qiagen;
330401). SABioscence RT? Profiler Cow Inflammatory Cytokines & Receptors PCR Array
(Qiagen; PABT-011ZA) was used to complete the PCR array analysis. PCR array data was
verified with quantitative PCR (qPCR); biological triplicates were used for each treatment. For
gPCR, 500 ng of RNA was converted to cDNA via the Verso cDNA Synthesis Kit (Thermo
Scientific; AB-1453) and gPCR performed using Apex qPCR GREEN Master mix (Genesee
Scientific; 42-120) on a BioRad CF96X qPCR instrument (BioRad). PCR primers for chemokine
(C-C motif) ligand 26 (CCL26). (Fwd: gtt cct gac aag aca gag gaa t) and (Rev: ccg aga tcg aca
ctc aag ata ag), colony stimulating factor 2 (CSF2), (Fwd: ct acc cac aaa gag cca aa) and (Rev:
tca aca tgg ccc tga aca a), tumor necrosis factor a (TNFa) (Fwd: gcc aac tee cte tgt tta tgt) and
(Rev: gac acc ttg acc tcc tga ata a) and 18S ribosomal RNA (Fwd: gcc gct aga ggt gaa att ctt a)
and (Rev: ctt tcg ctc tgg tcc gtc tt) were designed using Integrated DNA Technologies (IDT)

Primer Quest Tool.

Statistical analyses
Statistical analysis was completed by ANOVA followed by Tukey’s post-hoc analysis unless
otherwise noted using GraphPad Prism software. Statistical significance (defined as p<0.05) is

reported as applicable.

Results
TNFa-induced phosphorylation of JNK and p38 in MAC-T cells.
Dose-response curves and time course experiments were initially designed to elucidate

TNFa-mediated induction of JNK and p38 signaling (i.e. phosphorylation) in MAC-T cells.



22

Phosphorylation of JNK and p38 was assessed via immunoblotting with phospho-specific
antibodies that recognize JNK and p38 when bisphosphorylated on the constitutive threonine-
X-tyrosine (T-X-Y) motif that is known to be essential and sufficient for catalytic activity
(Torres & Forman, 2003). At 80% confluence, MAC-T cells were stimulated with increasing
concentrations of TNFa for 15 minutes, prior to immunoblot analysis for phosphorylated and
total JINK and p38. Immunoblot analysis demonstrated dose-dependent increases in JNK and
p38 phosphorylation, with 300 pM TNFa identified for further analysis (Fig.2.1A). Time
course experiments were next designed to elucidate peak activation (i.e. phosphorylation) of
JNK and p38 in response to 300 pM TNFa. JNK and p38 phosphorylation was robust and
transient with peak activation observed at 15 minutes post-TNFa stimulation (Fig.2.1B).
Based on these data, MAC-T cells were lysed 15 minutes post-TNFa (300 pM) stimulation for

studies outlined below.

Class | HDAC inhibitors attenuate TNFa-mediated JNK phosphorylation.

Small molecule HDAC inhibitors have recently been shown to cross-talk/regulate
phosphorylation cascades including that of the MAPKSs (Barter et al., 2010; Ferguson et al.,
2013; Williams et al., 2014). Thus, we postulated that inhibition of HDACs would block
phosphorylation of the stress-activated protein kinases, JNK and p38. JNK and p38
phosphorylation increased in MAC-T cells stimulated for 15 min with 300 pM TNFa;
phosphorylation of JNK not p38 was attenuated with broad spectrum HDAC inhibition via
trichostatin A (TSA) (Fig. 2.2A & B). TSA acts as a ‘pan’ HDAC inhibitor to target class |

and 1l HDACs (Supplemental Fig.1). As such, we treated MAC-T cells with class selective
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Figure 2.1 Increased MAPK phosphorylation in MAC-T cells in response to
TNFa. MAC-T cells under basal (10% FBS, 10 mg/ml insulin) conditions were A)
stimulated with increasing doses of TNFa and cell lysates harvested at 15 min
post-TNFa stimulation. Phospho-JNK and phospho-p38 as well as total-JNK, and
p38 were examined by immunoblotting. B) MAC-T cells were stimulated with
TNFa (300 pM). Cell lysates were collected over time post-TNFa and
immunoblotted for phospho-JNK, phospho-p38 as well as total-JNK and p38.

