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Chapter I: Advancing Our Understanding of Type Il Diabetes Mellitus Metabolism via the Study

of Nuclear Corepressors

1.1: Type Il Diabetes Mellitus
1.1.1: Domestic and Global Healthcare Burden of T2DM

Over the last 60 years, the domestic prevalence of type Il diabetes mellitus (T2DM) has
increased by nearly an order of magnitude, with less than 1% of Americans diagnosed with
diabetes in 1958 compared to 9.4% in 2015°. However, the U.S. population has essentially
doubled during this periods, and thus, analyzing the expansion of diabetes using population
percentages underestimates the alarming acceleration of diagnoses; when considering absolute
statistics, the number of Americans living with T2DM has actually increased by nearly 2000%
during this period, from 1.58 million to 30.2 million individuals1'4. Currently, T2DM is the Yth
leading cause of death in the U.S.S, surpassing AIDS and breast cancer combinedG. This
translates to a financial burden of $327 billion in 2017, accounting for direct healthcare costs
(pharmacological treatment plans) and loss in workforce productivity7; in fact, this value is
conservative as it excludes the contribution of other substantial factors that cannot be directly
measured, including millions of undiagnosed individuals and the associated decrease in
workforce productivity and quality of life, the cost of prevention programs not considered under
standard medical costs, over-the-counter medications used to treat complications of T2DM,

impact on family members of the patient, and more . Despite its ranking for leading causes of



death in the U.S., the price tag of T2DM makes it the most expensive medical condition in
America8.

The explosion of T2DM has surpassed epidemic proportions, affecting global
populations more than ever before. The pandemic status of T2DM is reflected in a 2016 report
by the World Health Organization where, between the years 1980 and 2014, the number of
individuals living with T2DM increased from 108 million to 422 milliong; at the time this summary
was released, the direct global annual cost of T2DM was $827 billion™'°, though with the
increasing rate of diagnoses, this figure has likely surpassed $1 trillion today. Particularly
concerning is the vulnerability of specific global communities to T2DM, the susceptibility of
which is presumably attributed to genetics; while all ethnic groups have observed this
frightening expansion, African, and especially Eastern Mediterranean populations, have seen
unprecedented increases in prevalence of 4% and 7.8%, respectively, over the last 35 yearsg.
The problem of T2DM has become such that the world public health agenda is focusing
specifically on reducing the impact of T2DM via policies that promote healthy living habits (diet,
exercise, curbing use of tobacco/alcohol, etc.), with the ambitious aim of halting the rise in
obesity and diabetes by the year 2025°.

1.1.2: T2DM Pathophysiology

While T2DM can, in most cases, be prevented with proper diet and exercise practices,

nearly all diagnosed patients (with the rare exception of remissions resulting from bariatric

L 11 o . .
surgery) maintain lifelong T2DM status . The reason for this is because over time, sustained



diet-induced hyperglycemia elicits compensatory increases in insulin production, which in turn
causes insulin resistance. This can eventually become a runaway feedback loop, where
pancreatic beta cells, in an attempt to satisfy increasing systemic insulin demand, are stressed
to a tipping point and dysfunction en masse12’13. This leaves the individual in a complex,
insulin resistant state while also unable to endogenously produce appreciable amounts of
insulin; if left unmanaged, hyperglycemia, which has detrimental long-term impacts on all
tissuesm, becomes a serious health concern: retinopathy, amputations, kidney failure, and
eventually, premature death are all potential complications of T2Dl\/|15. Additionally, excess
body weight, an independent risk factor for T2DM, is observed in 90% of T2DM patiems16.
This common comorbidity is germane when discussing the pathology of diabetes, as the
inflammation associated with obesity serves to advance T2DM progression by further disrupting
insulin signaling and worsening insulin resistance17’18; the impact of inflammation will be
specifically addressed this later in this chapter. Clinically, it is important to note that once the
deteriorating metabolic profile progresses to an official diagnosis of T2DM, hyperglycemia no
longer depends solely on lifestyle choices, and becomes the default physiological state as a
function of a lack of insulin action. Unfortunately, because of the two arms that contribute to
T2DM pathology (lack of insulin production and insulin resistance), exogenous insulin alone
as a treatment option is not optimal, especially when excess insulin can act as an exacerbating
factor in disease state progression19. Therefore, policies focusing on prevention/early

intervention are extremely important when addressing the national and global crisis of T2DM.



1.1.3: Adipose Tissue Physiology

Metabolism is a complex process that occurs at all levels of physiology. As such,
homeostatic regulation is achieved through the coordinated activity of a variety of metabolically
critical tissues. For example, 70-90% of dietary sugars are stored as glycogen in skeletal

20 o . . o 21
muscle ~, regulated primarily by the translocation of GLUT4 upon insulin signaling™ ; in liver,
expression of AMPK suppresses glucose and lipid synthesis, while increasing fatty acid beta

.22 . . L

oxidation ; the central nervous system, too, plays a vital role in maintaining energy balance

through the brain’s connection to signaling in the pancreas, impact on feeding behavior, and
23,24 . . . .

more . Perhaps most influential, as far as the synchronization of local and systemic

metabolic signaling is concerned, is adipose tissue, which is now appreciated for its potent
. . . . 252627

autocrine, paracrine, and endocrine functions )

Adipose tissue comes in many different forms, which, depending on its metabolic
purpose and location, can exert drastically different effects on the system. For instance, brown
adipose tissue (BAT) behaves in a fundamentally different way than white adipose tissue (WAT),
both of which are distinct from metabolically intermediary beige or brite adipose tissue. Unlike
WAT, notorious for its direct role in obesity and excess lipid accumulation28, the primary
function of BAT is heat production through inefficient energy expenditure29; upon exposure to
cold, non-shivering thermogenesis is accomplished via expression of UCP1, which uncouples

the mitochondrial respiratory chain, allowing for the dissipation of chemical energy as heatSO.

While the metabolic dysfunction commonly associated with obesity lends WAT a poor image,



in addition to its lipid-storing properties, WAT actually expresses a diverse profile of adipokines
that play a critical role in the maintenance of homeostasis, influencing processes ranging from
energy utilization, vascularity, and even irn‘lammation“. Consider the balance between
adipocyte leptin, adiponectin, and MCP-1 signaling, none of which depend directly on the
other but are still informed by each’s cumulative downstream effects. While each factor assumes
a critical function in the maintenance of metabolic homeostasis, they exert their influence
through disparate pathways, and at varying proximities, underscoring the amalgamative and
regulatory role of adipocytes. Leptin, circulating levels of which correlate tightly with adiposity,
acts distally in the brain as a signal for satiety, serving to suppress non-hedonistic appetite
and promote lipolytic pathvvaysgz. On the other hand, adiponectin, displaying both endocrine
and autocrine function, sensitizes metabolic tissues like muscle, liver, and adipose tissue to
insulin while also promoting adipogenesis, exerting a primarily anabolic, rather than catabolic,
effect on the system33’34. The adipocyte must then coordinate its expression of these signals,
which fluctuate depending on the metabolic state, with secretion of chemoattractants like MCP-
1 that act in a paracrine fashion. MCP-1 is responsible for potentiating macrophage infiltration
in WAT35; in the context of obesity, the pro-inflammatory effect of macrophage infiltration can
oppose insulin sensitization via interference with insulin signaling at the level of the insulin
receptor36, while synergistically promoting Iipolysi537. This, combined with phagocytic
clearance of WAT free fatty acids (FFAs) from recruited macrophages, ameliorates the metabolic

consequences of adipocyte hypertrophy. When chronic, however, inflammation loses its



protective quality, subtracting from the regulatory capacities of adiponectin and leptin. In addition
to its own hormone production, WAT adipocytes present with a gamut of receptors, ranging
from those for catecholamines, vitamin D, estrogen, angiotensin I, and more%, demonstrating
the multifunctionality of adipose tissue, and the complex cross-talk it is involved in.

WAT may be further categorized by its distribution; subcutaneous, which lies just
beneath the skin, or visceral, which is situated within the visceral cavity, surrounding internal
organs. Beginning with the anatomical position, it becomes quickly evident that these two depot
types influence metabolism differently; unlike its subcutaneous counterpart, which has a
broader, systemic network of vasculature, blood from visceral WAT drains directly into the liver
via the portal vein, providing the liver with direct access to FFAs and inflammatory cytokines38
Further, the morphology of adipocytes within these depots vary; adipocytes present in visceral
depots are typically more saturated in lipids than those in subcutaneous ones38’39; this increase
in size promotes insulin resistance, hyperlipolysis, and a weakened avidity for triglyceride
storage compared to the smaller adipocytes generally associated with subcutaneous WATAO.
Because of the limited metabolic flexibility of adipocytes present in visceral WAT compared to
subcutaneous WAT, it is believed that visceral adiposity is generally unhealthier and more
susceptible to perturbations that give rise to the dysregulation characteristic of metabolic
syndrome. Not surprisingly, visceral adipose tissue from obese humans often display higher

41,42,43

levels of inflammation than that found subcutaneously - this is often attributed to increased

. L - .44
presence of macrophages, recruited to aid in the management of lipid saturation . However,



both WAT depot types participate in the recruitment of macrophages, the inflammatory signaling
from which has been shown to be a hallmark in the development of insulin resistance in
. 45
models of obesity and T2DM .
1.1.4: Obesity, T2DM, and Inflammation
In its broadest sense, inflammation is a protective, generalized response to tissue
malfunction, evolved to mitigate continued dysregulation by isolating the disruptive agent or
process and restoring homeostasi546. Depending on the trigger that initiates inflammation,
. . o . o . 46,47 48
which can range from microbial invasion to physical injury to metabolic dyssynchrony ,
the cascade of signaling events and downstream consequences that typify it can vary
drastically; inflammation may be acute or low grade, short-lived or chronic, mediated
exogenously (allergens, virulence factors, etc.) or endogenously (products of apoptosis,
crystallized inducers, etc.)48. For example, an acute inflammation response caused by bacterial
infection results in the production of a specialized set of mediators (vasoactive amines, among
many others) by resident macrophages that allow for increased blood flow to the area, which
in turn enables localization of neutrophils to release their toxic contents (reactive oxygen
. . . . 48,49 .
species, cathepsin G, etc.) in order to overcome the invader ;. the non-specific nature of
the neutrophil attack results in collateral damage to the host, and so a primary end focus of
. . o . . . . 4
this type of inflammation is that of tissue repair and the immunosuppressive response 9. The

events defining the subtler inflammation seen under metabolically stressful conditions, however,

are entirely different. For example, malfunctioning adipocytes in obese individuals secrete CC-



chemokine ligand 2, a macrophage recruitment factor, when presently resident-macrophages
fail to meet homeostatic demand49; while the increase in macrophage presence aids in the
host's ability to adapt to over-nutrition by enhancing lipid clearance and adipocyte turnover, if
left unresolved, production of factors like TNF-a or IL-6 may actually sustain or even worsen
the metabolic state of the microenvironment. However, unlike with the inflammatory response
observed upon the detection of exogenous pathogens, cellular destruction is not the priority;
therefore, rather than healing, a critical end-goal for this type of inflammation is to expediently
restore homeostasis before new set-points are established and disease states propagated.

It is important to appreciate the diversity in inflammation—the causes, physiological
effects, and pathological outcomes can all vary, yet still serve to ameliorate tissue perturbations.
Much of this variation is mediated by the status of resident macrophages, which drastically
impact the course of inflammation based on their number and/or activation state. Though
discussed later in more detail, the model of M1/M2 macrophage activation has been used to
successfully describe pathogen-related inflammation, whereas the more recently characterized
MMe macrophage activation state better explains the low-grade inflammation seen with obesity.
While the mechanisms underpinning acute, infection-induced inflammation are far better
understood than those defining the pervasive inflammation closely associated with diseases
like T2Dl\/|50, common to all types of inflammation is an increase in cytokine/chemokine

signaling which typically results in an enrichment of immune cell presence and/or activity.



