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SUMMARY

The obesity epidemic affects the lives of the 39.6 percent of the American population that
are obese and places a massive burden upon the healthcare system. The association of
obesity with several dangerous comorbidities elicits an urgent need for effective therapies
to induce weight loss and/or treat the complications associated with obesity. One issue
that is central to this endeavor is the heterogeneity of adipose tissues. The metabolic
contributions of adipose tissues vary based on their location in the body, and while we
know some physiological factors behind these differences, cellular mechanisms for these
differences have not been unmasked.

The most noteworthy example of adipose heterogeneity is the difference between
visceral and subcutaneous white adipose tissue. Despite being comprised of seemingly
the same type of adipocytes, visceral fat expansion associates with the development of
metabolic dysfunction. This is due to its limited expansion potential, lack of metabolic
flexibility, and propensity to become inflamed.

In this thesis, | studied the contributions of cyclic-AMP Responsive Element
Binding Protein 3-like-3 (CREB3L3) to adipose biology. CREB3L3 is an ER-bound
transcription factor that is an important regulator of lipid metabolism and has previously
been described as liver specific. We became interested in CREB3L3 when data mining
for other projects and discovering that its expression in adipose tissues is modulated by
obesity. In the first chapter, we confirmed that CREB3L3 is expressed in adipose tissue
and found that CREB3L3 is downregulated in the more “metabolically protective”
subcutaneous fat of obese mice and patients in response to ER stress, while expression

is unchanged in the visceral fat.
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SUMMARY (continued)

To investigate how this transcription factor contributes to adipose biology, we
created a CREB3L3 fat-specific knockout (fKO) mouse in the second chapter. The fKO
mice became significantly heavier than floxed controls when fed high-fat diet and had
greater expansion of their epididymal and inguinal fat depots. The epididymal fat from the
fKO mice become more inflammatory without more hypertrophic adipocytes. This tissue
had more crown-like structures, higher expression of pro-inflammatory cytokines and
leptin, and reduced expression of anti-inflammatory markers and adiponectin. These
changes manifested in the reduced insulin sensitivity in the fKO mice during obesity.

In the third chapter we investigated the cause of the larger adipose tissues in the
fKO mice. While CREB3L3 differentially regulated lipid metabolism in subcutaneous and
visceral fat and shifted them towards more lipid synthesis and less lipolysis, respectively,
there did not appear to be significant functional changes that explain the larger adipose
tissues. Instead, indirect calorimetry experiments show that a reduction in whole-body
energy expenditure is the causing the enhanced adiposity of the fKO mice following high-
fat feeding. In addition to having a shift in brown fat metabolism from fatty acid oxidation
to lipid synthesis, fKO subcutaneous adipocytes were more resistant to browning upon
treatment with the B3-adrenergic receptor agonist CL316,243. Additionally, the fKO mice
no longer exhibited their enhanced adiposity when housed at thermoneutrality during
high-fat feeding. These findings show that the fKO mice have a reduced ability to undergo
adaptive thermogenesis, leading to their larger adipose tissues and body weight.

In the last chapter, we created a subcutaneous fat-specific overexpression model

to address whether increased CREB3L3 expression in this tissue would prevent the
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SUMMARY (continued)

development of obesity. | found that with only a modest increase in expression of
CREB3L3 in subcutaneous fat, diet-induced obesity and insulin resistance is prevented.

Taken together, our data show that this transcription factor is important for
regulating body weight and inflammation during high-fat feeding. Our comprehensive
phenotyping of our mouse models leads us to propose that the amount of CREB3L3
present in adipose tissues negatively associates with adiposity. Together, our results
suggest that CREB3L3 plays an important role in energy homeostasis in adipose tissues
during obesity and its ability to modulate body weight suggests that this transcription
factor possesses therapeutic potential for the treatment of obesity and obesity-associated

disorders.
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l. Introduction: Adipose Physiology & Obesity

1. Adipose Tissue Development

1A. Tissue Origins
During the development of an organism, a single fertilized egg cell is able to divide and
differentiate into all of the many different cell types within the body that create and support
the life of the organism. A crucial step of this process in vertebrates is gastrulation, where
the embryo transitions from a single-layered blastula to a structure featuring three distinct
layers known as the gastrula. This shift sets the stage for the development of different
cell types and the formation of all the organs in the body. The three primary germ layers
of the gastrula are the endoderm (inner), mesoderm (middle), and ectoderm (outer) [8].
Fat cells or adipocytes are derived from the mesoderm layer, which has been known since
the 1870’s when Walther Flemming discovered that adipocytes are derived from a
connective tissue that was known to come from the mesoderm [9; 10]. While recent work
has complicated our understanding of adipocyte lineage with the discovery that
adipocytes from the salivary gland in mice arise from ectoderm-derived Sox10* neural
crest cells [11], it is currently accepted that most adipocytes are derived from mesoderm
progenitor cells [12].

After gastrulation, the mesoderm consists of three sections. Of these, the somites and
lateral plates have been shown to give rise to adipocytes, whereas the intermediate
mesoderm has not [12]. The somites are a pair of structures that form at the dorsal end
of the mesoderm and consist of the sclerotome, myotome, and dermomyotome (Fig 1)
[13]. The most lateral section, the dermomyotome, consists of cells that will make up

muscle, the dorsal dermis, and adipocytes in multiple depots in the body.
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The adipocytes derived from the dermomyotome will not just end up in anatomically
different spaces, but consist of different types of adipocytes as well. It was previously
believed that adipocyte progenitors expressing the myogenic transcription factor Myf5
solely differentiated into brown adipocytes. However, lineage-tracing studies have shown
that while brown adipocytes in the interscapular, subscapular, and cervical regions come
from a Myf5* lineage, other brown adipocytes were not from Myf5* progenitors.
Additionally, some Myf5* progenitors even gave rise to white adipocytes in the anterior
subcutaneous and the retroperitoneal fat pads [14; 15]. Pax3 and Meox1 fate mapping
have confirmed that retroperitoneal brown adipocytes come from a non-Myf5* progenitor
lineage and shown that progenitors on the ventrolateral lip of the dermomyotome develop
into perigonadal white adipocytes in male, but not female mice [14; 16; 17]. These findings
and further fate mapping using Pax7 have suggested that the location of progenitor cells
within the dermomyotome, rather than Myf5 expression, dictates the type of adipocyte a
progenitor population will give rise to [12].

In addition to the dermomyotome of the somites, the lateral plate also contains cells
that will differentiate into adipocytes. The lateral plate consists of two separate pouches,
the somatic and splanchnic (Fig 1), which both give rise to mature adipocytes in different
parts of the body ([14; 18]). Progenitors in the splanchnic lateral plate have been shown
to give rise to adipocytes located in all of the visceral adipose depots, but not in any
subcutaneous or brown adipose tissues [19]. Prx1-Cre labeling was used to discover that
progenitors from the somatic lateral plate give rise to limb-associated subcutaneous
adipocytes [20; 21]. Additionally, progenitor cells from the splanchnic and the somatic
lateral plate have recently been shown to give rise to adipocytes in the subcutaneous

inguinal and the visceral mesenteric and female perigonadal fat [18]. Interestingly, the
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perigonadal fat of males and females develops from two separate regions of the
mesoderm, suggesting genetic sex differences in this visceral adipose depot.

1B. Adipogenesis
Now that we know the lineages that adipocytes come from during development, let’s take
a look at how adipocytes form from these progenitor cells. This process by which
adipocyte precursor cells differentiate into mature adipocytes is called adipogenesis and
there are two main processes that occur: determination and terminal differentiation.

The process of determination involves narrowing down the potential fates of progenitor
cells until they become preadipocytes and are determined to become adipocytes.
Determination has mostly been studied using mesehnchymal cells from bone marrow, so
much of the work has focused on the fate decision between becoming a bone cell or an
adipocyte [22]. Zfp423 is a transcription factor that has been identified as a promoter of
adipocyte determination [23] and is inhibited by Zfp521, which instead promotes
osteogenesis [24]. Of the signaling pathways that have been studied, the Wnt and
hedgehog pathways promote differentiation into bone cells via osteogenesis, while
inhibiting adipogenesis. These signaling pathways meet at the transcription factor COUP-
TFIl, which inhibits the induction of PPARy and C/EBP-a, important drivers of
adipogenesis [25; 26]. While Wnt signaling inhibits adipogenesis, non-canonical Wnt5b
signaling promotes adipogenesis by preventing the inhibitory canonical Wnt signals from
reaching the nucleus [27]. Additionally, IGF/insulin signaling has been shown to be a
strong promoter of adipogenesis [28]. Our lab has shown that the loss of insulin signaling
via the ablation of the insulin receptor in adipose tissue leads to a drastic reduction in the

size of adipose tissue [29]. While these signaling pathways have been established as
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contributors to the determination of preadipocytes, studies examining the effect of other
signaling pathways like TGF-B/BMP, Notch, and FGF have had conflicting results [30].

Differentiation of adipocyte precursor cells is dependent upon a cascade of
transcription factor activity that leads to the adipogenic program of genes being
expressed. The key transcription factors involved in this cascade are the C/EBP family
(a, B, and &) and PPARYy, which is known as the master regulator of adipogenesis. PPARy
regulates most of the genes involved in adipocyte metabolism [22] and is such a powerful
driver of adipogenesis that it can push precursors of other lineages like myoblasts and
fibroblasts to differentiate into adipocytes [31; 32]. While only some of the PPARY binding
sites are conserved between mice and humans, the genes they regulate are very similar.
Additionally, PPARy loss of function mutations lead to lipodystrophy, a condition
characterized by a lack of adipocytes and insulin resistance [33-35].

The C/EBP family of bZIP transcription factors work in concert with PPARY to execute
the terminal differentiation of adipocytes. Small amounts of C/EBP-B are present in
committed preadipocytes and bind to transcription factor “hotspots” that will later be
bound by PPARY before differentiation is even induced [36]. C/EBP-6 is also active early
during terminal differentiation. C/EBP-a is induced later during differentiation and forms a
positive feedback loop with PPARY that “locks in” differentiation into adipocytes [37; 38].
PPARYy also forms feedback loops with C/EBP- and subsequently the insulin receptor
that act to finalize the differentiation process [39]. These feedback loops drive the
expression of the gene program necessary for adipocyte differentiation and expression
of all three of these transcription factors is needed to maintain the expression of target

genes like adiponectin and adipocyte protein 2 in mature adipocytes [40].



2. Adipose Tissue Function
2A. Anatomical introduction to fat depots

These adipocytes can form individually or in clusters around blood and lymph vessels,
but the majority will exist within distinct adipose tissues called depots [4]. These depots
belong to two main types of adipose tissue — white and brown — that serve vastly different
functions. The white adipose tissue (WAT) functions as an energy reservoir, storing
excess energy inside its large lipid droplets in the form of triglycerides. The brown adipose
tissue (BAT) works as a heat generating organ that combusts metabolic fuels to maintain
the animal’s body temperature. While metabolically these are the classical roles that
adipose tissues fulfill, there are many other functions that adipose tissues serve. In this
section we are going to highlight the extensive heterogeneity of adipose tissues and touch
on some of the unique profiles of individual fat depots.

There are three main regions of the body where fat depots reside: the anterior
subcutaneous, posterior subcutaneous, and the intra-abdominal region. Within the
anterior subcutaneous region of mice, there are the axillary, cervical, and interscapular
subcutaneous white fat pads, the latter of which encapsulates the interscapular brown fat
depot (Fig 2) [41]. The interscapular brown fat is the major brown fat depot in mice, but
other brown fat exists within the cervical, axillary, and perirenal regions [5].

In the posterior subcutaneous region of mice, there are three continuous fat pads,
the dorsolumbar, inguinal, and gluteal, which make up the subcutaneous inguinal fat
depot (Fig 2). This is the main subcutaneous fat depot in mice, and it is rather similar to
the gluteofemoral fat in humans [42]. In addition to this fat depot, humans have a
substantial amount of subcutaneous fat in the abdomen. Within this region, Scarpa’s

fascia is used as a landmark to demarcate two distinct fat depots. The tissue located
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under Scarpa’s fascia has a metabolic profile more akin to visceral fat. This “deep”
subcutaneous fat has higher inflammatory cytokine expression, more saturated fatty
acids, and is different morphologically from the superficial subcutaneous fat that
surrounds it [43-46]. Much like the distinct behaviors of human subcutaneous fat, the fat
pads of murine inguinal fat have metabolic differences as well, with the inguinal fat pad
at the center having a higher capacity to form brown-like adipocytes than the dorsolumbar
and gluteal fat pads [47].

The intra-abdominal region houses the visceral adipose tissue that surrounds the
internal organs. The depots contained in this region include: (1) the mesenteric fat that
surrounds the intestine; (2) the omentum, a fat apron that covers the spleen, stomach,
pancreas, and colon [48]; (3) the retroperitoneal fat that is located at the rear of the
peritoneal cavity; (4) the perirenal fat which forms a layer around the kidney and connects
to the retroperitoneal fat; (5) a perigonadal depot in mice that is associated with the
ovaries in females and is connected to the epididymis in males, and thusly referred to as
the epididymal white adipose tissue (eWAT) (Fig 2). Among the visceral fat depots, the
mesenteric, perirenal, and retroperitoneal are all present in both humans and mice. The
omental (humans) and perigonadal fat (mouse) are the most commonly used models of
visceral fat. However, humans do not possess a perigonadal fat depot, while mice have
so little/rarely seen omentum that its presence is not always acknowledged [4; 49]. This
represents a limitation of visceral fat research, but one that is a function of practicality.
The omental fat is the least invasive biopsy to acquire and while murine mesenteric fat
most closely resembles human visceral fat, the perigonadal fat is larger, more accessible,
and easier to manipulate surgically and dissect, and is therefore more commonly used

[41].
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In addition to these main fat depots, adipocytes exist throughout the body in
various forms and take on a number of functions (Fig 2). Adipose tissue exists within the
bone marrow and makes up about 10% of the total fat mass in humans. Marrow adipose
tissue is an important metabolic tissue due to its role in lipid storage, bone homeostasis,
and its high proportional secretion of the hormone adiponectin [47]. Dermal adipose tissue
— located just under the dermis layer of the skin has been a new avenue of metabolic
research, and it was recently discovered that these adipocytes have the ability to
dedifferentiate, proliferate, then redifferentiate to modulate the mass of the tissue [50]. It
normally functions to provide insulation, fight infection, promotes wound healing, and the
growth of hair follicles [51]. The adipose tissue within the mammary gland is noted for its
ability to undergo cyclic remodeling of expansion and a shift towards lipid production
during pregnancy [52], followed by retraction and reversible transdifferentiation into
secretory mammary epithelial cells during lactation [53]. The omentum, the visceral fat
organ that covers the abdominal organs, was termed “the policeman of the abdomen” in
the early 1900’s due to its ability to move around the peritoneal cavity and plug up surgical
wounds and inflammation [54]. The omentum is also known for its “milky spots,” clusters
of leukocytes that Ranvier identified to be embedded between adipocytes [55]. Similar
lymphoid clusters exist in mesenteric and pericardial fat [56]. The pericardial WAT forms
the layer of fat surrounding the heart, although the epicardial WAT takes up an estimated
80% of the surface area of the heart [57]. The epicardial WAT also has a unique profile
of smaller white adipocytes that express high levels of the brown fat marker UCP1 [58]
and releases large amounts of free fatty acids to assumedly fuel the heart [59]. Lastly,
muscle tissue features both intermuscular adipocytes between muscle groups, and

intramuscular adipocytes that form between muscle and fibers. Increased number of
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intramuscular adipocytes correlates with the development of type 2 diabetes [60]. To
conclude, adipocytes perform a bevy of metabolic, immune, structural, and secretory
functions throughout the body. Next, let’s take a look at the cellular processes that allow
adipocytes to perform these functions.

2B. White Adipose Tissue Functions
While the white adipose tissues may serve different roles based on their anatomical
locations, they have one feature that unites them: energy storage. In this section we will
discuss the processes that adipose tissues use to store, utilize, and distribute energy to
other tissues in the form of fatty acids.

2B.1. Lipid Droplet Formation
The defining feature of adipocytes is their lipid droplet. This organelle is filled with
triglycerides and can take up as much as 95% percent of the volume of adipocytes [61],
shunting the other organelles to the periphery of the cell. Fat makes up 80% of the weight
of adipose tissue, with triglycerides making up over 90% of the lipids stored in the adipose
tissues [62]. The presence of this much intracellular lipid would be toxic to any other cell
type, yet the formation and maintenance of this central lipid droplet allows adipocytes to
safely store lipids and serve as an energy reservoir for the rest of the body.

The formation of lipid droplets is still a relatively new field of research and the exact
mechanism has not been fully pinpointed yet. However, here is the proposed mechanism
by which it is believed that lipid droplets form: (1) Triacylglycerols are synthesized within
the ER. (2) An oil lens forms in the membrane of the ER at the tubules. It is proposed that
the curvature of the tubules disturbs the local bilayer of the ER membrane and may
promote formation of the oil lens [63; 64]. (3) This oil lens buds off the ER membrane and

creates a nascent lipid droplet. The prevailing model is that nascent lipid droplets bud off
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into the cytosol and then break off, although it has not been ruled out that they remain
connected to the ER [65]. (4) Expansion of the lipid droplet occurs when the lipid droplet
itself begins synthesizing TG, after lipid droplet proteins like DGAT2 appear in and around
the lipid droplet [66; 67]. This shift from an initial (iLD) to expanding lipid droplet (eLD)
synthesizing its own TG occurs over the course of minutes to hours and occurs as lipid
synthesis enzymes relocate from the ER to the lipid droplet [68]. ARF1/COP1 trafficking
proteins are necessary for this process [69], and a lack of either of these proteins leads
to smaller and fewer lipid droplets in drosophila [70; 71]. (5) Growth of lipid droplets is
believed to occur via one of two processes, either fusion of two existing lipid droplets [65],
or facilitated diffusion of lipids from a small lipid droplet to a larger neighboring droplet via
proteins located at inter-droplet contact zones like FSP27/CIDE-C [72]. Together, these
mechanisms of lipid droplet formation, growth, and lipid droplet protein targeting form our
expanding knowledge base of how the cellular architecture that helps drive adipocyte
function is created.

2B.2. De novo Lipogenesis
The lipids that are stored in the lipid droplets can either come from the diet and are
absorbed in the intestine, or they are synthesized from carbohydrates in a process called
de novo lipogenesis (Fig 3). De novo lipogenesis (DNL) consists of a series of reactions
that takes citrate from the TCA cycle and converts it into a fatty acid chain, which can
undergo further modifications to make the wide range of lipid species needed to support
life. To start, citrate is exported from the mitochondria and converted to acetyl-coA by
ATP citrate lyase. Then, acetyl-coA carboxylase (ACC) adds a carboxyl group to this
molecule, turning it into malonyl-coA. The enzyme complex fatty acid synthase (FASN)

takes the malonyl-coA molecule and begins elongation, adding carbons to the nascent
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fatty acid chain [73]. After the fatty acid is synthesized, it can be condensed to glycerol to
form phospholipids to go into membranes or form a triglyceride and be stored in the lipid
droplet (Fig 3). Additionally, elongase and desaturase enzymes add variety to the
potential lipids that cells can produce by altering the length, structure, and physical
properties that adipocytes and other cells produce [74]. The two main enzymes of DNL
are ACC and FASN. They are both transcriptionally regulated by SREBP1c and ChREBP,
but SREBP1c is the most important regulator of DNL in the liver, while ChREBP is in the
adipose tissue [75; 76]. DNL in these tissues also has opposite effects on global metabolic
homeostasis, with increased hepatic DNL leading to negative outcomes, and adipose
DNL promoting insulin sensitivity [76].

