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The emergence of endothermy was an important event in the evolution of vertebrates.
Specifically, the acquisition of BAT was a key achievement for the radiation and diversification
of eutherian (placental) mammals. However, the molecular mechanism behind the development
of this thermogenic tissue has not been thoroughly characterized. The theory of the UCP1 gene
being the key impetus for BAT formation has been challenged considering the UCP1 gene has
been found in several ray-finned fish species that diverged early in the timescale of vertebrate
evolution. Additionally, the UCP1 gene has been found in several nhon-placental mammals from
the marsupial and monotreme clades, however finding BAT depots in these species has proven
unsuccessful. Mitochondrial fatty acid oxidation (FAO) contributes to the proton motive force
that drives ATP synthesis in many mammalian tissues. In eutherian mammals, brown adipose
tissue (BAT) can also dissipate this proton gradient through uncoupling protein 1 (UCP1) to
generate heat. An essential step in FAO is the transport of cytoplasmic long-chain acyl-
coenzyme A (acyl-CoA) into the mitochondrial matrix, which requires the action of carnitine
palmitoyltransferase 1B (CPT1B) in striated muscle and BAT. In eutherians, the CPT1B gene is
closely linked to the choline kinase beta (CHKB) gene, which is transcribed from the same DNA

strand and terminates just upstream of CPT1B. CHKB is a rate-limiting enzyme in the synthesis



of phosphatidylcholine (PC), a predominant mitochondrial membrane phospholipid, suggesting
that the coordinated expression of CHKB and CPT1B may cooperatively enhance mitochondrial
FAO. The present findings show that transcription of the eutherian CHKB and CPT1B genes is
linked within a unitary epigenetic domain targeted to the CHKB gene, and that that this
regulatory linkage appears to have resulted from an intergenic deletion in eutherians that
significantly altered the distribution of CHKB and CPT1B expression. Informed by the timing of
this event relative to the emergence of BAT, the phylogeny of CHKB-CPT1B synteny, and the
insufficiency of UCP1 to account for eutherian BAT, these data support a mechanism for the
emergence of BAT based on the acquisition of a novel capacity for adipocyte FAO in a
background of extant UCP1. Additionally, this dissertation shows that Crispr-Cas9 mediated
deletion of the Chkb 5’ region, where a variety of chromatin modifications and transcriptional
initiation is localized, has a drastic perturbance on Cptlb expression indicating that the co-
expression and regulation of both genes is facilitated by the one Chkb 5’ CpG island promoter.
The condensation of the intergenic region between CHKB and CPT1B through vertebrate
evolution coincided with elevated basal metabolic rate and body temperature as well as the

acquisition of BAT in placental mammals.
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CHAPTER I: INTRODUCTION AND BACKGROUND

Obesity

Obesity is a rapidly growing global public health concern, affecting millions of people
worldwide. The prevalence of obesity has been increasing steadily over the past few decades
and is now considered a global epidemic. According to the World Health Organization, in 2016,
more than 2 billion adults, 18 years and older, were classified as being overweight, or having a
BMI of 25 kg/m? or higher. Of these, over 650 million individuals or 13% of the world’s adult
population were classified as obese, which is defined as having a body mass index (BMI) of 30
kg/m? or higher [3]. Sadly, it is projected that by 2030 around 50% of the world's population will
be classified as overweight or obese. As prevalence continues to grow at this alarming rate,
obesity is no longer merely a concern but rather becoming an epidemic. Thus, research to
understand, treat, and even reverse the symptoms of obesity and its associated disorders is
ongoing.

Obesity is associated with several comorbidities or coexisting conditions including type 2
diabetes (T2D), cancers, hypertension, non-alcoholic fatty liver disease, and inflammatory bowel
disease. Type 2 diabetes, for example, is a rapidly growing concern that is closely associated
with obesity from excess caloric intake and subsequent expanding lipid stores that result in
elevated plasma free fatty acids, insulin resistance, and elevated fasting blood glucose levels.
According to the International Diabetes Federation (IDF), over 500 million people are diagnosed
with T2D worldwide as of 2021 [4]. This number is projected to rise to over 700 million people by
2045 globally [4]. Obesity also leads to an increased risk for cardiovascular disease through
hypertension, high cholesterol, and high triglycerides. Furthermore, obesity is associated with
certain types of cancer, including breast cancer, colon cancer, and liver cancer. Obesity is a

complex and complicated disease as there is no single factor that contributes to its onset;



rather, there are many contributing factors which make it difficult to treat. The rise in obesity is
largely attributed to changes in lifestyle and diet. The modern diet is often high in processed
foods, sugar, and saturated fats, which compounded with reduced energy expenditure due to a
rise in sedentary lifestyles results in an excess caloric intake and storage of lipids in the form of
triglycerides. The increase in stored lipids can lead to expansion of adipose tissue and
contribute to an increase of visceral fat, which has negative effects on vital abdominal organs,
and even cellular lipotoxicity. A prolonged obesogenic phenotype has also been shown to result
in metabolic inflexibility through epigenetic reprogramming which results in reduced expression
of various metabolic genes.

Taking all of this into consideration, it is vital to discover the important obesity-associated
genes and the changes in their epigenetic patterns during the onset and progression of obesity
and the metabolic syndrome. My dissertation research involves characterizing a pair of
transcriptionally linked loci that each play an important role in mitochondrial biogenesis and fatty
acid oxidation. Additionally, this project will also propose a possible link between the
arrangement of the chkb-cptlb gene locus and the emergence of a specialized thermogenic
tissue in Eutherian mammals: Brown Adipose Tissue (BAT). In the context of obesity, BAT has
a recognized therapeutic potential and is an intense focus of research due to its high oxidative

capacity and ability to burn fat quite literally.

CPT1B is a major rate-limiting enzyme for mitochondrial FAO

Carnitine palmitoyltransferase 1 (CPT1) is a crucial enzyme that catalyzes the rate-
limiting step of mitochondrial fatty acid oxidation (3-oxidation). In total, there are three isoforms
of the CPT1 enzyme that are each encoded by their respective genes. CPT1A, although
ubiquitously expressed, is the predominant isoform found in the liver and kidneys. CPT1B is

also widely expressed, however is more tissue-specific and serves as the predominant isoform



in striated muscle such as skeletal muscle and heart tissue, as well as in testes and brown
adipose tissue (BAT). The final isoform, CPT1C, is the major isoform found in the brain. The
CPT1 enzyme is required to transport long chain fatty acids (LCFAs) from the cytoplasm of the
cell into the mitochondrial matrix where it can go through subsequent rounds of 3-oxidation.
Each cycle of B-oxidation produces an NADH and FADH, molecule as well as the 2-carbon
acetyl-CoA molecule, which gets further oxidized in the citric acid cycle producing even more
electron carrier molecules and 1 energy molecule of GTP. The increased quantity of electron
carriers results in an increased flux of electrons through the electron transport chain of the
mitochondria culminating in the production of ATP energy molecules via oxidative
phosphorylation.

CPT1 is a transmembrane protein located in the outer mitochondrial membrane and is
responsible for the removal of the coenzyme-A group from activated long chain fatty acyl-CoAs
and the replacement with a free carnitine molecule, forming fatty acyl-carnitines (Figure 1). This
switch is integral for B-oxidation to proceed because, unlike small-chain and medium-chain fatty
acids, LCFAs are unable to traverse the double membrane of the mitochondria without the
carnitine/acylcarnitine shuttle system. LCFAs are defined as straight chain fatty acids comprised
of 13 to 21 carbon atoms and of note, the bulk of fatty acids comprising animal tissues and
animal diets have 16 and 18 carbon chain lengths. Palmitic acid is a 16-carbon saturated fatty
acid that makes up a large percentage of our saturated fatty acid intake. Therefore, our lab
utilizes palmitic acid for our lipid incubation studies in cultured cells. The fatty acylcarnitines are
then transported into the matrix of the mitochondria by a translocase protein in exchange for
free carnitine. Once in the mitochondrion, the fatty acylcarnitine is subjected to the reverse
reaction mediated by carnitine palmitoyl transferase 2 (CPT2) fixed in the inner mitochondrial
membrane which removes the carnitine group and adds back the Coenzyme-A [5, 6]

CPTL1C, the brain isoform, shows no detectable palmitoyltransferase activity which could

be explained by the fact that neuronal cells largely rely on glucose oxidation to meet their

3



bioenergetic demands. Nevertheless, the expression of a tissue specific CPT1 enzyme in the
brain that has high sequence similarity to the canonical CPT1 enzymes yet shows little to no
definitive acyltransferase activity or enhanced oxidation of fatty acids is confounding. The
enzymatic role of CPT1C and its function in neurochemistry remains elusive. Thus far, only
defects in CPT1A have been clinically characterized [6-9]. Patients with a complete loss of
CPT1B have not been identified indicating the importance of the gene for survival.

While a homozygous knockout of Cptlb in mice proves to be embryonically lethal, a
heterozygous knockout of Cptlb, reducing CPT1B protein levels by 50%, results in mice being
predisposed to insulin resistance, lipotoxicity, and fatal hypothermia [10-12]. A common single
nucleotide polymorphism (SNP) was found in the CPT1B gene in an Italian cohort population
who were classified as severely obese (BMI >30 kg/m?) and undergoing bariatric surgery [13].
This suggest that a defect in the CPT1B gene can lead to an obese phenotype as well as liver
steatosis [13].