The association between metabolic disease and inflammation has long been
established. Far downstream the consumption of a meal, dietary glucose is ultimately destined
to either participate in a glycation reaction, or pass through the mitochondrial electron transfer
Chain51. Both of these essential biological processes, however, generate reactive oxygen
species (ROS); while our bodies are equipped with anti-oxidative mechanisms to overcome
basal levels of ROS, chronic hyperglycemia caused by over-nutrition can lead to a detrimental

52. The highly oxidative capacity of these factors triggers the activation

accumulation of ROSS1’
of pro-inflammatory pathways evolved to contain the damage these molecules causeSg’SS. As
mentioned earlier, the inflammatory signaling characteristic of the adipose tissue
microenvironment in those with obesity and/or T2DM can quickly transform from protective to
deleterious. These pro-inflammatory signals may originate from adipocytes themselves or from
resident immune cells in the adipose tissue in a context-dependent fashion. For instance,
hyperinsulinemia under conditions of ROS-generating glucotoxicity is an independent factor for
increased adipocyte TNF-a production54. TNF-a serves to interfere with insulin action at the
level of the insulin receptor such that sugar influx does not exceed the lipid storage capacity
of the adipocyteSA‘SS. When the accrual of stress signaling in hypertrophic adipocytes is not
successfully mitigated by these protective mechanisms, however, the activation of apoptotic
pathways may be initiated56. As this process advances, the release of certain lipid species

and, specifically, expression of chemoatiractants result in the recruitment of macrophages for

the phagocytotic clearance of Iipid857; these cells, however, typically exacerbate pro-



inflammatory signaling in the microenvironment via a distinct set of cytokines, which has an
unintended, harmful metabolic side effect on adipose tissue as a whole.

Often, the onset of T2DM is preceded by increased concentrations of pro-inflammatory
biomarkers expressed by macrophages. In fact, dying adipocytes can even be histologically
identified by the crown-like structures formed by lipid-consuming macrophages that the dot
the perimeter of these ce||558. However, not all macrophages are necessarily pro-inflammatory;
depending on the conditions, these immune cells polarize to display either pro-inflammatory
(M1) or anti-inflammatory (M2) functionSg. Classically, this M1-M2 archetype has been used
to describe the initiation and resolution of inflammation during infection. However, the
inflammation associated with obesity and T2DM is sterile, and so evaluation of the role of
macrophages in metabolic disease using this binary paradigm may not be the best way to
consider the role of macrophages in obesity and T2DM. Indeed, recent studies focusing on
how macrophages may contribute towards metabolic aberrations have uncovered a distinct,
mixed macrophage phenotype: the metabolically activated (MMe) macrophageGO. While the
pro-inflammatory cytokine expression profile of MMe macrophages mimics that of M1
macrophages, their identification using cell surface markers for M1 macrophages is
unsuccessfulm. Also, the activation of this macrophage phenotype is distinct; unlike with the

ootentiation of M1 polarization by detection of LPS*®>

., MMe macrophages are activated by
free fatty acids, specifically the species palmitate61’64. MMe macrophages play different roles

in the regulation of metabolic homeostasis, dependent on the stage of obesity progression; in

10



early-onset where adipocytes insulin resistance begins, release of damaging pro-inflammatory
. . . . 60,61 . .
cytokines acts to further insulin resistance . However, in late-onset, where adipocytes
undergo apoptosis in appreciable amounts, MMe macrophages can begin to display an M2
. . . . . 60,61 . .

phenotype wherein excessive palmitate buildup activates PPARy , a key adipogenic and
insulin sensitizing factor (discussed later). Either way, the unique role of MMe macrophages in
exacerbating inflammation is undeniable, making it perhaps the most germane macrophage
subtype to consider in the context of metabolic disease. Vis-a-vis the management of primary
outcomes associated with T2DM pathology, specifically insulin resistance, the net effect of
chronic inflammation can be detrimental—with the continuum of patient care already
compromised by a lack of sound pharmacological options aiming to restore insulin sensitivity,
the additional obstacles presented by chronic inflammation are not insignificant.
1.1.5: Current Treatment Options

While lifestyle interventions (better diet and exercise practices) are necessary for disease
state improvement, due to the interdependent dysfunctions that drive T2DM pathology, most
patients are unsuccessful in overcoming their condition with exercise/diet changes alone, and

. 65,66 . . . o
eventually require pharmacotherapy . Because chronic treatment with exogenous insulin in
T2DM patients prior to late stage diabetes may potentially exacerbate the underlying metabolic
o . . 7 .

problem by worsening insulin reS|stance6 , pharmacotherapies have evolved to lower blood

sugar levels by a number of other mechanisms. For example, metformin primarily functions by

decreasing hepatic glucose production in a glucose-dependent fashion68, the sulfonylureas

11



act on remaining beta cells to stimulate endogenous insulin secretion69, while a-glucosidase
inhibitors exert their effect by binding polysaccharide-cleaving enzymes in the gut, resulting in
decreased absorption of dietary sugarsm. The GLP-1 agonists, a class of drugs that include
recent pharmaceutical success Byetta (exenatide), function as anti-hyperglycemic agents
through multiple mechanisms (postprandial suppression of glucagon release, slowed gastric
emptying, improved insulin granule release, etc.) and have shown promise for the management
of T2Dl\/|71. Meanwhile, SGLT2 inhibitors, some of which have been lauded for their
cardioprotective effects in addition to managing blood sugar levels, exert their influence by
binding renal proteins involved in reabsorption of glucose, promoting excretion of dietary sugars
through the urin672. Though some of these drugs peripherally improve insulin sensitivity, the
only class of drugs that act specifically to ameliorate insulin resistance are the thiazolidinediones

6’73. TZDs function as potent agonists of PPARyM, a powerful modulator of metabolic

(TzDs)®

activity 5. Specifically, increased activity of PPARy leads to improved insulin sensitivity through

both upregulated expression of adiponectin, a known insulin-sensitizing factor secreted by
. 4 . . . . L . . o

ad|pocyt653, and increased adipogenic activity, yielding smaller, more insulin sensitive
. 34,76 . L . .

adipocytes . Increases in the transcriptional activity of PPARy may also block expression of

. . 777
proteins that promote inflammation 8
1.1.6: Gaps in Treatment Options

The primary objective of current pharmacological options in the management of T2DM

is to ameliorate hyperglycemia. However, while these drugs address elevated blood glucose

12



via a number of clever modalities, hyperglycemia is not a cause of advanced T2DM, but rather,
a symptom. While it is important to maintain healthy blood sugar levels to avoid complications
of T2DM, it is equally, if not more, important for the patient’s long-term prognosis to address
the two underlying forces that drive the advancement of T2DM: progressive, severe
dysregulation of both insulin production and insulin sensitivity. Endogenous insulin production
and secretion is orchestrated in a complex, glucose-dependent fashion by the beta cells of
the pancreatic islet of Langerhans, the cessation of which occurs once compensatory increases
in mass induce enough stress to trigger apoptotic pathvvays79. While in type | diabetes (T1D)
beta cell death occurs via a different mechanism—an attack mounted by the immune system,
wiping out virtually any possibility of self-regulated insulin productionSO—those with T1D
nonetheless face similar problems regarding insulin deficits as those with T2DM. Because
impaired insulin production is a hallmark of both T1D and T2DM, current research is exploring
unique strategies for beta cell replacement, including use of stem cells, transplantation, and
more, though these strategies remain to be more fully developed81. Fortunately, because insulin
sensitivity remains intact, type | diabetics can effectively palliate glycaemia with exogenous
insulin.

This is not the case with T2DM. Severe insulin resistance negates much of the
therapeutic effects of exogenous insulin, necessitating interventions aiming to re-sensitize
metabolic tissues. This is especially important for the disconcerting prediabetic state, where

Butler at al. show a 40% deficit in beta cell mass (suggesting appreciable levels of apoptosis)

13



in obese individuals with impaired fasting glucose82; in fact, a number of studies have provided
evidence demonstrating that beta cell mass is already decreased by approximately 50—-80% at
the time of T2DM diagnosi583‘84‘85. While drugs like the sulfonylureas may boost the efficiency
of remaining beta cells, beta cell death effectively cements disease progression in individuals
with T2DM unless the effect insulin resistance is also lessened. The TZDs are the only class
of drugs used in the management of T2DM that explicitly address this pathological mechanism.
However, because TZDs act as full agonists of PPARYy, life-threatening side effects in the form
of hepatoxicity, fluid retention, osteopenia, and congestive heart failure have been observed86,
thus limiting its clinical application. This gap in reliable, insulin sensitizing drugs necessitates a
better understanding of pathways that regulate insulin sensitivity and other metabolic endpoints
such that new, clinically sound Ry-interventions addressing insulin resistance may be

developed in tandem with those that seek to restore beta cell function.

1.2: Nuclear Corepressors
1.2.1: Biological Function and Mechanism

Homeostasis is defined as the tendency toward a relatively stable equilibrium between
interdependent elements, especially as maintained by physiological processes. As such,
maintenance of metabolic homeostasis is a molecularly complicated process that depends on
the coordinated interpretation of signaling from a variety of sources. Most proteins involved in

biological pathways play relatively one-dimensional, specialized roles as intermediaries in
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signaling cascades; however, the more complex job of sensing and responding to multiple
signals from these pathways converges on nuclear coregulators. These large, scaffold proteins
associate with a range of transcription factors that play key roles in metabolism; once
complexed, the coregulator binds regulatory regions of transcription factor target genes in a
sequence-specific fashion, and is then able to fine-tune transcriptional activity either up or
down by subsequent recruitment of chromatin remodeling cofactor587. The presence or
absence of ligand for these transcription factors determines whether the nuclear coregulatory
partner is a coactivator or a corepressor. Generally speaking, agonist-bound transcription
factors will pair with coactivators to potentiate transcription, whereas corepressors complex with
antagonist-bound or ligand-absent transcription factors to silence gene expression87’88. As
one might suspect, upon association to DNA, nuclear coactivators like peroxisome proliferator-
activated receptor gamma, coactivator 1 alpha (PGC1a) or steroid receptor coactivator 1 will
modify chromatin via intrinsic histone acetyltransferase activity89. Nuclear corepressors, on the
other hand, recruit histone deacetylases (HDACs), along with a host of other cofactors, to
tighten DNA around histones, decreasing the accessibility of gene promoter regions to
transcriptional machinerygo.
1.2.2: Silencing Mediator of Retinoid and Thyroid Hormone Receptors

Silencing Mediator of Retinoid and Thyroid Hormone Receptors (SMRT), or NCoR2, is
a nuclear corepressor that has been identified, along with its homolog NCoR1, as a critical

modulator of metabolic processes. Discovered first in the 1990s in an attempt to explain nuclear
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receptor repression, it was found that both NCoR1 and SMRT bind unliganded thyroid hormone
receptor and retinoic acid receptor, influencing their activity epigeneticallygw‘%. Since then, a
number of targets for SMRT have emerged, representing a variety of biological pathways in
addition to metabolism, ranging from development to circadian rhythm87. One prominent family
of metabolic factors regulated by SMRT includes the PPAR transcription factors, notably PPARYy.
PPARy is as a master effector of metabolism through axes of insulin sensitivity, adipogenesis,
and more%; groups studying SMRT through a variety of genetic mouse models frequently cite
PPARy derepression as the mechanism driving their metabolic phenotype, usually characterized
by increased adiposity and improved insulin sensitivity87.