2B.3. Lipolysis

Adipocytes are able to access the fatty acids that have been stored in the lipid droplet
during periods of negative energy balance via a process known as lipolysis. Lipolysis is
the breakdown of triglyceride molecules stored within the lipid droplet that results in the
release of free fatty acids (FFA) and glycerol. Lipolysis is a series of reactions that starts
with the hydrolysis of triglycerides via adipose triglyceride lipase (ATGL) that produces
diacylglycerol (DAG) and releases one FFA molecule. That DAG molecule then gets
hydrolyzed by hormone-sensitive lipase (HSL), which results in monoacylglycerol and
another FFA molecule. The process is then completed by the enzyme monoacylglycerol
lipase (MGL), which hydrolyzes the bond between glycerol and the remaining fatty acid
molecule and separates them. Overall, the products of catabolizing one triglyceride
molecule are one glycerol and three FFA molecules (Fig 3) [77].

The process of lipolysis is mainly controlled by the activity of protein kinase A

(PKA), a kinase that is activated by elevated cyclic-AMP (CAMP) concentrations.
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The concentration of CAMP is modulated by many signaling pathways via many G-protein
coupled receptors (GPCR). When intracellular cAMP levels rise, PKA becomes activated
and phosphorylates HSL, causing it to translocate to the lipid droplet and hydrolyze
diacylglycerol molecules [77]. PKA also phosphorylates the lipid droplet protein perilipin,
which restricts lipase access to the lipid droplet under basal conditions (Fig 3) [78]. This
phosphorylation causes perilipin to release comparative gene identification 58 (CGI-58),
an ATGL co-activator, which allows ATGL to dock on the lipid droplet membrane. PKA
can also phosphorylate CGI-58, enhancing its dispersal in the cytoplasm and promoting
its interaction with ATGL [79].

There are several regulatory mechanisms that control the rate of lipolysis that
occurs within adipocytes. The autonomic nervous system is one of the main regulators of
lipolysis. The adipose tissue is highly innervated by both the sympathetic (SNS) and
parasympathetic (PNS) nervous system, allowing for tight regulatory control [80]. The
SNS controls the body’s response to stress and mobilizes metabolic substrates like fatty
acids so they are available for quick consumption. Catecholamines, the signaling
molecules of the SNS, stimulate lipolysis via binding to adrenoceptors, which are GPCRs
that activate adenylyl cyclase and thus PKA. In humans, the B1 and B2 adrenoceptors
are the most active in lipolysis, while the contributions of the more adipose-specific B3
adrenoceptor is not well established [81], and has even failed to induce lipolysis and
weight loss when stimulated in obese patients [82; 83]. The a2-adrenoceptor is coupled
to G-inhibitory proteins that inhibit cCAMP production, so the balance of the inputs of the
different adrenoceptors is important for lipid mobilization in humans [84; 85].

The name of the enzyme hormone-sensitive lipase derives from its regulatory

inputs from multiple hormones. The main hormonal regulator of lipolysis is insulin, which
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rapidly inhibits lipolysis within minutes of binding to its receptor [77]. This binding leads to
activation of phosphodiesterase-3B, which catalyzes cAMP breakdown. This drops the
cAMP concentration and prevents PKA activation. Insulin signaling may also
phosphorylate the regulatory subunit of protein phosphatase-1, which removes
phosphate from HSL [86]. The drop in circulating insulin during periods of fasting removes
its inhibitory effect and allows for lipolysis and the release of free fatty acids to occur.

In addition to insulin, other hormones regulate lipolysis, albeit with a less potent
effect. Growth hormone promotes lipolysis by disinhibiting adenylyl cyclase, especially
during longer fasting, allowing it to produce more cAMP [87]. Cortisol creates a stress-
induced increase in lipolysis that has a more delayed effect than the minutes it takes the
epinephrine from the SNS to stimulate lipolysis [88; 89]. The stimulatory effect of cortisol
is also undermined by its promotion of insulin release. Lastly, parathyroid hormones seem
to stimulate lipolysis in human adipose tissue [90; 91], but may also promote weight gain
by preventing catecholamine-induced lipolysis [92].

2B.4. Fatty Acid Oxidation
Following uptake via membrane transporters like CD36 or lipolysis, free fatty acids are
able to be metabolized for energy production. B-oxidation consists of four steps that lead
to the cleavage of two carbons from the fatty acid and the creation of NADH, FADH2, and
an acetyl-CoA molecule. The shortened fatty acyl co-A molecule is then able to undergo
subsequent rounds of B-oxidation. The acetyl co-A molecule is able to enter the TCA
cycle and produces more NADH and FADH2 molecules, and in the liver can be used to
generate ketone bodies [93]. The NADH and FADH: produced become participants in the
electron transport chain to produce ATP. All in all, the oxidation of one 16 carbon palmitate

molecule generates upwards of 100 ATP molecules [94].
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In order for oxidation to occur, fatty acids must be activated via conjugation to
acetyl-coA, creating a fatty acyl-coA molecule in the cytoplasm. Short-chain fatty acyl-
coA molecules are able to freely diffuse across the mitochondrial membrane for oxidation;
however, medium and long chain fatty acids are not. These larger fatty acyl-coA
molecules require the carnitine shuttle system to transport them across the mitochondrial
membrane and into the matrix for oxidation. Carnitine palmitoyl transferase 1 (CPT1) in
the outer mitochondrial membrane adds a carnitine molecule to fatty acyl-coA, creating a
fatty acyl-carnitine. This molecule is then able to diffuse across the mitochondrial
membrane using the carnitine-acylcarnitine translocase. Once in the mitochondrial matrix
carnitine palmitoyl transferase 2 (CPT2) removes the carnitine, and the fatty acyl-CoA is
able to undergo B-oxidation (Fig 3) [95].
The carnitine shuttle system is regulated in conjunction with de novo ligogenesis.
When acetyl-coA molecules produced by glycolysis are carboxylated, they form malonyl-
CcOA, which serves as a substrate for de novo lipogenesis and palmitate production.
Malonyl-coA has also been shown to inhibit beta oxidation through inhibition of CPT1 [95].
This makes CPT1 the rate-limiting step of fatty acid oxidation and means that fatty acids
get pushed towards storage as triglycerides instead of oxidation during periods of positive
energy balance [96]. The rate-limiting status of CPT1 makes its downregulation in the
visceral adipose biopsies from obese patients [97] a hindrance to potential body weight
interventions, and adipocytes become less oxidative during obesity [98; 99]. To
summarize, fatty acid oxidation is an important metabolic process that allows adipocytes

and other cell types to make use of the vast energy stores contained within adipocytes.
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2B.5. Adipokine Secretion

In recent years, the ability of adipose tissue to function as an endocrine organ, and not
solely as an inert energy storage organ, was recognized. There are several hormones
that the adipose tissue secretes that contribute to the global metabolic regulation of the
organism. The first adipokine to be discovered was the appetite-suppressing hormone,
leptin. Discovery of the effects of leptin are attributed to Douglas Coleman, Rudolph
Leibel, and Jeffrey M. Friedman at the Jackson Laboratory. They identified its effects in
a non-obese mouse line that developed a mutation which caused the mice to eat nonstop
and become obese [100]. When the circulation of an “ob/ob” mouse was joined with that
of a mouse lacking the mutation, the ob/ob mouse ate less and lost weight, demonstrating
that a mutated circulating factor was responsible for its excessive food intake [101]. The
mutated circulating factor was later identified as leptin, which we now know is secreted
from adipocytes and helps to suppress appetite and increase energy expenditure by
stimulating several regions in the hypothalamus including the arcuate, dorsomedial,
lateral, and ventromedial nuclei [102; 103]. Leptin also has pro-inflammatory effects. It
has been shown to stimulate production of pro-inflammatory cytokines like IL-1, IL-6, and
TNFa, to stimulate ROS production, to promote T helper 1 differentiation, and to promote
macrophage activation [104; 105].

Adiponectin is the other main adipokine. It is adipose specific and use of its
promoter has become the gold standard for creation of adipose-specific genetic
manipulations [29; 106]. While adiponectin is expressed only in adipocytes, its receptors
are expressed throughout the body, causing adiponectin to have widespread metabolic
effects. Adiponectin has been shown to suppress glucose production in the liver [107], to

improve pancreatic beta cell function, to promote cardiovascular health [108], and to
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enhance fatty acid oxidation in liver and muscle via activation of AMPK and other signaling
pathways [109]. Adiponectin is also known as an insulin-sensitizing hormone because it
stimulates translocation of the glucose transporter GLUT-4 to the plasma membrane in
skeletal muscle [110]. Adiponectin also stimulates the hypothalamus to promote food
intake, and the overexpression of this adipokine in ob/ob mice created a mouse model
that weighed around 100 grams, but had improved glucose homeostasis relative to ob/+
littermates [111]. Like leptin, adiponectin also affects inflammation, although the effects
of adiponectin are more anti-inflammatory. Adiponectin has been shown to prevent
production of TNFa and IFN-y, while promoting the secretion anti-inflammatory cytokines
like IL-10 and IL-1RA [112].

In addition to leptin and adiponectin, adipocytes also secrete several other
cytokines. Resistin is an adipokine that is secreted more during obesity, and as the name
suggests, promotes insulin resistance in obese animals [113]; however, human studies
involving resistin have not concluded this [114]. RBP4 is expressed mostly in visceral
adipose tissue and has been shown to be elevated in obesity and contribute to insulin
resistance [115]. While aP2 usually functions in the cytosol to coordinate lipolysis,
secretion of this protein through exosomes has been observed, leading to promotion of
hepatic glucose production [116]. Lastly, signaling properties of fatty acid derivatives have
begun to be characterized in recent years, creating a new class of non-protein adipokines
called “lipokines” [22].

2C. Brown Adipose Tissue Functions
Brown adipose tissue exists as a hybrid between white adipose tissue and muscle. It still
features lipid droplets and is capable of lipid storage; however, brown adipocytes are

mostly derived from the same lineage as muscle cells and feature a similar expression
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profile [117]. While white adipose tissue focuses on storing energy as triglycerides, brown
adipose tissue exists to metabolize fatty acids and glucose in order to maintain the body’s
temperature. In order to achieve this, brown adipose tissue needs a large amount of blood
vessels to supply it with metabolic substrates and mitochondria to break them down. The
iron within these key features of brown adipose tissue gives it its trademark color and
name. In addition to being rich in blood vessels and mitochondria, brown adipocytes
contain different lipid droplets than those found in white adipocytes. Instead of the
unilocular appearance of white adipocytes where the cytoplasm is dominated by one large
lipid droplet, brown adipocytes have a multilocular appearance that features numerous
smaller lipid droplets.

In addition to the differences in form and function of brown adipose tissue, the
interspecies variability in the amount of brown adipose tissue is much larger than white
adipose tissue. Brown adipose tissue is housed as distinct interscapular, axillary, and
cervical pads in mice [5]. In humans, infants have a layer of interscapular brown adipose
tissue akin to the brown adipose tissue seen in mice [118; 119]. As humans grow during
development, they lose relative surface area and the need for brown adipose tissue to
maintain body temperature. Brown adipocytes are replaced by white adipocytes [120] as
the body develops and until recently it was believed that infants were the only humans
that possess brown fat [121]. However, functional imaging that traces cellular glucose
uptake using 8flurodeoxyglucose positron emission tomography (18F-FDG PET) was
used in the late 2000’s to identify supraclavicular and cervical regions in adult humans
that contained brown adipose tissue that expressed brown fat markers [122-124] and was

more prevalent during cooler months [125]. This was a landmark finding and opened up
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the possibility of utilizing this high energy consuming tissue for the treatment of obesity
and metabolic dysfunction.

2C.1 Thermogenesis

The unique feature of brown adipocytes that makes them an appealing therapeutic target
is their ability to consume large amounts of energy due to the heat-producing process
called thermogenesis. Thermogenesis occurs in response to cold-induced release of
norepinephrine from sympathetic nerves or beta adrenergic stimulation. This stimulation
leads to Gsa Stimulation of adenylyl cyclase and the production of cCAMP. This rise in cAMP
activates protein kinase A, which phosphorylates CREB and p38 MAPK (Fig 4) [126].
These kinases phosphorylate and activate the transcriptional co-activator PGC1la, a key
transcriptional regulator of mitochondrial biogenesis and fatty acid oxidation [127]. In
adipocytes, PGC1la promotes expression of thermogenic proteins like uncoupling protein
1 (UCP1) [127; 128]. UCPL1 is a proton channel that allows protons to leak back across
the inner mitochondrial membrane and removes the membrane potential that drives the
highly efficient oxidative phosphorylation pathway, uncoupling it from respiration (Fig 4)
[129].

This short circuiting of the most efficient pathway for ATP production forces brown
adipocytes to consume more metabolic fuels in order to meet cellular energy needs. The
high volume of catabolic reactions occurring within brown adipocytes allows them to
generate heat and makes them an important contributor to basal metabolic rate. Despite
the small amount of brown fat that adults have, it has been estimated that after
stimulation, brown adipose tissue can account for 16% of the resting metabolic rate in

humans [130]. While stimulated brown fat can have large contributions to the energy
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Figure 4: Activation of brown fat

Diagram depicting brown fat activation via PKA signaling in response to cold or B-

adrenergic stimulation [5].
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expenditure of humans, many humans do not face sustained exposure to cold
temperatures that stimulate the brown adipose tissue.

2C.2. “BAT”okines
Although humans are usually not exposed to cold long enough to stimulate brown fat
activity under normal conditions; under experimental conditions, brown fat stimulation
leads to improved insulin sensitivity and glucose homeostasis in adult humans [131; 132].
These effects appear to be due to more than just changes in body weight or fat mass.
When PRDM16, a transcriptional coregulator important in brown fat development, was
overexpressed in the fat of obese transgenic mice, the mice showed small improvements
in insulin sensitivity and fat mass, but large improvements in their glucose tolerance [133].
Conversely, fat-specific ablation of PRDM16 or its coregulator EHMT1, lead to insulin
resistance in lean mice and led to hepatic steatosis [134; 135]. These findings suggest
that brown fat and brown adipocytes located within WAT depots have a greater
contribution to global glucose homeostasis than solely its boost in energy expenditure.
One potential reason for the improvements in glucose tolerance associated with brown
fat activity is the ability of brown fat to act as a “metabolic sink,” where glucose, fatty acids,
and other metabolic substrates are dumped, and prevented from getting into other
metabolic organs [136].

Another potential reason is that brown fat might secrete its own adipokines that
improve glucose homeostasis. Some evidence exists for the secretion of metabolically-
beneficial hormones being secreted from brown or brown-like adipocytes in WAT, called
beige cells, following exercise. Endurance exercise has been shown to promote the
formation of beige adipocytes, and the transplantation of inguinal WAT following exercise

training improved insulin sensitivity and glucose tolerance in recipient mice [137].
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Additionally, neuregulin 4 has been shown to be secreted from brown fat and negatively
regulates lipid synthesis in the liver [138]. In addition to neuregulin 4, stimulated beige fat
has been shown to secrete irisin and METRNL, two proteins that are secreted by the
muscle following exercise, and cold-exposed adipose tissues secrete brown-inducing
hormones FGF21 and BMP8b. While “BATokines” likely work in tandem with the
metabolic sink capacity of brown adipocytes to improve glucose homeostasis, they offer
a relatively new class of metabolic hormones and add a layer of complexity to our rapidly
evolving knowledge of brown adipose tissue.
2C.3. Beige fat
In addition to brown fat, adipocytes within white adipose tissues are also capable of
expressing UCP1 and performing non-shivering thermogenesis. These “beige”
adipocytes appear in response to cold exposure or stimulation of the Bs-adrenoceptor
(Adrb3) by the sympathetic nervous system. There are two leading hypotheses for how
beige adipocytes form. The first is that existing white adipocytes transdifferentiate into
beige adipocytes and begin expressing UCP1. The other is that beige adipocytes are
formed from perivascular precursor cells that undergo de novo adipogenesis to form
beige cells. There is substantial evidence for both sides of this argument. The presence
of intermediate cells that fall between white and beige phenotypes provide evidence of
transdifferentiation [139; 140], but tracing studies have shown that new adipogenesis is
required for beige adipocyte formation in response to cold [141].
Recent fate-mapping studies have suggested that cold and beta-adrenergic
stimulation may make use of different sources for their induction of beige adipocytes.
Acta2+ or Myh11+ smooth muscle cells have been shown to differentiate into beige cells

[142; 143]. Fate mapping of these cells during Adrb3 stimulation demonstrated that they
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were not the source of beige cell generation. This suggests that transdifferentiation of
existing white adipocytes is responsible for beige cell formation following Adrb3
stimulation, which was confirmed using an adipocyte-specific ablation of Prdml6,
resulting in inguinal fat that was unable to form beige adipocytes [144]. Expression studies
of beta adrenoceptors provides further support for Adrb3-induced beige cells coming from
existing adipocytes. Mature adipocytes express the Adrb3 receptor, but smooth muscle
cells do not [142; 145]. They do, however, express Adrbl, which is not expressed in
adipocytes [146]. This study also used pharmacological inhibitors to suggest that Adrb1,
and not Adrb3 stimulation, is responsible for the formation of beige cells in response to
cold, which backs up previous reports of Adrb3 being dispensable for cold-induced
browning [147]. Additionally, Adrb1 null mice are cold intolerant [148], and overexpression
of this receptor amplifies browning potential [149]. Together, these data suggest that cold
and Adrb3 stimulation utilize different cell sources and signaling pathways to induce beige
cell formation. In addition to confirming the source of beige adipocytes in response to
different stimuli, the metabolism of beige cells formed from each induction method should
be characterized to ascertain the ideal therapeutic strategy.

While brown and beige fat have intriguing therapeutic potential for the treatment of
obesity and metabolic dysfunction, there are some caveats that should be considered
regarding the comparison of mouse and human thermogenic tissues. Firstly, the
thermogenic tissue identified in humans more closely resembles beige rather than brown
fat found in mice [150; 151]. Humans and mice also have different tissues with higher
expression of browning markers. In mice, expression is higher in subcutaneous fat. In
humans, expression is actually higher in the omental fat compared to the abdominal

subcutaneous fat [152]. Additionally, exercise increases markers of browning within
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subcutaneous fat in mice; however, exercise reduces brown fat markers in human
subcutaneous fat [137; 153]. Together, these differences highlight the limitations that
undermine data interpretation and the care that must be taken to extrapolate findings from

murine brown adipose tissue and apply it to human beings.

3. Obesity & Metabolic Dysfunction

Body weight regulation is a delicate balance between energy expenditure and energy
consumption. If energy consumption does not meet the energy expenditure needs of an
animal, the animal will starve. However, if energy consumption is greater than its energy
expenditure, the animal will store the extra energy, usually in the lipid droplets of
adipocytes. This is the body’s natural response to acute overnutrition. When overnutrition
occurs chronically, fat begins to accumulate and eventually the animal becomes obese.