Considering the important role CPT1B plays in lipid metabolism in skeletal muscle, it's
no surprise that it serves as a hot topic for research and a promising target for potential
therapeutics to combat obesity. In fact, CPT1B seems to be differentially expressed between
healthy lean individuals and obese individuals with primary myotubes cultured from skeletal
muscle biopsies of obese women showing a blunted expression of the gene in response to
palmitate treatment compared to their lean counterparts [14, 15]. Perhaps more strikingly, the
blunted expression of CPT1B in response to lipid treatment persisted in primary myocytes that
were cultured for an extended period of time under identical conditions. The researchers
discovered that the cells from obese individuals had been epigenetically re-programmed. In
other words, changes in CpG methylation, histone acetylation, and transcription factor binding
were observed between the two experimental groups suggesting that the CPT1B gene is at

least partly regulated by epigenetic modifications in skeletal muscle [14, 15].



Further investigation of the promoter region of the CPT1B gene revealed the presence of
the 3’ end of the choline kinase beta (CHKB) gene less than 300 bp upstream in humans and

less than 500 bp upstream in mice (http://genome.ucsc.edu). Both genes seemingly exist on an

island in chromosome 15 of the mouse genome, with the closest genes being 6.1 kb
downstream of the 3’ end of Cptlb and 24 kb upstream of Chkb. The juxtaposition of the genes
brings up the obvious question of whether there is transcriptional or regulatory interplay

between the genes.

CHKB catalyzes the first committed step of phosphatidylcholine biosynthesis.

The choline kinase enzyme is a cytoplasmic protein that catalyzes the phosphorylation
of free choline to phosphocholine, marking the first committed step in the CDP-choline pathway
for phosphatidylcholine biosynthesis. Phosphatidylcholine (PC) is one of the most abundant and
integral phospholipids present in biological membranes, including both inner and outer
mitochondrial membranes (Figure 1). PC comprises approximately 50% of total phospholipid
mass in mammalian cells. There are two separate genes, CHKA and CHKB, that have evolved
from duplication and divergence of a common ancestral gene and encode three isoforms of
choline kinase: CHKA1, CHKA2 and CHKB [16, 17]. CHKA 1 and 2 are products of alternative
splicing of CHKA transcripts while CHKB is a product of the CHKB gene. The length of the Chka
gene is 40 kb whereas Chkb is only 3.5 kb in length [17].

Interestingly, both genes contain 11 exons each and much of the difference in genomic
length is contributed by significantly longer introns in CHKA. Choline kinase proteins function as
either homo- or heterodimers [16, 17]. CHKA is ubiquitously expressed and accounts for a large
percentage of enzymatic activity, with highest activity levels being observed in liver and testis
[16, 17]. CHKB is also widely expressed in most tissues, with the highest activity levels being

detected in heart, skeletal muscle, and brown adipose tissue [16-18]


http://genome.ucsc.edu/

Wittenberg and Kornberg published the first characterization of choline kinase in
brewer’s yeast in 1953 [19] followed by several decades of minimal progress until 1984, when
Ishidate et al. were able to purify the choline kinase protein to homogeneity from rat kidneys
[20]. Following this, several groups worked to clone and characterize different genes and
cDNAs of choline kinase from rodents, mammals, yeast, and plants [21-27]. In 2000, Aoyama et
al. used rapid amplification of cDNA ends (RACE) of mouse and rat CHKA and CHKB
transcripts to compare the sequences to the newly available human genome sequences
reported from the human genome project [17]. Promoter reporter assays identified a proximal
promoter region of the Chkb gene in murine Hepa-1 cells located within 110 bp upstream of the
transcription start site. This region contained two CCAAT boxes with inverse orientation, a
CREB binding motif, as well as an SP1 binding site. There also was the presence of a TATA-
like binding element however a functional TATA box was not present [16, 17]. All these findings
suggest CHKB behaves like a housekeeping gene.

CHK activity has also been implicated in fibroblast proliferation; studies using NIH3T3
cells have shown that stimulation of choline kinase expression with certain growth factors and a
subsequent increase in phosphocholine was necessary for cell proliferation. Higher levels of the
choline kinase protein and phosphocholine, the direct product of choline kinase, are also
detected in cancer cell lines and therefore may contribute to carcinogenesis. Chka, unlike Chkb,
has been demonstrated to be an indispensable enzyme for early embryonic development in
mice [28]. Thus, only the complete knockout of Chka in mice proves to be embryonically lethal
[29], while a knockout of the Chkb gene in mice or a defect in the human CHKB gene leads to a
peculiar form of congenital muscular dystrophy [28, 30-33].

Congenital muscular dystrophies (CMD) are a group of muscular dystrophies that
present early at birth and progress aggressively. These disorders are commonly degenerative
and often affect voluntary muscles. Generally, most CMD cases reported thus far are a result of

an autosomal recessive mutation in extracellular matrix protein encoding genes. To date, there
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are approximately 30 different types of CMD discovered, each based on the respective gene or
protein malfunction (Muscular Dystrophy Association).

Interestingly, in 1998, Nishino et al. reported a peculiar new form of CMD in four
unrelated Japanese patients in their adolescence. All four patients exhibited extreme cognitive
impairment along with signs of neonatal hypotonia, delayed motor development, increased
muscle wasting, and dilated cardiomyopathy [34]. Perhaps more interesting, these patients
displayed abnormally enlarged mitochondria, or megamitochondria, located at the periphery of
skeletal muscle fibers with the center being devoid of mitochondria [34]. This genetic disorder
displayed recessive autosomal inheritance, as none of the patients’ parents or siblings were
afflicted with CMD. The most intriguing and prominent phenotype of CMD was the presence of
permanently localized peripheral megamitochondria, therefore mitochondrial DNA was analyzed
for possible mutations. However, no duplication or deletions were found in the mitochondrial
DNA and instead the most likely cause for the dystrophic phenotype was a mutation in a gene
found in nuclear DNA. However, the association of this phenotype with the CHKB gene wouldn’t
be made until after the development of a transgenic mouse line presenting a similar muscular
dystrophy phenotype.

In 2006 Dr. Gregory Cox at the Jackson Laboratory identified a spontaneous recessive
mutation in mice that coincided with the onset of a CMD that had a rostral to caudal gradient of
severity in muscular atrophy as well as neonatal forelimb bone deformity. The hind limb muscles
of these mice were atrophied more severely than the forelimb muscles, and as a result, these
mice were aptly named as RMD to signify this rostrocaudal muscular dystrophy phenotype [31].
It was discovered through positional cloning that these mice carry a spontaneous 1600 bp
intragenic deletion of Chkb on chromosome 15 that encompassed exon 3 through intron 9
resulting in truncated mRNA transcripts. Consequently, CHKB protein and enzyme activity
levels are also undetectable in all skeletal muscle tissue samples from RMD mice compared to

wild type littermates [31]. While forelimb muscles remained largely unaffected, RMD mutant
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mice showed severe progression of atrophy in hindlimb muscles culminating in the loss of motor
activity by two to three months of age. Histological analysis of quadriceps muscles showed the
presence of enlarged megamitochondria at the periphery of the skeletal muscle fibers. PC levels
were reduced in forelimb and more so in the hindlimb skeletal muscle tissue, although when we
compare absolute levels against WT there is only a slight reduction in skeletal muscle tissues of
RMD mice [31]. In fact, only a 31% reduction in PC levels was reported in Chkb’- RMD mouse
hindlimb muscles compared to wildtype hindlimb muscles while CHKB enzyme levels were
undetectable. It is widely accepted that although choline kinase is necessary for PC
biosynthesis, CK activity is generally present in excess and under these circumstances the level
of CK activity does not influence the rate of PC synthesis [35]. Although CHKB is ubiquitously
expressed, loss of enzyme activity results in a PC reduction in only skeletal muscle tissue
showing a tissue specific defect. Interestingly, Chka expression is downregulated as mice age
into adulthood compared to young mice, so it seems that CHKB is the dominant choline kinase
isoform in adult skeletal muscle tissue. However, it has also been reported that upregulating
Chka expression in affected RMD skeletal muscle can reverse the disease phenotype by
compensating for PC synthesis [33].

Following the characterization of a Chkb gene knockout in the newly developed RMD
mice, patients with CMD and megamitochondria were sequenced and found to contain
mutations in the CHKB gene that lead to loss of function. The disease was reclassified as
congenital muscular dystrophy with megaconical myopathy (MDCMC) and is currently the only

muscular dystrophy caused by a defect in phospholipid biosynthesis [30, 36-44].

Conjoined genes: Chkb, Cptlb, and the readthrough transcript

A detectable readthrough transcript containing exons from both genes is present that

initiates at the Chkb 5’ region and ends at the 3’ end of Cptlb. This RNA product is a candidate



for nonsense mediated decay and is unlikely to translate into a functional protein. Instead, this
long noncoding RNA (IncRNA) product may play a regulatory role in maintaining an open
chromatin domain that includes both genes. Interestingly, a few studies that have investigated
Chkb or Cptlb separately have mentioned the existence of this readthrough transcript and
occasional co-transcription of these two genes. However, no one has studied the possible
regulatory or transcriptional linkage of the Chkb and Cptlb genes in further detail, and certainly
not in the context of the evolution of BAT-based homeothermy in eutherians. Our theory is that
the Chkb and Cptlb are members of a class of genes known as “conjoined genes”. Conjoined
genes in eukaryotes are predicted at several hundred loci and are generally present when two
or more genes are in relative proximity to one another and are transcribed in the same direction
[45]. The classical definition of a conjoined gene is a gene that produces transcript(s) by
combining a part of one exon from each of the two distinct parent genes that exist on the same
chromosome and are in the same orientation and translate independently into separate proteins
[45-47]. Based on these stipulations, the chkb-cptlb gene locus fits under the conjoined gene

category and our findings will provide further evidence for this phenomenon.