SMRT, which is an extremely large, ~270 kDa protein, contains a number of distinct
domains that, together, enable it to have specific, repressive activity. Beginning with the
repression domains (RDs), these three regions grant SMRT its repressive capabilities by
enabling interactions with members of the core repression complex—class | HDACs, chiefly

87,94

HDACS3 . Additionally, the RDs aid in the interaction of SMRT with a number of other

8795 The two SANT-like domains

proteins to enhance repression, like class A or Il HDACs
of SMRT are also involved in its down-regulatory function by synergistically promoting HDAC
activity. One of these domains resides in the broader deacetylase activation domain, and is

87‘96. The other is found in the histone

responsible for the recruitment and activation of HDAC3
interaction domain, which preferentially binds deacteylated histone tails to reduce stochastic

acetylation and further repression87’97. While the RDs and SANT-like domains enable SMRT
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to have repressive capabilities, the receptor interaction domains (RIDs) are responsible for the
specificity of SMRT. The three RIDs contain leucine-rich CoRNR boxes, regions that interact
. . . . . 8798 |, . .
with nuclear receptors via their ligand-binding domains . Via alternative splicing, a number
of SMRT isoforms with modified versions of the aforementioned domains may be generated:
each has varying affinittes for targets and responsiveness to post-translational
. .. 8799100 . . . .
modifications , enabling SMRT to broadly regulate signaling per environmental cues.
1.2.3: Canonical Role of SMRT in T2DM and the Current State of Research
Because of the broad range of interacting partners of SMRT, its physiological role is
multifarious. Its function in a number of biological processes is already well understood; for
example, in development, the essential role of SMRT in cell fate determination/lineage
progression (specifically for the formation of the central nervous system and heart) is evidenced

101,102 .
. The metabolic

by the unviability of mouse models where SMRT is homozygously ablated
involvement of SMRT is also well documented; however, while its ability to influence outputs
important for T2DM, notably insulin sensitivity, energy expenditure, and weight gain, has been
demonstrated by other groups studying SMRT, the phenotypes reported do not necessarily
align with each other87. This lack in consensus comes despite the fact that the mechanism
driving the metabolic effects of SMRT loss (which, depending on the genetic model, may even
move in entirely opposite directions) is, in each case, attributed to PPARy derepression87. While

the interaction between SMRT and PPARy is unrefuted, the disparate metabolic profiles

observed in the various models employed previously suggest there is more to the story of how
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SMRT exerts its influence on metabolism beyond its traditional association to PPARy. Further,
notwithstanding the present study, all models interrogating the metabolic role of SMRT have
utilized systemic knockout models—this has made it difficult to locate the origin of phenotypic
discrepancies, necessitating tissue-specific models to better interrogate the comprehensive
function of SMRT as it relates to obesity and T2DM. This overview of the current state of the

field is expanded on in depth in the Discussion of Chapter Il.

1.3: Project Overview
1.3.1: Significance

In the year 2015, 9.4% of the American population suffered from diabeteSQ. With
prevalence only accelerating, these 30.3 million Americans represent a fraction of the current
84 million prediabeticsg, 70% of whom are predicted to ultimately progress to diabetesmg.
These figures are also reflected in the cost of healthcare; the American Diabetes Association
recently released data demonstrating a 26% increase in the financial burden of T2DM treatment
strategies over a five-year period, representing a $327 billion toll on the U.S. in 20177. While
T2DM may be prevented with proper diet and exercise practices, nearly all diagnosed patients
(with the rare exception of remissions resulting from bariatric surgery) maintain lifelong T2DM
status |

Though lifestyle changes are a prerequisite for disease state improvement, most patients

. . . . 65,66
eventually require pharmacological intervention . Unfortunately, however,
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pharmacotherapies to address T2DM have evolved in such a way that have left clinicians
exclusively with palliative options. To address the root of the problem and improve prognoses
in a long-term fashion, the issue of insulin resistance must be expressly addressed, in tandem
with insulin production. While certain currently available drugs peripherally improve insulin
sensitivity, there exist no safe Ry options that specifically ameliorate insulin resistance; with a
lack of curative interventions, reversal of T2DM progression remains an unrealistic goal. Until a
refocusing of industrial efforts on developing ways to address T2DM beyond its symptoms,
valuable resources that could otherwise be dedicated to research initiatives directed at better

understanding other leading causes of death in the U.S. will remain unavailable.

1.3.2: Rationale

The gap in reliable insulin sensitizing drugs necessitates a better understanding of basic
metabolic pathways that regulate insulin sensitivity and other endpoints such that new
interventions may be developed. Previous groups had begun this process by leveraging a
variety of generalized knockout models interrogating nuclear coregulators NCoR1 and SMRT,
corepressors that modulate the activity of metabolically critical transcription factors. Because of
both the broad regulatory functions of these metabolic corepressors and the non-specific
nature of the models utilized, however, the findings reported by these groups have been
Comradictory87. This muddles the picture of whether these factors may be reliably targeted for

the treatment of T2DM; the lack of consensus on the comprehensive roles of NCoR1 and
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SMRT inspired the generation of tissue-specific models to better parse apart these factors’
contributions.
From 2001-2011, NCoR1 had been extensively studied in the context of various

87,104,105,106,107,108,109
. In the last 20

metabolic tissues including liver, muscle, and adipocytes
years, however, no such tissue-specific model had existed for SMRT, which motivated our
group to generate the first adipocyte-specific SMRT knockout (@adSMRT ") mouse model. Our
rationale was based on what was then known regarding the functions of SMRT; while an
analysis of the conclusions reached through various generalized models reveals that SMRT's
comprehensive metabolic role is not unanimously agreed upon, these groups did consistently
report increased adiposity and improved adipocyte insulin sensitivity as a result of PPARy
derepression87. The concept of SMRT overseeing the activity of PPARy is important because
PPARy is a powerful effector of adipogenesis and adiponectin expressionﬁo; in fact, the
thiazolidinedione (TZD) class of drugs, used as a second line treatment in the management of
T2DM, targets PPARy—however, while TZDs represent the only pharmacological option to
specifically address insulin resistance, pharmacodynamics have limited the clinical application
of TZDs due to unsafe side eﬁectsm. Therefore, attaining a more holistic understanding of

SMRT by characterizing its function through specific metabolic tissues will pave the way for the

development of safer, insulin sensitizing drugs.
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1.3.3: Central Hypothesis

SMRT is one of a few factors that endogenously regulate pharmacological targets of
insulin sensitivity. While SMRT has been established as metabolically significant, its broad yet
poorly defined involvement in the repression of many other important modulators of
homeostasis underscores the need to better understand how SMRT is able to integrate and
synchronize signaling from disparate metabolic sources. The overall objective of the study is
to pinpoint exactly this, by focusing on how SMRT exerts its influence through adipocytes.
When juxtaposing data from the Cohen Lab’s previous, generalized SMRT knockout mouse
with findings from our adSMRT ™/~ mice, it becomes evident that the role of SMRT in regulating
metabolic homeostasis is not straightforward.

The comprehensive spectrum of transcription factors, representing multiple biological
pathways, that are regulated by SMRT along with incongruences in metabolic outcomes at the
cellular and systemic level between our two models suggest that SMRT exerts a multifaceted,
tissue-specific influence on the phenotype. Thus, our central hypothesis is that SMRT influences
metabolic processes through the adipocyte as they relate to T2DM in a complex, tissue-
specific fashion. We believe that SMRT amalgamates signaling from a number of pathways
(e.g. inflammation, lipid metabolism, etc.), and that it is able to moderate the confluence of

various metabolic events through the adipocyte, a major effector of metabolic homeostasis.
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1.3.4: Specific Aims

Our central hypothesis is addressed by the following specific aims, designed to clarify
uncertainty surrounding the role of SMRT as a result of the phenotypic incongruences reported
by groups leveraging generalized knockout models. This will be achieved not only by
comparing and contrasting differences between the metabolic profiles of adSMRT ™™ mice and
models previously reported, but also by describing the driving mechanism, specifically by
examining the influence of PPARy and inflammatory activity.
1) Characterize the phenotypic profile of 2dSMRT ™ mice at both the cellular and systemic
level.
This aim may be partitioned into the following subaims:
A) Interrogate the metabolic phenotype on a cellular level by assessing adipocyte i) insulin
signaling, ii) lipogenesis, and iii) morphology.
B) Interrogate the metabolic phenotype on a systemic level by assessing mouse i) weight, ii)
body composition, iii) insulin/glucose tolerance, iv) eating behavior, v) fuel usage preferences,
and vi) serum hormones.
2) Define the mechanism driving the metabolic phenotype.
This aim may be partitioned into the following subaims:
A) Interrogate transcriptional changes in key metabolic genes by assessing i) specific PPARy

downstream targets and ii) all other unconsidered pathways (via RNA sequencing).

22



B) Interrogate the level and contribution of adipose tissue inflammation by assessing i)

macrophage infiltration, ii) changes in the adipocyte secretome, and iii) alterations in the gut

microbiome.

23



Chapter II: Adipocyte-Specific Loss of SMRT Impairs Metabolism, Independent of PPARy

Activity

2.1: Introduction
While the adipocyte was once considered a passive vehicle for energy storage, this
one-dimensional understanding has since expanded in light of research demonstrating the

. . . . . 2526,112
active role of adipose tissue in metabolism

. As an endocrine organ, adipocytes

collectively express and secrete a vast profile of adipokines that influence a diverse array of
. 11 . . . . .

metabolic processes 3; as such, adipocyte dysregulation is a major contributor to the

. . 114,115,116
pathogenesis of metabolic disease

. In the setting of over-nutrition, for example,
L . . . . . . 117,118 . .
adipokine production shifts towards factors that induce insulin resistance — while this
may be protective from the perspective of the hypertrophic adipocyte by attenuating additional
L . . . . . . . 11
lipid storage, the net effect of insulin resistance is deleterious on a macrophysiological scale o
In addition to exacerbating the general development of metabolic syndrome, adipocyte insulin
resistance itself can have a compounding metabolic consequence by propagating dysregulated
. . . . L o . 120,121
lipolysis and release of fatty acids that interfere with signaling in other metabolic tissues .

Regarding the adipocyte’s ability to maintain homeostasis, it is evident that nuclear
cofactors play a critical role by regulating the transcription of metabolically essential genes. For

. . . . . 122
example, the coactivator PGC1la is a master regulator for mitochondrial remodeling ~; when

exposed to cold, stimulation of the sympathetic nervous system activates Pgc Ta through the

24



PKA/CREB pathway, which in turn strongly induces expression of Ucp? in brown adipose
tissue, thus increasing thermogenesisms. In white adipose tissue, the Silencing Mediator of
Retinoid and Thyroid Hormone Receptors (SMRT, or NCoR2) has been identified as an
important factor in the maintenance of metabolic signalinggg. SMRT is a nuclear corepressor,
responsible for decreasing the transcriptional activity of its target transcription factors (TFs); in
the absence of ligand, TFs complex with SMRT, leading to recruitment of factors with histone
deacetylase activity (particularly, HDAC3) at the TF promoter site and, ultimately, transcriptional
repressionmm%.

Nearly all genetic models seeking to better understand SMRT’s molecular and
macrophysiological roles in vivo have reported metabolic phenotypes with significant increases
in weight or adiposity, coupled with alterations in insulin sensitivity and energy expenditure87
Because of its strong association to PPARy, a powerful effector of adipogenesis, insulin

o 126,127
sensitivity, and glucose metabolism

, phenotypes resulting from perturbations of Smrt are
often ascribed to PPARy derepression. However, while there is clear consensus that SMRT
strongly influences metabolism, results from these various knock-out and knock-in models,
discussed at length posteriorly, have led to conflicting conclusions87. In addition, a ChiP-Seq
study by Raghav et al. in 3T3-L1 cells suggested that SMRT is not in fact recruited to PPARy
target genes during adipogenesis, and instead regulates 3T3-L1 adipogenesis via effects on

KAISO and C/EBPb128. Thus, the comprehensive role of SMRT in the adipocyte in vivo remains

poorly understood, and even its targets remain unclear.
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To more rigorously define the role of SMRT in the adipocyte, we generated an
adipocyte-specific SMRT knockout (adSMRT ") mouse by crossing homozygous floxed Smirt
mice with adiponectin-Cre mice on a C57/BL6 background. We were able to show that SMRT
deficiency in the adipocyte does not actually lead to obesity, even when mice are challenged
with a high-fat diet. Even more surprising was learning that PPARy activity remained entirely
unaffected by loss of SMRT, a strong departure from the mechanism traditionally attributed to
metabolic dysfunction as a consequence of SMRT ablation. Despite this, we identified a striking,
metabolically deleterious phenotype defined by glucose intolerance, adipocyte insulin
resistance, and more; this was combined with aberrant adipose tissue inflammation, which will
be discussed in Chapter lll. These findings suggest that the obesity phenotypes of prior
generalized SMRT models were due at least in part to the effects of SMRT loss in tissues
beyond the adipocyte.