3A. Obesity: Modern Society’s Public Health Crisis

Starting in middle of the 1970’s, the prevalence of obesity began to climb. A comparative
study of obesity rates of Americans between 1976-1980 estimated the prevalence of
obesity in American adults was around 14.5 percent [154]. In 2015-2016, the prevalence
of obesity was 39.6 percent in American adults and 18.5 percent in children (age 2-19)
(Fig 5) [3]. That number is even higher in the non-Hispanic Black (46.8%) and Hispanic
(47%) populations. This is a dangerous situation due to the association of obesity with
many comorbidities including diabetes and insulin resistance, heart disease, liver
diseases, Alzheimer’s, depression, reproductive issues, and certain types of cancers
[155], and obesity creates an estimated 147-210 billion dollars of healthcare costs in the

United States each year [156]. But what has caused this dramatic shift in the size of the
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American population? And how does increased body weight predispose individuals to
some of the most deadly diseases?

For most of human existence, food resources were scarce and uncertainty over
when (or if) a next meal would happen were common. Therefore, the human body evolved
to meet the energy conservation needs of a food insecure society. Survival was more
likely if humans were able to consume as many calories as possible when food was
present, then conserve leftover calories until the next time food was available. In the
meantime, the body would store any unused calories from the meal as fat, which the body
could draw from while searching for the next meal.

In other words, the human body was not prepared for Taco Bell. The emergence
of fast food alone did not doom modern society to a future of obesity and chronic health
problems, but it certainly did not help. The appearance of cheap, delicious, high-calorie
foods that are ready at a moment’s notice was not the death knell for America’s waistlines,
but a byproduct of a society that now had something the human body did not evolve for:
plenty. While food insecurity exists as a still too common problem that affected 10.5
percent of American households in 2019 [157], society has progressed so that acquiring
food is no longer the mass critical venture it had been throughout history. Instead of
needing to go out and hunt for dinner, or ration the yields of a harvest, grocery stores are
stocked with any food a person could want, year round. And the human body has
responded to surplus the way it has responded to food for centuries, by conserving excess
calories as fat. Along with the excess of food available in today’s society, increasingly
sedentary lifestyles, less cigarette smoke (appetite suppressant), the rise of food deserts,
and the steep price of vegetables, modern society has created an environment that sets

up Americans, and the rest of the world, to be obese.
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Figure 5: Obesity trends in the 215t century

Percent of American adults and youths with obesity between 1999-2016 [3].
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3B. Adipose Tissue Dysfunction during Obesity

When the body has a positive energy balance, adipocytes expand to compensate for this
until a threshold, usually around 0.7-0.8 ug/cell, is reached. At this point, cells start to
secrete signals to induce proliferation and differentiation of surrounding progenitor cells
[158]. This preference for hypertrophy manifests as an increase in adipocyte size, but not
number, following several months of overnutrition in humans [159]. Additionally, stable
isotope tracing of people exposed to nuclear weapons testing in the middle of the 20t
century revealed that the number of adipocytes remains relatively constant after early
adulthood, although obese individuals had an upward shift in their number of adipocytes
[160]. This study also confirmed that weight loss results in decreased adipocyte volume
[161; 162], but not a reduction in their number, meaning that once you acquire fat cells,
you are not likely to lose them.

The expansion of adipose tissue by hypertrophy of the adipocytes can lead to
problems as space is limited within the adipose tissue. Adipocyte hypertrophy creates
physical constraints within the tissue as the adipocytes press up against the rigid
extracellular matrix, which can lead to stress and inflammation [163]. This is exacerbated
by the tendency of obese adipose tissue to become fibrotic [163]. The expansion of the
adipocytes stresses themselves and the greater demand for protein synthesis and lipid
processing and storage elicits ER stress [164]. Adipose expansion also strains the
vasculature, which typically fails to expand enough to sufficiently supply oxygen and
nutrients to the hypertrophic adipocytes [165]. These adipocytes can become hypoxic and
hypoxia inducible factor la (HIF-1a) usually becomes activated in adipocytes during

obesity [97]. It has been suggested that HIF-1a induces multiple changes in obese
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adipocytes including inhibition of fatty acid oxidation by inactivating PGC1la [97], reducing
adiponectin expression [166], and inducing inflammation and fibrosis [167].

3C. Global physiological changes during obesity

These changes in adipose biology during obesity create a set of organs that behave very
differently than under normal physiological conditions. Three main changes in lipid
metabolism, adipokine secretion, and inflammation in obese adipose tissues lead to
disturbances in whole body metabolism and physiology. The changes in adipose lipid
metabolism center around increased lipolysis and less oxidation within obese adipocytes,
leading to more free fatty acids being released into the circulation [22]. These excess fatty
acids are taken up into other organs that are not equipped to handle high lipid loads and
are susceptible to lipotoxicty. This leads to ectopic lipid accumulation, which promotes
the development of insulin resistance in the liver and muscles [168]. The loss of insulin
signaling causes regulatory control over hepatic glucose production to be lost, which
when coupled with the reduced glucose uptake into resistant skeletal muscles, leads to
elevated blood glucose, known as hyperglycemia. Hyperglycemia stimulates the
pancreas to secrete more insulin, as does the elevated circulating free fatty acids. This
creates a short-lived “compensatory” phase of insulin resistance where the beta cells are
maximally producing insulin to meet the body’s elevated demands. Eventually, the insulin-
producing beta cells in the pancreas succumb to lipotoxicity and exhaustion from
hyperproduction of insulin and the individual is no longer able to supply their body with
the necessary insulin for proper blood glucose management [169]. This is how Type 2
Diabetes Mellitus develops.

In addition to the changes in lipid metabolism and free fatty acid release into the

circulation, changes in the secretion of hormones called “adipokines” from adipose tissue
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also contributes to the global metabolic dysfunction that occurs as a result of obesity.
Under normal physiological conditions, leptin secreted from adipose tissue acts in the
hypothalamus to restrict hunger and promote energy expenditure. However, the logical
idea of treating obese patients with a hormone that limits food intake and boosts energy
expenditure has only been mildly effective [170; 171]. This may be due to the elevated
leptin secretion observed in the larger adipose tissues of obese patients [172]. It is
believed that the increase leptin leads to leptin resistance, and results in the loss of the
appetite-suppressing and metabolism-promoting effects. In fact, recent work by Phil
Scherer’s group has shown that reducing circulating leptin using genetic or neutralization
approaches actually improves hypothalamic response and reduces weight gain by
increasing energy expenditure and reducing food intake [173]. In addition to leptin, the
secretion of the insulin-sensitizing hormone, adiponectin, is also modulated by obesity.
Adiponectin secretion is paradoxically reduced during obesity, despite the increase in fat
mass [174]. Since this adipokine has far-ranging effects that promote insulin sensitivity,
this drop in circulating concentration contributes to the insulin resistance in the adipose
tissue (autocrine/paracrine effects) and in other metabolic organs throughout the body
[175]. Increases in secretion of RBP4 and resistin also contribute to global insulin
resistance during obesity [113; 115].

In addition to the cytokines that adipocytes secrete to regulate metabolism, they
also secrete inflammatory cytokines during obesity that alter adipose tissue physiology,
as well as global metabolic homeostasis. Macrophages are recruited to the adipose tissue
in an attempt to phagocytose and clear away dead and dying adipocytes. As the
macrophages clear away adipocytes from obese adipose tissue, they shift from the anti-

inflammatory M2 polarization to the pro-inflammatory M1 polarization [176; 177].
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Similarly, the anti-inflammatory regulatory CD4+ Foxp3+ T cells present in lean adipose
tissues shift to cytotoxic CD4+ and CD8+ T cells [178; 179]. This shift further pushes
macrophage differentiation away from the M2 polarization [180], which correlates with the
development of insulin resistance [181]. The macrophages which take on the M1
phenotype secrete pro-inflammatory cytokines like TNFa, which has long been shown to
interrupt insulin signaling [182]. They also secrete MCP1, which reduces insulin
sensitivity, alters adipocyte gene expression, and recruits more macrophages to the
tissue [183]. These proinflammatory cytokines amplify the inflammation within the tissue,
creating an environment of chronic inflammation that potentiates insulin resistance and
metabolic dysfunction.

3C.1 Insulin Resistance

One of the main ways that these pathophysiological changes that occur during obesity
manifest in metabolic dysfunction is through the development of insulin resistance. Insulin
is a peptide hormone that pancreatic beta cells secrete in response to elevated blood
glucose during the postprandial phase. This anabolic hormone has a multitude of effects
including the promotion of glucose uptake and the synthesis of glycogen, lipids, and
proteins, while inhibiting gluconeogenesis, lipolysis, and protein degradation [184]. Insulin
induces these effects through a network of signaling pathways stemming from its
receptor, which induces its insulin receptor tyrosine kinase activity upon binding to insulin.
Following autophosphorylation, the tyrosine residues bind the insulin receptor substrate
(IRS), which is phosphorylated by the insulin receptor. This phosphorylated IRS activates
PI13K [185]. PI3K phosphorylates PIP2 to create PIP3, which recruits and activates Akt
through PDK1. Activated Akt then phosphorylates several effectors like mTorcl, Foxol,

GSK3B, and PDE3B to bring about its effects on cell growth and survival [184].
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Diagram depicting changes in cell signaling that cause insulin resistance [6].
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During obesity, this signaling can be disrupted by the presence of ER stress,
ceramides, ROS, and inflammation (Fig 6) [6]. These pathological changes impact insulin
signaling by activating JNK and the IKK/NF-kB pathway. JNK reduces insulin sensitivity
by phosphorylating serine residues on the IRS, inhibiting its function. IKK activation leads
to NF-kB translocation and the induction of inflammatory mediators that further amplify
insulin resistance [6]. PKC also phosphorylates IRS serine residues, and has been shown
to be activated by diacylglycerols, a metabolite produced by lipolysis [186]. Together,
these changes manifest in a resistance to insulin signaling in metabolic tissues and a
paradoxical selective insulin resistance in the livers of patients. Insulin inhibition of
glucose production is lost but lipid synthesis is pushed higher by elevated insulin levels
[187], although recent evidence suggests that lipid synthesis promotion by insulin is also

impaired in humans [188].

4. Subcutaneous vs. Visceral Fat
4A. Differential contributions to metabolic dysfunction

Overall, the expansion of adipose tissue during obesity creates a pathophysiological state
and contributes to the development of metabolic dysfunction; however, expansion of
visceral and subcutaneous adipose tissues have different impacts on global metabolic
homeostasis. The enlargement of visceral fat strongly correlates with the development of
metabolic syndrome [189], whereas subcutaneous fat is seen as being more
“‘metabolically protective” during obesity and individuals with more subcutaneous fat
deposition are less likely to develop metabolic syndrome [190; 191]. Transplantation of

subcutaneous fat into the visceral area of recipient mice improves insulin sensitivity and
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glucose tolerance, while visceral fat transplantation did not produce beneficial effects
[192; 193].

4B. Features Unique to Visceral Fat

There are several factors that are believed to cause the differential metabolic
contributions of these white adipose tissues. Visceral fat is believed to contribute to
metabolic dysfunction due to its more inflammatory nature [194], as well as its enhanced
ability to mobilize fatty acids via lipolysis [42]. It is also associated with ectopic fat
accumulation in other metabolic organs [195] as well as reduced secretion of the insulin-
sensitizing hormone adiponectin, despite expansion of the tissue during obesity [196].
These changes in visceral adipose biology may have outsized effects on whole-body
metabolism due to the visceral fat draining into the portal vein. It has been proposed that
this system exposes the liver to elevated concentrations of fatty acids and cytokines, but
the metabolic impact of this connection is still being evaluated[197].

Inflammation within the visceral fat plays an important role in the development of
metabolic dysfunction. Not only does the visceral omental fat have more substantial
macrophage infiltration compared to the subcutaneous fat in obese patients, but
macrophage infiltration into the omentum associated with liver dysfunction, while
subcutaneous fat infiltration did not [198]. The visceral adipose tissue also contains higher
abundances of pro-inflammatory cytokines like TNFa, MCP1, IFNy, and interleukins [199]
and the obese murine visceral fat has larger populations of IFNy-producing CD4+ T cells.
The proportion of Foxp3+ anti-inflammatory T cells lowered by 70% compared to lean
VAT. While the subcutaneous fat from these mice still had a (smaller) increase in the
number of IFNy-producing CD4+ T cells during obesity, Foxp3+ regulatory T cells

accounted for the same proportion as in lean subcutaneous fat [179].
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4C. Features Unique to Subcutaneous Fat

Subcutaneous fat is believed to be more protective because it has higher secretion of
protective adipokines, like leptin and perhaps adiponectin, and it has more metabolic
flexibility than visceral fat [196; 200]. Subcutaneous fat much more readily undergoes
browning in response to cold or beta adrenergic stimulation [5]. Murine visceral fat is
highly resistant to browning, even when Prdm16, a key driver of brown and beige
adipocyte formation, is overexpressed [133]. Visceral fat browning capacity has been
recently demonstrated, but has only been shown in a few select models [201-204].

In addition to these metabolic and secretory changes, the methods adipose tissues
use to expand seem to contribute to their divergent behaviors during obesity. In response
to chronic nutrient excess, preadipocytes proliferate and differentiate into new adipocytes
to aid subcutaneous fat expansion, whereas intra-abdominal fat expands via adipocyte
hypertrophy in humans [205]. Similar patterns are observed in upper and lower body
subcutaneous fat, with upper body fat tending to expand via hypertrophy, and lower body
fat expanding via hyperplasia [206]. These differences in preferred expansion mechanism
may account for the finding that adipocyte death rates are drastically different between
visceral and subcutaneous fat, with a report of up to 80% of epididymal adipocytes dying
after mice spent four months on high-fat diet, but only 3% of inguinal adipocytes died
during the same time period [207].

Differences in the preadipocytes within these two types of adipose tissue may
explain this phenomenon. Preadipocytes within subcutaneous fat have higher expression
of PPARy and the C/EBP family of transcription factors that drive adipocyte formation
[208]. Subcutaneous preadipocytes can proliferate, differentiate, and accumulate more

lipid than differentiated preadipocytes from visceral fat [208]. Thus, the elevated PPARy
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and C/EBP transcription factors could contribute to the more plastic nature of
subcutaneous fat and its ability to avoid hypertrophy during obesity.

4D. Cellular Mechanisms behind functional differences
Although the physiological reasons underpinning the divergent behaviors of visceral and
subcutaneous fat have been described, the cellular mechanisms behind them have not
been fully described. However, some cell autonomous features of visceral and
subcutaneous adipocytes have been unearthed. For example, different expression of
developmental patterning genes in isolated adipocytes and the stromal vascular fraction
from subcutaneous and visceral fat suggests that these tissues have different
developmental origins [209]. One of these developmental genes that have been studied
is Short stature homeobox 2 (Shox2). It has much higher expression in subcutaneous
adipocytes, especially in patients with central obesity. While it appears that
developmental lineage may be responsible for the heterogeneity among white adipose
tissues and fat distribution, further study is required to determine how these
developmental differences manifest in the metabolic profiles of visceral and

subcutaneous fat.

5. CREB3L3

5A. An Introduction
Cyclic-AMP responsive element-binding protein 3-like-3 (CREB3L3) is an endoplasmic
reticulum (ER)-bound transcription factor from the cyclic-AMP response element-binding
protein (CREB) family of transcription factors that binds to DNA via a basic leucine zipper
domain. CREB3L3 has been previously described in the literature as being a liver-specific

gene, and has even been termed CREB hepatocyte specific (CREBH). In addition to
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CREB3L3 mRNA being highly expressed in the liver [1; 210], it has also been shown to
be present in the ileum, and to a lesser extent, in the stomach and duodenum (Fig 7B)
[2].

What separates this transcription factor from canonical CREB is the presence of a
transmembrane domain located that tethers the protein to the endoplasmic reticulum (ER)
membrane. When this transcription factor was first cloned, four key structural features
that were identified (Fig 7A) [210]. (1) Protein database homology searches showed that
the b-Zip domain of CREB3L3 features strong homology to the known b-Zip transcription
factors BBF-2 in drosophila, CREB3/LZIP in humans, and OASIS in mice, with CREB3L3
having 71, 84, and 69% homology to these factors, respectively. (2) A second leucine
zipper motif containing three ‘LXNXTXX’ repeats was found in the C-terminal in addition
to the b-Zip domain. (3) A string of 17 amino acids that could potentially make up a
hydrophobic transmembrane domain. (4) A short sequence of ‘GDEL’ at sites 458-461
that could make up a KDEL-like sequence and function to traffic CREB3L3 to the ER
membrane following synthesis [211].

5B. Expression
There are numerous stimuli that alter the expression of CREB3L3 in studies performed in
the liver. One of the earliest identified regulators of CREB3L3 expression in the liver was
HNF4a, but ablation of this transcription factor in the small intestine did not alter CREB3L3
expression [2]. The inflammatory cytokines IL6, IL1B, and TNFa were also shown to
induce hepatocyte expression of CREB3L3 [1]. ER stress is known to induce activation
of this factor, but there is no clear consensus as to whether ER stress induces expression
of CREB3L3 [1; 212], and there is ex vivo evidence that ER stress induction does not

alter CREB3L3 expression in primary hepatocytes [213].
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(A) Structure of CREB3L3 [1].

(B) Northern blot showing expression of CREB3L3 in various tissues [2].
(C) Diagram depicting activation of CREB3L3. CREB3L3 is tethered to ER membrane

and is trafficked to Golgi where it is cleaved by site-1 and 2 proteases. The transcription

activation domain is then able to transclocate to the nucleus [1].
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Metabolic stimuli also play a key role in the regulation of CREB3L3 expression. Glucagon
stimulation of PKA signaling during fasting induces CREB3L3 expression, while
glucocorticoid receptors bind directly to the glucocorticoid response element within the
CREB3L3 promoter to induce expression of this transcription factor [214]. Fasting itself
has been shown to induce CREB3L3 expression, and while treatment of HepG2 cells with
palmitate, oleic, and eicosapentanoic acid increased CREB3L3 expression [215], primary
hepatocytes did not have a significant increase in CREB3L3 message following palmitate
stimulation [213]. PPARa could also play a role in the expression of CREB3L3 in response
to fasting, as treatment of HepG2 cells with PPARa agonists fenofibrate, Wy14643, and
pemafibrate has increased hepatic CREB3L3 expression [215-217]. To this end, the
CREB3L3 promoter has a PPRE site, and it has been proposed that PPARa and
CREB3L3 create a mutual autoregulatory loop [215]. In addition to being induced by
fasting, insulin has been shown to suppress hepatic CREB3L3 expression in the fed state
[218]. To summarize, there is a complex network of factors that regulate the expression
of CREB3L3 in the liver, with inflammation and fasting/refeeding standing as central
factors in the transcriptional regulation of this protein.
5C. Regulation

The presence of the transmembrane domain that localizes the full length protein to the
ER membrane means that the regulation of CREB3L3’s activity is not driven by
phosphorylation like other CREB transcription factors. Instead, its activity is regulated by
the cleavage of the peptide, which releases the transcription activation domain to
translocate to the nucleus (Fig 7C) [1]. ER stress occurs when unfolded or misfolded

proteins accumulate within the ER lumen. This triggers the signaling pathways known as
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the unfolded protein response (UPR), which attempt to clear the peptides from the ER
lumen. In response to ER stress, fasting/elevated free fatty acids, insulin, and atherogenic
high-fat diet, CREB3L3 is trafficked to the Golgi via COPII vesicles (Fig 7C) [219]. While
TNFa and IL6 increased the mRNA expression of CREB3L3, they did not increase the in
vitro abundance of the cleaved form of CREB3L3 in H2.35 cells [1]. However, in vivo co-
injection of IL6 or IL-1B resulted in increased cleaved CREB3L3 in the liver [1].