- 4
HDAC inhibitors; MGCD0103 (MGCD; Class | HDACI), Diphenylacetohydroxamic acid

(DPAH; Class lla HDACI) and Tubastatin A (TubA; Class Ilb HDACI) for 24 hours prior to
TNFa stimulation. JNK and p38 phosphorylation increased with TNFa stimulation. JNK but
not p38 phosphorylation was completely blocked with the class | selective HDAC inhibitor
MGCD (Fig. 2.2C & D). As pharmacological inhibitors can have off target effects, we next
examined JNK phosphorylation in MAC-T cells treated with two independent class | selective
HDAC inhibitors, MGCD and apicidin (Api; class | HDACI) (Fig.2.3). As expected, MGCD
and apicidin completely blocked TNFa-stimulated JNK phosphorylation. No inhibition of p38
phosphorylation was observed (Fig.2.2E & F). In addition, there were no changes in total INK
protein expression, suggesting the class | HDACs regulate either the phosphorylation or

dephosphorylation of INK.
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Figure 2.2. Class | HDACs regulate JNK phosphorylation in MAC-T cells in response to TNFq.
MAC-T cells under basal (10% FBS, 10 mg/ml insulin) conditions were A) treated with trichostatin A
(TSA) for 24 hrs pricr to stimulation with TNFa (300pM). Cell lysates were harvested at 15 min post-
TNFa stimulation and immunoblotted for phospho-JNK, phospho-p38, total-JNK and p38. B)
Quantifiaction of results were examined. C) MAC-T cells were treated with class selective HDAC
inhibitors MGCDO0103 (MGCD; class 1), DPAH (Class lla) and Tubastating A (TubA; class Ilb) prior to
stimulation with TNFa. (300 pM). Cell lysates were collected15 min post-TNFo and immunoblotted for
phospho-JNK, phospho-p38 as well as total-JNK and p38. D) Data were quantified. E) MAC-T cells
were treated with class | selective HDAC inhibitors MGCD and apicidin (Api) 24 hrs prior to TNFa
stimulation. Cells were harvested and immunoblotted as above. F) Data were quantified.
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Figure 2.3. Small Molecule HDAC inhibitors inhibit Class | HDAC activity in MAC-T cells. Protein was harvested from MAC-T cells
treated with basal (10% FBS, 10 mg/ml insulin) media. Protein lysate (30 pg) was subsequently incubated with vehicle (DMSO), TSA (200
nM), MGCD (1 uM), and apicidin (1 uM) for 2 hrs prior to addition of class-specific HDAC substrates. Developer solution was added for an
additional 20 minutes and fluorescent activity measured via BioTek plate reader. One-way ANOVA with Dunnett’s post-hoc analysis was

\used to assess statistical significance when p<0.05. )

HDACs 1 and 2 regulate JNK phosphorylation in TNFo-stimulated MAC-T cells.

Data above demonstrate that class I HDACs regulate TNFa-mediated JNK-signaling in
MAC-T cells, yet the HDAC isoform(s) responsible remain unknown. To address this question,
MAC-T cells were pretreated for 24 hrs with the class | HDACI apicidin or isoform-selective
HDAC inhibitors Romidepsin (Rom; HDAC1/2i), RGFP966 (RGFP; HDACS3i) or Rom and
RGFP in combination prior to TNFa stimulation. It should be noted that MGCDO0103 does not
target HDACS for inhibition (Fournel et al., 2008), as such inhibitors for HDACS8 were not used
in these studies. TNFa-mediated phosphorylation of JINK was completely blocked by the class |
HDAC inhibitor (Api) and HDAC1 & 2 inhibitor (Rom) but not the HDAC3 inhibitor (RGFP)
(Fig.2.4A). Again, p38 phosphorylation remain unchanged and no inhibition was observed for
total INK protein expression. Additional pharmacological tools were used to distinguish HDAC1
or HDAC2-specific actions on JNK signaling. For these studies, MAC-T cells were pretreated
for 24 hrs with Romidepsin (Rom; HDAC1/2i), RG2833 (RG; HDAC1/3i), or RGFP966 (RGFP;
HDACS31) prior to TNFa stimulation. Again, inhibition of HDACs 1 & 2 (Rom) reduced TNFa-
induced JNK phosphorylation to basal (i.e. unstimulated) levels (Fig. 2.4B). However, inhibition
of HDACs 1& 3 (RG) in combination or HDAC3 alone was not sufficient to attenuate JINK

signaling in response to TNFa (Fig.2.3B), suggesting that HDAC2 or HDAC1 and 2 in
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combination are needed for JNK phosphorylation.
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Figure 2.4. HDACs 1 and 2 regulate JNK phosphorylation in MAC-T cells in response to TNFa.
MAC-T cells under basal (10% FBS, 10 mg/ml insulin) conditions were A) treated with vehicle (DMSQ),
apicidin (1 uM), Romidepsin (Rom; 1 uM), RGFP966 (RGFP; 1 uM), cr a combination of Rom + RGFP
for 24 hrs prior to stimulation with TNFo. (300pM). Cell lysates were harvested at 15 min post-TNFa
stimulation and immunoblotted for phospho-JNK, phospho-p38, total-JNK and p38. B) MAC-T cells
were treated with vehicle (DMSO), Romidepsin (Rom; 1 uM), RG2833 (RG; 1 uM) or RGFP966
(RGFP; 1 uM) for 24 hrs prior to stimulation with TNFc (300 pM). Cell lysates were collected 15 min
post-TNFa and immunoblotted for phospho-JNK, phospho-p38 as well as total-JNK and p38.