What is so profound about the conclusions of the studies detailed within, however, is
that the metabolic results discussed in Chapter Il are accompanied, and at least in part driven,
by changes in immune signaling. Demonstrated through the results of BRNA sequencing
(RNAseq), flow cytometry, and conditioned media experiments, we found that adipocyte-
specific loss of SMRT promotes a pro-inflammatory adipose tissue microenvironment due to
alterations in the adipocyte secretome, which strongly informs the status of those metabolic
phenotypes discussed below. While all inflammatory and non-metabolic findings will be

explored in Chapter ll, it is important to note that this is the first ime SMRT has been reported
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as an integrator of metabolic and inflammatory signaling via the adipocyte in the maintenance
of homeostasis, and that the data expounded on in Chapter Il go hand in hand with those

discussed in Chapter lIl.

2.2: Results
2.2.1: Generation of the Adipocyte-Specific SMRT Knockout (ao’S/\//F?T_/_) Mouse

To define the role of SMRT in the adipocyte, we generated an adipocyte-specific SMRT
knockout mouse (adSMRT /") by crossing mice homozygously floxed for Smrt (the generation
of which is described previouslymg) with mice hemizygously expressing Cre driven by the
adiponectin promoter on a C57/BL6 background (Fig. 1A). Therefore, half of the resultant
offspring lost Smrt expression specifically in adipocytes, as evidenced by a lower molecular
weight band (fig. 1B). Fidelity of the genotype was validated by gRT-PCR analysis of isolated
adipocytes and their associated stromal vascular components from primary, mature fat tissue.
Here, we observe a significant decrease in Smrt expression of ~80% in the adipocytes of
knockout mice compared to wildtype; the associated stromal vascular fraction (SVF) showed

no change in Smrt expression (Fig. 1C), confirming specificity of the model.
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Figure 1: Genetics of adSMRT”™ Mouse. A' Smit receives a single loxP site on both alleles,
inserted 187 bp downstream of exon 11; mice hemizygously expressing adiponectin-driven
Cre excise this site such that a frameshift mutation is introduced, rendering SMRT protein non-
functional exclusively in adipocytes. B: mice expressing Cre display two bands at ~320bp and
~250bp while wildtype mice display a darker band (two overlapping bands) at ~320bp; all
mice used in this study are floxed on both alleles, displaying a band at ~450bp; Cre+/_,
Flox™ " mice are crossed with Cre”’ ™ Flox™" mice to generate 2dSMRT ™™ mice. C: gRT-
PCR model validation shows that adSMRT ™ mice have ~80% reduction in Smrt expression
exclusively in adipocytes while the associated stromal vascular fraction remains unaffected.
N=5 per genotype. Data are means +SEM; *P < 0.01.
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2.2.2: Adipocyte-Specific Loss of SMRT Does Not Cause Obesity

In prior in vivo SMRT models, whether created by knockout or RID knockin mutations,
mice demonstrated variable degrees of increased adiposity87. However, on both standard chow
and 45% high-fat diets (HFD), no differences in weight were observed between adSMRT ™/~
and wildtype mice (Fig 2AB). In addition, DEXA scanning showed no changes in body fat
percentage or bone mineral density (Fig. 2C-E), though metabolic cage studies indicated
increased total caloric intake, specifically during the light cycle, as well as increased respiratory
exchange ratio (RER) in adSMRT™™ mice (Fig. 2F,G); in fact, when analyzing the diurnal RER
patterns between genotypes, adSMRT ™™ mice demonstrate metabolic inflexibility by an inability
to efficiently switch to fat utilization as an energy source (indicated by depressed amplitudes)
during the resting light cycle (Fig. 2H). Data from the metabolic cages also showed a significant
decrease in ambulatory (horizontal) and rearing (vertical) activity (Fig. 21.J) in adSMRT ™/~ mice,
though these complex behaviors are too multi-faceted to reliably attribute to SMRT loss in
adipocytes, and is beyond the focus of the manuscript. Additionally, we assessed for adipocyte
hypertrophy via histological analyses, and found no significant differences in adipocyte size
between adSl\/IRT_/_ and wildtype mice for both subcutaneous and epidydemal fat tissue (Fig.

2K-N).
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Figure 2: adSMRT ' Mice Exhibit Altered Energy Consumption and Utilization without Obesity
or Adipocyte Hypertrophy. A, B: total body weight measured weekly between ages 8-20 weeks
for mice on a chow diet (A) and mice fed a 45% high-fat diet (HFD) (B). N=15-25 per
genotype. Data are means +SEM. C-E: determinations of femur bone mineral density (C), total
bone mineral density (D), and body fat percentage (E) by DEXA scanning for 20-week old
mice fed a 45% HFD. N=10-15 per genotype. Data are means +SEM.
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Figure 2 (continued): F-J: determinations of average food consumption (F), RER (G, H),
ambulatory activity (1), and rearing activity (J) for 20-week old mice fed a 45% HFD by
metabolic cage analysis. N=4 per genotype. Data are means +SEM; *P < 0.05, **P < 0.001.
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Subcutaneous Epidydemal

Figure 2 (conitnued): K-N: sample histological sections of H&E-stained subcutaneous (K) and
epidydemal (L) adipose tissue for mice fed a 45% HFD, and the respective quantifications for
adipocyte size via Imaged quantification of negative space (M, N).
223 adSMRT’™ Mice Exhibit Glucose Intolerance and Adipocyte Insulin Resistance

Though adSMRT ™’ mice did not develop obesity when fed either standard chow or a
45% high fat challenge diet, SMRT deficiency still negatively impacted adipocyte function and
metabolic homeostasis. adSMRT '~ mice fed a 45% HFD displayed significant glucose
intolerance by ~20% compared to wildtype, though glucose tolerance remained unaffected
between genotypes for mice fed a chow diet (Fig. 3A-D). Thus, further experimentation was

conducted exclusively on mice fed a 45% HFD. In fact, adipocytes isolated from adSl\/IRT_/_

mice fed a 45% HFD (but not those from mice fed a standard chow diet) exhibited impaired
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insulin sensitivity as measured by the ratio of AKT:pAKT signaling following treatment with
insulin (Fig. 3E,F), a result inconsistent with our previous, generalized SI\/IRT+/_ mice. Finally,
insulin tolerance tests yielded a potentially confounding result, demonstrating improved systemic
insulin sensitivity (Fig. 3G,H); while adipocyte insulin resistance and systemic glucose
intolerance are usually accompanied by impairments in systemic insulin tolerance, there exist
plausible reasons as to why this may be occurring (e.g. deficiencies at the level of the pancreas)

that have simply not yet been explored.
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Figure 3: adSMRT”™ Mice are Glucose Intolerant with Insulin Resistant Adipocytes. A-D:
intraperitoneal glucose tolerance tests (IP-GTTs) for 20-week old mice fed a chow (A) and
45% high-fat diet (HFD) (B), and their respective area under the curve quantifications (C, D).
N=12-13 per genotype for chow GTT data, N=7-11 for HFD GTT data. Data are means +SEM:;
*P < 0.05, **P < 0.005.
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Figure 3 (continued): E, F: adipocyte insulin sensitivity from mice fed a 45% HFD, determined
by Western blotting for AKT:pAKT signaling and plotted as a quantification of band intensity
(E), and the respective AUC measurement (F). N=7 per genotype. Data are means +SEM; *P
< 0.05, **P < 0.005. G,H: intraperitoneal insulin tolerance tests (IP-ITTs) for 20-week old mice
fed a 45% high-fat diet (HFD) (G), and the respective area under the curve guantification (H).
Data are means +SEM; *P < 0.05.
2.2.4: PPARy Derepression Fails to Explain Phenotype

In previously employed mouse models interrogating SMRT, the mechanism driving any
phenotypes of weight gain, fat mass expansion, and improved adipocyte insulin sensitivity was
thought to be a result of PPARy derepression due to loss of SI\/IRT87. However, our phenotype

(specifically, no change in weight nor adipocyte size/number, coupled with a decrease in

adipocyte insulin sensitivity) suggested that this might not be the case. We therefore assessed
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the expression of PPARy target genes Fabpd, Gyk, Pck1, Ucp1, and Cd36 " in adSMRT ™/~
isolated adipocytes by gRT-PCR, and observed no generalized increase in these downstream
factors (Fig. 4A-E); this suggests that altered PPARy transcriptional activity in adipocytes is not
the mechanism for the metabolic effects seen in adSMRT /™ mice. Additionally, when assessing
lipogenesis following treatment with radiolabeled glucose and insulin at varying doses, we
observed no changes in the ability of adipocytes to incorporate glucose into triglycerides (Fig.
4F), which indirectly supports the idea that PPARy derepression is not driving our metabolically

deleterious phenotype.
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Figure 4: PPARy Derepression Fails to Explain the Phenotype. A-E: gRT-PCR expression data
from isolated adipocytes for PPARy downstream targets Fabp4, Gyk, Pck1, Ucp1, and Cd36.
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Figure 4 (continued): N=7 per genotype. Data are means =SEM. F: lipogenesis assay
determining ability of adipocytes to incorporate radiolabeled glucose into triglycerides upon
stimulation with insulin; plotted as fold change in radioactivity from baseline. N=8 per genotype.
Data are means +SEM.
2.3: Discussion

SMRT is a corepressor for nuclear receptors and other transcription factors, and is
structurally related to its homolog NCOR1131. However, SMRT and NCoR1 have distinct
functions, as homozygous knockout of either is embryonic lethal, demonstrated by Jepsen et
al132. Because of this lethality, two approaches have been used to develop models to study
the metabolic functions of SMRT and NCoR1 in vivo: a generalized heterozygous knockout, or
various mutations of the RID387. In the case of the latter, for NCoR1, Astapova et al. found that
NCoRAID mice demonstrated increased thyroid hormone-dependent energy expenditure, a
result of increased sensitivitymS. However, Nofsinger et al. showed that when Smrt is
analogously mutated, this somewhat beneficial outcome is replaced by reduced respiration

and energy expenditure133; Sl\/IF%TmRID mice also showed an increase in fat
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mass/adipogenesis, via PPARy derepression. A similar model also interrogating SMRT
(Sl\/lRTlem), utilized by Reilly et al. and Fang et al, yielded a mouse with decreased
mitochondrial function and worsened insulin resistance134’135, whereas Sutanto et al., utilizing
a heterozygous knockout (SI\/IRT+/_) model, reported a mixed metabolic outcome: fat mass
expansion/enhanced caloric intake combined with improved adipocyte insulin sensitivity, again
likely due to PPARy derepressionmg. Because these findings, together, are somewhat
contradictory, later studies have focused on tissue-specific knockout models; Yamamoto et al.
studied NCoR1 through a muscle-specific knockout model ", whereas Li et al. did the same,
but in adipocytes136. However, no such study existed for SMRT — to this end, we generated
an adipocyte-specific SMRT knockout (adSMRT ") mouse to rigorously define the role of
SMRT in the adipocyte, and how it affects metabolic homeostasis.