Once in the Golgi, CREB3L3 is cleaved by site 1 and 2 proteases. This cleavage
releases the N-terminus, allowing it to translocate to the nucleus and induce transcription
(Fig 7C) [1]. In addition to ER stress, there are other mechanisms that regulate the activity
of this transcription factor. CREB3L3 activation is also controlled by the circadian
regulator BMAL in the liver. BMAL activates Akt, which phosphorylates GSK33, which in
turn phosphorylates CREB3L3, preventing it from complexing with COPII vesicles
proteins and being transported to the Golgi for activation [219]. While there is not much
change in the expression of hepatic CREB3L3 message during a 24-hour cycle, this
circadian regulation leads to more CREB3L3 present in the nucleus during the light cycle
than when the mouse is in the dark [219]. This allows the CREB3L3 to induce expression
of genes that promote lipolysis, which contributes to the release of fatty acids from the
liver during the light cycle when mice are typically inactive and fasting.

In addition to phosphorylation by GSK3, there are additional post-translational
modifications that regulate the activity of CREB3L3. It has been shown that CREB3L3 is
ubiquitinated by the SellL-Hrd1l ER-associated degradation complex which targets it for
degradation, especially during the fed state, when the abundance of SellL and Hrdl is
higher. Ablation of SellL led to a drastic increase in the amount of active CREB3L3 in the

nucleus, which led to increased FGF21 in the circulation [220]. In response to fasting or
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glucagon stimulation, CREB3L3 is acetylated on its lysine 294 residue, which was
required for the interaction of this transcription factor with PPARa [221].

5D. Role in Inflammation
One of the first functions of CREB3L3 to be identified was its contributions to inflammation
within the liver via induction of acute phase response proteins. Luciferase studies using
overexpression of the N-terminal of CREB3L3 show that this transcription factor induced
expression of the promoters of acute phase proteins CRP and SAP, and the full-length
CREB3L3 only did in response to ER stress [1]. The ablation of CREB3L3 abrogated the
ability of hepatocytes to induce expression of these genes in response to ER-stress [2].
CREB3L3 has also been shown to induce expression of the iron-regulating hormone
hepcidin, which is thought to limit iron availability for foreign microorganisms [222].
Feeding CREB3L3 global KO mice an atherogenic high-fat diet increased the expression
of the proinflammatory cytokines TNFa and IL6 in the liver, although this could be a
response to the steatosis occurring in this model [213]. Lastly, CREB3L3 has also been
shown to contribute to osteoclast differentiation via induction of the master regulator of
osteoclastogenesis, NFATc1, after being activated by RANKL [223].
5E. Role in Metabolism

CREB3L3 plays a variety of roles in metabolism, and has been established as an
important regulator of energy homeostasis. Clinically, patients with hypertriglyceridemia
have a high propensity for mutations that render CREB3L3 nonfunctional [224-226]. This
has been recapitulated in mouse models as CREB3L3 deficiency led to
hypertriglyceridemia in mice due to reduced expression of the Lpl coactivators Apoc2,
Apoa4, and Apoa5 and increased expression of the inhibitor Apoc3. This led to reduced

Lpl activity and triglyceride clearance [224]. This was also found in CREB3L3 knockout



42
mice fed atherogenic high-fat (AHF) diet that had plasma rich with triglycerides and a
milky appearance [213]. The mice from this study also developed hepatic steatosis. This
may be due to the reduction in fatty acid oxidation markers and FGF21 in these mice
[213]. CREB3L3 has been shown to complex with PPARa to induce transcription of the
“starvation” hormone FGF21, usually during periods of fasting [216; 221]. Steatosis was
also observed in CREB3L3 knockout mice in another group, and Fgf21 was also able to
partially rescue the steatosis observed following AHF dietary treatment [221]. In addition
to its role as a regulator of lipolysis and fatty acid oxidation, CREB3L3 has also been
shown to inhibit lipogenesis in the liver via suppression of SREBP1c expression. It
appeared to achieve this through induction of Insig2 in hepatocytes and was sufficient to
prevent insulin-stimulated initiation of lipogenesis [218]. CREB3L3 also plays an
important role in the lipid metabolism outside of the liver. CREB3L3 has been shown to
reduce expression of Npclll expression in the small intestine, which reduces the
absorption of cholesterol and prevented hypercholesterolemia in CREB3L3 transgenic
mice [227].

In addition to its role in lipid metabolism, CREB3L3 also contributes to glucose
homeostasis in the liver. CREB3L3 induces expression of the gluconeogenic genes
PEPCK and G6Pase in hepatocytes, and ablation of this transcription factor in the liver
reduced blood glucose levels [214]. Additionally, CREB3L3 has also been shown to
induce expression of the liver form of glycogen phosphorylase to increase glycogenolysis
[228]. To summarize, CREB3L3 serves a vast array of regulatory roles in hepatic glucose

and lipid metabolism.
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6. Statement of Hypothesis and Aims
The ability to modulate body weight is a sorely needed therapy given the omnipresence
of obesity. The heterogeneity of adipose tissues represent a substantial barrier for
harnessing the potential of this tissue as a weight loss tool. We have identified that the
transcription factor CREB3L3 is differentially regulated in visceral and subcutaneous
adipose tissues, which could contribute to the poorly understood differences between
these tissues. Given the important role of this transcription factor in hepatic lipid
metabolism, we aimed to elucidate the role of this factor in adipose tissue metabolism,
using our fat-specific knockout mouse in addition to creating a novel technique for
subcutaneous fat-specific overexpression. The central hypothesis of this thesis is that
CREB3L3 is present in adipocytes and its activity in these cells contributes to body weight
regulation and global metabolic homeostasis. To test this hypothesis the following aims

were explored:

Specific Aim 1: Confirm adipose CREB3L3 expression and characterize effects of its

ablation. Previous works neglected to measure the adipose expression of CREB3L3, as
this key lipid metabolism regulator has been assumed to be liver-specific. In this aim, we
measured the expression of CREB3L3 in adipose tissue, created an adipocyte-specific
knockout (fKO) of this factor, and performed metabolic phenotyping to investigate its role

in adipose biology.

Specific Aim 2: Identify the molecular mechanisms by which CREB3L3 regulates body

weight. We hypothesized that CREB3L3 ablation shifts lipid metabolism towards

synthesis and storage, leading to the enhanced adiposity in the fKO mice during obesity.
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In this aim we performed functional analysis to determine why CREB3L3 ablation
produced larger adipose tissues. Lastly, we overexpressed CREB3L3 in subcutaneous
fat to further examine the role CREB3L3 plays in adipose metabolism and global energy

balance.
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[l. Materials and Methods

1. Animal handling

Animal protocols were approved by the University of Illinois at Chicago Animal Care and
Use Committee (IACUC). Institutional guidelines for care were followed. Mice were
housed at environmentally controlled conditions including a 12 hour light/dark cycle with
ad libitum feeding of a standard rodent chow diet and water. Changes in diet or
environmental temperature are specified. Adiponectin-Cre, C57BL/6J, and ob/ob mice
were acquired from Jackson Laboratories (Bar Harbor, ME, USA). Adiponectin-Cre mice
used in this study were on a C57BL/6J background, and the CREB3L3 floxed mice were
on a mixed (129Sv/CD-1) background.

2. Human subjects

In a cross-sectional study of 636 individuals (433 women, 203 men; BMI range: 14.7 —
88.8 kg/m2, age range: 18-90 years), we investigated CREB3L3 mRNA expression in
paired abdominal omental (Vis) and subcutaneous (SC) adipose tissue samples. The
samples were harvested while elective laparoscopic abdominal surgery was performed,
as described previously [27]. The samples were flash frozen in liquid nitrogen and stored
at -80 degrees Celsius. This project received approval by the Ethics Committee of the
University of Leipzig (approval no: 159-12-21052012) and followed the guidelines set in
the declaration of Helsinki. All subjects gave written informed consent before taking part
in this study.

3. RNA isolation and real-time gPCR

Total RNA was isolated from tissues and mature adipocytes using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) and the Direct-zol Kit (Zymo, Irvine, CA, USA). Tissue

samples were homogenized using the Bead Blaster 24 homogenizer (Benchmark) at the
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following settings: Power: 5 m/s, Time: 30 sec, 2 cycles. The homogenized tissue was
then centrifuged at 4°C for 10 min. 350uL of the pink Trizol layer was removed, taking
care not to disturb any white lipid layer that may have formed in more lipid-rich samples.
An equal volume of ethanol was added to this Trizol homogenate, and the mixture was
loaded onto a Direct-zol column. Isolation was then performed following the
manufacturer’s instructions. The concentration and integrity of the resultant RNA samples
was measured with the Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). 2ug of total RNA was used to generate cDNA using the High
Capacity cDNA Reverse Transcription Kit (Invitrogen, Carlsbad, CA, USA) with random
hexamer primers, following the manufacturer’s instructions. The resultant cDNA was
diluted to a concentration of 10ng/uL and 1.67uL was aliquoted for each 6.67uL real-time
guantitative polymerase chain reaction (QPCR) (SYBR Green, Bio-Rad, Hercules, CA,
USA). Reactions contained primers (Integrated DNA Technologies, Coralville, IA, USA)
at a concentration of 300nM each, and 600nM for UCPL1 in white adipose tissue. PCR
reactions were run in duplicate and quantitated using the ViiATM7 Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA). Results were normalized to Beta-
actin (B-actin), Ribosomal protein L19 (L-19), or TATA box binding protein (TBP) and
expressed as arbitrary units (a.u.) or fold change over controls. Sequences for each
primer set are listed in Table 1.

4. Human real-time gPCR

RNA was extracted from human adipose tissue samples using the RNeasy Lipid tissue
Mini Kit (Qiagen, Hilden, Germany). RNA integrity and quantity was measured using the
NanoVue Plus Spectrophotometer (GE Healthcare, Freiburg, Germany). From the

resultant RNA samples, 1ug of RNA from SC and Vis adipose tissues was reverse
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transcribed. The resultant cDNA was used for TagMan-based gPCR reactions using the
QuantStudio 6 Flex Real-Time PCR System (Life technologies, Darmstadt, Germany).
CREB3L3 expression was determined using the standard curve method and was
normalized to the housekeeping gene hypoxanthine guanine phosphoribosyltransferase
1 (HPRT1). The cDNA probes (Life technologies, Darmstadt, Germany) for CREB3L3
(Hs00261701_m1) and HPRT1 (Hs01003267_m1) were designed to span exon-exon

boundaries to improve gPCR specificity.
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Gene name Forward Sequence Reverse Sequence
CREB3L3 GTGACGCTAGACAGAAACAGTAG ACCTCCCAAAGATGCTGAAATA
CREB3L3 ORF GAGAAGAAGCTGCTGGCTAAA CCGGATCTTTCTGCGGATTT
Igfbpl GCAGAGTGATGCTGCTTAGA CTGTGTGAGACGATGAGGAAAT
Ppargl CTGGCCTCCCTGATGAATAAAG AGGCTCCATAAAGTCACCAAAG
Pparg2 TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
Srebplc CCTCTGATCTCATGGCTCATAAC CTAGGGAACTGTGTGTGTTTCT
Fasn GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT
Fabp4 GATGCCTTTGTGGGAACCTG CTGTCGTCTGCGGTGATTTC
PGCla GACAATCCCGAAGACACTACAG AGAGAGGAGAGAGAGAGAGAGA
PGC1B GGTGTTCGGTGAGATTGTAGAG CTGAACACCGGAAGGTGATAAA
Cox8b GAACCATGAAGCCAACGACT GCGAAGTTCACAGTGGTTCC
Cptlb TGAGACCAGTCTTAGCCTCTAC GGCCATTCTTGCAGGAGATAA
Accl TGTACAAGCAGTGTGGGCTGGCT CCACATGGCCTGGCTTGGAGGG
Acc2 GAGGCCGAGAACACAAGAAA CACCTTCTCTATGACCCTGTTG
Ppara AAGACTACCTGCTACCGAAATG AACATTGGGCCGGTTAAGA
Ucpl CTGCCAGGACAGTACCCAAG TCAGCTGTTCAAAGCACACA
ElovI3 TCCGCGTTCTCATGTAGGTCT GGACCTGATGCAACCCTATGA
Cidea ATCACAACTGGCCTGGTTACG TACTACCCGGTGTCCATTTCT
Cycl GCTACCCATGGTCTCATCGT CATCATCATTAGGGCCATCC
Tfam GTCCATAGGCACCGTATTGCG CCCATGCTGGAAAAACACTTCG
Adrb3 GCTCTGTGTCTCTGGTTAGTTT GTCCAAGATGGTGCTTAGAGAG
Prdm16 CAGCACGGTGAAGCCATTC GCGTGCATCCGCTTGTG
F4/80 TTTCCTCGCCTGCTTCTTC CCCCGTCTCTGTATTCAAC
Ccl2/MCP1 CCACTCACCTGCTGCTACTCAT TGGTGATCCTCTTGTAGCTCTCC
IL-1b TGGAGAGTGTGGATCCCAAGCAAT TGTCCTGACCACTGTTGTTTCCCA
TNF-a GCCTCTTCTCATTCCTGCTTGT GGCCATTTGGGAACTTCTCAT
CD74 CCCAGAGAATCTGAAGCATCTTA CAGGGAGTTCTTGCTCATCTC
Mif CCAGAACCGCAACTACAGTAAG GGCAGCGTTCATGTCGTAATA
Resistin TCAACAAGAAGGAGCTGTGGGACA ATGGCTTCATCGATGGGACACAGT
Rbp4 ACCTTCTCTAGGTGGACATTAAAC CATCTTTCAGGGACCTTCAGTAA
Leptin CCTCATCAAGACCATTGTCACC TCTCCAGGTCATTGGCTATCTG
Adiponectin TGTTGCAAGCTCTCCTGTTCCTCT CATCCAACCTGCACAAGTTCCCTT
Cxcl2/MIP-2 AGTTTGCCTTGACCCTGAAG TCAGTTAGCCTTGCCTTTGT
Dio2 AAGGCTGCCGAATGTCAACGAATG TGCTGGTTCAGACTCACCTTGGAA
Fgf21 GCTCTCTATGGATCGCCTCAC GGTACACATTGTAACCGTCCTC
Chrebp CACTCAGGGAATACACGCCTAC ATCTTGGTCTTAGGGTCTTCAGG
Glut4 ACATACCTGACAGGGCAAGG CGCCCTTAGTTGGTCAGAAG
Scdl CCCTGCGGATCTTCCTTATC TGTGTTTCTGAGAACTTGTGGTG
Scd2 CAGTCCCACTCTGACGATAATG ACAGCTGGGTCCAGTAAGA
Elovil GAAAGGGCTGGACACTTACTT CCTCTTCAGTGTGAGGAGAAAG
Elovl6 TCAGCAAAGCACCCGAAC AGCGACCATGTCTTTGTAGGAG
Dhcr24 CGCCTGTCACTTGGAACATTAG CCTAGCTACCACCTGGATCATT
Hsl ACGGATACCGTAGTTTGGTGC TCCAGAAGTGCACATCCAGGT
Atgl TAGCTAACAGTTGGGCTTCAC CAGAGAGAACAGAGCAGCTTAC
Lpl CCCACAAGTGTAGTCGTCATT AGGGCTAACATTCCAGCATATC
Plinl ACTGAAGGGCACCATCTCTA GGAGGAACTCTACCACCTTCT
Plin2 GGAGGAAAGACTGCCTATTCTG

GTGAGAGGGAAGTACTGGTCTA
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5. Western blotting
Tissues were homogenized in radioimmunoprecipitate (RIPA) buffer with protease
inhibitor (Sigma Aldrich, St. Louis, MO, USA) and phosphatase inhibitor cocktails 2 and
3 (Sigma Aldrich, St. Louis, MO, USA) using the bead blaster homogenizer . Protein
concentration was measured using at the following settings: Power: 5 m/s, Time: 30 sec,
2 cycles. Next, the homogenized tissue was centrifuged at max speed at 4 degrees
Celsius for 10 min. The supernatant was transferred to another tube. Due to the presence
of a significant lipid layer in adipose tissues, particular care was taken to avoid transfer of
this layer. To ensure protein samples purity, adipose tissue samples were spun down
again and the lysate was transferred to a clean tube. Protein concentration was measured
next to a BSA standard curve using Pierce BCA assay (Thermo Fisher Scientific,
Waltham, MA, USA) and lysates were denatured by boiling for 10 minutes in Laemli buffer
with 2-mercaptoethanol (Sigma Aldrich, St. Louis, MO, USA). 20-80 ug of protein was
loaded onto 8-10% SDS-PAGE gels. Proteins were transferred onto nitrocellulose
membranes (Amersham Biosciences, Little Chalfont, UK) and developed using multiple

exposures to determine signal linearity. Antibodies used for immunoblotting are presented