Association of the CHKB-CPT1B locus with narcolepsy

A variant between the CHKB and CPT1B genes containing a single nucleotide
polymorphism (SNP) is associated with a narcolepsy phenotype in East Asian populations [48,
49]. The SNP was located approximately 250 bp downstream of the CHKB stop codon and
approximately 100 bp upstream of the CPT1B gene placing it within the intergenic region
between both genes [48, 49]. Interestingly, QRTPCR results in patients with the risk allele
showed lower expression of both CHKB and CPT1B genes [48, 49]. Several groups have
implicated FAO and the carnitine shuttle system in sleep regulation thus making CPT1B

expression a likely culprit for the narcolepsy phenotype. CHKB has an important role in CDP-



choline based PC synthesis and perturbations in this system may also lead to narcolepsy, albeit
in a more complicated pathway. The important discovery is that a SNP within the intergenic
region of the CHKB and CPT1B genes in these patients leads to reduced expression of both

genes suggesting a regulatory and transcriptional connection.

Coordinated expression of Chkb and Cptlb in mouse tissues

It has been previously reported that the expression of Cptlb can be regulated by serum
levels of long chain fatty acids that are taken up by the cells via PPARa activation and
subsequent binding to the peroxisome proliferator response elements (PPRE) located within the
CPT1B promoter region in humans. PPARs (Peroxisome Proliferator-Activated Receptors) and
PGC1la (Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-alpha) are two
important proteins that act as master regulators of mitochondrial function and biogenesis in the
cell. PPARs are a family of nuclear receptors that are activated by binding of overlapping
derivatives of fatty acids. Once activated, these nuclear receptors can bind to specific response
elements within the proximal promoters of multiple genes involved in lipid metabolism,
inflammation, and energy homeostasis to regulate their expression. There are three isoforms of
PPARs: PPAR alpha, PPAR beta/delta, and PPAR gamma. Each isoform has distinct functions
and target genes, but all of them play an important role in the regulation of mitochondrial
function and biogenesis. PGCla is a coactivator protein that binds to various transcription
factors, including PPARSs, to increase the transcriptional activity of target genes. PGCla is
highly expressed in tissues with high energy demands, such as skeletal muscle and the brain,
and plays a critical role in the regulation of mitochondrial function and biogenesis. PGCla
activates genes involved in the production of new mitochondria, the import of proteins into the
mitochondria, and the maintenance of the mitochondrial DNA. Both PPARs and PGC1la have

been implicated in a wide range of physiological and pathological conditions.
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We first wanted to determine if expression of Cptlb and Chkb in cultured myotubes
responded in parallel to long chain fatty acid treatment. Using the transformed C2C12 murine
skeletal muscle cell line, we found that both genes respond in parallel to palmitate treatment.
Expression of not only Cptlb, but also Chkb increases in response to LCFA treatment, revealing
the coordinated nature of these two genes. Furthermore, we also found that transcription of the
two genes is coordinated in vivo with the highest expression of both genes being found in brown
adipose tissue compared to moderate expression in heart and skeletal muscle in mouse tissue
samples. This marked a serendipitous revelation that these two genes are coordinately
expressed at high levels in metabolically active tissues, but the level of expression in heart and
skeletal muscle is dwarfed by the levels observed in brown adipose tissue. We therefore began
shifting our focus to study the origins and function of BAT in the context of vertebrate evolution
from the lens of the Chkb-Cptlb gene locus. Additionally, BAT serves as a popular target of
research and therapeutic intervention for combatting obesity and its related metabolic disorders
due to its inherent capability for thermogenic energy expenditure via the short-circuiting of the
mitochondrial oxidative phosphorylation to produce substantial amounts of heat from burning

glucose and free fatty acids as metabolic fuel.
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Figure 1. CHKB and CPT1B enzyme locations and functions. CPT1B is the predominant
isoform in skeletal muscle, cardiac, and brown adipose cells. It is an important part of the
carnitine shuttle system that is crucial for delivering LCFA from the cytoplasm to the
mitochondrial matrix. CPT1B temporarily switches the CoA group with carnitine to form fatty acyl
carnitines which can then be transported into the matrix via CACT in exchange for free carnitine.
Once in the matrix, CPT2 removes the carnitine and adds back the CoA group completing the
transport. Malonyl CoA, an intermediate of fatty acid biosynthesis, is an allosteric inhibitor of
CPT1B. CHKB catalyzes the first committed step of the CDP-choline/ Kennedy pathway for PC
biosynthesis. PC is one of the most abundant phospholipids present in the cell membrane and

both inner and outer mitochondrial membranes.
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Brown adipose tissue

Brown adipose tissue (BAT) is a uniquely mammalian tissue that helps regulate neonatal
body temperature via fatty acid oxidation driven heat production. It is reasonable to argue that
BAT acquisition was an important evolutionary event that allowed for mammalian survival and
diversification. We therefore wanted to investigate whether the elevated co-expression of both
CHKB and CPT1B genes in this tissue was a product of transcriptional and regulatory linkage
between these two genes and whether that linkage was a key driving force in the emergence
and formation of this tissue in mammals.

Classical BAT depots are ubiquitous in newborn humans and are vital for maintaining
stable body temperature via non-shivering thermogenesis as newborns do not yet have the fully
developed skeletal muscle framework to facilitate shivering thermogenesis [50]. In addition,
human infants and smaller mammals have a higher surface area to volume ratio, resulting in
increased heat dissipation, and thus making BAT a necessary tissue to combat hypothermia.
For a long time after its initial discovery, it was believed that the BAT repository and function
diminished to negligible levels in adults due to the increasing disparity of BAT mass relative to
body mass in a fully grown adult rendering it insufficient to have any significant effects on
energy expenditure. However, in 2003, studies using 18-fluorodeoxyglucose-positron emission
tomography coupled to computed tomography (*¥FDG PET/CT) found uptake in response to
cold stimulation in the regions of the body where BAT depots were expected to exist in adults
[51, 52]. X-ray computed tomography of these BAT regions, for example the supraclavicular
area, indicated a similar signature to adipose tissue. Subsequent studies showed that BAT is
largely present and more activated by cold exposure in healthy lean and younger individuals but
is reduced in overweight and older individuals as well as individuals with metabolic diseases
[53, 54].

Mice also possess substantial depots of BAT, with their more prominent repositories

located in the interscapular and subscapular regions. There are also numerous smaller BAT
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depots scattered deep in the dorsal neck region between the head and scapula, surrounding the
aorta, and surrounding the kidneys. In other words, BAT forms a sort of thermal jacket around
the vital organs and major blood vessels in mice to protect from hypothermia. The interscapular
region, however, is the largest and most widely studied depot of classical BAT in mice and
therefore it is the depot that we use for our studies. In one study, BAT from healthy mice, that
was implanted in mice fed with a prolonged high fat diet, improved glucose homeostasis and
insulin sensitivity [55]. In fact, transplantation of BAT from healthy mice into a diabetic mouse
model showed the insulin-independent reversal of Type 1 diabetes (T1D) as well as prevention
of T1D if BAT transplantation occurred before induction of T1D [56, 57].

Brown adipocytes and skeletal muscle myoblasts share a common lineage and are
postulated to arise from myf5* progenitors. The Spiegelman lab was one of the first to use a
myf5¢® construct crossed with a cytoplasmic reporter to show that interscapular brown
adipocytes and skeletal muscle cells originated from myf5* progenitors while white adipocytes
did not seem to share the same lineage origin [58]. However, over time many other groups have
demonstrated a clear heterogeneity within BAT depots that showed not all brown adipocytes
were derived from myf5* progenitors [59] [60]. In fact, there are even indications for certain
groups of white adipocytes that showed my5* origins [61]. There also exists a distinct family of
inducible, metabolically active, thermogenic, UCP-1 expressing adipocytes termed “beige” or
“pbrite” adipocytes that exist within WAT depots [62]. There is still much debate on whether beige
cells have a similar thermogenic potential and oxidative capacity to classical brown adipocytes,
as these cells do not share the same myf5* embryonic lineage. While the interscapular BAT
depot represents the classical brown fat made up of myf5* originating brown adipocytes, brown
adipocytes from different anatomical locations may have different embryonic origins [59] [60].

Seale et al. initially reported that the transcriptional regulator, PRDM16, controls a
bidirectional switch of cell type between skeletal myoblasts and brown adipocytes using in vitro

studies [58]. However, in subsequent studies published by Harms et al., the group was unable
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to recapitulate the same findings in vivo [63, 64]. PRDM16 showed strong binding to
enhancer/promoter regions of BAT-selective genes as well as binding to promoter regions of
WAT-selective genes in BAT depots. Furthermore, it was found that PRDM16 promoted the
suppression of WAT-selective genes and enhancement of BAT-selective genes via binding and
recruitment of mediator complexes that influenced significant changes in chromatin architecture
[63, 64]. In fact, knocking out PRDM16 in adult mouse BAT showed a decrease in expression of
BAT-selective genes and a concomitant increase in expression of WAT-selective genes
resulting in a diminished BAT characteristics of the depots in these mice compared to WT
controls [63, 64]. Therefore, although lineage tracing studies using myf5 have indicated a
skeletal muscle cell origination for most brown adipocytes, the PRDM16 findings show there
may be some relation of these cells to white adipocytes as well. We believe that the evolution of
the spatial arrangement of the CHKB and CPT1B gene loci, and more specifically their
coordinated regulation and expression, were a major contributing factor for the development of
brown adipocytes and BAT.