We were initially surprised to find that certain classical parameters, such as weight and
adiposity, remained unaltered in adSMRT ™/~ mice, suggesting that altered SMRT function does
not influence those characteristics through the adipocyte; this is in stark contrast to findings
described by other groups, where these measures were strongly impacted due to systemic
loss of SMRT as a result of PPARy derepression. However, when considering metabolic
functions that have a truer association to T2DM pathology, for example insulin sensitivity or
glucose tolerance, it becomes evident that SMRT plays a critical role in the maintenance of

homeostasis through the adipocyte, as significant dysregulation of both was observed. This

comes in addition to aberrations in other metabolic readouts, like respiratory exchange ratio
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(RER) or feeding behavior. We were also surprised that the dramatic metabolic phenotype
observed in adSMRT /™ mice develops independently of PPARy transcriptional activity as
evidenced by gRT-PCR experiments demonstrating that the expression of PPARy downstream
targets were unaltered. This is particularly interesting considering the results of prior models,
which support an association between SMRT and obesity/PPARy activity87’137; the results of
this study, therefore, indicate that the obesity observed in other models likely result from SMRT
deficiency beyond the adipocyte, possibly via alterations in the central nervous system.
Interestingly, when comparing the 2dSMRT ™™ mouse to the NCoR1 ™/~ adipocyte-
specific knockout model utilized by Li et al.w%, the divergence in metabolic phenotypes is
stark. While increased food intake was reflected in both models, all other metabolic parameters
move in opposite directions. For example, adipocyte-specific NCORT_/_ mice demonstrated
increases in both total weight, and subcutaneous/visceral adipose depot mass, whereas these
readouts are unaffected in adSMRT /™ mice. Further, Li et al. showed improved glucose
tolerance and adipocyte insulin sensitivity in their knockouts, while adSl\/IRT_/_ mice were
worsened for both parameters. Combined with increased PPARy transcriptional activity, Li et al.
concluded that loss of NCoR1 in the adipocyte was metabolically protective, via increased
expression of PPARy target genes136. In contrasting these models, the idea that NCoR1 and
SMRT play distinct roles in the regulation of metabolic processes through the adipocyte is
strongly supported. However, in the absence of changes in PPARy transcriptional activity, we

were left with the question of what mechanism may be driving this phenotype; to address this,
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we took an unbiased approach by examining the gene expression profile of adipose tissue
via RNAseq, gaining new insights regarding SMRT’s role as an integrator of metabolic and

inflammatory signaling as discussed in Chapter lIl.

2.4: Methods
2.4.1: Model Generation
Floxed Smrt mice have been reported previously138. To generate knockout adSMRT |

/- . . ) loxP/loxP . .

mice experimental cohorts, floxed Smrt mice (SMRT ) were crossed with mice
hemizygously expressing Cre recombinase under the control of the adiponectin promoter
(Adipoq—Cre+/_) [B6.FVB-Tg(Adipog-cre) 1Evdr/J; Jackson Laboratory]. Using this line, Cre is
expressed exclusively in white and brown adipose tissue, without activation in resident

loxP/loxP

macrophages. Resulting cohorts were either wildtype (Adipoq—Cre_/_ SMRT ) or

knockout (Adipoq—Cre_” guRT OXP/10xP

). All experimental mice were developed on a
C57/B6J strain background, and littermate controls from the cohorts developed were used in
experiments.
2.4.2: Animal Husbandry

Unless otherwise stated, mice used in this study were male, generated on a C57/BL6
background in-house, and fed a standard chow diet until 8 weeks of age, at which point a

45% HFD (Teklad Custom Research Diet, TD.06415; Envigo, Madison, WI), matched to our

standard chow diet (Teklad Global 18% Protein Diet 2018; Envigo, Madison, WI), was provided
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ad libidum for 12 weeks. All mice were sacrificed at 20 weeks of age via isofluorane overdose;

euthanasia was confirmed via cervical dislocation. Weights were taken weekly, and genotype

was determined via PCR using tail clippings obtained at weaning (3 weeks of age). Tissues

collected for experimentation were either snap frozen in liquid nitrogen and stored at -80°C or

immediately used. All mice were housed under standard conditions, and no single-housed

mice were used for experimentation. Animals were treated in accordance with protocols

approved by the Institutional Animal Care and Use Committee (IACUC) at the University of

Chicago.

2.4.3: Intraperitoneal Glucose/Insulin Tolerance Tests (IP-GTT/ITT)

Following 12 weeks of 45% HFD feeding, mice were fasted for 4 hours, at which point

baseline blood glucose readings were obtained from all mice via tail vein blood sampling

following application of local anesthetic (2% viscous lidocaine, Water-Jel, Carlstadt, NJ). For

GTTs, dextrose was injected intraperitoneally at a concentration of 1 g/kg body weight. Blood

glucose levels were measured at 10, 20, 30, 40, 60, 90, and 120 minutes following injection.

For ITTs, insulin (Humalog) was injected intraperitoneally at a concentration of 0.5 U/kg body

weight. Blood glucose levels were measured at 15, 30, 45, 60, 90, and 120 minutes following

injection. All blood glucose measurements were taken using a Freestyle Lite Glucometer (Abbott

Laboratories, Abbott Park, IL). Percentage difference in blood glucose clearance was

determined by measuring and comparing areas under the curve (AUC) between wildtype and

knockout.
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2.4.4: Adipocyte Insulin Sensitivity

Primary whole fat tissue from mice fed a 45% HFD was thoroughly minced in KRBH

supplemented with 4% endotoxin-free BSA, 0.5 mM glucose, and 1 mM PIA. Adipocytes were

then isolated by the addition of T1 Collagenase (Worthington Biochemical Corporation, NJ),

and subsequent incubation at 37°C for 30 minutes with agitation (125 rpm). The resultant

mixture was passed through a cell filter to remove debris and hand-spun to achieve separation.

Adipocytes were placed into clean tubes and washed in BSA-free KRBH to then be treated

with increasing doses of 0, 0.5, 1, and 5 nM insulin for 15 minutes. The reaction was halted

and samples were prepared for SDS-PAGE via cell lysis by addition of RIPA buffer and

subsequent sonication at an amplitude of 40 Hz with an ultrasonic processor (Sonics &

Materials, Inc., Newtown, CT). Samples were nutated at 4°C for 30 minutes and then centrifuged

at 4°C at 13,200 rpm for 30 minutes to isolate the infranatant. Protein concentrations were

determined by BCA protein assay (23227, Thermo Scientific, Waltham, MA) to standardize

protein concentration loaded into gel. After addition of dye, samples were then reduced using

2-mercaptoethanol, boiled for 10 minutes, and analyzed via SDS-PAGE. Insulin sensitivity was

determined by pAKT:AKT. Primary antibodies utilized included anti-AKT (2920S, Cell Signaling),

and anti-phosphorylated AKT targeting serine 473 (4060S, Cell Signaling).

2.4.5: Dual-energy x-ray absorptiometry (DEXA)

Body composition was measured by DEXA (Lunar PIXImus densitometer system, GE

Healthcare) using PIXImus 2 software. The system was calibrated according to manufacturer's
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instructions prior to the start of the experiment. Mice were anesthetized prior to imaging using
a mixture of Ketamine and Xylazine (80-120 mg/kg body weight of Ketamine and 5-10 mg/kg
body weight of Xylazine injected intraperitoneally).
2.4.6: Metabolic Cages

Indirect calorimetric measurements were carried out using the LabMaster System (TSE
Systems, Chesterfield, MO) on individually housed mice, maintained under standard housing
conditions. Mice were provided ad libitum access to food and water. Following a two-day
acclimation period, O» consumption, CO» production, energy expenditure, ambulatory activity,
and food/water consumption were monitored over 30-minute periods for five consecutive
light-dark cycles over. The respiratory exchange ratio (RER) was calculated as the ratio of O,
consumption to CO» production.
2.4.7: Histology

Adipose tissue samples were fixed for 24-48 hours in 4% paraformaldehyde at 4°C.
Cassettes containing samples were then washed with and stored in 70% EtOH short-term.
Samples were sent to the University of Chicago Human Tissue Resource Center core for
sectioning (5 um), paraffin embedding, and hematoxylin and eosin (H&E) staining of the
sections were performed using standard technigues. Images of sections were taken at 10X

magnification and adipocyte cell size was analyzed using a custom macro script on Fiji

(Imaged); size was quantified by measuring negative space within cell borders.
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2.4.8: Gut Microbiome

Fecal samples were collected from mice at 8, 14, and 20 weeks of age. The harvesting

method employed ensured that stool pellets were fresh, and did not come into contact with

any materials other than the sterile tubes used for collection. All samples were stored at -80°C

until DNA extraction. DNA was extracted from fecal samples using standard, published protocols

(Wang et al., 2009). Samples were then sequenced by MiSeq at the Next Generation

Sequencing Core in the Biosciences Division at Argonne National Laboratory. DNA sequences

were analyzed by Quantitative Insights into Microbial Ecology (QIIME). Samples with less than

3,000 sequences were excluded from the analyses. Operational taxonomic units (OTUs) were

picked at 97% sequence identity using the GreenGenes Database (2013). Analysis of

similarities (ANOSIM) was performed using QIIME to examine the impacts of genotype, diet,

and age on fecal microbiota. The number of permutations was 10,000 or the maximum number

of permutations allowed by the data. Permutation test with 10,000 permutations was performed

using R to compare the UniFrac distances of animals between cohorts.

2.4.9: Quantitative Real Time Polymerase Chain Reaction (gRT-PCR)

Adipocytes and associated stromal vascular fraction (SVF) were isolated from

perigonadal fat depots. Adipocyte and SVF isolation followed the same procedure described

above for adipocyte isolation in the preparation of Western blot samples, up until hand-

spinning. At this point, samples were spun at 300xg at 4°C for 8 minutes to separate adipocytes

while also pelleting the SVF. RNA was then prepared from each fraction separately using a
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commercially available kit (Quick-RNA MiniPrep Kit, ZymoResearch, CA). Following analysis

for purity and concentration, RNA was then reverse transcribed to cDNA using gScript cDNA

mix. Utilizing ThermoFisher's TagMan Gene Expression Assays (FAM probes) and the TagMan

Fast Advanced materials (4444964) and protocol for cycling (CFX Connect Real-Time PCR

Detection System), all biological replicates were run in triplicate for 11 RBNAseqg-identified

significantly differentially expressed targets. Fach plate was repeated once for a total of two

technical replicates per biological replicate. 18S Eukaryotic rRNA Endogenous Control was

used as a reference gene (4333760F).

2.4.10: Statistical Analyses

Unless otherwise noted, data are presented as means + SEM with statistical significance

determined using a two-tailed, Student’s t-test to compare wildtype and adSMRT-/- groups.

A threshold of p < 0.05 was used to identify statistically significant data. Graph generation and

statistical methods were carried out in GraphPad Prism, version 6.0, and Microsoft Excel.
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/- Phenotypes

Chapter lll: Inflammation Plays a Causal Role in the Development of adSMRT
3.1: Introduction

It has been well-established that obesity and T2DM are characterized by adipose tissue
inflammation139, and it has been shown that metabolically activated (MMe) macrophages,
recruited by adipocytes to aid in the clearance of excess lipid, can worsen and sustain the
pro-inflammatory microenvironment6o. In the short term, this impairs proper function of the
adipocyte, significantly contributing to altered energy storage and utilization60. While the
mechanisms by which the adipocyte regulates the infiltration of MMe macrophages is not fully
understood, the findings discussed here begin to shed light as to how nuclear cofactors,
specifically SMRT, may coordinate this chemotaxis via the adipocyte, which in turn influences
metabolic regulation both locally and systemically.