In Table 2.
TABLE 2 - WESTERN BLOT ANTIBODIES

Antibody Provider Dilution Used
CREB3L3 Kezhong Zhang, Wayne State University 1:1000
S473-pAkt Cell Signaling 1:1000
pan Akt Cell Signaling 1:1000
S660-pHSL Cell Signaling 1:1000
HSL Cell Signaling 1:1000
ATGL Proteintech 1:1000
Perilipin Cell Signaling 1:1000
Fasn Cell Signaling 1:1000
SCD1 Proteintech 1:1000
B-actin Proteintech 1:1000
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6. Isolation of mature adipocytes and stromal vascular fraction
Mature adipocytes were isolated from inguinal and epididymal adipose tissue following
digestion with collagenase Type 1 (2mg/mL Worthington Biochemical, Lakewood, NJ,
USA). Following resection, adipose tissues were minced and incubated in a solution of
collagenase diluted with KRBA (Krebs-Ringer Buffer w/ 3.5% BSA) in a shaking water
bath at 37 degrees. Epididymal fat was incubated for 30 minutes and the inguinal fat was
incubated for 45 minutes. The digested tissues were then centrifuged at 4 degrees for 5
minutes to pellet the stromal vascular fraction (SVF). Due to the low density of the lipids
that predominate the contents of adipocytes, these cells float to the top of aqueous
solutions. Using this phenomenon, a pipette bulb was used to remove the liquid and SVF
below the mature adipocytes. The cells were washed with cold PBS and then frozen in
Trizol for RNA isolation. For cell culturing, SVF was pipetted into a separate tube, washed
with PBS and plated in DMEM complete media onto collagen (Rat Tail Collagen Type 1:
Corning) coated dishes.
7. Adipocyte differentiation
The SVF was allowed to grow and was split onto 12-well plates before reaching
confluence. The cells continued to proliferate on the new plate until confluence. Once
confluent, the media was changed to fresh DMEM F12 media to induce mitotic clonal
expansion [229]. Two days later, the cells were given an induction cocktail consisting of
insulin (50nM), dexamethasone (2 ug/mL), indomethacin (0.125mM), IBMX (0.5mM), and
T3 (100nM). This marks DO of the differentiation process. On D2, D4, and D6 the cells
were given a maintenance media consisting of insulin (50nM) and T3 (1nM). On D6 the

differentiated adipocytes were treated with tunicamycin or vehicle solution for 24 hours.
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8. ER stress induction
To induce ER stress, 10 week old C57BL/6j mice were injected with 2.5mg/kg tunicamycin
or vehicle for 6, 12, or 18 hours. Additionally, 6 week old C57BL/6j mice were fed a high-
fat diet for 12 weeks to induce ER stress. The mice were then injected twice daily with
vehicle or 250mg/kg of the ER chaperone tauroursodeoxycholic acid (TUDCA) for 15
days to ameliorate ER stress. The iIWAT and eWAT were harvested to measure
CREB3L3 expression using qPCR.
9. Generation of CREB3L3 fat-specific knockout mouse model
CREB3L3 floxed mice were rederived from frozen embryonic stem cells received from
Stephen Duncan [2]. These mice were crossed with Adiponectin-Cre mice on a C57BL/6j
background to generate a fat-specific knockout (fKO) of CREB3L3.
10. Body and tissue weight studies
During diet-induced obesity studies, mice were fed chow diet (17% fat, 25% protein and
58% carbohydrate by kcal; #7012, Envigo, Indianapolis, Indiana, USA) until 6 weeks of
age. At this time, the mice were placed on high-fat diet (60% fat, 20% protein, and 20%
carbohydrate by kcal, D12492, Research Diets, New Brunswick, NJ, USA) for the
remainder of the experiment. Body weight was measured weekly until 16 weeks of age.
For the measurement of body weight at thermoneutrality, the mice were housed in an
environmental chamber (Powers Scientific, Pipersville, PA, USA) at 30 degrees Celsius
for the duration of high-fat feeding.
11. Tolerance tests
Blood glucose was measured using an automated glucose monitor (Glucometer Elite,
Bayer, Bayer AG, Leverkusen, Germany). Tolerance tests were performed as described

previously [43]. Briefly, mice underwent a 16h overnight or 2h morning fast, before the
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glucose (IPGTT) and insulin (IPITT) tolerance tests, respectively. During experiments with
fKO mice, mice were injected intraperitoneally (IP) with a bolus of 2g/kg dextrose
(Hospira, Lake Forest, IL, USA) for IPGTT or 1.5U/kg insulin (Eli Lilly, Indianapolis, IN,
USA) for IPITT. During our overexpression studies, 1U/kg insulin was used for IPITT.
12. ELISA and multiplex
Enzyme-linked immunosorbent assays (ELISA) were performed to measure the fed and
fasting plasma concentrations of insulin (Crystal Chem USA, Elk Grove, IL, USA), and
adiponectin (RayBiotech Life, Peachtree Corners, GA, USA) following high-fat feeding.
High-fat fed plasma concentrations of leptin and MIP-2 were measured via magnetic
luminex assay (R&D Systems Inc., Minneapolis, MN, USA).

13. Food intake, energy expenditure, physical activity, and body composition
Food intake, oxygen consumption, carbon dioxide production, energy expenditure, and
physical activity were measured using the Promethion System (Sable Systems
International, Las Vegas, NV, USA). The energy expenditure was normalized to lean body
mass. The respiratory exchange ratio (RER) was calculated using the VCO2/VO2 ratio
from the gas exchange data. Body composition (lean and fat mass) was estimated using
NMR (Bruker minispec LF50, Billerica, MA, USA).

14. Insulin stimulation

For the insulin stimulation assay, high-fat diet fed mice were fasted overnight for 16h
before IP injection of PBS (baseline) or 1U insulin. Tissues were quickly harvested five
minutes after injection and flash frozen in liquid nitrogen. Western blotting was performed

to quantify the level of Akt phosphorylation in the liver and eWAT.
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15. Measurement of mouse lipid and ketone body contents
Lipids were extracted from liver samples using Folch solution composed of a 2:1 (vol/vol)
mixture of chloroform/methanol as described previously [42]. Lipids were solubilized in
10% Triton X-100 before evaporation. Non-esterified fatty acid (Fujifilm/Wako, Lexington,
MA, USA), cholesterol (Stanbio, Boerne, TX, USA), and triglyceride content (Stanbio,
Boerne, TX, USA) were measured in hepatic extracts and 3-hydroxybutyrate
concentration (Fujiflm/Wako, Lexington, MA, USA) was measured in fasting plasma
samples using colorimetric assays.
16. Histological analyses
For histological analyses, mice were sacrificed and tissues were excised, weighed, and
processed for immunohistochemistry as described previously [44]. White adipose tissues
were fixed for 48h in formalin and immediately processed, while liver and brown adipose
tissues were fixed for 24h in formalin. Tissues were sectioned by the Human Tissue
Resource Center (University of Chicago, Chicago, IL, USA). Representative images were
taken from H&E-stained liver, eWAT, and brown fat tissue sections using the Zeiss
Observer Z1 (Zeiss, Oberkochen, Germany) microscope. For quantification of crown-like
structures within obese eWAT sections, the observer was blinded and counted the
number of crown-like structures within each field of view. Images were grouped by
genotype and analyzed using student’s T-test [53].
17. Adipocyte area quantification
Tissue sections from eWAT were stained with anti-caveolin-1 antibody (1:200 dilution in
normal goat serum; Abcam, Cambridge, United Kingdom) after antigen retrieval. Alexa
Fluor 488-conjugated goat anti-rabbit secondary antibody (1:1000 dilution) was used to

detect the bound caveolin. Images of the adipocyte outlines were taken. Adipocyte areas
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were measured using a pipeline developed in CellProfiler [52]. Cell area frequencies were
determined and graphed using GraphPad Prism 6 (Graphpad Software, San Diego, CA,
USA).

18. RNA sequencing

Total RNA was isolated from epididymal white adipose tissues following high-fat feeding
using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and the Direct-zol Kit (Zymo, Irvine,
CA, USA). Integrity of isolated RNA was determined using Tapestation 4200 (Agilent
Technologies Santa Clara, CA, USA). Sequencing and library construction were
performed by Novogene (Sacramento, CA, USA). Quality control consisted of determining
the error distribution rate in illumina Casava 1.8 [45; 46] and the GC-content distribution.
Library was mapped to mm10 as reference genome with STAR [47]. Reads were counted
using FPKM (expected number of Fragments Per Kilobase of transcript sequence per
Millions base pairs sequenced) [48]. Differentially expressed genes (DEGSs) were
obtained by performing one-way ANOVA (g value <0.05) and genes were filtered out for
log2 fold change. Functional analysis was performed using the DAVID database [49; 50]
and WebGestalt [51]. Heat maps were generated using the z-scores of the FPKM for each
mouse for each gene in the most differentially expressed pathways (Mouse Genome
Informatics).

19. Environmental and pharmacological stimulation of adipose browning

Mice were IP injected daily with 1mg/kg of the B3-adrenergic receptor agonist CL 316,243
(Tocris Bioscience, Minneapolis, MN, USA) or PBS (Corning, Corning, NY, USA) daily for
10 days, starting at 11 weeks of age. COLD To induce adipose browning using cold
exposure, mice were housed in an environmental chamber (Powers Scientific, Pipersville,

PA, USA) at 6 degrees for one week. To measure cold tolerance, a cold tolerance test
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was performed using mice at 11-12 weeks of age. The mice were placed in the 4 degree
cold room at hour 0, and their temperature was measured rectally every 2 hours using a
Type T thermocouple probe (Digisense).

20. Lipolysis assays

To perform the in vivo lipolysis assay, mice fed a high-fat diet were fasted starting at 6am.
The mice were injected with CL 316,243 to induce adipocyte lipolysis. Plasma sampled
were collected one hour later. For the ex vivo lipolysis assay, 50-70mg eWAT and iWAT
explants were harvested from mice in the fed state at 8:30am. The samples were
incubated in KRBH (Krebs-Ringer Buffer with HEPES w/ 5% fatty acid free BSA) on ice
for 1.5 hours, then minced with scissors for 20 seconds. The explants were then given
1mL warm KRBH with or without isoproterenol and placed on a slow shaker at 37
degrees. Samples were collected at 0, 1, 2, and 3 hour time points and non-esterified
fatty acid concentrations from both assays were measured using colorimetric assay.

21. WAT CREB3L3 overexpression

To overexpress CREB3L3 in the white adipose tissues, adeno-associated virus (serotype
8, 4x10”11vg/mL, UIC Viral Core) encoding the processed form of CREB3L3 was injected
directly into both the epididymal and inguinal fat pads of C57BL/6J mice at 9 weeks of
age. Control mice were injected with an empty AAV vector. Each tissue received 5
injections of 5uL across the length of the tissue. The mice recovered from surgery for 10
days before being placed on high-fat diet for the remainder of the experiment.

22. IWAT overexpression of CREB3L3

To overexpress CREB3L3 in the subcutaneous adipose tissue, adeno-associated virus
(serotype 8, 4x10*1vg/mL, Viral Core, Boston Children’s Hospital, Boston, MA, USA)

encoding the inverted reading frame of the processed form of CREB3L3 flanked by both
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loxP and lox 2272 sites was injected directly into both inguinal fat pads of Adiponectin-
Cre mice and wild type littermates at 5wks of age. Each tissue received 8 injections of
3uL across the length of the tissue. The mice recovered from surgery for 10 days before
being placed on high-fat diet for the remainder of the experiment. Body weight was
measured weekly until 20 weeks of age and physiological experiments were performed.
23. Statistical Analyses
Results are shown as mean +* standard error of mean (SEM). Difference of means was
calculated using unpaired two-tailed Student’s t-test, with an a of 0.05. Gas exchange
data from the metabolic cages were analyzed by two-way ANOVA. Sample sizes were
determined using prior characterization experiments for the mouse models used for this

study. Mice were randomized to treatment in a blinded manner when possible.
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[ll. CREB3L3 is expressed in adipose tissue and selectively downregulated in
obese subcutaneous fat

1. Introduction

Cyclic-AMP Responsive Element Binding Protein 3-like-3 (CREB3L3) is an
endoplasmic reticulum (ER)-bound transcription factor, which features a transmembrane
domain that tethers it to the ER membrane [210]. CREB3L3 is activated by various stimuli
in the liver including ER stress, pro-inflammatory cytokines [1], fasting and fatty acids
[213], and the circadian oscillator BMAL1 [219]. In response to these stimuli, CREB3L3
is trafficked to the Golgi. In the Golgi, CREB3L3 is cleaved by site-1 and 2 proteases.
This releases the transcription activation domain, allowing it to translocate to the nucleus
and induce transcription [1]. Previous works have shown that CREB3L3 promotes the
transcription of genes involved in gluconeogenesis [214] and the acute phase response
[1] in the liver, in addition to being an important regulator of lipid metabolism [230].
CREB3L3 has been shown to regulate several aspects of lipid metabolism in the liver by
inducing expression of apolipoproteins [212; 224], FGF21 [221], genes involved in fatty
acid oxidation [213], and suppresses de novo lipogenesis through inhibition of SREBP1c
[218].

Previous works have all described the function of CREB3L3 within the liver.
CREB3L3 has been described as having liver-specific expression [1; 2; 210], and has
thus been termed hepatic CREB (CREBH) in the literature. However, these works
neglected to measure the expression of CREB3L3 in the adipose tissues. Given the
variety of roles that CREB3L3 plays in lipid metabolism in the liver, we sought to
determine whether this transcription factor is present and plays a role in lipid metabolism

in adipose tissue.
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2. Results
A. Differential expression of CREB3L3 in obese white adipose tissues
In previous reports, our lab has identified multiple proteins that serve different functions
in subcutaneous inguinal (IWAT) and visceral epididymal white adipose tissue (eWAT)
[203; 231; 232]. As part of the data mining process for these studies, we identified the
ER-bound transcription factor cyclic-AMP Responsive Element Binding Protein 3-like-3
(CREB3L3) as a protein differentially regulated in obese SAT and VAT. This phenomenon
was observed in different cohorts of C57BL/6J mice that were fed a high-fat diet (HFD)
for 12 weeks (Fig 8A). The mice at UIC and the Joslin Diabetes Center had been bred for
several generations, meaning their microbiomes differed from the mice housed at
Jackson Labs. We therefore conclude that microbiome, environment, and genetic drift
have no influence on the changes in CREB3L3 expression in obese adipose tissue that
we observed. Similarly, this differential downregulation of CREB3L3 was observed in the
IWAT of ob/ob mice at three months of age (Fig 8B). A cohort of obese patients (BMI>30)
were found to have a significant reduction in the CREB3L3 message present in their
abdominal subcutaneous, but not omental fat, compared to lean patients (BMI<25) (Fig
8C).
B. CREB3L3 is expressed in adipose tissues
Since this transcription factor had been previously described as being specifically
expressed in the liver and ileum [2], quantitative real-time PCR (gPCR) was performed
using cDNA from various tissues from lean C57BL/6J mice to confirm the presence of
CREB3L3 message within the adipose tissues under normal physiologic conditions (Fig
9A). CREB3L3 message was in high abundance in the liver and ileum but was also

detected in several adipose tissues. CREB3L3 message was present in the brown
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adipose tissue (BAT), IWAT, as well as the visceral eWAT, mesenteric, and
retroperitoneal depots. The expression in adipose tissues was at levels similar to those
observed in the stomach, which has been previously shown to express CREB3L3 [2]. In
order to determine whether adipocytes express CREB3L3, mature adipocytes were
isolated from the stromal vascular fraction (SVF), which contains fibroblasts, immune
cells, pericytes, endothelial cells, and preadipocytes. The expression of CREB3L3 in
these two cell populations was measured, and mature adipocytes and SVF were found
to have similar contributions to the overall expression within white adipose tissues (Fig
9B).

To confirm our expression findings at the protein level, Western blotting was
performed. CREB3L3 protein was detected in the IWAT, eWAT, BAT, and mesenteric fat,
while lower abundance of the protein was found in the liver and stomach from the same
mouse (Fig 9C). This represents the first reported CREB3L3 protein abundance data in
various tissues and the relatively high expression of CREB3L3 in the liver did not translate
to higher protein abundance. Since the abundance of protein in the liver does not match
the higher mRNA expression, we included a fasting liver sample to demonstrate that the
antibody could detect CREB3L3 in the liver. The abundance of CREB3L3 in the liver drops
during the fed state [220]. Due to the higher abundance of CREB3L3, fasting liver samples
were used as a positive control, along with IWAT from mice with adipose overexpression
of CREB3L3. Additionally, the protein in the liver, as well as the brown and mesenteric fat
samples, may be larger due to post-translational modifications, as the protein size in the

IWAT and eWAT is closer to the expected protein size of 52 kD.
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C. CREB3L3is downregulated in adipose tissue in response to fasting
Interestingly, the expression of CREB3L3 in the adipose tissues during fasting is
in opposition to that observed in the liver. In the liver, CREB3L3 message is upregulated
in response to fasting. Here, we report that fasting induced a marked downregulation in
the adipose tissue (Fig 10A). Additionally, we found that exposing mice to cold
temperatures for one week to induce brown and beige fat activity had a limited effect on
the expression of CREB3L3 in the BAT and iWAT, but did lead to a significant
downregulation in the eWAT (Fig 10B).
D. ER stress modulates CREB3L3 expression during obesity
Obesity is known to induce ER stress [233], and in our investigation of the
mechanism behind the differential expression of CREB3L3 during obesity, we observed
that induction of ER stress mimicked the expression effects of obesity in adipocytes
differentiated from iIWAT and eWAT SVF (Fig 11A). Adipocytes differentiated from SVF
isolated from these adipose tissues were treated with the ER stressor tunicamycin for 24
hours. These cells exhibited CREB3L3 upregulation in eWAT and downregulation in
IWAT in response to ER stress. To determine whether ER stress modulates CREB3L3
expression in vivo, we stimulated mice with tunicamycin for up to 18 h. Interestingly, we
observed that CREB3L3 was downregulated by ER stress in iWAT (Fig 11B). We have
also observed that HFD induces a similar downregulation of CREB3L3 in iWAT (Fig. 8),
and treatment of HFD-fed mice with the ER stress-inhibitor TUDCA returns CREB3L3
expression in IWAT and eWAT to levels observed in lean, CD-fed mice (Fig 11C). These
results suggest that modulation of CREB3L3 in iWAT and eWAT is mediated by

upregulation of ER stress in respective fat depots during obesity.
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Figure 8: CREB3L3 is selectively downregulated in obese subcutaneous fat

(A-B) Quantitative PCR for CREB3L3 message in inguinal (IWAT) and epididymal
(eWAT) white adipose tissue from (A) C57BL/6 mice fed a high-fat diet for 12 weeks at
the indicated animal facility (n=6 mice per group) or (B) ob/ob mice before (4wk) and
after (12wk) developing obesity (n=6 mice per group).

(C) Quantitative PCR for CREB3L3 message in subcutaneous abdominal and omental

fat from patients with a BMI<25kg/m? (lean, n=69) and BMI>30kg/m? (obese, n=504).

(D) Quantitative PCR for CREB3L3 message in brown adipose tissue from C57BL/6
mice fed a high-fat diet for 12 weeks (n=6 mice per group). Data presented as mean +/-
SEM. The difference in means was analyzed using Student’s t-test where *P<0.05,
**P<0.01, and ***P<0.001.
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Figure 9: CREB3L3 is present in adipose tissues and adipocytes
(A) Quantitative PCR for CREB3L3 message in various tissues from lean C57BL/6 mice
(n=3 mice).

(B) Quantitative PCR for CREB3L3 message in mature adipocytes (MA) and stromal
vascular fraction (SVF) isolated from the eWAT and iWAT of lean C57BL/6 mice (n=4-6
mice per group).

(C) Western blot measuring abundance of CREB3L3 in various tissues from same lean
C57BL/6 mouse, fasted C57BL/6 liver, or iIWAT with forced overexpression of
CREB3L3. Data presented as mean +/- SEM.
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Figure 10: Fasting reduced CREB3L3 expression in adipose tissues
(A) Quantitative PCR for CREB3L3 message in iWAT, eWAT, and brown adipose tissue
from C57BL/6 mice after 16h overnight fast (n=4-5 mice per group).

(B) Quantitative PCR for CREB3L3 message in iWAT, eWAT, and brown adipose tissue
from C57BL/6 mice after 1wk at thermoneutrality or cold-exposure (n=5-7 mice per
group). Data presented as mean +/- SEM. The difference in means was analyzed using
Student’s t-test where *P<0.05, **P<0.01, and ***P<0.001.
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Figure 11: ER stress induces differential express of CREB3L3 during obesity
(A) Quantitative PCR for CREBL3 message in iIWAT and eWAT adipocytes treated with

tunicamycin (n=3).