Unlike white adipocytes, which possess a large unilocular lipid droplet, brown adipocytes
contain numerous small multilocular lipid droplets that store fatty acids in the form of
triacylglycerols. The importance of this distinction becomes apparent when the system enters a
state, usually induced by cold exposure, where it is necessary to oxidize those fatty acids for
heat, named adaptive thermogenesis. Brown adipocytes can rapidly lipolyze and endogenously
oxidize the fatty acids while white adipocytes mainly serve as energy reservoirs during fed
states and release the hydrolyzed free fatty acids during fasting states into the blood stream to
be taken up other cells for ATP production. BAT is highly innervated by the sympathetic nervous
system which activates the thermogenic program upon cold stimulation. Briefly, cold exposure
leads to release of norepinephrine from sympathetic nerve endings and subsequent binding to
and stimulation of the B3-adrenergic receptors present on the surfaces of brown adipocytes

commencing a signaling cascade that eventually leads to heat production. Interestingly, studies

15



have also found diet-induced BAT activity in lean healthy individuals as a response that
increases energy expenditure during caloric overload [65-67]. Another distinct characteristic of
BAT that separates it from WAT is that they are heavily saturated with numerous UCP1-
containing mitochondria that can rapidly oxidize LCFAs to generate a substantial amount of
heat. Uncoupling protein 1 (UCP1) is a transmembrane enzyme present in the inner
mitochondrial membranes of brown fat cells and its purpose is to uncouple mitochondrial
respiration from ATP synthase activity. It does so by essentially acting as a “leak” for protons to
travel back into the matrix from the intermembrane space, thereby relinquishing the membrane
potential built up by proton pumps (complexes I, 1ll, and 1V) of the electron transport chain. In
non-brown adipocyte cells, this electrochemical gradient would normally result in hydrogen ions
traveling down their gradient into the mitochondrial matrix through the ATP synthase enzyme
which uses that proton motive force to phosphorylate ADP into ATP. However, in BAT the
energy from the protein motive force dissipated through the UCP1 channel is converted into
heat. Of course, this process is energetically costly and highly inefficient as the electron carriers
generated from the high rate of FAO produce little to no ATP. This supports the idea that the
emergence of BAT was a necessary evolutionary trait that allowed for eutherian mammalian
radiation through exploitation of new ecological niches which severely outweighed the energetic

costs associated with BAT-mediated NST.

Functional connection of Chkb and Cptlb in brown adipocytes

As mentioned earlier, our gene expression analysis showed the highest transcript levels
of both Chkb and Cptlb genes in BAT tissue compared to all other tissues tested in mice. Our
hypothesis is that the juxtaposition of these genes, on an evolutionary timescale, provided the
catalyst necessary for the development of this specialized thermogenic adipose tissue. As

mentioned, CHKB is responsible for the synthesis of PC, a crucial phospholipid that makes up a
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large percentage of cell membrane phospholipids and is specifically required for mitochondrial
membrane biogenesis and proper structure and functionality. Brown adipocytes, along with
muscle and cardiac cells, contain a high number of mitochondria to fuel their activity via FAO
thereby requiring high expression of both Chkb and Cptlb. Furthermore, it has been
demonstrated that cold exposure also leads to increased brown adipocyte mitophagy due to
UCP-1 induced stress and damage coupled with biogenesis to maintain mitochondrial
homeostasis with a healthy population [68]. Additionally, Krahmer et al. were able to show the
importance of PC as a necessary surfactant to prevent coalescence of growing lipid droplets,
which would otherwise form large, lipolysis-resistant lipid droplets that store large amounts of
triglycerides as in white adipocytes [69]. Brown adipocytes, as described above, require small
multilocular lipid droplets with ideal surface area to volume ratios that can be readily accessible
for lipolysis and subsequent FAO. Any perturbance in PC levels seems to result in coalescing of
lipid droplets into larger droplets which may hinder the rapid lipolysis of TAG and release of fatty
acids necessary to fuel nonshivering thermogenesis in brown adipocytes and consequently
minimize the thermogenic impact of the tissue. As mentioned earlier, homozygous knockout of
Cptlb in mice leads to embryonic lethality; however, a heterozygous knockout, reducing CPT1B
protein levels by approximately 50% in striated muscles and BAT, results in the mice
succumbing to fatal hypothermia upon 4°C cold challenge. This effect was further amplified with
prolonged exposure to suboptimal temperatures, leading to more than 50% of the mutant mice
dying compared to WT littermates [12]. This increase in fatality can be associated with reduced
FAO in skeletal muscle and BAT and a subsequent hindrance in shivering and nonshivering

thermogenesis, respectively.

17



Chromatin remodeling and transcriptional activation

Our hypothesis for the regulation of a conjoined Chkb-Cptlb gene locus involves the
localized targeting of chromatin modifications to the 5’ flanking promoter of Chkb leading to the
transcriptional initiation at this same site that results in two separate Chkb and Cptlb
transcripts. It is therefore important to understand the chemistry involved in chromatin structure
and remodeling. Chromatin is made up of basic repeating units of nucleosomes which comprise
of DNA wrapped around histone octamers. This arrangement allows for condensed packaging
of DNA in the cell nucleus. The histone core of each nucleosome is made up of two H2A-H2B
dimers and a H3-H4 tetramer wrapped by 147 base pairs of DNA and linked to the adjacent
nucleosome by approximately 40-60 bp of DNA [70, 71]. It is no surprise that this type of
packaging of DNA results in difficulty for transcription to occur since the DNA is not readily
accessible to transcription factors and machinery. Therefore, condensed chromatin, otherwise
known as heterochromatin, must undergo remodeling for transcriptional processing.

The N-terminal tails of histones contain intrinsically disordered regions that protrude from
the nucleosomal unit and can undergo varied and extensive posttranslational modifications to
either negatively or positively influence transcription of the genes located in the domain. Some
examples of modifications to amino acids within the histone tails are acetylation, methylation,
ubiquitination, phosphorylation, and ADP-ribosylation [72, 73]. Transcriptional activation is
associated with modifications that result in a more open euchromatin structure where the DNA
is loosely bound to histones. These modifications include histone 3 and histone 4 lysine
acetylation, H3 lysine 4 di- or trimethylation, and H3 lysine 36 and lysine 79 trimethylation.
Epigenetic chromatin modifications that signal gene inactivation include H3 lysine 9 or lysine 27
methylation as well as methylation of H4 at lysine 20 [72]. Acetylation and methylation are the
most common forms of modifications, and these are facilitated by histone acetyltransferases

(HATSs) and histone methyltransferases (HMTS), respectively.
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As mentioned previously, a heterochromatin structure is indicative of gene silencing
while a euchromatin structure represents transcriptional activation mainly due to how open or
tightly packaged the DNA is around the histone core. Lysine acetylation by HAT enzymes
neutralizes the positive charges of the histones and result in weakened interactions between the

histones and the negatively charged DNA.

CpG islands

DNA methylation is a separate covalent modification that primarily targets cytosines that
are followed by guanine, although additional genomic motifs have more recently been identified
as methylated. DNA methyltransferases (DNMTs) add a methyl group to the C5 position of
cytosine to form 5-methylcytosine. The addition of the methyl group to the cytosine at CpG sites
results in gene silencing by either sterically hindering the binding of transcription factors to DNA
or by recruiting methyl-cytosine binding proteins which then recruit corepressor complexes
including histone deacetylases (HDACS) [74]. There are three types of DNMTs; DNMT1,
DNMT3a, and DNMT3b [75, 76] however, DNMT1 is the best characterized and highly
expressed mammalian somatic maintenance methyltransferase that prefers to methylate hemi-
methylated DNA [74, 77, 78]. During DNA replication, DNMT1 localizes to the replication fork
and works to make sure the newly synthesized strand mimics the existing methylation pattern
[74, 79].

CpG islands are regions of the genome that are 500 nucleotides or more in length that
contain a G+C content equal to or higher than 50% and possess a CpG/GpC ratio higher than
0.6 [80]. Based on the amount of genomic cytosines and guanines, the expected the frequency
of a CG dinucleotide in the genome to be around 6.2% of dinucleotides. However, they are only
observed at a frequency of around 1%. The reason for this reduction is due to spontaneous

deamination of methylcytosine. Spontaneous deamination of cytosine converts it to uracil, which
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can be recognized and removed by a special enzyme known as uracil-DNA glycosylase, starting
the process of DNA repair [81]. However, in vertebrate genomes with CpG methylation the
spontaneous deamination of 5-methyl cytosine converts it to thymine, which goes unrepaired.
Over evolutionary time, this has resulted in the aforementioned depletion of CpG dinucleotides
in the genome. In contrast, CpG islands in or near gene promoter regions maintain their high
relative concentration of CpG dinucleotides due to a historical lack of DNA methylation in these
regions, which is thought to be maintained by the binding of transcription factors such as SP1
that have GC-rich binding sites, which competes for DNMT binding [82]. Furthermore, the
chromatin structure around these CpG islands is often open and accessible, due to histone
acetylation and methylation mediated by histone acetyltransferases and methyltransferases,
which is also often occupied by RNA polymerases that are actively transcribing the gene. Thus,
the presence of these chromatin modifiers and transcription machinery can act as insulators
against DMNT occupancy. The existence of a CpG island in the 5’ region of the Chkb gene is
therefore indicative of a constitutively active housekeeping gene resulting in an easily

accessible open chromatin structure that encompasses the Chkb-Cptlb gene locus.

Evolution of endothermy: UCP1 alone cannot account for BAT emergence.