Previous studies that have focused on better understanding the metabolic role of SMRT
have concluded nearly unanimously that their findings were driven, mechanistically, by PPARy
derepression. Upon discovering that this canonical pathway remained unaffected in our tissue-
specific model, and thus did not explain our metabolic phenotype, we took an unbiased, broad
approach at ascertaining the mechanism responsible for the adSMRT /™ deleterious metabolic
profile. By taking a snapshot of the gene expression profile via RNAseq experiments, we were
surprised to find that pathways involved in immunity/inflammation were strongly upregulated in

knockout mice compared to wildtype. The reason this was unexpected was because while
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inflammation and obesity/T2DM are closely associated with respect to pathology, this was the
first time, to our knowledge, SMRT’s direct involvement in immune function in the context of
metabolism had been described.

Because inflammatory signaling to the adipocyte, be it autocrine or paracrine, is a
primary cause for adipocyte insulin resistance141 (and thus, impaired glucose uptake), SMRT's
involvement in the synchronization of metabolic and inflammatory signaling is particularly
germane when explaining the phenotype of the adSMRT™’™ mouse. The adverse metabolic
outcomes discussed in Chapter Il combined with the aberrant adipose tissue inflammation
discussed below suggests that alterations in the adipocyte secretome of 2dSMRT ™™ mice
inform the adipose tissue microenvironment to be pro-inflammatory via heightened influence
of MMe macrophages. These findings offer a novel function for SMRT, overseeing the cross-
talk between adipocytes and inflammation-modulating macrophages for the regulation of

physiological parameters relevant to T2DM, distinct from the development of obesity.

3.2: Results
3.2.1: RNA Sequencing Indicates Dysregulation of Immune Pathways

Because our data did not support altered PPARy transcriptional activity in adSMRT ™/~
adipocytes, we next wanted to assess large-scale gene expression changes induced by loss
of this corerpressor to identify possible mechanisms that would explain the knockout

phenotype. We therefore performed RNAseq analysis of primary adipose tissue derived from
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wildtype and 2dSMRT ™™ mice. We found that 67 genes were differentially expressed by at
least 50% between our genotypes at a false discovery rate of < 0.05. Of these genes, nearly
all play roles in immune pathways/are involved in pro-inflammatory processes (Fig. 5AB).
From these 67 genes, 10 were selected for gRT-PCR validation on isolated adipocytes and
the associated SVF (Fig. 5C) to both confirm RNAseq findings as well as identify the source
of inflammatory signaling (adipocyte, resident immune cell, or both); we found that of these
pro-inflammatory genes, most were significantly upregulated in adipocytes; any genes that
were not identified as significantly differentially expressed still trended strongly in this direction,
in both adipocyte and SVF samples (Fig 5D-M). Together, these surprising data led us to the
conclusion that SMRT loss in the adipocyte causes inflammatory dysregulation in adipose
tissue, which in turn informs the microenvironment and resident immune cells to drive local

insulin resistance and glucose intolerance.
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Cellular

Transport

K13 K14 K15 K16 K8 K7 K5 K6

B C
Diet |FD)| FOR nominal p-value Gene Fold a Nominal p-value FDR-corrected p-value
<001 <005 <00 <001 <005 <01 KCNN4 2.820595921 1.06E-04 2.71E-02
H2-AA 1.705269784 5.66E-08 9.33E-05
FCER1G  2.020902893 8.01E-05 2.43E-02
NFAM1 2.0363704 3.17e-04 4.80E-02
CD83 1.926523788 3.73e-07 3.08E-04
SLAMF9 1.869950396 1.17€-07 1.50E-04
HPGDS 3.067365319 3.03E-04 4.79E-02
PRKCB 2220677667 1.60E-07 1.68E-04
CLECTA  2.278366754 1.40E-06 8.95E-04
PLA2G7 20139111 5.82E-06 3.36E-03
NCOR2 0.554016174 1.76E-11 1.02E-07
Figure 5: RNA Sequencing Indicates Dysregulation of Immune Pathways in adSMRT / Mice. A-

C: RNA sequencing data for whole fat samples from mice fed a 45% HFD, plotted as a heatmap
of select genes representing molecular functions spanning immunity, histone modification,
homeostasis, movement, and membrane transport; red, blue, and vyellow colors represent
upregulation, downregulation, or no change, respectively, relative to the average expression
level for that gene across all eight biological replicates (each column represents a biological
replicate) (A); summarizing table identifying differentially expressed genes between wildtype
and adSl\/IRT_/_ samples at various fold change (FD) and false-discovery rate (FDR) cutoffs
(67 differentially expressed genes identified at a FDR of < 0.05 and FD of > 1.5) (B); FDs and
FDR-corrected p-values of genes selected for gRT-PCR validation (C); N=4 per genotype.
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Figure 5 (continued) D-M: gRT-PCR validation of RNAseq via genes identified in table C,
expressed as fold change with respect to wildtype for both isolated adipocytes and the
associate stromal vascular fraction. N=3 per genotype per sample type (adipocyte vs SVF).
Data are means +SEM; *P < 0.1, **P < 0.05.
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Figure 5 (continued) D-M: gRT-PCR validation of RNAseq via genes identified in table C,
expressed as fold change with respect to wildtype for both isolated adipocytes and the
associate stromal vascular fraction. N=3 per genotype per sample type (adipocyte vs SVF).
Data are means +SEM; *P < 0.1, **P < 0.05.

3.2.2: Increased Presence of Metabolically Activated Macrophages in adSMRT ™ Adipose
Tissue

To better understand the status of the microenvironment, we conducted flow cytometry

on the adipose tissue SVF in our mice. We selected two general markers for macrophage
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identification (CD11b, F4/80) from which we gated for M1 (CD38, CD274) and M2 (CD36,
CD206) macrophages. While CD11b and F4/80 markers were analyzed independently, cells
would only be considered macrophages and interrogated for M1/M2 phenotypes if cells
expressed both markers. In our adSl\/IRT_/_ samples, we found a significant increase in the
proportion of F4/80 positive cells, while an increase cells expressing both CD11b and F4/80
trended towards significance. Meanwhile, wildtype expressed significantly more non-
macrophage immune cells, indicated by the proportion of CD11b, F4/80 negative cells. From

the CD11b+F4/80+ gate, a significant decrease in CD206 (M2) positive cells was observed

(Fig. 6A-D).
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Figure 6: Flow Cytometry Suggests Decreased Anti-Inflammatory Activity in Adipose Tissue of
adSMRT”™ Mice. A-D: flow cytometric data for isolated SVF, with all data presented as a
percentage of cells from the previous gate (indicated on axes); only cells positive for both
macrophage markers CD11b and F4/80 were considered when analyzing for M1/M2
phenotypes, and any samples that contained <65% live cells were excluded from analyses.
N=5-8 per genotype. Data are means +SEM; *P < 0.1, **P < 0.05, ***P < 0.005, ****P <
0.0005.
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Figure 6 (continued): A-D: flow cytometric data for isolated SVF, with all data presented as a
percentage of cells from the previous gate (indicated on axes); only cells positive for both
macrophage markers CD11b and F4/80 were considered when analyzing for M1/M2
phenotypes, and any samples that contained <65% live cells were excluded from analyses.
N=5-8 per genotype. Data are means +SEM; *P < 0.1, **P < 0.05, ***P < 0.005, ****P <
0.0005.

From these data, we hypothesized that dysregulated adipocyte signaling was altering
the dynamics of adipose tissue macrophage infiltration, so we conducted conditioned media
experiments. Naive macrophages were cultured in media conditioned from adipose tissue
derived from wildtype and 2dSMRT ™ mice, and gRT-PCR was utilized to assess gene
expression patterns of cultured macrophages using markers for M1 (II-1, Tnfa), M2 (Arg1,
Fizz1), and the mixed, metabolically activated MMe (Abcal, Plin2) macrophage — a
macrophage phenotype which has been shown to proliferate in the presence of certain

. .. 140
adipocyte secreted factors, e.g. palmitate .

For the M1 phenotype, adSMRT /™ demonstrated a striking, significant increase in the

expression of marker ll-1, while the increase in Tnfa trended toward significance (Fig. 7A).
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Further in support of an enflamed adipose tissue microenvironment, M2 marker Arg1 was
significantly differentially underexpressed in adSl\/IRT_/_ samples (Fig. 7B). Finally, markers for
MMe phenotypes Abcal and Plin2 were both significantly and strongly upregulated in knockout
samples (Fig. 7C). This strongly indicated that the microenvironment of our adSMRT ™/~ adipose
tissue, informed by altered signaling/secretions of the adipocyte, encourage resident
macrophages to take on a pro-inflammatory, M1/MMe character, both of which explain the

local pro-inflammatory phenotype that is driving the overall deleterious metabolic outcome.
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Figure 7: Adipose Tissue Microenvironment is Enriched for Metabolically Activated Macrophages
in adSMRT "~ Mice. A-C: following incubation in media conditioned from wiltype and adSMRT
~ whole fat, naive macrophages were analyzed via gRT-PCR for expression of M1 (A), M2
(B), and MMe (C) markers to determine whether alterations in the KO adipose tissue secretome
influence macrophage differentiation. N=3 per genotype. Data are means +SEM; *P < 0.05,
*P < 0.005, ***P < 0.0005.
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Figure 7 (continued): A-C: following incubation in media conditioned from wiltype and adSMRT |
~ whole fat, naive macrophages were analyzed via gRT-PCR for expression of M1 (A), M2
(B), and MMe (C) markers to determine whether alterations in the KO adipose tissue secretome
influence macrophage differentiation. N=3 per genotype. Data are means +SEM; *P < 0.05,
*P < 0.005, ***P < 0.0005.
3.2.3: Other inflammatory trends

Given the results of the conditioned media studies, it is undeniable that SMRT s critical
not only for proper metabolic function, but also for appropriate immune signaling via the
adipocyte: loss of SMRT alters the adipocyte’s secretome in such a way that metabolic and
inflammatory signaling are disrupted in tandem. Because of the complex network of factors
that regulate inflammatory processes, however, we wanted to be measure the potential
contributions of well-established effectors of immunity, such as perturbations in gut microbiome
communities, that may also be contributing to the metabolic aberrations discussed in Chapter

Il. To this end, we tested for differences in gut flora species and found that while mice fed a

45% HFD saw a strong shift in the composition of their gut flora from bacteroidetes to firmicutes
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compared to their chow counterparts (the anticipated outcome following high-fat diet feeding),

there were no genotype-dependent changes in the microbiome (Fig. 8A-D).
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Figure 8: Alterations in Gut Flora are Dependent on Diet but not Genotype. A-D: following 12
weeks of either chow or 45% HFD feeding, phylum diversity of gut microbiota was compared
along variables of either diet (A, B) or genotype (C, D). Charts A, C represent the initial
composition of the microbiome (before 12 weeks of diet), whereas charts B, D represent the
gut flora populations after 12 weeks of diet. Species that represent <1% of the total composition
are not reported. N=12 per genotype or diet comparison.
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Additionally, to begin identifying potential specific molecules that may be causal agents
for the overall phenotype, we became interested in determining whether factors commonly
associated with metabolic and inflammatory disease were up- or down-regulated in the serum
of wildtype and adSl\/IRT_/_ mice fed a 45% HFD. While local inflammation reasonably explains
much of the metabolic phenotype, alterations in serum proteins may have unexpected effects
by acting distally on tissues peripheral to adipose depots. Because of technical limitations, 15
serum samples per genotype were pooled, yielding one representative sample per genotype;
for this reason, these studies were not powered well enough to report a conclusive finding.
However, we did observe trends that supported the adipose tissue phenotype, for example
down regulation of FGF-21, a stimulator of glucose uptake in adipocytes, or upregulation of
Lipocalin-2, BLC, or Cba, all of which promote pro-inflammatory recruitment of immune cells

(Fig. 9A).
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Figure 9: Trends in Serum Factors Support Increased Inflammatory Signaling in adSMRT'/ " Mice.