(B) Quantitative PCR for CREBL3 message in IWAT and eWAT from mice treated with

tunicamycin for various time points (n=5).

(C) Quantitative PCR for CREBL3 message in IWAT and eWAT from mice treated with
CD, HFD, or HFD+TUDCA (n=5). Data presented as mean +/- SEM. *P<0.05, **P<0.01.
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3. Discussion

Previous studies reported the expression of CREB3L3 in a variety of tissues, but
did not examine the expression of this ER-bound transcription factor in adipose tissues.
Here we report that CREB3L3 is not a liver-specific protein, and both CREB3L3 message
and protein can be detected in the subcutaneous, brown, and multiple visceral adipose
tissues. The abundance of CREB3L3 in these adipose tissues is much higher than in the
liver, in addition to having different protein sizes (Fig 9C). The discrepancy between the
liver RNA expression and protein abundance relative to other tissues could be due to the
SelllL-Hrd1-mediated degradation of CREB3L3 that occurs in the liver during the fed
state. This complex is downregulated during fasting, and could be responsible for the
smaller protein abundance in our fed liver samples.

The size of CREB3L3 appears different compared to the liver as well. While the
mesenteric fat appears to have the same protein size as the liver, the IWAT and eWAT
proteins were smaller and closer to the 52kD expected protein size. This may be due to
the presence of post-translational modifications in the liver and mesenteric fat, or different
splicing mechanisms occurring between the tissues. Similar differences could also
account for the much larger protein size observed in the brown adipose tissue. Further
study is needed to identify the structures of CREB3L3 within the adipose tissues.

In addition to being present in the adipose tissue, we also found that CREB3L3 is
selectively downregulated in the subcutaneous fat during obesity, while the expression in
the visceral fat is largely unchanged. By treating mice with the ER stressor tunicamycin,
we determined that ER stress induces the same CREB3L3 expression pattern in iWAT
and eWAT as obesity. We then demonstrated that ER stress is sufficient for the differential

expression of CREB3L3 in the IWAT and eWAT during obesity by injecting the chaperone
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protein TUDCA to ameliorate ER stress in mice fed a high-fat diet. We observed that the
amelioration of ER stress returned expression of CREB3L3 to levels observed in lean
mice. While we demonstrated that ER stress contributes to the differential expression of
CREB3L3 during obesity, further studies are needed to identify the mechanism

responsible for this phenomenon.
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IV. Adipose ablation of CREB3L3 enhances diet-induced obesity and insulin
resistance

1. Introduction

Previous studies have described the important role that CREB3L3 plays in lipid
metabolism in the liver. This factor helps to transcriptionally regulate several processes
in hepatocytes including lipolysis and triglyceride clearance [213; 224], fatty acid oxidation
[213; 221], and de novo lipogenesis [218], in addition to contributing to the diurnal
metabolic rhythms of mice [219; 228]. Despite the importance of adipose tissue in whole-
body lipid metabolism, previous works did not measure the expression of this transcription
factor in adipose tissues [1; 2; 234]. We report that CREB3L3 is not only present in
adipose tissues (Fig 9A-C) and adipocytes (Fig 9B), but its expression is differentially
regulated in adipose tissues during obesity (Fig 8A-C). We found that CREB3L3 is
selectively downregulated in the subcutaneous fat during obesity, while the expression in
the visceral fat is largely unchanged (Fig 8A-C). We therefore hypothesized that this
downregulation of CREB3L3 in obese subcutaneous fat could contribute to the divergent

metabolic profiles of subcutaneous and visceral fat during obesity.

2. Results

A. Adipose ablation of CREB3L3 enhances fat mass in mice fed a chow diet
To study the role of CREB3L3 in adipose biology, fat-specific knockout (fKO) mice were
generated using adiponectin Cre mice [29; 106]. The specific knockout of CREB3L3 was
confirmed by separating mature adipocytes from IWAT and eWAT in lean fKO and
CREB3L3-floxed wildtype (WT) control mice (Fig 12A). Initial attempts to confirm the
knockout using whole-adipose tissue RNA expression were unsuccessful (Fig 12B),

perhaps due to the contributions of the SVF to adipose CREB3L3 expression (Fig 9B).
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Our initial characterization of these mice revealed that adipose ablation of
CREB3L3 did not alter body weight when the mice were fed a chow diet (Fig 13A), but
did increase NMR-based fat mass (Fig 13B). Dissection of these mice revealed that there
are slight, but not significant, increases in the size of the inguinal, epididymal,
retroperitoneal, and mesenteric adipose tissues (Fig 13C). In contrast, the livers of the
fKO mice were slightly smaller, suggesting that CREB3L3 ablation might enhance lipid
storage in the adipose tissue, sequestering it from the liver. Despite the small changes in
liver and adipose weights, and the increased fat mass, of the fKO mice, there were no
changes to glucose homeostasis or insulin sensitivity, as measured by intraperitoneal (IP)
glucose (Fig 13D) and insulin tolerance tests (Fig 13E). Despite no changes in insulin
sensitivity, the fKO mice had a trend towards increasing circulating insulin during the fed
state (Fig 13F).

To determine the physiological cause of the larger fat mass of the fKO mice,
indirect calorimetry was measured. After acclimation to the cage system, the fKO mice
had a slight increase in energy expenditure (Fig 14A), particularly during the dark cycles
when mice are more active. The mice also had a significant decrease in their respiratory
exchange ratio (RER) (Fig 14B), which is the ratio of CO2 produced to oxygen consumed
and is a readout of the amount of carbohydrates (higher) and lipids (lower) that an animal
is metabolizing. This downward shift during the daytime when mice mobilize and
metabolize fats, suggests that ablation of CREB3L3 enhances the ability of adipocytes to
mobilize fatty acids for oxidation via lipolysis. Additionally, the fKO mice were found to
have no changes in activity (Fig 14C) or food intake (Fig 14D). Together, the phenotype
of the fKO mice fed a chow diet was relatively mild, and is highlighted by higher energy

expenditure, increased daytime lipid consumption, and enhanced fat mass.
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B. CREB3L3 ablation promotes diet-induced obesity and insulin resistance

Based on the mild metabolic changes observed in the fKO mice fed chow diet, WT and
fKO mice were placed on high-fat diet (HFD) to determine whether obesity would
exacerbate the differences observed in fKO mice. Accordingly, when fKO mice were
placed on HFD, they became significantly heavier than the WT controls after two weeks
of high-fat feeding (Fig 15A). The changes in body weight are driven by significant
enlargement of the IWAT and eWAT in the fKO mice (Fig 15B). The retroperitoneal and
mesenteric fat also trends towards being larger in the fKO mice. Together, the fKO mice
had a 60 percent increase in fat mass, while there were no changes in the lean mass (Fig
15C). Coinciding with their larger fat mass, the fKO mice fed a HFD have reduced insulin
sensitivity, as evidenced by the upward shift in the 60 and 90 minute time points on the
intraperitoneal (IP) insulin tolerance test (Fig 15D), which was associated with increased
levels of plasma insulin in both the fed and fasted states (Fig 15F). Despite being more
insulin resistant, fKO mice with diet-induced obesity show normal glucose clearance that
suggests that beta cell function is not altered by fKO (Fig 15E).

In order to determine tissue-specific insulin sensitivity, we assessed insulin-
mediated phosphorylation of AKT. Interestingly, insulin-mediated phosphorylation of AKT
at the S473 residue was significantly reduced following insulin stimulation (Fig 16A-B),
and the expression of insulin-like growth factor binding partner 1 was 4-fold higher in fKO
livers (Fig 16C), indicative of hepatic insulin resistance [235]. Accordingly, the ability of
insulin to promote de novo lipogenesis was increased as shown by the upregulation of
Srebplc, Accl, Fasn, and Fabp4 (Fig 16D). [187]. Despite the dramatic upregulation of

hepatic PPARYy (24-fold increase of Pparg2) (Fig 16D), and the well-known steatogenic
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effect of PPARYy [236; 237]; 10 weeks of HFD did not significantly alter liver morphology
(Fig 16E), or triglyceride, cholesterol, or non-esterified fatty acid contents (Fig 16F).

While the liver is a key contributor to insulin sensitivity [238], we also assessed the
contributions of adipose tissue to the insulin resistance observed in the fKO mice (Fig
15D). Insulin-mediated phosphorylation of AKT was also reduced in the eWAT following
insulin stimulation (Fig 17A-B). Adipocyte hypertrophy is known to induce metabolic
changes in adipocytes, including promotion of insulin resistance [239]. To determine
whether e WAT adipocytes lacking CREB3L3 become more hyperthrophic than WT cells
during obesity, adipocyte areas were measured. The membrane of eWAT adipocytes was
highlighted using a Caveolin-1 antibody and a pipeline in CellProfiler was used to
measure the adipocyte areas (Fig 17C). Graphing the frequency distribution of these
areas showed that there was no increase in the frequency of hypertrophic adipocytes in
the fKO eWAT (Fig 17D), and is therefore unlikely to contribute to the insulin resistance

observed.

C. CREB3L3 ablation enhances visceral inflammation during obesity
To decipher a potential cause of the insulin resistance in the fKO mice, RNA sequencing
analysis was performed using whole-tissue RNA from the eWAT from WT and fKO mice
following high-fat feeding. There were 728 genes that were differentially regulated. The
vast majority (76%) of these differentially expressed genes were upregulated in the fKO
eWAT (Fig 18A). Changes in gene expression were confirmed using qPCR (Fig 18B).
The overwhelming majority (84%) of differentially expressed genes were downregulated
in the fKO iIWAT (Fig 18A). When gene ontology (GO) pathway analysis was performed

with the IWAT dataset, it was determined that adaptive immune processes had the largest
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decrease in gene expression. The most differentially expressed pathways were the
adaptive immune response, leukocyte migration, and regulation of leukocyte activation
(Fig 18C). However, these results could not be confirmed via qPCR (Fig 18D) and were
not utilized for further investigation. When GO pathway analysis was performed with the
validated eWAT dataset, it was determined that innate immune processes had the largest
increase in gene expression. The processes with the largest fold increase in gene
expression included myeloid leukocyte activation, phagocytosis, cell chemotaxis,
leukocyte migration, positive regulation of response to external stimulus, cytokine-
mediated signaling pathways, and positive regulation of cytokine production (Fig 18E).

To determine the extent of inflammation occurring in the fKO eWAT during obesity,
the morphology of the tissue was analyzed. The eWAT from fKO mice had a significant
increase in the number of crown-like structures (Fig 19A), which are formations of
macrophages around apoptotic adipocytes. This result was confirmed by 4-fold higher
expression of the macrophage marker F4/80 and upregulation of monocyte
chemoattractant protein 1 (MCP1/Ccl2) in this tissue (Fig 19B). Along with the increase
in macrophage infiltration, there was significant increase in the expression of the pro-
inflammatory cytokine tumor necrosis factor alpha (TNFa), macrophage inflammatory
protein 2 (MIP-2), and the macrophage migration inhibitory factor receptor CD74 (Fig
19B). In addition to increased expression of pro-inflammatory cytokines and macrophage
markers, there was a reduction in the expression of the anti-inflammatory cytokines IL-4,
IL-10, IL-12, IL-13, and IL-33, and reduced expression of Arginase 1, a marker of M2
macrophage polarization (Fig 19C).

Adipokine expression was also altered, as there was increased expression of

leptin, which has pro-inflammatory effects [240] and reduced expression of the insulin-
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sensitizing hormone adiponectin, which has anti-inflammatory effects [241] (Fig 19B).
Measuring the plasma concentration of these adipokines revealed that these expression
changes in the eWAT translate to systemic differences in leptin and adiponectin
abundance, in addition to higher concentrations of macrophage inflammatory protein 2
(Fig 19D). Together, these results show that the eWAT from the fKO mice becomes more
inflamed in the obese state, which contributes to the insulin resistance observed in the

fKO mice.
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Figure 12: CREB3L3 is knocked out of mature adipocytes in the fKO mice

(A) Quantitative PCR for CREBL3 message in IWAT and eWAT from WT and KO mice
(n=2-3 mice per group).

(B) Quantitative PCR for CREB3L3 message in mature adipocytes isolated from
digested listed adipose tissues (n= 4-5 mice per group). Data presented as mean +/-
SEM. The difference in means was analyzed using Student’s t-test where *P<0.05.
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Figure 13: Chow-fed fKO mice have enhanced fat mass, but no change in body weight
(A-B) (A) Body weight and (B) body composition NMR measurements of chow-fed
CREB3L3 floxed (WT) and fat specific knockout (fKO) mice at 22 wks of age (n=7-9

mice per group).

(C) Tissue weight measurements for chow-fed (n=9 mice per group).

(D-E) Intraperitoneal (D) glucose and (E) insulin tolerance tests performed with chow-
fed WT and fKO mice (n=9-10 mice per group).

(F) Fed and plasma insulin concentrations measured with ELISA (n=8 mice per group).
Data presented as mean +/- SEM. The difference in means was analyzed using
Student’s t-test where *P<0.05.
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Figure 14: CREB3L3 ablation lowers RER in chow-fed mice

(A-B) Energy expenditure and (B) respiratory exchange ratios (RER) of WT and fKO
mice fed chow diet (n=7-8 mice per group). Energy expenditure was normalized to the
animal’s lean mass. The curves for both measurements were analyzed using two-way
ANOVA. P values for the column factor (genotype) for the energy expenditure and the
RER were both <0.0001.

(C) Total consumption of chow diet while mice were in metabolic cages. Food intake

was normalized to animal’s body weight (n=5-8 mice per group).

(D) Activity measurements of WT and fKO mice fed chow diet. Data presented as x- and
y-axis beam breaks and total movement per day following acclimation period (n=6-8

mice per group). Data presented as mean +/- SEM.
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Figure 15: Fat-specific ablation of CREB3L3 enhances diet-induced obesity and insulin
resistance
(A-B) (A) Weekly body weight measurements and (B) tissue weight measurements of

WT and fKO mice during 10 wks of high-fat diet feeding (n=4-6 mice per group).

(C) Body composition following high-fat feeding measured by NMR (n=6-10 mice per
group).

(D-E) Intraperitoneal (D) insulin and (E) glucose tolerance tests performed with high fat-
fed WT and fKO mice (n=6-8 mice per group).

(F) Fed and fasted plasma insulin concentrations measured with ELISA (n=12-17 mice
per fed group; 8 mice per fasted group). Data presented as mean +/- SEM with sample
sizes listed above. The difference in means was analyzed using Student’s t-test where
*P<0.05 and **P<0.01.
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Figure 16: CREB3L3 fKO promotes selective hepatic insulin resistance
(A) Western blot measuring abundance of Akt and Akt phosphorylated at the S473 site
in high fat-fed WT and fKO livers following injection with PBS or insulin.

(B) Quantification of Western blot results, with abundance of S473 phosphorylation
normalized to abundance of total Akt in liver (n=2 mice per PBS group; n=4-6 insulin-

stimulated mice per group).

(C-D) gPCR for (C) insulin-like growth factor binding protein 1 or (D) lipogenic markers
in WT and fKO livers following high-fat feeding (n=5 mice per group).

(E) Representative images of H&E-stained liver sections following high-fat feeding.

(F) Quantification of lipid contents from liver extracts following high-fat feeding using
colorimetric assays (n=7-8 mice per group). Data presented as mean +/- SEM with
sample sizes listed above. The difference in means was analyzed using Student’s t-test
where *P<0.05 and **P<0.01.
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Figure 17: CREB3L3 fKO promotes eWAT insulin resistance without hypertrophy
(A) Western blot measuring abundance of Akt and Akt phosphorylated at the S473 site
in high fat-fed WT and fKO eWAT following injection with PBS or insulin.

(B) Quantification of Western blot results, with abundance of S473 phosphorylation
normalized to abundance of total Akt in eWAT (n=2 mice per PBS group; n=3-6 insulin-

stimulated mice per group).

(C) Example images of the input and output of the CellProfiler pipeline designed to

measure adipocyte area

(D) Frequency distribution of the adipocyte areas of WT and fKO eWAT following high-
fat diet (10 images per mouse were used. n=5 mice per group). Data presented as
mean +/- SEM with sample sizes listed above. The difference in means was analyzed
using Student’s t-test where *P<0.05.
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downregulated in the eWAT and iWAT following high-fat feeding (n=4 mice per group).

(B) Quantitative PCR for high-fat fed eWAT expression of cytokines that were
differentially expressed genes in the fKO eWAT RNASeq dataset. (n=8-9 mice per

group).

(C) Heat map of z-scores of genes from the most differentially regulated pathways

between WT and fKO iWAT following high-fat feeding (n=3 mice per group).

(D) Quantitative PCR for high-fat fed iWAT expression of cytokines that were
differentially expressed genes in the fKO IWAT RNASe(q dataset. (n=8-9 mice per

group).

(E) Heat map of z-scores of genes from the most differentially regulated pathways
between WT and fKO iWAT following high-fat feeding (n=3 mice per group). Data
presented as mean +/- SEM with sample sizes listed above. The difference in means was

analyzed using Student’s t-test where *P<0.05 and **P<0.01.
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Figure 19: Ablation of CREB3L3 promotes visceral fat inflammation

(A) Representative images of H&E-stained eWAT sections following high-fat feeding
and quantification of the number of crown-like structures per field of view. Arrows
demarcate the presence of crown-like structures (3 images were taken per mouse. n=4-

8 mice per group).

(B) Quantitative PCR for markers of inflammation in WT and fKO eWAT following high-
fat feeding (n=8-9 mice per group).

(C) Quantitative PCR for anti-inflammatory markers in WT and fKO eWAT following
high-fat feeding (n=5 mice per group).

(D) Quantification of plasma leptin and MIP-2 concentration following high-fat feeding
using multiplex (n=4-6 mice per group). Adiponectin concentration was measured using
ELISA (n=13-16 mice per group). Data presented as mean +/- SEM. The difference in

means was analyzed using Student’s t-test where *P<0.05 and **P<0.01.
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3. Discussion
During our initial experiments, we identified that the liver-specific transcription factor
CREB3L3 is expressed in the adipose tissue and selectively downregulated in the
subcutaneous fat during obesity. We hypothesized that this downregulation could
contribute to the healthier outcomes seen in patients and animal models that preferentially
expand the subcutaneous adipose tissues during obesity. A fat-specific knockout (fKO)
mouse was created to study this hypothesis. These fKO mice had enhanced fat mass
(Fig 13B), but no changes in body weight (Fig 13A), glucose tolerance, or insulin
sensitivity. Despite having no changes in insulin sensitivity, the fKO mice trended towards
having higher circulating insulin. This could be due to changes in the secretome of the
fKO adipose tissue — either altered adipokine or metabolite release — or this could be a
byproduct of this measurement being performed using samples collected from mice in the
fed state, and feeding time could introduce variability to these results.

Indirect calorimetry also revealed differences in the chow-fed fKO mice. These
mice had higher energy expenditure during the dark cycles (Fig 14A) and a lower RER
during the light cycles (Fig 14B) compared to the WT controls. These results are
interesting, given the larger fat mass of the fKO mice (Fig 13B), without changes in food
intake (Fig 14D) or activity (Fig 14C). This could be due to a shift towards lipid synthesis
and storage within the white adipose tissues, but higher rates of energy and lipid
consumption in other tissues like the muscle and the smaller livers of the fKO mice (Fig
13C). Further investigation into the metabolic profiles of these tissues is needed to answer
this question.