The evolutionary events that led to endothermy are still unclear and we hypothesize that
changes in the Chkb-Cptlb gene locus was a crucial driving force for its emergence. It has been
demonstrated by several different groups that marsupials and monotremes do not possess
classical BAT depots. However, certain marsupials are able to produce transient cold-induced
multilocular adipocytes that express a functional UCP1 within WAT depots but are not
thermogenic [83-88]. In fact, BAT has only unequivocally been detected in eutherian (placental)
mammals, evoking the question of what the driving force was for the development of BAT. Was

it simply the acquisition of UCP1, which has been lauded as the main marker for brown
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adipocytes? First discovered in the late 1970s, UCP1 was initially believed to be a monophyletic
trait that originated with the evolution of brown adipose tissue only in eutherian mammals [89-
91]. However, in 2005 using comparative genetics, Jastroch et al. discovered the presence of a
ucpl orthologue in certain teleost fish species that had high sequence similarity to eutherian
ucpl [84]. What this meant was the ucpl gene was likely present farther back than 420 mya in
common ancestor of lobe finned and ray finned fish before their divergence. Furthermore, the
amino acid sequence comparison suggests that this “ectothermic ucpl” should still have the
same proton translocation characteristic that is seen in eutherians. Of course, teleosts are still
ectotherms and therefore are unable to utilize the ucpl gene/protein for nonshivering
thermogenesis and we argue that in part they are lacking the elevated FAO required to fuel
UCP1-mediated heat production. Additionally, while marsupials and monotremes are
endothermic they present lower body temperatures that are subject to quite severe fluctuations
dependent on the external conditions, compared to the higher and more stable nature of body
temperature in placental mammals. These observations are compounded by the lack of
reported classical BAT depots or UCP-1 mediated NST, even though the ucpl gene is present,
in species of these clades [83, 86]. Therefore, it is more appropriate to classify the species of
these two clades as “heterothermic endotherms” or “metatherians" due to their lower basal
metabolic rate and lower and fluctuating body temperature. It is also important to mention the
presence of a skeletal muscle based NST program that exists in most vertebrates and may
have predated BAT-mediated thermogenesis. This system involves the uncoupling activity of
the SERCA calcium pump which results in heat production from ATP hydrolysis while myofibril
contractions do not take place. It has been postulated that this method of NST is prominent in
marsupials and monotremes. Observational data from hibernating Echidna indicated an
increase in body temperature with seeming no muscular movements [92] so, while this species
does not contain BAT, perhaps this warming was due to SERCA NST. However, there are

obvious drawbacks to using muscle NST which include perturbance in locomotion which does
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not bode well for survival from predation. This method of NST was perhaps insufficient to
protect from cold stress at birth, or to allow for high body temperature for extended parental care
[91, 93-95]. Comparing rewarming rates from torpor between short-beaked echidnas and alpine
marmot, a similarly sized eutherian, showed lower rate of rewarming for the echidnas compared
to the marmots [96]. This indicates that BAT-based NST was an important acquisition for rapid
arousal from hibernation that certainly was more effective than any other mode of NST. These
observations provide more evidence against UCP1 being the sole driving force for BAT
emergence and function and therefore may have required additional mechanisms to evolve. We
have discovered a phylogenetic pattern of the increased condensation of the Chkb and Cptlb
intergenic region coinciding with elevated basal metabolic rate and body temperature as well as
BAT-based endothermy in placental mammals. Therefore, we postulate that the juxtaposition of
the Chkb and Cptlb genes was necessary to elevate basal expression of both genes and
provide the phosphatidylcholine for cellular and mitochondrial membrane biogenesis and fuel

from FAO driven by CPT1B for UCP1-mediated thermogenesis in the newly acquired BAT.
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CHAPTER II: EMERGENT COORDINATION OF THE CHKB AND CPT1B GENES IN
EUTHERIAN MAMMALS: IMPLICATIONS FOR THE ORIGIN OF BROWN ADIPOSE
TISSUE!

1This research was originally published in the Journal of Molecular Biology: Bhavin V. Patel,
Fanrong Yao, Aidan Howenstine, Risa Takenaka, Jacob A. Hyatt, Karen E. Sears, and Brian M.
Shewchuk Emergent Coordination of the CHKB and CPT1B Genes in Eutherian Mammals:
Implications for the Origin of Brown Adipose Tissue. Journal of Molecular Biology. 2020;
432. 6127-6145.



Summary

Mitochondrial fatty acid oxidation (FAO) contributes to the proton motive force that drives
ATP synthesis in many mammalian tissues. In eutherian (placental) mammals, brown adipose
tissue (BAT) can also dissipate this proton gradient through uncoupling protein 1 (UCP1) to
generate heat, but the evolutionary events underlying the emergence of BAT are unknown. An
essential step in FAQ is the transport of cytoplasmic long-chain acyl-coenzyme A (acyl-CoA)
into the mitochondrial matrix, which requires the action of carnitine palmitoyltransferase 1B
(CPT1B) in striated muscle and BAT. In eutherians, the CPT1B gene is closely linked to the
choline kinase beta (CHKB) gene, which is transcribed from the same DNA strand and
terminates just upstream of CPT1B. CHKB is a rate-limiting enzyme in the synthesis of
phosphatidylcholine (PC), a predominant mitochondrial membrane phospholipid, suggesting
that the coordinated expression of CHKB and CPT1B may cooperatively enhance mitochondrial
FAO. The present findings show that transcription of the eutherian CHKB and CPT1B genes is
linked within a unitary epigenetic domain targeted to the CHKB gene, and that that this
regulatory linkage appears to have resulted from an intergenic deletion in eutherians that
significantly altered the distribution of CHKB and CPT1B expression. Informed by the timing of
this event relative to the emergence of BAT, the phylogeny of CHKB-CPT1B synteny, and the
insufficiency of UCP1 to account for eutherian BAT, these data support a mechanism for the
emergence of BAT based on the acquisition of a novel capacity for adipocyte FAO in a

background of extant UCP1.
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Therian ancestor

Figure 2. Graphical abstract. The transcription of the eutherian CHKB and CPT1B genes is
linked within a unitary epigenetic domain targeted to the CHKB gene, and this regulatory linkage
appears to have resulted from an intergenic deletion in eutherians that significantly altered the
distribution of CHKB and CPT1B expression. Informed by the timing of this event relative to the
emergence of BAT, the phylogeny of CHKB-CPT1B synteny, and the insufficiency of UCP1 to
account for eutherian BAT, these data support a mechanism for the emergence of BAT based

on the acquisition of a novel capacity for adipocyte FAO in a background of extant UCP1.
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Introduction

Lipid metabolism contributes significantly to homeostasis in mammals and is regulated
at multiple levels in response to diet, stress, physical activity, reproduction, and the
environment. The mitochondrial B-oxidation of long chain fatty acids derived from both dietary
lipids and triglycerides synthesized de novo is the predominant pathway for the generation of
ATP from lipids. Fatty acid oxidation (FAO) produces NADH and FADH; both directly and
through the complete oxidation of the acetyl-coenzyme A (acetyl-CoA) product in the TCA cycle.
The oxidation of NADH and FADH; in turn generates a proton motive force that fuels ATP
synthesis in a broad range of tissues which spares systemic glucose, and tissues like striated
muscle rely heavily on FAO to provide enough ATP for the elevated demand in these cells. In
brown adipose tissue (BAT), the FAO derived proton flux also fuels the thermogenic leakage of
protons back into the mitochondrial matrix through inner membrane localized uncoupling protein
1 (UCP1), which contributes significantly to thermoregulation uniquely in eutherian (placental)
mammals.

A rate-limiting reaction in the pathway for FAO is the synthesis of acylcarnitine from
cytoplasmic long chain fatty acyl-CoA as required for transport into the mitochondrial matrix for
[-oxidation [7]. The exchange of the CoA moiety for carnitine is mediated by carnitine
palmitoyltransferase 1 (CPT1), which exists as three independently encoded isoforms with
differing tissue predominance: the liver isoform CPT1A expressed in many non-muscle tissues,
the muscle isoform CPT1B expressed in striated muscle and BAT, and the brain isoform
CPTL1C. As skeletal muscle represents a major site of FAO, regulation of the CPT1B gene has
been a focus of research on the systemic control of lipid metabolism and its derangement in
metabolic disease. CPT1B is regulated by long chain fatty acid levels and other signals that
govern FAO in skeletal muscle congruent with substrate availability and energetic needs, which

is mediated at the gene level through multiple characterized gene-proximal elements [15, 97-
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108]. Perhaps significantly, the regulation of CPT1B transcription by proximal complexes occurs
in the vicinity of an additional gene transcribed from the same DNA strand that terminates just a
few hundred nucleotides upstream of CPT1B and encodes choline kinase beta (CHKB), a rate
limiting enzyme in the CDP-choline pathway (Kennedy pathway) for phosphatidylcholine (PC)
biosynthesis (Figure 3a) [109-111]. However, little is known about the regulation of the CHKB

gene [112].
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Figure 3. Structure of the CHKB-CPT1B locus. (a) Map of ~75 kb of mouse chromosome
15gE3 containing the Chkb and Cptlb genes, indicated by arrows showing transcriptional
orientation. (b) Map of the mouse and human CHKB-CPT1B locus. (c) map of the opossum
chkb-cptlb locus. Transcription start sites are indicated by bent arrows. Locations of start and
stop codons are indicated below the map. CpG islands (CGI) are delimited by purple bars above

the map. The locations of ChlIP assay amplicons are indicated below the maps.
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The significance of CPT1B activity in homeostasis is illuminated by the phenotype of
homozygous CPT1B knockout (Cptlb-) mice, which die in utero before embryonic day 9.5-11.5
[12]. An absolute requirement for CPT1B expression is corroborated by the lack of severe
CPT1B mutations in humans. However, a common CPT1B haplotype is associated with multiple
markers of metabolic syndrome, consistent with the importance of CPT1B activity in maintaining
metabolic homeostasis [113]. Previous studies demonstrated that a normal upregulation of the
CPT1B gene in response to fatty acids observed in primary human skeletal myotube cultures
was blunted in association with obesity, accompanied by repressive epigenetic changes and
shifts in transcription factor occupancy at the CPT1B gene, and a reduction in cellular FAO [14,
15]. It was concluded from these findings that part of the basis for the positive lipid balance
associated with obesity is the stable epigenetic programming of the CPT1B gene in the
obesogenic environment, which reduces its capacity for lipid-mediated activation, and that
changes in CPT1B expression can affect cellular oxidative capacity. This model for an essential,
rate-limiting role of CPT1B in skeletal muscle lipid metabolism that is relevant to metabolic
disease has been reinforced in several experimental systems [10, 12, 114]. As such, the
regulation of this gene locus continues to be an attractive target for approaches to modify FAO
therapeutically, and to understand the regulation of lipid metabolism in physiology and disease
more broadly.