A: relative expression of select adipokines and chemokines (those showing >1.5-fold change)
in blood serum, determined using commercially available antibody array kits from R&D Systems
(ARY013/ARY006). Technically, N=1, since one pooled sample representing each genotype
was used; however, both serum samples were generated by pooling 15 different biological
replicates per genotype.
3.3: Discussion

Because the canonical paradigm of SMRT impacting metabolism through
PPARy/obesity did not hold for the 2dSMRT ™/~ mouse, we took an unbiased approach to
define gene transcription changes in adipose tissue by performing RNAseq analysis. The data
from this study revealed that genes involved in immunity (specifically, pro-inflammatory
processes) were strongly upregulated in the adipose tissue of adSMRT /™ mice. Since we
used whole adipose tissue, containing both adipocytes and resident immune cells, to generate

our RNAseq data, we next confirmed our RNAseq results by interrogating the expression levels

for a subset of RNAseqg-identified genes in both adipocytes and the SVF fraction, separately.

57



While nearly all genes trended in the anticipated pro-inflammatory direction for both sample
types, we found that the majority of genes that were significantly differentially expressed
originated from adipocytes.

We next performed flow cytometry studies and showed alterations in M1:M2
macrophage ratios, though this was mainly driven by decreases in the expression of M2
macrophage marker CD206. We therefore focused on determining whether metabolically
activated macrophages (MMe) could be responsible for driving the phenotype, as the influence
of MMe macrophages have recently been shown to lead to detrimental metabolic
phenotypesm, much like those effects discussed in Chapter II. Ultimately, taking into
consideration the “mixed” MMe macrophage, rather than focusing exclusively on the binary
M1:M2 paradigm which developed as a way to explain the initiation and resolution of
inflammation during classic infection, likely reveals a more accurate reflection of changes in
the adipose tissue microenvironment. Through conditioned media experiments, we found that
the secretome of our adSMRT ™ mice adipose tissue significantly stimulated MMe macrophage
differentiation; gRT-PCR experiments confirmed that nalve macrophages, after being exposed
to media conditioned by adSMRT ™/~ adipose tissue, strongly express MMe markers Abca 1
and Plin2, as well as M1 marker //-1, in contrast to exposure from wildtype fat tissue media.
Coates et al. have established that MMe macrophages play important roles in the pro-
inflammatory signaling involved in adipocyte insulin resistance and clearance of FFAs from

adipooytes6o; thus, increased MMe macrophage infiltration, caused by changes in adipocyte
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signaling via decreased Smrt expression likely explains the overall phenotype in our adSMRT |
~ mice.

While we did not observe outwardly obvious physiological alterations between adSMRT
~ and wildtype mice (e.g. obesity), when considering the combination of metabolic and
immune dysregulations, it is clear that SMRT functions as an integrator of both types of signaling
via the adipocyte in order to achieve homeostasis. The net effect of SMRT loss appears to
mimic the beginnings of diabetes, underscored by insulin resistance and inflammation. In fact,
loss of SMRT impairs proper immune signaling in the adipocyte so much so, that it alters its
secretome enough to change the adipose tissue microenvironment, evidenced by a significant
increase in metabolically activated (MMe) resident macrophages. Because of the close
relationship between metabolic dysregulation and pro-inflammatory signaling, the finding that
SMRT directly influences immunological processes in tandem with metabolic ones offers a
novel perspective on the role of nuclear corepressors in development of diseases like T2DM.

As mentioned in Chapter Il, the results of from our adSMRT™™ mice are a complete
departure from those described in the NCoR1™™ model utilized by Li et al. The amplification
of inflammation in the adipose tissue of adSMRT™™ mice, in conjunction with increased MMe
macrophage influence and no change in PPARy target genes, suggests that the mechanism
by which SMRT influences metabolism via the adipocyte is entirely different from its analog,

NCoR1. In contrasting these models, the idea that NCoR1 and SMRT play distinct roles in the

regulation of metabolic processes through the adipocyte is strongly supported. Specifically,
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SMRT is able to impact metabolism through inflammatory processes by integrating metabolic
and immune signaling in a way that, to our knowledge, has not been reported with other
nuclear corepressors (e.g. NCoR1, RIP-140, SUN-CoR, Alien, Hairless)®"

Future studies will aim to define the molecular events leading to altered adipocyte
secretory function, and what these secreted factors are that lead to MMe macrophage adipose
infiltration. One possibility is that SMRT deficiency results in altered lipolytic function/FFA
secretion from adipocytes as a result of dysregulated immune signaling — since FFAs,
particularly the lipid species palmitate, have been shown to activate MMe

60,61,143,144
macrophages

. Determination of such a factor, though, is beyond the current scope
of the manuscript. However, these data do suggest that SMRT is a key sensor in adipocytes
that simultaneously regulate adipose tissue insulin sensitivity and macrophage infiltration.
Taken together, our data suggest that SMRT loss in the adipocyte induces dysregulation
of genes involved in inflammatory processes, which in turn alters signaling to the
microenvironment in such a way that stimulates resident macrophages in the adipose tissue of
our mice to take on a MMe/M1 phenotype. This then promotes the development of a host of
deleterious metabolic outcomes, including local insulin resistance and glucose intolerance,
ultimately offering a previously unconsidered role for SMRT in the maintenance of metabolic

homeostasis. In sum, our data indicate that SMRT functions as an integrator of metabolic and

inflammatory signals to maintain physiological homeostasis.
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3.4: Methods

3.4.1: Flow Cytometry

Fluorochrome labeled cells were analyzed according to the following workflow.

Following analysis for cell size and granularity (FSC-A vs SSC-A), a gate for analysis of single

cells was applied. Of this population of cells, a gate for live cells was selected (dertermined

by calcein blue). From this subset, macrophages were identified by gating for cells that were

both CD11b (557396, Abcam) and F4/80 (123117, Abcam) positive. For cells both CD11b

and F4/80 positive (gate applied), M1 macrophages were identified via proinflammatory

markers CD38 (562770, BD Biosciences) and CD274 (124313, BD Biosciences), while M2

macrophages were identified via antiinflammatory markers CD36 (562702, BD Biosciences)

and CD206 (565250, BD Biosciences). Analyses were conducted using a Canto-Il or LSRIl

flow cytometer (BD Biosciences) and data were analyzed using FlowJo software v.9.4.11.

3.4.2: Conditioned Media

Adipose tissue from wildtype and knockout mice were cultured separately in RPMI

serum free media overnight to obtain conditioned media. Hematopoietic stem-cells were then

obtained from the long bones of a young, wildtype male mouse, and plated with L-cell

conditioned media for six days, followed treatment with adipose tissue-conditioned media at

concentrations of 1:10, 1:100, 1:1000 for 24 hours. Macrophages were then collected and

processed for RNA isolation and subsequent conversion to cDNA for gRT-PCR analysis to

determine macrophage differentiation phenotype. Markers used for identifying M1-type cells
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include ll-1b and Tnfa (MmO00434228 m1, Mm00443258 m1); markers used for identifying

M2-type cells include Argl and Fizz1 (Mm00475988 m1); markers used for identifying

metabolically activated MMe-type cells include Abcal and Plin2 (Mm00442646 _m1,

MmOQ00475794 _m1). All probes were obtained via Life Technologies, and gRT-PCR was

conducted as previously described.

3.4.3: Gut Microbiome

Fecal samples were collected from mice at 8, 14, and 20 weeks of age. The harvesting

method employed ensured that stool pellets were fresh, and did not come into contact with

any materials other than the sterile tubes used for collection. All samples were stored at -80°C

until DNA extraction. DNA was extracted from fecal samples using standard, published protocols

(Wang et al., 2009). Samples were then sequenced by MiSeq at the Next Generation

Sequencing Core in the Biosciences Division at Argonne National Laboratory. DNA sequences

were analyzed by Quantitative Insights into Microbial Ecology (QIIME). Samples with less than

3,000 sequences were excluded from the analyses. Operational taxonomic units (OTUs) were

picked at 97% sequence identity using the GreenGenes Database (2013). Analysis of

similarities (ANOSIM) was performed using QIIME to examine the impacts of genotype, diet,

and age on fecal microbiota. The number of permutations was 10,000 or the maximum number

of permutations allowed by the data. Permutation test with 10,000 permutations was performed

using R to compare the UniFrac distances of animals between cohorts.
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Chapter IV: Considerations for Future Investigations of SMRT, T2DM

4.1: Uncovering the Complex Metabolic Role of Silencing Mediator of Retinoid and Thyroid
Hormone Receptors: Future Directions

The findings detailed within highlight a previously unconsidered role for SMRT in the
regulation of metabolism through its modulation of immunological pathways. While a link
between SMRT and inflammation has been suggested in the past, this is the first time a direct
connection has been demonstrated. The results of this investigation are particularly interesting,
as the overall metabolic phenotype of the adSMRT /™ mouse does not align with those of
generalized knockout models of SMRT, suggesting that the metabolic profile described by
other groups interrogating SMRT was influenced in large part by loss of SMRT in metabolic
tissues beyond the adipocyte. This is underscored by the fact that the mechanism driving the
deleterious adSMRT phenotype is likely due to increased presence of pro-inflammatory
MMe macrophages in the adipose tissue of our mice, a strong departure from the traditional
explanation of increased PPARy activity cited by other groups. This signifies that the regulatory
functions of SMRT through the adipocyte are unique, and influence systemic and local
metabolic endpoints in a way that is not necessarily recapitulated in tissues like muscle, liver,
or pancreas.

In the most concise terms, our findings can be summarized as follows: loss of SMRT

in the adipocyte causes changes in the gene expression profile of adipose tissue, specifically
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upregulation of pro-inflammatory pathways. This change in signaling originates primarily from
adipocytes, which in turn alters the adipocyte secretome, subsequently stimulating metabolic
activation of resident macrophages. An increase in MMe macrophage influence likely
exacerbates inflammation in the adipose tissue microenvironment such that proper adipocyte
insulin signaling is disrupted, causing adipocyte insulin resistance. This ultimately leads to
worsened systemic glucose tolerance, along with a host of other metabolic dysregulations (e.g.,
changes in feeding behavior, apparent RER inflexibility, etc.), illustrating the distinct regulatory
role SMRT plays through the adipocyte. While this story sufficiently explains our novel
conclusions, there remain a number of questions that, once answered, will yield a more
comprehensive picture of how SMRT contributes to the maintenance of metabolic homeostasis
through the adipocyte.

First and foremost is the question of what factor, specifically, is driving the proliferation
of the MMe phenotype in our model. Conditioned media experiments have demonstrated that
secreted factors from adSMRT adipose tissue trigger metabolic activation in naive
macrophages in a way that wildtype adipose tissue does not. While it is clear that adipocyte-
specific loss of SMRT alters the gene expression profile amply enough to elicit a significant
change in adipocyte secreted factors, we have not yet identified what these changes in the
secretome are that enable the potentiation of the MMe macrophage phenotype. It has recently
been shown that the lipid species palmitate is sufficient for the metabolic activation of

macrophages; therefore, one way to address this gap in our mechanistic understanding would
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be through lipidomics assays on the cultured media itself, to identify discrepancies in the
abundance of specific lipid species between adSl\/IRT_/_ and wildtype. Should these studies
reveal no changes in palmitate or other lipids in our conditioned media, a broader
metabolomics analysis may be carried out, wherein key metabolic factors, beyond lipids, would
be considered. These studies would provide, at the very least, a starting point in understanding
how SMRT loss in the adipocyte ultimately leads to a secretome that favors MMe macrophage
activation, and may even potentially identify new factors that promote said activation.