Despite the small changes in global metabolism in the chow-fed fKO mice, our

analysis focused on the pronounced phenotype of these mice during the pathological



82
obese state. The differences in fat mass and adipose tissue weights were exacerbated
by high-fat feeding (Fig 15B-C), and the fKO mice gained significantly more weight (Fig
15A) and had reduced insulin sensitivity compared to WT controls (Figs 15D, 16A-B, 17A-
B).

To evaluate what aspect of obese adipose biology in the fKO mice contributed to
the development of insulin resistance, the transcriptomes of the white adipose tissues
were analyzed using RNASeq. Interestingly, the ablation of CREB3L3 had divergent
effects on gene expression in the fKO eWAT and iWAT, with the majority of genes being
upregulated in the eWAT, while downregulated in the IWAT (Fig 18A). The vastly different
transcriptomes of the fKO eWAT and iIWAT during obesity are an interesting aspect of
this phenotype that requires further investigation in the future. The transcriptome analysis
did highlight innate immune pathways that were upregulated in the fKO eWAT during
obesity (Fig 18E). The more inflammatory nature of this tissue was confirmed using
morphological, gene expression, and plasma protein analysis (Fig 19), without more
hypertrophy occurring within the tissue (Fig 17D). This lack of hypertrophy suggests that
adipocyte dysfunction is not solely responsible for the increased pro-inflammatory
cytokine expression in the fKO eWAT, but is due in part to the ablation of CREB3L3 in
these obese adipocytes. These findings make future studies into the mechanism by which
CREB3L3 regulates adipose inflammation a requirement. Together, the increased eWAT
inflammation provides the likely link between the increased adiposity and insulin

resistance of the obese fKO mice described in this chapter.
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V. CREB3L3 fKO promotes weight gain by reducing energy expenditure and
metabolic flexibility

1. Intro

In the previous chapter, we established that the ablation of CREB3L3 in adipose tissue
leaves mice susceptible to diet-induced obesity. Expansion of adipose tissue can occur
in response to changes in energy balance — by tilting the balance towards more energy
consumption, or by a reduction in energy expenditure lifting up that side of the balance.
Additionally, changes in adipose biology and its ability create, store, oxidize, and release
lipids can also impact the size of the tissue. In this chapter, | will describe the experiments
we performed to determine the changes in global energy balance and adipose functioning

responsible for the enhanced adiposity we observed in the fKO mice.

2. Results
A. Fat-specific ablation of CREB3L3 reduces global energy expenditure during
obesity
In order to understand why fKO promotes adiposity upon HFD feeding, indirect
calorimetry experiments were performed. After acclimation to the cage system, the fKO
mice had a significant reduction in their energy expenditure (Fig 20A), suggesting that a
lower metabolic rate is contributing to the larger fat mass observed in the fKO mice during
obesity. Additionally, the fKO mice had a significant downward shift in their (RER) (Fig
20B), suggesting a preference to use more lipids as an energy source. This could be
related with the observation that despite high insulin (Fig 15F) and hepatic insulin
resistance (Fig 16A-D), the fKO mice did not develop steatosis (Fig 16E-F) and had a
trend towards increased plasma ketones when fasted (Fig 20C). Interestingly, the

increased body weight and lipid consumption are not due to increased food intake (Fig
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21A) or behavioral changes (Fig 21B) in the fKO mice. In fact, fKO mice consumed less
food when normalized to body weight (Fig 21A), which may be caused by reduced
expression of the orexigenic protein, neural peptide Y (NPY) in the hypothalamus of fKO
mice (Fig 21C). No changes in distance traveled or x-axis and y-axis beam breaks were

observed in these mice (Fig 21B).

B. Ablation of CREB3L3 promotes whitening of brown fat
Brown adipose tissue (BAT) is a significant contributor to global energy expenditure and
upon stimulation accounts for an estimated 16% of the resting metabolic rate in humans
[130]. Changes in the metabolic rate of this tissue would have large impacts on the basal
metabolic rate of the animal as a whole. Despite the weight of BAT not being altered by
fKO in diet-induced obese mice, H&E staining revealed gross morphological changes to
the BAT in the fKO mice, which exhibited significant whitening of the tissue following HFD
diet (Fig 22A). Analysis of functional marker expression with gPCR showed that there
was a no change in UCP1 expression, but Elovl3, Fgf21, and Cox8b were upregulated in
the BAT from the fKO mice (Fig 22B). There was no significant reduction in the expression
of genes involved in oxidation in the fKO BAT (Fig 22C). However, there was a 4-fold
increase in the expression of Acetyl-CoA Carboxylase 1 (ACC1l), the enzyme that
converts acetyl-CoA to malonyl-CoA, and a 2.5-fold increase in Fatty Acid Synthase
(FASN) expression (Fig 22D). Malonyl-CoA serves as a substrate for de novo lipogenesis
and is converted to palmitate by FASN. It has also been shown to inhibit beta oxidation
through inhibition of carnitine palmitoyltransferase 1 (CPT1), the enzyme responsible for
the influx of fatty acyl CoA molecules into the mitochondria via the carnitine shuttle [95].

In addition to upregulation of ACC1, there is a trend towards the fKO BAT having reduced
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expression of CPT1B (Fig 22C), the CPT1 isoform expressed in BAT, skeletal muscle,
and the heart. Together, these data suggest that the BAT of the fKO mice is whiter due
to lipid flux shifting away from fatty acid oxidation and towards more de novo lipogenesis

and lipid accumulation.

C. fKO subcutaneous adipocytes possess less browning potential

In addition to BAT, brown-like beige adipocytes are also significant contributors to
basal metabolic rate. We observed that there is a significant reduction in UCP1 and
PGC1a in the iWAT of lean, chow-fed fKO mice (Fig 23A). To further determine whether
deficits in browning and adaptive thermogenesis could contribute to the reduced energy
expenditure in the fKO mice, beige adipocyte formation in the IWAT was analyzed
following treatment with the B3-adrenregic receptor agonist, CL 316,243 (CL). B3-
adrenregic receptor stimulation with CL promotes the transdifferentiation of white
adipocytes to beige adipocytes, as opposed to de novo formation of beige adipocytes that
differentiate from precursor cells following cold stimulation [144]. The iIWAT from chow-
fed fKO mice exhibited a blunted beiging capacity following 10 days of CL treatment. The
fKO mice had lower expression of the thermogenic markers UCP1, PGC1a, Cidea,
Cox8b, Elovl3, and the beige adipocyte marker Prdm16 compared to WT controls (Fig
23B).

Surprisingly, the fKO iIWAT did not have reduced thermogenic marker expression
following 7 days of cold exposure. Instead, there was a significant increase in the
expression of some thermogenic markers, including UCP1 (Fig 23C). This suggests that
the ablation of CREB3L3 specifically limits the ability of subcutaneous adipocytes to

undergo transdifferentiation into beige adipocytes following pharmacological stimulation,
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but does not reduce the ability for precursor cells to differentiate into beige cells upon cold
exposure. To this end, we found that the fKO mice had no deficits in their ability to defend
their core body temperature in response to cold (Fig 23D).

To determine the contribution of impaired beige adipocyte formation to the larger
body weight of the fKO mice following high-fat feeding, a cohort of mice were housed at
thermoneutrality and fed a HFD for 14 weeks. There were no differences in body weight
(Fig 24A) or adipose tissue size (Figure 24B) between the WT and fKO mice at
thermoneutrality. This suggests that the enhanced body weight and enlarged adipose
tissues in the fKO mice during obesity are temperature-dependent and are caused by a

diminished ability of the fKO IWAT to undergo adaptive thermogenesis.

D. CREB3L3 differentially regulates lipid metabolism in white adipose tissue
CREB3L3 plays an important role in regulating lipid metabolism in the liver. To determine
whether CREB3L3 serves a similar function in adipose tissue, the expression of genes
involved in de novo lipogenesis and lipolysis were assayed in the white adipose tissues
from fKO mice. Several genes involved in lipid synthesis were upregulated in the fKO
IWAT following high-fat feeding, including Srebplc, Fasn, Acc2, Scd2, Dhcr24, and Elovil
(Fig 25A). Interestingly, the opposite effect was observed in the eWAT during obesity.
There were trends towards reduced expression of Srebplc, Fasn, Accl, and significant
downregulation of Chrebp, Scdl, and Glut4 (Fig 25B). A similar differential effect was
observed with the regulation of lipolysis markers in obese fKO tissues. While there were
no significant differences in the expression of the lipases, either perilipin (Plin1/2) isoform,
or the B3-adrenregic receptor (Adrb3) in the fKO IWAT (Fig 25C), there was a significant

reduction in the expression of ATGL, LPL, and Adrb3 in the fKO eWAT following high-fat
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feeding (Fig 25D). Additionally, the expression of perilipin 2 was significantly higher (Fig
25D), indicating that eWAT adipocytes have more regulatory control over lipases
accessing the lipid droplet. Overall, we observed that the ablation of CREB3L3
differentially altered lipogenic and lipolytic gene expression in the IWAT and eWAT during
obesity.

To further examine how these changes in gene expression could contribute to the
greater adiposity observed in the fKO mice, Western blotting was performed. There was
an increase in the abundance of FASN and Stearol-CoA Desaturase 1 (SCD1) in the fKO
IWAT (Fig 25E) and the fKO eWAT had reduced phosphorylation of HSL, reduced
abundance of ATGL, and a drastic increase in perilipin abundance (Fig 25F). To ascertain
if these changes in the abundance of lipases and perilipin translate to measureable
changes in the rate of lipolysis occurring in the eWAT, we performed an ex vivo lipolysis
assay using white adipose tissue explants. Contrary to the changes in protein abundance,
the fKO eWAT and iWAT did not exhibit any changes in free fatty acid release under both
the basal or isoproterenol-stimulated conditions (Fig 26A). In order to confirm that there
were no functional lipolysis differences in the obese fKO mice, a cohort of high-fat fed
mice were fasted for 6 hours and injected with CL to induce adipocyte lipolysis. Plasma
samples were collected one hour after stimulation. In agreement with the lack of
differences in the ex vivo lipolysis assay, there were no in vivo differences in fatty acid
content of obese fKO mice following CL stimulation (Fig 26B). Together, these findings
suggest that while CREB3L3 ablation alters the expression of lipid metabolism in the
white adipose tissue, there does not appear to be functional differences in lipolysis, nor

do they contribute to the greater adiposity of the fKO mice during obesity.
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Figure 20: CREB3L3 ablation reduces energy expenditure and RER

(A-B) (A) Energy expenditure and (B) respiratory exchange ratios (RER) of WT and fKO
mice fed high-fat diet (h=6-8 mice per group). Energy expenditure was normalized to the
animal’s lean mass. The curves for both measurements were analyzed using two-way
ANOVA. P values for the column factor (genotype) for the energy expenditure and the
RER were both <0.0001.

(C) Quantitative PCR of orexigenic and anorexigenic peptides in WT and fKO
hypothalami following high-fat feeding (n=7 mice per group). Data presented as mean
+/- SEM. The difference in means was analyzed using Student'’s t-test where *P<0.05
and *P<0.01.
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Figure 21: Adipose ablation of CREB3L3 reduces food intake
(A) Total consumption of high-fat diet while mice were in metabolic cages. Food intake

was normalized to animal’s body weight (n=5-8 mice per group).

(B) Activity measurements of WT and fKO mice fed high-fat diet. Data presented as x-
and y-axis beam breaks and total movement per day following acclimation period (n=6-8

mice per group).

(C) Quantitative PCR of orexigenic and anorexigenic peptides in WT and fKO
hypothalami following high-fat feeding (n=7 mice per group). Data presented as mean
+/- SEM. The difference in means was analyzed using Student’s t-test where *P<0.05
and **P<0.01.
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Figure 22: CREB3L3 ablation promotes lipid accumulation in obese brown fat
(A) Representative images of H&E-stained brown adipose tissue sections following
high-fat feeding.

(B) Quantitative PCR for markers of thermogenesis and adipocyte browning in brown

adipose tissue from WT and fKO mice following high-fat feeding (n=5 mice per group).

(C) Quantitative PCR for markers of fatty acid oxidation in WT and fKO brown adipose

tissue following high-fat feeding (n=5 mice per group).

(D) Quantitative PCR for markers of de novo lipogenesis in WT and fKO brown adipose
tissue following high-fat feeding (n=5 mice per group). Data presented as mean +/-
SEM. The difference in means was analyzed using Student’s t-test where *P<0.05 and
**P<0.01.



A _ B
fKO Chow IWAT CL/PBS iWAT Thermogenic Markers
..5_ '2.:|_
E @ 704 T CL 316,243
g L 204 B KO CL 316,243
= g 20
=] W
: £
8 a
= i
L 8]
@ =
= 5
m o
& o

Ucp1 PGC1a Ucpl Elovld CoxBb Cidea Cycl PGCla Tfam Adrb? Prdmig
Cold Exposure iWAT - Cold Tolerance Test
5 | = - C + KO
5 e mm KO E - T
5] 2
= &
o - ©
2 e E’
= 00s 2
il 0.07 é«
% 24 % &k E #4
= =
O
D: 35 T T T T T
Ucpl PGC1ia Cides Elovi3 Adrb3 Tfam CoxBb Oh 2h 4h Bh 2h
Time @ 4°C

Figure 23: CREB3L3 ablation prevents B3-induced browning of iWAT adipocytes
(A) Quantitative PCR for UCP1 and PGC1la in WT and fKO inguinal adipose tissue in

mice fed a chow diet (n=5-6 mice per group).

(B) Quantitative PCR for markers of thermogenesis and adipocyte browning in iIWAT
from lean WT and fKO mice following 10-day treatment with 316,243 (n=6 mice per
group). Expression data are presented as fold change over the mean relative

expression from the PBS-injected group for each genotype.

(C) gPCR for markers of thermogenesis and adipocyte browning in inguinal adipose

tissue in lean WT and fKO mice housed at 6 degrees for 7d (n=3-4 mice per group).

(D) Core body temperature measured during cold tolerance tests performed at 4
degrees with chow-fed WT and fKO mice (n=8-12 mice per group). Data presented as
mean +/- SEM. The difference in means was analyzed using Student’s t-test where
*P<0.05 and **P<0.01, ***P<0.001, and ****P<0.0001.
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Figure 24: Body weight effects of CREB3L3 ablation lost at thermoneutrality
(A) Body weight measurements for WT and fKO mice consuming high-fat diet while

housed at thermoneutrality for 10 wks (n=7-9 mice per group).

(B) Tissue weight measurements for WT and fKO mice after consuming high-fat diet
while housed at thermoneutrality for 10 wks (n=7-9 mice per group). Data presented as
mean +/- SEM.
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Figure 25: CREB3L3 differentially regulates lipid metabolism in obese iIWAT and eWAT
(A-B) Quantitative PCR for markers of lipid synthesis in WT and fKO (A) iWAT or (B)
eWAT following high-fat feeding (n=5 mice per group).

(C-D) Quantitative PCR for markers of lipolysis in WT and fKO (C) iWAT or (D) eWAT
following high-fat feeding (n=5 mice per group).

(E) Western blot measuring abundance of FASN and SCD in high fat-fed WAT and fKO
IWAT.

(F) Western blot measuring abundance of pHSL, HSL, ATGL, and perilipin in high fat-
fed WAT and fKO eWAT. Data presented as mean +/- SEM. The difference in means

was analyzed using Student’s t-test where *P<0.05 and **P<0.01.
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Figure 26: CREB3L3 ablation does not alter free fatty release from obese WAT
(A) Non-esterified fatty acids (NEFA) content measured in plasma collected from high-
fat fed WT and fKO mice 1h after injection with CL316,243 (n=5-8 mice per group).

(B) NEFA content measured in conditioned media from IWAT explants harvested from

WT and fKO mice fed high-fat diet with or without isoproterenol (iso) (n=5-10 mice per
group).

(C) NEFA content measured in conditioned media from eWAT explants harvested from
WT and fKO mice fed high-fat diet with or without isoproterenol (iso) (n=5-10 mice per

group). Data presented as mean +/- SEM.
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3. Discussion
In this chapter, we sought to explain why the fKO mice have enhanced adiposity during
obesity. We found that the ablation of CREB3L3 in adipose tissue leads to a reduction in
global energy expenditure (Fig 20A). This appears to be due to reduced oxidative capacity
(Fig 22C-D) in the brown fat and a whitening of this tissue (Fig 22A), in addition to
diminished ability of fKO subcutaneous adipocytes to undergo browning (Fig 23B).
Ambient temperature is sufficient to induce browning of white adipose tissue, but
browning is not needed by mice to maintain body temperature when mice are housed at
thermoneutrality [242]. This would suggest that the greater adiposity observed in high-fat
fed fKO mice is due to the impaired ability of subcutaneous adipocytes to undergo
browning, as adiposity differences were lost when fKO mice were housed at
thermoneutrality (Fig 24B).

The reduced energy expenditure following high-fat feeding was in opposition to the
increased energy expenditure observed in the fKO mice on chow diet (Fig 14A). This
maybe be due to increased metabolic and oxidative rates occurring in other metabolic
organs in the chow-fed mice, as suggested by the lower RER in these mice (Fig 14B),
despite the fKO mice having a larger fat mass (Fig 13B). This may also be the case in the
fKO mice fed high-fat diet. These mice also exhibited a lower RER (Fig 20B), in addition
to having a trend towards more circulating ketone bodies (Fig 20C) and livers that did not
become more steatotic (Fig 16E-F), despite upregulation of PPARy and other markers of
de novo lipogenesis (Fig 16D). While the fKO mice are able to balance out changes in
adipose energy expenditure with increased hepatic lipid oxidation under chow feeding,
the increased energy and lipid intake with high-fat feeding provides a positive energy

balance and the phenotype of the adipose tissue becomes more pronounced. While the
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high-fat fed fKO mice did consume less food compared to WT controls (Fig 21A) and
exhibited a reduction in hypothalamic NPY expression (Fig 21C), this may be a
compensatory measure to combat their weight gain and feeding measurements at earlier
time points during high-fat feeding are needed to determine its cause.

In addition to the changes in energy expenditure observed in the fKO mice, altered
lipid metabolism may also contribute to the enhanced adiposity observed in these mice.
We observed differential expression of genes involved in lipogenesis (Fig 25A-B) and
lipolysis (Fig 25C-D) in the fKO IWAT and eWAT following HFD. This could be due to a
multitude of factors and could provide insight into transcriptional differences between
subcutaneous and visceral fat. Therefore mechanistic studies to further investigate this
differential expression are needed. In an attempt to determine the functional significance
of these changes in gene expression, we performed in vivo and ex vivo lipolysis assays
and determined there were no significant differences in the rates of lipolysis in the obese
fKO eWAT or iWAT (Fig 26A-B). The lack of differences may be due to the reduced insulin
sensitivity of the fKO eWAT during obesity (Fig 17A-B). Additionally, the increased eWAT
expression of the lipid droplet protein isoform perilipin 2 (Fig 26D) might be from other
cell types [78], and provide no barrier to lipolysis in adipocytes. Taken together, we found
no functional differences linking changes in gene expression and protein abundance to
the enlarged adipose tissues of the fKO mice. Therefore, the reduced expenditure,
particularly the limited ability of the fKO mice to perform adaptive thermogenesis, is

responsible for the enhanced adiposity of the fKO mice fed a high-fat diet.
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VI. Increasing expression of CREB3L3 in subcutaneous adipose tissue prevents
diet-induced obesity

1. Introduction

CREB3L3 message is selectively downregulated in the IWAT of obese mice (Fig 8A). This
natural knockdown following high-fat feeding could limit our ability to make inferences
about the role of this transcription factor in the subcutaneous adipose biology of the fKO
mice. To better study the role of this transcription factor in obese IWAT, we aimed to
reintroduce CREB3L3 into this tissue by IWAT-specific overexpression. In this chapter |
will describe our experiments to induce IWAT CREB3L3 overexpression and our

subsequent examination of the metabolic consequences.