Consistent with the elevated FAO capacity of BAT, brown adipocytes possess distinct
mechanisms for endogenous lipid storage and catabolism. Unlike white adipocytes, which store
triglycerides in a single large cytoplasmic lipid droplet from which fatty acids are released into
circulation by hormone-activated lipases in response to fasting and stress, brown adipocyte
triglycerides are stored in multilocular lipid droplets as a source of fatty acids to be oxidized
endogenously in numerous mitochondria to fuel UCP1-mediated thermogenesis, largely in

response to B-adrenergic signaling stimulated by cold exposure [115-118]. The elevated -
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oxidation of fatty acids and resulting ATP synthesis can also fuel UCP1-independent
thermogenesis in skeletal muscle in a mechanism involving the sarcoendoplasmic reticulum
Ca?*-ATPase (SERCA), indicating that the significance of FAO to non-shivering thermogenesis
may extend beyond BAT [119-122].

In addition to UCP1 expression, and the enhanced lipolysis provided by multilocular lipid
droplets, a defining parameter of the eutherian BAT phenotype is the elevated expression of
genes associated with the oxidation of endogenously stored lipids to fuel thermogenesis. This is
accompanied by the induction of mitochondrial biogenesis, collectively increasing the capacity
for oxidative metabolism in BAT [115-118]. The activation of endogenous lipid catabolism also
occurs in ‘beige’ adipocytes, an inducible phenotype recruited from white adipose tissue (WAT)
that attains BAT-like characteristics in response to certain stimuli. Because of their elevated
FAO capacity, brown and beige adipocytes contribute to the depletion of systemic fat and are
thus a target for therapeutic approaches to counter obesity [116, 123, 124]. Informatively,
heterozygous CPT1B knockout mice, which display a 50% reduction in carnitine
palmitoyltransferase activity specifically in skeletal muscle, heart, and BAT, die of fatal
hypothermia following a three-hour cold challenge [12], illuminating the significance of CPT1B
activity in thermogenesis. Considering the similarities in the FAO functions of BAT and skeletal
muscle, understanding the regulation of CPT1B in BAT would complement investigation of the
CPT1B regulation in skeletal muscle in the context of thermoregulation and metabolic
homeostasis.

Interestingly, despite its central function in eutherian non-shivering thermogenesis,
UCPL1 alone cannot account for the evolutionary emergence of BAT, as the functional UCP
gene family (UCP1, UCP2, UCP3) has been extant since the bony fish common ancestor, with
significant amino acid sequence identity among endothermic and ectothermic species.
Furthermore, marsupials can acquire multilocular adipocytes that express UCP1 upon cold

stimulation, suggesting that a pathway exists in marsupials to establish the framework for
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augmented adipocyte lipolysis and thermogenic proton leakage. However, marsupials cannot
form thermogenic BAT despite the presence of functional UCP1 [84-86, 125-127]. Indeed,
phylogenetic analysis of UCP1 amino acid sequences among eutherian and non-eutherian
species has confirmed that UCP1 has undergone neutral evolution, displaying no purifying
adaptive changes in eutherians and supporting the observation that the biochemical properties
of UCPL1 in endothermic and ectothermic species are likely the same, mediating proton flux in
common non-thermogenic processes [87, 88]. These observations show that UCP1 is
necessary but not sufficient for canonical eutherian BAT and suggest that what had yet to
evolve in the eutherian ancestor was a mechanism for enhanced endogenous mitochondrial
FAO in extant cold-stimulated multilocular adipocytes that could supply UCP1-mediated proton
flux at thermogenic levels [87].

In the present study, we expand the analysis of CPT1B gene regulation, informed by its
central rate-limiting activity in striated muscle and BAT FAO. Specifically, we address the role
that the closely apposed CHKB gene may play in the regulation of CPT1B. Beyond the potential
for a transcriptional regulatory interaction due to their genomic proximity, a primary impetus for
this study is the potential for the CHKB and CPT1B gene products to cooperatively reinforce
cellular FAO. As mentioned above, CHKB is a rate-limiting enzyme in the synthesis of PC, a
major membrane phospholipid and the predominant phospholipid comprising the inner
mitochondrial membrane. Consistent with this essential function, both naturally occurring CHKB
alleles in humans and induced mutations of Chkb in mice result in a megaconial mitochondrial
muscular dystrophy due specifically to a deficiency of PC [31, 32, 36, 37, 39, 128-130]. Thus, an
upregulation of CHKB has the potential to increase PC availability for mitochondrial membrane
synthesis, which could reinforce mitochondrial FAO in concert with an increase in CPT1B
protein levels such that the coordinated expression of the CHKB and CPT1B genes plays an
important role in maintaining cellular FAO levels in muscle and BAT. The findings presented

here show that the expression of the CHKB and CPT1B genes is linked within a unitary domain
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of histone modifications and RNA polymerase Il (RNAPII) transcription initiation targeted to the
CHKB gene, and that this transcriptional and epigenetic linkage appears to have resulted from
an intergenic deletion that occurred at the point of marsupial/eutherian divergence in
mammalian evolution. Informed by the timing of this event relative to the emergence of BAT, the
phylogeny of the chkb-cptlb linkage, and the inability of functional changes in extant UCP1 to
account for the acquisition of the eutherian BAT phenotype, these data support an evolutionary
path for the emergence of BAT and homeothermy in eutherian mammals based on the
serendipitous acquisition of a novel capacity for adipocyte FAQO in a background of extant

functional UCP1.
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Results and Discussion

Transcription of the Chkb and Cptlb genes is coordinated in mice.

As noted above, a series of early transfection studies identified several transcription
factors that affect CPT1B transcription through proximal elements. However, the regulation of
CPT1B in its natural chromatin locus in vivo has not been well examined, particularly in the
context of the regulation of the nearby CHKB gene (Figure 3a). One possible outcome of the
close apposition of the CHKB and CPT1B genes is an overlap in the cis-acting regulatory
domains of the two genes, such that their transcription is linked by a common regulatory
mechanism that controls the expression of both genes in concert. Spliced readthrough fusion
transcripts that contain exons from both CHKB and CPT1B are readily observable in both mice
and humans [131, 132], indicative of a potential transcriptional coincidence. In order to assess
the coordinated regulation of the Chkb and Cptlb genes, transcripts were measured in mouse
tissues to determine whether they are transcribed in concert. As shown in Figure 4a, both genes
are transcribed at a notably high level in BAT, followed by moderate relative levels in skeletal
muscle and heart. The role of CPT1B in mediating a high capacity for FAO in these tissues has
been established and is consistent with the unique demand. In contrast, they were both
transcribed at low levels in WAT where FAOQ is limited, and liver, where CPT1A is the
predominant CPT1 isoform. The Chkb-Cptlb fusion transcript showed the same general
distribution. The congruent tissue specificities of the Cptlb and Chkb genes indicates the
potential for the coordinated transcriptional regulation of these genes and suggests that Chkb
and Cptlb expression support a common process. In particular, the highest expression levels of
both genes in BAT suggests that the coordinated expression of these genes may be especially
relevant in this tissue. Immunoblot analysis of mouse tissues lysates corroborated the transcript

levels, showing the highest CPT1B protein levels in BAT, followed by skeletal muscle and heart
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(Figure 4b). The distribution of the additional fatty acid translocation pathway enzyme
transcripts, carnitine-acylcarnitine translocase (Slc25a20) and carnitine palmitoyltransferase 2
(Cpt2), were congruent with the relative levels of Chkb and Cptlb, corroborating the elevated
capacity for FAO in heart, skeletal muscle, and BAT (Figure 4a).

The CPT1B gene is regulated by long chain fatty acids as ligands for peroxisome
proliferator-activated receptors (PPAR) that transactivate the CPT1B gene through fatty acid
response elements (FARE) in the CPT1B proximal 5’-flanking region [97, 98, 101]. In order to
further test whether regulation of the CHKB and CPT1B genes is coordinated, the effects of
palmitate exposure on Chkb and Cptlb transcript levels in cultured mouse myotubes was
determined. As shown in Figure 4c, Chkb and Cptlb mRNA levels increased in parallel in
C2C12 myotubes in response to palmitate. These results indicate that transcription of the Chkb
and Cptlb genes can be regulated in concert by fatty acids, consistent with a regulatory linkage
due to their genomic apposition. The level of the fusion transcript was also responsive to
palmitate. These results, showing coordinated regulation and the formation of a spliced Chkb-
Cptlb fusion transcript, meet the operational classification of a ‘conjoined’ gene, a recognized

phenomenon predicted at several hundred loci in the human genome [45-47].
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Figure 4. Chkb and Cptlb expression are linked in mouse tissues and cell lines. (a) Chkb
and Cptlb are differentially expressed in concert in mouse tissues: heart (H), skeletal muscle
(SM), brown adipose tissue (BA), white adipose tissue (WA), liver (L). Internally controlled
MRNA levels (vs. B2-microglobulin mMRNA) were normalized to the level in heart. The data
indicate the mean £ SE (n=3). ANOVA indicated significant differences among the tissues
(P<0.001). Levels not connected by the same letter are significantly different as determined by a
Tukey-Kramer multiple comparison test (P<0.05). (b) Immunoblot of CPT1B protein levels
mirrors the relative transcript levels. (c) Chkb, Cptlb and Chkb-Cptlb fusion transcript levels are

modulated in concert by palmitate. The data indicate the mean £ SE (n=3).
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The mouse Chkb and Cptlb genes are encompassed in a unitary domain of histone
modification and RNA polymerase Il initiation targeted to the Chkb gene.