In a similar vein, studies investigating the mechanism further upstream would be
apropos; as important for our mechanistic understanding as identifying the secreted factor(s)
responsible for the metabolic activation of adipose tissue macrophages in our adSMRT ™/~
mice may be, so is characterizing the initial changes in gene expression that enable the
secretome to be modified in the way it is. While our RNAseq experiments were useful in
leading us to interrogate resident adipose tissue macrophage phenotypes by illustrating the
involvement of SMRT in regulating pro-inflammatory pathways, RNAseq provides essentially
no granularity with respect to understanding the cascade of events that led to this altered gene
expression profile. Identifying the foremost changes in gene expression caused by SMRT loss
will clarify what events take place that lead to an altered secretome. One way to address this
would be through ChiP-seq studies. As mentioned in Chapter Il, studies in 3T3-L1 cells that
refute the paradigm of SMRT interaction with PPARy during adipogenesis exemplify the lack of

consensus regarding targets of SMRT in vivo, warranting a better understanding of the primary
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axes through which SMRT exerts its regulatory function, specifically as it relates to regulation
of immune pathways. A comprehensive ChlP-seq experiment, identifying regions of DNA (and
thus target genes) SMRT associates to under various environmental conditions (e.g. chow-
versus HFD-fed) will provide a stronger mechanistic explanation for how SMRT regulates
inflammatory processes that feedback on metabolic endpoints.

Refocusing on the role of immune cells in the development of our adSMRT™™ metabolic
profile—while we are confident that the adSl\/IRT_/_ adipose tissue secretome strongly informs
macrophages to take on an MMe phenotype ex vivo, the applicability of our findings would be
significantly bolstered by showing increased MMe macrophage presence in vivo as well.
Because our conclusion that an altered, pro-inflammatory adipose tissue microenvironment (as
a result of dysregulated adipocyte gene expression and secreted factors) is what drives the
increase in MMe macrophages, it should follow that adSMRT ™/~ adipose tissue is enriched for
MMe macrophages in vivo. This can be accomplished by flow cytometry on isolated adipose
tissue macrophages; while we have already carried out these studies using markers for M1/M2
polarization, a relatively easy follow-up experiment would be to repeat the flow cytometry
experiment using primary adipose tissue, including markers for the MMe phenotype.

Further, because our hypothesis that the development of adipocyte insulin resistance in
2dSMRT ™™ mice is a result of inflammatory signaling from MMe macrophages, it would be
valuable to conduct a study that confirms the source from which signaling disruptive to insulin

action originates. The alternative to MMe macrophages being the primary contributor to insulin
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resistance would be adipocytes themselves (signaling in an autocrine fashion), or, most likely,
a combination of both. The most straightforward way to determine this would be to evaluate
MRNA and protein expression levels for cytokines produced by both adipocytes and immune
cells and that are classically associated with insulin resistance, like TNFa, IL-1B, and IL-6;
specifically, this would be accomplished by gRT-PCR and Western blotting on isolated
adipocytes and the associated stromal vascular fraction (containing resident macrophages).
While most outstanding questions related to this study are mechanistic, a few remain
with respect to characterization of the phenotype. One issue with the study of SMRT is that it
interacts with many different transcription factors, and does so more as a fine-tuner of target
gene expression than a binary on-off switch. These two qualities inherent to SMRT make for
a subtler phenotype, the nuance of which may very well be masked by the noise of idiosyncratic
differences unigue to each mouse, e.g. predisposition to stress, position in established social
hierarchies, etc., or simply by the robustness of typical biological processes. This is especially
true when SMRT is knocked out in a tissue specific fashion. Indeed, we were not able to
identify any notable metabolic disparities between adSl\/IRT_/_ and wildtype mice fed a chow
diet; only when challenged with a 45% HFD did the phenotype described begin to emerge.
This begs the question of how the metabolic profile of 2dSMRT ™’ mice would be different if
challenged even further by a 60% HFD, or if the timeline for HFD feeding lasted 16 or 20
weeks, instead of 12 weeks. A 2017 study from the Becker lab has already demonstrated the

temporal nature of macrophage phenotypes as a function of disease state progression in diet
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induced obesity—consequently, it would be valuable to assess how the adSMRT/” phenotype
would be changed or exacerbated if the metabolic challenge was heightened. As an addendum
to the concept of temporality influencing our phenotype, it is worth noting that adiponectin, the
promoter of which drives Cre expression and thus the genotype in adSMRT ™™ mice, is not
expressed until late adipogenesis. This means that the effect of SMRT loss is obscured until
adipocytes are mature enough to express adiponectin, which could have nullifying effects
regarding the magnitude of our phenotype. Future studies could overcome this by generating
conditional knockouts using newer gene-editing technologies, such as CRIPSR.

Throughout this investigation, the results of most experiments have supported the
overarching paradigm of adipocyte-specific ablation of SMRT having a metabolically deleterious
effect vis-a-vis inflammation. However, what has not yet been discussed is the confounding
result of the insulin tolerance tests reviewed in Chapter Il. The reason the outcome of the ITT,
which showed improved systemic insulin sensitivity in adSMRT™™ mice, is confusing is because
worsened glucose tolerance is typically a downstream effect of insulin resistance. While we did
observe local adipocyte insulin resistance, systemic insulin sensitization should outweigh this
effect with respect to glucose tolerance, since most sugar is deposited at skeletal muscle. One
possible reason for the improvement of systemic insulin sensitivity in the face of glucose
intolerance could be because of a defect at the level of insulin production/granule release in
the pancreas, wherein chronically reduced circulating insulin concentrations cause insulin

sensitization in peripheral tissues (except in adipose tissue, where inflammatory signaling
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persists). If SMRT oversees cross-talk between adipocytes and the pancreas, then it is plausible

that adipocyte-specific loss of SMRT could impair beta cell function. While studies aiming to

establish SMRT-mediated links between the adipocyte and pancreas are beyond the scope of

this project, one may begin answering this question by conducting immunohistochemical

analyses on pancreatic cross sections, staining for indicators of beta cell health. Additionally,

blood may be collected during GTTs for downstream analysis of insulin levels via ELISA; this

was attempted initially, but due to technical limitations, was underpowered and should be

repeated.

While there are many other interesting directions that could be taken with this

investigation, one final consideration as it relates to this project specifically is that of lipolysis. If

the MMe macrophage phenotype observed arises due to increased FFA release, the

mechanism for this is most likely increased lipolytic activity; this would not only support the

spike in metabolic activation of resident macrophages, but would also corroborate adipocyte

insulin resistance, which is a primary driver of lipolysis. This could be studied by carrying out

a glycerol assay (the cleavage of the glycerol backbone from the triglyceride acting as a proxy

for lipolysis), wherein glycerol levels in adipocytes are determined using a commercially

available kit under conditions of no treatment, treatment with isoproterenol, treatment with insulin,

and treatment with both.
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4.2: Other Considerations for Investigations of SMRT

There are a number of future directions for the study of SMRT not specific to this project
that would forward our understanding in the field of nuclear corepressors. When knocking out
SMRT in adipocytes, we find that the adSMRT ™ mouse not only fails to phenocopy
generalized knockout models, but even directly opposes them for a number of metabolic
parameters. This indicates that the regulatory function of SMRT in the adipocyte is distinct from
that in other metabolic tissues; however, the question of how SMRT mediates the generally
protective phenotype observed in global knockouts remains. Since the adSMRT ™ model is
the first time SMRT has been studied in a tissue-specific fashion, there is still a need to further
characterize the metabolic function of SMRT in other tissues like muscle, liver, and pancreas.
Therefore, one interesting avenue to pursue would be to generate other tissue-specific
knockouts of SMRT, aiming to more fully parse its specific regulatory roles. This could be
extended beyond metabolic tissues to macrophages, which also express SMRT. Considering
the direct involvement of SMRT in the regulation of immune pathways in the adipocyte, it would
be particularly illuminating to determine how SMRT maintains homeostasis through immune
cells. By reiterating the experiments carried out in the study of adSl\/IRT_/_ mice in other tissue-
specific models and contrasting the results with those described earlier, we may attain a more
holistic understanding of the specific yet integrative roles of SMRT in various tissues that allow

for coherent systemic regulation of homeostasis.
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As mentioned in Chapter |, SMRT undergoes alternative splicing, giving rise to a number
of isoforms that are optimized for specific needs of the organism (tissue type, developmental
stage, and environmental cues all play a role in the generation of specific SMRT isoforms).
However, beyond confirming that these isoforms exist, and that they have varying substrate
affinities, we know very litle about the downstream functional impact of these alternatively
spliced forms of SMRT. Because SMRT has never been studied in an isoform-specific fashion,
determining the regulatory differences between each will shed much light onto how SMRT
maintains metabolic homeostasis. In fact, interrogating SMRT isoforms would strongly
compliment the conclusions reached from future tissue-specific knockout models, as
phenotypic differences between each model may be, at least in part, explained by abundance
of specific SMRT isoforms for a given tissue. This could be addressed by use of small interfering
RNA (siRNA); siBNAs trigger endonucleolytic cleavage of mRNA in a strict sequence-specific
fashion to post-transcriptionally silence gene expression, and may be used to target the
isoforms of SMRT by exploiting minor nucleotide differences145

One technical consideration for the future study of SMRT is that of access to consistent
and specific antibodies. While a number of highly-reviewed SMRT antibodies are commercially
available for certain species (e.g., human), none exist for mouse, which is the primary modality
for the study of NCoR1/SMRT. While this obstacle may seem ftrivial, it presents unique
challenges in establishing validity of the genetic model, as gold-standard techniques for the

determination of protein expression, like Western blots, cannot be leveraged. This forces
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researchers to resort to second line options of model confirmation, like gRT-PCR, which may

not estimate the level of protein expression with full accuracy. Additionally, other experiments

that rely on the SMRT protein itself, such as co-immunoprecipitations, must also be foregone

as these depend on the availability of a high-quality, SMRT antibody. Therefore, it would be

valuable to the field if a dedicated effort was made with respect to the generation of effective

antibodies in animals most frequently used for these kinds of studies.

4.3: Optimizing Efforts in Addressing the T2DM Pandemic

The value of academic research cannot be understated as it relates to the advancement

of our fundamental understanding of modern diseases. Without basic science to define the

molecular networks through which signaling aberrancies can propagate, we would not have

the foundation that enables the development of treatments for complex diseases like T2DM. It

is this same kind of investigation that allowed Donald Steiner to discover proinsulin in the

1960s, which not only propelled the field of endocrinology forward through our new

understanding of hormone production and protein precursors in general, but also had a

profound applied impact by enabling pharmaceutical companies to manufacture more effective

forms of insulin for diabetics. However, as mentioned at the beginning of this manuscript, the

state of T2DM care (at least from a pharmaceutical perspective) has plateaued at

“management”, when it should be evolving towards “cure”. While this does not imply that

funding should be decreased in the area of T2DM research, it would be valuable to consider

whether the allocation of new funding towards prevention and education would be more
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efficient in reducing the prevalence and financial burden of T2DM. Which has a greater
beneficial impact: a dollar toward research or a dollar towards prevention?

This should be a priority question for policy makers. The requirement for basic metabolic
research will always remain: monogenic diabetes and the noxious environments of those who
are consistently forced to make poor lifestyle choices are not elements that can be reasonably
addressed in the near future. There will be large populations belonging to either category for
some time, and these individuals will continue to rely on the advancements made in modern
medicine, enabled by basic science research. However, for those who are in socioeconomic
positions to access resources for healthier lifestyles but choose not to, perhaps funding for
programs that aim to rework pervasive factors that play into our decision making (culture,
mental health, etc.) will be more effective. After all, a very common comorbidity of
obesity/T2DM is depression146, which robs patients of their motivation to comply with treatment
plans. As far as the development of T2DM is concerned, an ounce of prevention is worth a
pound of cure; therefore, in addition to dedicating funding towards basic science research that
will forward our molecular understanding of T2DM (much like the study of SMRT detailed
within), a more concrete effort should be made in prioritizing education of youth and their

families on the impact of unhealthy living.
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