2. Results
A. Increased expression of CREB3L3 in subcutaneous adipose tissue prevents
diet-induced obesity
In order to induce CREB3L3 overexpression in adipose tissues, we injected an empty
AAV (sham) or an AAV containing the processed form of CREB3L3 (smaller band in OE
IWAT, control mesenteric fat, fasting liver, Fig 9C) directly into the eWAT and iWAT of
young adult mice. After recovering from surgery, the mice were placed on HFD. While
injection with the CREB3L3-AAV created robust overexpression of the CREB3L3 N-
terminus (Fig 27A), and improved glucose tolerance (Fig 27B) and insulin sensitivity (Fig
27C) following high-fat feeding, we discovered that the livers of the overexpression mice
also had elevated CREB3L3 expression (Fig 27D). Due to the leakiness of this
overexpression system, we sought to add an element that would limit overexpression

solely to adipocytes.
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To achieve this, we utilized flip-excision (FLEXx) technology, where the desired
reading frame is inverted and housed between both loxP and lox2272 sites (Fig 27E). Cre
recombination results in the inversion of the reading frame and overexpression only in the
tissues expressing Cre recombinase. Using this strategy, CREB3L3 was overexpressed
in the IWAT of Adipo-Cre mice via direct injection of our CREB3L3-FLEX-AAV (Fig 27F).
Despite having no significant difference in their body weights before the surgery,

the mice with subcutaneous overexpression (SOE) weighed less than sham littermate
controls lacking the Adipo-Cre BAC, that received the same CREB3L3-FLEx-AAV (Fig
28A). This difference was exacerbated during high-fat feeding. Strikingly, increased
expression of CREB3L3 reduced body weight gain in mice with diet-induced obesity. The
sOE mice were 14.4 grams heavier following 12 weeks on HFD. Control mice that were
also injected with the virus gained 23.4 grams over the same time period (Fig 28B). This
difference in body weight was due to significant reductions in iIWAT, BAT, mesenteric fat,
pancreas, and liver size in the sOE mice (Fig 28C). Interestingly, there were no changes
in the eWAT and retroperitoneal fat, although this could be due to compensatory fat
storage (Fig 28C). Overall, the sOE mice had a dramatic reduction in their fat mass, in

addition to a small reduction in lean mass (Fig 28D).

B. Subcutaneous adipose overexpression of CREB3L3 prevents obesity
associated metabolic dysfunction
Consistent with their leaner phenotype, the sSOE mice had improved insulin sensitivity (Fig
29A), in addition to having improved glucose tolerance compared to the sham control
mice (Fig 29B). The improved body weight and insulin sensitivity of the SOE mice are not

due to increased energy expenditure (Fig 30A) or reduced food intake, which is actually
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increased when normalized to body weight (Fig 30B). However, the sOE mice exhibit
increased activity (Fig 30C). This may explain the changes in body composition (Fig 28B-
D). Additionally, an upward shift in the RER curve during the light cycle suggest that SOE
creates a preference for carbohydrates (Fig 30D), which was further supported by a drop

in their fasted ketone bodies (Fig 30E).
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Figure 27: Adipose expression of CREB3L3 is induced using AAV
(A) gPCR for CREB3L3 message in eWAT and iWAT following high-fat feeding in mice
injected with the CREB3L3-AAV (OE) or empty AAV (sham) (n=6-10 mice per group).

(B-C) Intraperitoneal (B) glucose and (C) insulin tolerance tests performed with high fat-

fed sham and OE mice (n=6-10 mice per group).

(D) gPCR for CREB3L3 and HcRed message in livers following high-fat feeding in mice
injected with the CREB3L3-AAV (OE) or empty AAV (sham) (n=6-9 mice per group).

(E) Schematic depicting the recombination and inversion of CREB3L3 within the flip-

excision (FLEx) AAV in the presence of Cre recombinase.

(F) gPCR for the expression of CREB3L3 message in inguinal fat pads harvested two
weeks following injection with the CREB3L3 FLEx AAV in Adiponectin-Cre (SOE) or
littermates lacking the Cre BAC (ctrl) (n= 3-4 mice per group). Data presented as mean
+/- SEM. The difference in means was analyzed using Student’s t-test where *P<0.05,
**P<0.01, **P<0.001, and *****P<0.00001.
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Figure 28: Increased expression of CREB3L3 in iWAT prevents diet-induced obesity

(A) Body weight measurements of sham ctrl and sOE mice 2 wks after injection with the
CREB3L3 FLEx AAV (n=6-9 mice per group).

(B) Measurements of the body weight gained by sham control and subcutaneous

overexpression (SOE) mice after high-fat feeding (n=6-9 mice per group).

(C) Tissue weights measurements for sham control and sOE mice after high-fat feeding

(n=6-9 mice per group).

(D) Body composition of sham and sOE mice following high-fat feeding measured by
NMR (n=6-9 mice per group). Data presented as mean +/- SEM. The difference in

means was analyzed using Student’s t-test where *P<0.05, **P<0.01, and **P<0.001.
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Figure 29: Increased IWAT CREBS3L3 prevents glucose intolerance and insulin

resistance

(A-B) Intraperitoneal (A) insulin and (B) glucose tolerance tests performed with sham
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control and sOE mice (n=5-7 mice per group). Data presented as mean +/- SEM. The

difference in means was analyzed using Student’s t-test where *P<0.05, **P<0.01.
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Figure 30: Increased iWAT CREB3L3 shifts global energy homeostasis
(A) Energy expenditure of sham sham ctrl and sOE mice fed high-fat diet (n=6-9 mice
per group) normalized to the animal’s lean mass. The curves were analyzed using two-

way ANOVA. P value for the column factor (genotype) was 0.4992.

(B) Total consumption of high-fat diet while sham ctrl and SOE mice were in metabolic

cages. Food intake was normalized to animal’s body weight (n=6-8 mice per group).

(C) Activity measurements of sham ctrl and sOE mice fed HFD. Total movement and x-

and y-axis beam breaks after acclimation period are shown (n=5-8 mice per group).

(D) Respiratory exchange ratios (RER) of sham ctrl and sOE mice fed HFD (n=6-9 mice
per group). Curves were analyzed using two-way ANOVA. P value for the column factor

(genotype) was <0.0001.

(E) Quantification of fasted plasma 3-hydroxybutyrate from sOE mice following high-fat
feeding (n=6-8 mice per group). Data presented as mean +/- SEM. The difference in

means was analyzed using Student’s t-test where *P<0.05 and **P<0.01.
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3. Discussion
In this chapter, we overexpressed CREB3L3 in the iWAT to study its role in the tissue
during obesity. Since CREB3L3 is downregulated in the iWAT during obesity, the similar
expression levels in the WT and fKO tissue might hinder the phenotype of the fKO mice
during high-fat feeding. We hypothesized that overexpressing CREB3L3 in the
subcutaneous fat could induce a more robust iIWAT phenotype during obesity. Our initial
attempt at overexpressing CREB3L3 in both iWAT and eWAT by injecting a CREB3L3-
AAV directly into both tissues did dramatically overexpress CREB3L3 in these WAT (Fig
27A). However, this approach did not create the desired adipose-specific overexpression,
as the vector leaked into the circulation and CREB3L3 along with its connected HcRed
tag were also expressed in the livers of these mice (Fig 28D). Due to this setback, we
designed a new AAV that would only allow CREB3L3 to be overexpressed in adipose
tissues. We therefore injected our CREB3L3-FLEX-AAYV into the iWAT of Adipo-Cre mice,
to create a subcutaneous fat-specific overexpression (sSOE) model.

While these mice recovered from surgery, the sOE mice gained less weight than
control mice that lack the Adipo-Cre BAC (Fig 28A). This change in body weight was
exacerbated when the mice were put on HFD (Fig 28B), and resulted in reduced fat mass
and IWAT, BAT, mesenteric fat, pancreas, and liver weights. However, no changes in
eWAT weight was observed in the sOE mice (Fig 28C). While these mice had improved
glucose tolerance (Fig 29B) and insulin sensitivity (Fig 29A), they did not exhibit increased
energy expenditure (Fig 30A), despite their leaner phenotype (Fig 28D) and the reduced
energy expenditure in the fKO mice fed HFD (Fig 20A). These mice were significantly
more active than Cre-null CREB3L3 FLEx-AAV-injected control mice (Fig 30C), which

could contribute to their leaner phenotype.
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We also may not have observed changes in energy expenditure due to one of the
limitations of our approach to inducing overexpression via AAV injection. The AAV virus
was injected into mice at 5 weeks of age when the inguinal fat depot is still developing
and expanding. As the inguinal fat continues to expand in these adolescent mice,
especially as they undergo high-fat feeding, many more adipocytes differentiate from
adipose-derived stem cells. Adipocytes do not proliferate, but do turnover due to
adipocyte death, especially when under dietary stress [207]. Therefore, the proportion of
adipocytes that overexpress our gene of interest likely decreases over the course of
dietary treatment. After monitoring the body weight during 12 weeks of high-fat feeding,
then performing tolerance tests, the pool of adipocytes in the sOE inguinal fat that still
overexpressed CREB3L3 when the sOE mice underwent indirect calorimetry
measurements was likely diminished. Despite these limitations, the sSOE mice maintained
their resistance to diet-induced obesity, and still exhibited reduced fat mass and improved
glucose tolerance and insulin sensitivity after the 12 weeks of high-fat feeding, despite
consuming more food relative to body weight (Figure 30D). However, optimization of our
FLEX-AAV system is needed in order to achieve better metabolic characterizations of the
resultant mouse models.

Additionally, the sOE mice also had a higher RER than controls, signifying a global
preference for carbohydrate utilization (Fig 30B), as well as elevated circulating ketone
bodies (Fig 30E). This is the opposite of the lipid preference observed in the fKO mice
following chow and high-fat feeding. Since ketone bodies are produced in the liver [93],
this suggests the presence of a CREB3L3-dependent crosstalk mechanism by which
adipose tissue inhibits hepatic fatty acid oxidation and ketone body production, which

requires further investigation. Together, our findings in this chapter describe a new



106
approach to fat depot-specific genetic modification, as well as establish CREB3L3 as an

anti-obesogenic factor.
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VII. General Conclusions and Future Directions

Body weight regulation has become a crucial public health issue over the past few
decades and as of 2015-2016, 39.6 percent of American adults are obese [50]. Due to
the substantial contributions of brown and beige fat to body weight reduction as both high
energy-usage tissues and as endocrine organs, they have been the targets of recent
therapeutic investigation [12]. Additionally, the chronic low-level inflammation that occurs
in the adipose tissue during obesity spurs the development of metabolic syndrome and a
host of deadly comorbidities [51]. While increased adiposity typically leads to deleterious
changes in whole-body metabolism, the expansion of different adipose tissues does not
contribute equally to the development of metabolic dysfunction. It is well-known that
expansion of visceral adipose tissue is associated with metabolic dysfunction, whereas
subcutaneous adipose expansion might even be protective [52]. It has been shown that
visceral and subcutaneous adipocytes are derived from different developmental origins
[53], but studies investigating the differences between mature subcutaneous and visceral
adipocytes are lacking.

In this study, we discovered that adipose expression of CREB3L3 is differentially
modulated by these tissues during obesity. Previous studies reported the expression
levels of CREB3L3 in a variety of tissues, but did not examine the expression of this ER-
bound transcription factor in adipose tissues [17; 26; 54]. Here we report that CREB3L3
is not a liver-specific protein, and both CREB3L3 message and protein can be detected
in the subcutaneous, brown, and multiple visceral adipose tissues (Fig 9A-C). In addition
to being present in the adipose tissue, we also found that CREB3L3 is selectively
downregulated in the human and murine subcutaneous fat during obesity, while the

expression in the visceral fat is largely unchanged (Fig 8A-C). This differential expression
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pattern is caused by the elevated ER stress occurring in obese adipose tissues [243], and
further investigation is needed to identify the exact mechanism responsible for this
differential expression. These findings led us to hypothesize that the downregulation of
CREB3L3 in obese subcutaneous fat could contribute to the divergent metabolic profiles
of subcutaneous and visceral fat during obesity.

Using in vivo fat-specific ablation of this transcription factor, we have identified the
contributions of CREB3L3 to both subcutaneous and visceral adipose biology. In the
subcutaneous fat, the ablation of CREB3L3 leads to a reduction in the ability of the tissue
to undergo browning and perform adaptive thermogenesis, leading to a blunted basal
metabolic rate in obese fKO mice. In the visceral fat, the ablation of CREB3L3 leads to
enhanced macrophage infiltration, altered adipokine expression, and increased
inflammatory cytokines in the obese state. These are key features of each subtype of
white adipose tissue and the enhanced adiposity and hepatic insulin resistance observed
in the fKO mice following high-fat feeding suggests that the modulation of CREB3L3 and
its activity can have substantial effects on the global metabolic homeostasis of obese
mice.

Another potential role that CREB3L3 plays in obese adipose tissue is the
differential regulation of lipolysis and lipid synthesis in the inguinal and epididymal fat.
CREB3L3 has previously been shown to suppress lipogenesis in the liver by suppressing
SREBP1c expression [218]. While we observed a concordant disinhibition of lipogenesis
and SREBP1c expression in the inguinal and brown fat of fKO mice after high-fat feeding,
genes involved in lipid synthesis were actually downregulated in the fKO epididymal fat
during obesity. Similarly, genes important to lipolysis were downregulated in the obese

epididymal fat, but their expression was unchanged in the inguinal fat of the fKO mice.
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This differential regulation of lipid metabolism in the inguinal and epididmyal fat during
obesity suggests that CREB3L3 could contribute to the unique metabolic profiles of
subcutaneous and visceral adipose tissue during obesity. This potential role of CREB3L3
in adipose tissue heterogeneity deserves further investigation.

One of the reasons we do not fully understand the heterogeneity between
subcutaneous and visceral adipocytes is the difficulty in producing fat-depot specific
genetic manipulations. This is due to the lack of depot-specific genes from which the
promoter can be used to drive the expression of Cre recombinase. In this study, we
describe the creation of a subcutaneous fat-specific overexpression model via injection
of a CREB3L3 FLEx-AAV directly into the subcutaneous fat pads of mice expressing
Adiponectin Cre (Fig 27F). Adipose-specific viral transductions have proven to be difficult
due to the tendency for viral vectors to transduce non-adipocyte cell types and the size
of the adiponectin promoter is prohibitive when working with the smaller packaging
capacity of AAVs. Previously, groups have cloned “mini” aP2 promoters [55] or micro
RNAs into the AAV vectors to prevent off-target expression in the heart and liver [56]. Our
system makes use of an inverted reading frame of interest to prevent expression in non-
adipocytes. Since the element needed for adipocyte specificity is programmed into the
adipocytes themselves, the investigator is afforded more cloning flexibility and does not
need to accommodate any adipose-specific elements into the AAV. To our knowledge,
this is the first demonstration of using a viral vector in conjunction with adiponectin-Cre to
manipulate gene expression in a specific fat depot.

Using this overexpression system, we created a CREB3L3 subcutaneous fat-
specific overexpression model (sSOE). These mice were resistant to diet-induced obesity,

further demonstrating the importance of CREB3L3 in body weight regulation. One of the
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unique features of our overexpression system is the degree to which our gene of interest
is overexpressed. Whereas many transgenic and viral-induced overexpression systems
force expression to supraphysiological levels that drastically alter cellular biology, our
FLEX-AAV system induced a more modest 2-fold increase in CREB3L3 expression (Fig
27F). This may be due to the added recombination and inversion step, which further
reduces the probability of reading frame induction beyond the necessary adipocyte AAV
transduction. The reduced amplitude of overexpression that occurs in our system as a
result highlights the physiological relevance of fluctuations in CREB3L3 expression and
the robustness of the sOE phenotype that arose from this relatively small change in gene
expression underpins the ability of CREB3L3 to modulate body weight.

Given the advance in the ability to create fat depot-specific genetic modifications,
while using larger genetic elements in that our FLEx-AAV technology represents, | cannot
help but be excited about its research potential. Improving our ability to target gene
expression modulation to a specific fat depot has the potential to highlight the
mechanisms that define the variety of behaviors that different fat depots exhibit. This
concept affords investigators the flexibility to up or downregulate expression of a target
gene in any fat depot (surgical limitations apply) under any physiological or pathological
condition. While optimization is needed to ensure that changes in target gene expression
are maintained over time as the tissue expands and adipocytes turn over, our SOE mice
demonstrate the potential of this technique to isolate the effects of a gene within specific
fat depots. Based on our findings, it would be interesting to determine if CREB3L3 sOE
increases the ability of IWAT adipocytes to form beige cells in response to B3-adrengergic
stimulation. Ultimately, injecting the CREB3L3-FLEXx-AAV into the iWAT of obese Adipo-

Cre mice would be the most clinically relevant experiment in future investigations and
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would demonstrate the ability of CREB3L3 activity in subcutaneous adipocytes to induce
weight loss in an already obese animal.

The resistance of sOE mice to diet-induced obesity, when coupled with
enhancement of diet-induced obesity in the fKO mice demonstrated the important role
that CREB3L3 plays in body weight and fat mass regulation. While the blunting of
adaptive thermogenesis in the fKO subcutaneous fat appears to contribute to this
phenomenon, the exact mechanism underpinning the body weight regulatory effects of
CREB3L3 requires further study. Additionally, the enhanced inflammation within the
epididymal fat of the fKO mice during obesity suggests that CREB3L3 could play a role
in limiting the extent of inflammation within obese visceral fat. Further investigation into
the role of CREB3L3 in the regulation of adipose inflammation is needed. Together,
through its contributions to regulating both adiposity and inflammation, we have identified
the importance of CREB3L3 in the transcriptional control of the behavior of adipose tissue
during obesity.

In my concluding thoughts, | have realized that my research has furthered our
understanding of adipose tissue biology and led to the creation of a novel technique that
could improve the way we study the heterogeneity of adipose tissue. We discovered that
this transcription factor with key roles in hepatic lipid metabolism is present in adipose
tissue and a modest increase in its expression using that technique afforded mice
resistance to diet-induced obesity. With a better understanding of how CREB3L3 activity
is regulated in adipocytes, perhaps an agonist of this anti-obesogenic factor could be
developed as a sorely-needed weight loss therapeutic to limit the burden of obesity on

the individual and society.
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Figure 31: Summary of the effects that CREB3L3 modulation has on energy and
metabolic homeostasis.
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