Gene activation and repression are mechanistically linked to specific chromatin
modifications that contribute to the establishment and maintenance of gene activity states. In
addition to DNA methylation, these epigenetic mechanisms involve nucleosomal histone
modifications that have structural and cofactor recruitment functions in modulating gene activity
[133, 134]. Of these modifications, the acetylation of histone 3 (H3) and histone 4 (H4) at
multiple lysine residues alters electrostatic interactions leading to a more transcriptionally
permissive chromatin state, and also functions to recruit nucleosome remodeling complexes.
Histone acetyltransferases (HATS) are recruited to genes by DNA-binding transcription factors
as components of coactivator complexes, and foci of histone acetylation above background
levels are thus a marker for cis-acting regulatory sequences to which HAT activities are
recruited, such as enhancers, promoters and transcription start sites. To map the pattern of
histone acetylation across the contiguous Chkb-Cpt1B gene locus, a chromatin
immunoprecipitation (ChIP) assay was performed with chromatin prepared from mouse C2C12
cell myotubes using a panacetyl-H3 antibody. Surprisingly, despite the parallel expression of the
Chkb and Cptlb genes, there was a single peak of histone acetylation at the 5’ end of the Chkb
gene (amplicons m3 and m4, Figure 5b), coincident with a known CpG island (CGI) [112]
(Figure 5a). There was not a separate domain of histone acetylation targeted to the putative
Cptlb promoter, which indicates the possibility of a single cis-acting region at Chkb affecting the
transcription of both genes in concert. A similar pattern of H3 acetylation was identified in
differentiated primary mouse myotubes (Figure 5b), the mouse brown adipocyte cell line DE2.3
(Figure 5c¢) and differentiated primary mouse brown adipocytes (Figure 5d). These findings
indicate that HAT activity is being recruited to a single site in the mouse Chkb-Cptlb locus near

the transcription start site of the Chkb gene in skeletal muscle and BAT.
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Figure 5. Elevated H3 acetylation is focused near the CHKB transcription start site in
mice. Results of ChlIP assays with a panacetyl-H3 antibody. ChIP assay enrichment levels
determined by qPCR, normalized to 1% v/v of input chromatin. The exponential qPCR data (C;
values) was antilog transformed to a linear expression of bound/input ratios as
Bound/Input=2(nput Ctbound €Y " (7) Mouse C2C12 myotubes. (b) Primary mouse myotubes. (c)
Mouse DE2.3 brown adipocytes. (d) Primary mouse brown adipocytes. Amplicons are mapped

in Figure 3b.
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In addition to histone lysine acetylation, foci of specific histone lysine methylation
mediated by recruited histone methyltransferases are associated with domains of transcriptional
activation. One such mark, H3 lysine 4 trimethylation (H3K4me3), is enriched around
transcription start sites, and its distribution is informative in identifying sites of RNAPII initiation
[134]. Similar to what was observed for histone acetylation, a ChIP assay of chromatin from
mouse DEZ2.3 brown adipocytes using an antibody specific for H3K4me3 revealed a single peak
at the Chkb gene (amplicon m3). No discrete peak of H3K4me3 was localized to a separate
putative Cptlb promoter. The colocalization of single foci of H3 hyperacetylation and H3K4me3
at the 5" end of the Chkb gene suggests that elements there are recruiting coactivator
complexes to regulate both the Chkb and Cptlb genes, considering their coordinated
transcription (Figure 4). These observations also raise the possibility that Chkb may serve as
the predominant site of RNAPII transcription initiation that leads ultimately to the production of
both Chkb and Cptlb mRNA. Indeed, the readily detected spliced readthrough transcript that
contains exons from both genes provides direct evidence for the processivity of RNAPII through
both genes (Figure 6). In order to directly map the distribution of RNAPII transcription initiation
throughout the Chkb-Cptlb locus, a ChlIP assay was performed using antibodies specific for the
initiating (serine 5-phosphorylated) and elongating (serine 2-phosphorylated) forms of RNAPII
with differentiated mouse DEZ2.3 brown adipocytes. The results indicated that the initiating
serine 5-phosphorylated form of RNAPII was localized predominantly at the 5’ end of Chkb
(Figure 6b), while the elongating serine 2-phosphorylated form of RNAPII was distributed
downstream in a continuous domain across both the Chkb and Cptlb genes (Figure 6c).
Significantly, there was not an independent peak of serine 5-phosphorylated RNAPII observed
at the putative Cptlb promoter, indicating a lack of independent transcription initiation there.
Considered in conjunction with the patterns of histone modification, these data reinforce the
possibility that the Chkb promoter and associated regulatory sequences are controlling the

transcription of both the Chkb and Cptlb genes. However, the responsiveness of Chkb to
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palmitate indicates that a reciprocal regulatory crosstalk may also result from the apposition, in
light of the established fatty acid responsiveness of the proximal Cptlb 5’-flanking region.
Considering the high level of mouse Chkb and Cptlb transcription in BAT (Figure 4), it
would be informative to determine if this locus is regulated by known mediators of the BAT
phenotype. The transcriptional coactivator PRD1-BF1-RIZ1 homologous domain containing 16
(PRDM16) has a central function in controlling a bi-directional switch in cell fate between brown
adipocytes and skeletal myoblasts in development. PRDM16 manifests this effect through the
activation of a suite of BAT selective genes, while also repressing the expression of white
adipocyte specific genes [58, 63]. The seminal role of PRDM16 in the establishment of the BAT
lineage raises the question of whether the Chkb-Cptlb locus is also a direct target of PRDM16
action. However, a ChlP assay for PRDM16 showed no evidence for localization to the Chkb-
Cptlb locus in mouse BAT or DE2.3 adipocytes (data not shown), suggesting that any
involvement of PRDM16 in the regulation of this locus is likely indirect, mediated by downstream
effectors of PRDM16 activity, or through elements beyond the genomic boundaries of the
current analysis. Future studies will focus on the dynamics and molecular details of Chkb-Cptlb
locus regulation during brown adipocyte, white adipocyte, and myocyte ontogeny to address this

guestion more rigorously.
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Figure 6. H3 lysine 4 trimethylation and RNAPII initiation are focused near the CHKB
transcription start site in mouse DE2.3 brown adipocytes. Results of ChlIP assays. (a) H3
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phosphorylation (elongating form). Amplicons are mapped in Figure 3b.
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A single domain of histone modification is targeted to the CHKB gene in primary human
myotubes.

If the unitary epigenetic domain associated with conjoined chkb and cptlb genes is
functionally significant to FAO in muscle and BAT, the conservation of a tight intergenic distance
in humans predicts that single foci of histone modifications targeted to chkb may be a common
feature of eutherians. To begin to address this, primary human myoblasts were expanded and
differentiated into myotubes ex vivo, and ChIP assays performed with acetyl-H3 and H3K4me3
antibodies. Single foci of H3 acetylation (Figure 7a) and H3 lysine 4 trimethylation (Figure 7b)
were localized to the CGI at the 5’ end of CHKB (amplicons h2 and h3, Figure 1), similar to the
pattern observed in mice (Figure 5, 6). This result suggests that conjoined chkb and cptlb

genes within a unitary epigenetic domain targeted to chkb may be common to eutherians.
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Figure 7. A single peak of histone modification is localized to the 5’ end of the human
CHKB gene in primary skeletal muscle myotubes. Results of ChlIP assays for (a) H3

acetylation and (b) H3 lysine 4 trimethylation. Amplicons are mapped in Figure 3b.
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The apposition of the chkb and cptlb genes occurred in mammals subsequent to the
divergence of marsupials.

The activities of CHKB and CPT1B, rate-limiting for PC and acylcarnitine synthesis
respectively, have the potential to mutually reinforce the capacity for mitochondrial FAO, which
is supported by the outcomes of naturally occurring and induced mutations of these genes.
Thus, it is possible that this regulatory linkage is an important component of lipid metabolism in
mammals. In order to address this possibility, a phylogenetic approach was used to map the
genomic arrangement of the chkb and cptlb genes among extant animals with sequenced and
annotated genomes that span vertebrate evolution. As shown in Figure 8a, the chkb and cptlb
genes are unlinked in lamprey (Petromyzon marinus) and a shark (Callorhinchus milii) and
became distally syntenic prior to the divergence of bony fish, indicated by the 9.3 kb intergenic
distance in zebrafish (Danio rerio) and coelacanth (Latimeria chalumnae). This distal synteny is
conserved in amphibians (e.g. Xenopus tropicalis) but was lost in birds (e.g. Gallus gallus) and
reptiles (e.g. Anolis carolinensis) [131, 132].