- J

Class | HDACs regulate JNK-dependent inflammation in MAC-T cells.

Small molecule inhibitors of HDACs have previously been shown to block inflammation
(Williams et al., 2014). We postulated that class | selective HDAC inhibitors would block
TNFa-induced inflammatory gene expression and that this inhibition would be mediated in part
via JNK phosphorylation. To test this postulate, MAC-T cells were pretreated with MGCD for
24 hrs or the JNK inhibitor (SP600125) for 1hr prior to TNFa stimulation. RNA was harvested
1hr post-TNFa stimulation and PCR arrays used to assess bovine inflammatory gene expression.
PCR array analysis confirmed that TNFa increased inflammatory gene expression in MAC-T
cells (Fig.4A). Moreover, inhibition of class | HDACs or JNK phosphorylation attenuated
expression of many TNFa-induced inflammatory genes (Fig.2.5A). Quantitative PCR (qPCR)
validation confirmed our PCR array results in which TNFa-induced expression of c-c motif

chemokine ligand 26 (CCL26) and granulocyte-macrophage colony-stimulating factor 2 (CSF2)
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Figure 2.5. Class | HDACs regulate MAC-T inflammatory gene expression, dependent and
independent of JNK signaling in response to TNFa. MAC-T cells under basal (10% FBS, 10 mg/m|
insulin) conditions were treated with the class | selective HDAC inhibitor MGCD for 24 hrs or the JNK
inhibitor SP600125 for 30 min prior to stimulation with TNFa (300 pM) and RNA isolated at 1hr post-TNFo.
stimulation. A) A guantitative polymerase chain reaction (QPCR) array was used to examine inflammaotry
gene expression. B) Real-time qPCR was used to validate CCL2, CSF2 and TNFo gene expression from
mRNA identified in the array. Statisitical significance was set at p<0.05 and assessed via ANOVA with
Tukey'’s post-hoc.
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were significantly blocked with class | HDAC inhibition or inhibition of JNK signaling by the
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JNK inhibitor SP600125 (Fig.2.5B). While these data demonstrate that class | selective HDAC
inhibitors block inflammation via INK-dependent phosphorylation, not all inflammatory genes
induced by TNFa were normalized with JNK inhibition (Fig.4A & B). Indeed, qPCR validation
demonstrated that TNFa-induced expression of TNFa mRNA was blocked by class | HDAC
inhibition but not JNK inhibition demonstrating class | HDACs regulate inflammation via JINK-

dependent and independent mechanisms.

Discussion of the Results

We present new findings that HDACs 1 and 2 regulate JNK signaling and bovine
mammary cell inflammation. Based on our findings, we propose a model in which inhibition of
HDACSs 1 and 2 ablate JNK phosphorylation in response to TNFa-mediated inflammation as
well as pro-inflammatory gene expression (Fig.2.6). These findings represent the first
demonstration in bovine mammary epithelial cells for the protective actions of zinc-dependent
HDAC inhibitors and highlight small molecule HDAC inhibitors as potential therapeutics for the
treatment of bovine mastitis.

Bovine mastitis is the most common and costly disease affecting dairy cattle worldwide
(Ruegg, 2005). It is often caused by bacterial infection or trauma that results in immune
activation, in which mammary epithelial cells secrete pro-inflammatory chemokines to recruit
immune cells such as neutrophils and macrophages to the mammary tissue (Akers & Nickerson,
2011, Piotrwoski et al., 2015) Immune cells respond by secreting pro-inflammatory molecules
like TNFa (Hueber et al., 2000). Circulating TNFa functions in macrophages to enhance
microbicidal capacity or its Killing activity for microorganisms such as bacteria (Hueber et al.,

2000). However, TNFa also functions to activate inflammatory expression within the mammary
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epithelium (Hueber et al., 2000). Indeed, we report that TNFa significantly increased expression
of pro-inflammatory genes within mammary epithelial cells. Combined, this
immune/inflammatory response is designed to rid the host of infection or remediate and repair
trauma to the mammary tissue.

A consequence of inflammation, however, is that mammary tissue is damaged resulting
in lost milk production. Thus, the dairy industry is interested in therapeutics that can prevent or
reduce bovine mastitis. HDAC inhibitors possess anti-inflammatory actions (Angiolli et al.,

2017; Bradner et al., 2010). Consistent with these reports, we demonstrate that treatment with
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HDAC inhibitors blocked pro-inflammatory gene expression in bovine mammary epithelial cells,
particularly with genes involved in immune cell recruitment to mammary tissue like CCL26
(Fig.2.4). These data would suggest that HDAC inhibitors can function to block mammary
epithelial cell inflammation as well as decrease recruitment of immune cells to mammary tissue,
thus attenuating mammary tissue damage and improving milk production

Intracellular signaling cascades link inflammatory external stimuli such as TNFa to
internal actions such as pro-inflammatory gene expression. The JNK signaling cascade has been
reported to link TNFa to cytosolic and nuclear events within many different cell types
(Bogoyevitch et al., 2010). HDACSs have recently been shown to regulate inflammatory signaling
cascades such as the MAPKSs, or which JNK is a member (Cargnello & Roux 2011). We report
that anti-inflammatory actions of small molecule HDAC inhibitors were in part mediated by
ablation of JNK phosphorylation. Our data demonstrate that HDACs 1 and 2 are necessary for
JNK activation in response to inflammation, in which inhibition of HDACs 1 and 2 ablated INK

signaling.

Conclusion

We report that inhibition of HDACs 1 and 2 ablate TNFa-activated JNK signaling and
mammary cell inflammation. Our data demonstrate the potential therapeutic application for class
I specific HDAC inhibitors in the treatment of bovine mastitis. However, future research into the
HDAC responsible for regulation of JNK and inflammation (i.e. HDAC 1 or HDAC?2) could help
guide more targeted therapy and limit off target drug effects when treating animals with bovine
mastitis. In addition, evidence demonstrates that HDACs work to regulate gene expression

(Angiolli et al., 2017), suggesting that HDAC inhibition potentially regulates ‘inducible’



phosphatases that act as feedback regulators for JNK dephosphorylation in response to HDAC
inhibitor therapy. Thus, future studies to determine the mechanistic actions for HDACs in the

regulation of INK will be of keen interest.
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Chapter 3- Epilogue

Seven months ago, Dr. Brad Ferguson and | first discussed what would become the main
question of my thesis- Are histone deacetylase (HDAC) inhibitors efficacious for the treatment
of bovine mastitis? Farmers, veterinarians and scientist continue to look for effective therapies
to treat bovine mastitis. Therefore, our lab established an in vitro inflammatory model to
delineate which HDAC(s) regulate c-Jun N-terminal kinase (JNK) signaling and inflammatory
gene expression in bovine mammary cells. Using pharmacological inhibitors, we report that
HDACSs 1 and 2 regulate bovine mammary cell inflammation via JINK signaling.

Collectively, our findings suggest potential therapeutic applications for HDAC inhibitors
in the treatment of bovine mastitis. | am hopeful that these data will be utilized to further treat
bovine mastitis, a common and costly disease in dairy cattle. However, additional research could
lead to better targeted therapies. If | were to personally continue our investigation, my next step
would be to determine which HDAC is responsible for regulation of JNK signaling. Our
findings have narrowed this role to HDACs 1 and 2 (Fig 2.3B). To further distinguish between
the two, | would perform genetic knockdown using short hairpin RNAs (ShRNA). shRNA are
artificial RNA molecules that can silence gene expression via RNA interference (Paddison et al.,
2002). HDAC 1 and HDAC 2 would be knocked down separately, and then in combination.
Previous findings from our lab demonstrate no change in JNK signaling by HDAC 1 alone. If
HDAC 2 is the sole regulator of JNK signaling, a decrease will be seen following knockdown of
HDAC 2. If this decrease in signaling is only visualized after both HDAC 1 and 2 knockdown,

then the findings would confirm that these two HDACs co-dependently regulate JINK signaling.
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Following this discovery, | would then turn my attention to mechanism. While effective
therapeutics would be a successful result of our research, a comprehensive understanding of the
involved steps would offer a better guide to future groups. The main objective here would be to
determine if HDAC inhibitors directly interact with JNK or indirectly manipulate inducible gene
expression of phosphatases. If findings suggest indirect interaction between the HDAC
inhibitors and phosphatases, the next step would be to elucidate which phosphatase(s) are
involved in the regulation of JNK signaling. An array screening for phosphatase expression
would identify “inducible” phosphatases, which would then be targeted for genetic knockdown.

If time and funding were plentiful, | would then elevate this investigation from in vitro to
in vivo. Mice would serve as my model organism. Their comparatively small size would allow
for resource conservation and closer observation. Using intraperitoneal injections with the
appropriate HDAC inhibitors, I would evaluate efficacy. If proven effective in a mouse model,
this technique can then be designed for use in bovine. Eventually, I hope my findings contribute
to lower incidence rates of bovine mastitis, which would benefit dairy cattle, farmers, and

consumers alike.
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