The intergenic distance is reduced in a marsupial (Monodelphis domestica) to 2.3 kb, and in the
earliest diverging placental mammals, represented by extant Xenarthrans such as the armadillo
Dasypus novemcinctus, the intergenic distance is about 1 kb. An average intergenic distance of
about 500 bp between syntenic chkb and cptlb genes appears to be highly conserved among
eutherian mammals, suggestive of positive selection. Thus, the timing of this transition to a
close intergenic distance coincides with the emergence of eutherian mammals. The chkb-cptlb
loci of two additional marsupials, a wallaby (Notamacropus eugenii) and Tasmanian devil
(Sarcophilus harrisii), are similar to Monodelphis, supporting a marsupial/eutherian dichotomy
with respect to the chkb-cptlb locus [131, 132]. Considering that many of the physiological and
allometric differences between marsupials and eutherians are connected to distinctions in basal
metabolic rate and energy expenditure [135-138], a modification of lipid metabolism at this point

in mammalian evolution due to a novel chkb-cptlb linkage is potentially significant. Consistent
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with this prediction, the most phylogenetically ancient mammal in which canonical thermogenic
BAT depots have been identified is the tenrec Echinops telfairi, a protoendothermic eutherian
mammal that maintains elevated body temperatures during reproduction through transient BAT
formation around reproductive organs [94]. Thus, as the E. telfairi genome contains ~700 bp
Chkb-Cptlb intergenic distance (Figure 8a), the emergence of BAT occurred relatively soon
after the condensation of the chkb-cptlb locus that coincides with the divergence of marsupials

and eutherians.

Chkb-cptlb synteny is constrained by functional UCP1.

In considering the evolutionary emergence of BAT, it's intriguing to note that the UCP1
gene was also lost in in the common saurian ancestor of birds and reptiles [2] in conjunction
with the loss of chkb-cptlb synteny in this clade (Figure 8a). While reptiles remain as
ectothermic heterotherms, relying on environmental warming to increase body temperature,
birds have taken a distinct evolutionary route to achieve an elevated capacity for endothermy
based on UCP1-independent thermogenesis in hypertrophic skeletal muscle depots [2, 139,
140]. The coincident loss of both chkb-cptlb synteny and the UCP1 gene in this clade, in
contrast to the conserved proximal chkb-cptlb synteny in eutherians, supports a model in which
the loss of the UCP1 gene (and thus the potential for thermogenic proton leakage) eliminated
the selective pressure to maintain conjoined chkb and cptlb genes. In further support of this,
despite the nearly complete loss of chkb-cptlb synteny among saurians, chkb-cptlb synteny
with ~8 kb intergenic distance was retained in two distantly related members of this clade, the
golden eagle (Aquila chrysaetos canadensis) and American alligator (Alligator mississippiensis)
(Figure 8b) [131, 132]. This indicates that UCP1 gene loss in the saurian ancestor preceded the
loss of chkb-cptlb synteny, which then occurred independently in multiple lineages, suggesting

that UCP1 function generates significant selective pressure to maintain chkb-cptlb linkage.
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As an additional assessment of the apparent correlation between functional UCP1 and
chkb-cptlb synteny, we compared the distribution of intergenic distance in UCP1-expressing
eutherians with those that have lost UCPL1 function (and thus the ability to develop BAT) due to
genomic loss of the UCP1 gene [141]. As shown in Figure 8c, the intergenic distance in UCP1-
eutherians is significantly greater than in UCP1* eutherians, consistent with the relaxation of a
constraint for tight chkb-cptlb synteny resulting from the loss of UCP1 function in these
lineages. These observations of a strong correlation between chkb-cptlb apposition and UCP1
activity provide significant phylogenetic support for the causal relevance of conjoined chkb and

cptlb genes to the emergence of eutherian BAT.
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Figure 8. chkb-cptlb synteny is constrained by functional UCP1. (a) Cladogram of chkb-
cptlb locus structure. H. sapiens MRCA (most recent common ancestor) divergence times were
adapted from a molecular timescale of vertebrate evolution [1]. @Tenrec represents the oldest
eutherian lineage in which canonical BAT has been shown to develop. PArmadillo lost the UCP1
gene and is included in the data shown in panel (c). (b) Phylogenetic tree of chkb-cptlb synteny
in Sauria (extant birds and reptiles). Species that have lost chkb-cptlb synteny are indicated by
an asterisk, and species retaining chkb-cptlb synteny are indicated in bold. UCP1 was lost in
the saurian common ancestor [2]. (c) Box and whisker plot comparing the chkb-cptlb intergenic
distance in UCP1* and UCP1- eutherians (species listed in Materials and Methods). The
intergenic distances were significantly different as determined by ANOVA (P<0.05).
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Expression of the chkb and cptlb genes is not coordinated in the marsupial Monodelphis
domestica.

The working hypothesis that emerged from the presented findings is that the apposition
of the chkb and cptlb genes resulted in a functional transition from their independent
expression to a coordinated mode of regulation due to the loss of functional intergenic
seqguences. This model predicts that the expression of chkb and cptlb would be unlinked in
species possessing a pre-eutherian locus structure, in contrast to what was observed in mice.
Fortunately, the existence of an experimentally accessible marsupial provides a natural
experiment to test this hypothesis, given the dichotomy of eutherian and marsupial chkb-cptlb
locus structure. The small laboratory opossum Monodelphis domestica, which possesses a 2.3
kb intergenic distance (Figure 5c, 6a), was employed to assess this prediction by surveying the
tissue-specific expression of chkb and cptlb. In contrast to the colocalization of Chkb and Cptlb
transcripts and the Chkb-Cptlb fusion transcript observed in mice (Figure 4b), the expression of
the chkb and cptlb genes was unlinked in the marsupial, and the relative levels of expression of
the genes among the tissues was different from that in mice with no fusion transcripts detected
(Figure 9a). While both chkb and cptlb were transcribed at high levels in opossum skeletal
muscle, their mMRNA levels in heart were low, in contrast to the more similar expression in these
tissues in mice. The distribution of the opossum cpt2 and slc25a20 transcripts parallels the
elevated expression of cptlb in skeletal muscle, consistent with their roles in the same fatty acid
transport pathway. In addition, while both genes are expressed at low levels in mouse liver
(Figure 4), chkb (but not cptlb) is transcribed at a moderately high level in opossum liver.
However, the most striking difference is the highest level of chkb transcripts (and concomitant
low level of cptlb mMRNA) in opossum WAT, which contrasts with the low level of transcription of
both genes in mouse WAT (Figure 4b). Collectively, these observations reinforce the possibility
that the deletion of the chkb-cptlb intergenic sequence precipitated the coordination of chkb

and cptlb expression in eutherians, such that the remaining intergenic sequence in opossum,
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albeit reduced in size from the ~9 kb span in fish and amphibians, is sufficient to maintain
independent chkb and cptlb expression likely through the action of specific retained cis-acting
regulatory sequences in this region.

These observations also suggest that the opossum chkb gene is associated with a
strong WAT-specific enhancer, which may have directed novel cptlb expression in this
compartment following the intergenic deletion that brought cptlb closer to the chkb 5’-flanking
region if it was functional in the MRCA. Notably, the intergenic sequence in Monodelphis
contains a CGl that may contribute to the expression of marsupial cptlb in skeletal muscle (and
its suppression in WAT and liver) and is encompassed in the intergenic deletion in eutherians
(Figure 5c¢). The loss of putative functional elements in this region may have facilitated the co-
option of cptlb regulation by chkb 5’-flanking sequences, leading to the novel co-expression of
chkb and cptlb in an adipocyte lineage in the eutherian ancestor that provided for the
subsequent acquisition of the BAT phenotype, where both genes are highly expressed (Figure
4b). Furthermore, the high degree of apparent positive selection for chkb-cptlb apposition
among eutherian mammals (in light of the repeated loss of synteny in saurians) suggests that
this event may have had significant implications for mammalian physiology and the emergence

of placental mammals.

Independent domains of histone modification and RNA polymerase Il initiation are
targeted to the chkb and cptlb genes in opossum.

The unlinked expression of the chkb and cptlb genes in opossum, in contrast to the
parallel tissue distribution of their expression in mice, raises the question of whether this
disparity was also associated with a distinction in chromatin modification at the chkb-cptlb locus
that could reflect distinct mechanisms of gene regulation at the eutherian and marsupial loci. To
address this, ChlP assays for acetyl-H3 were performed with chromatin prepared from opossum

heart and skeletal muscle. The results showed a marked distinction from the patterns of H3
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acetylation observed in mouse cells. In contrast to a single peak of histone acetylation localized
to the 5" end of Chkb in mice (Figure 5), distinct peaks of H3 acetylation and were localized to
the chkb gene (amplicons 03 and 04) and to the CGI located upstream of the cptlb gene in
opossum (amplicon o7) (Figure 9 b, c). The distinct peak upstream of cptlb displayed the
highest level of H3 acetylation in the opossum locus and was absent in the mouse locus (Figure
5). Since this sequence was lost in the eutherian intergenic deletion it may have eliminated a
putative enhancer or chromatin domain boundary function, or elements associated with the
independent transcription of cptlb, allowing the chkb 5’-flanking region to co-opt the
transcriptional regulation of cptlb. Concomitantly, this may have also allowed conserved
functional sequences in the cptlb proximal 5'-flanking region, such as the FARE and other
elements, to reciprocally affect the transcription of chkb as supported by the coordinated

response of mouse Chkb and Cptlb to palmitate (Figure 4c).
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MRNA) were normalized to the level in heart. Results of ChIP assays with a panacetyl-H3
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In order to further assess the potential for independent transcription of the opossum
cptlb gene, a ChIP assay for H3K4me3 was performed as a marker for sites of transcription
initiation in opossum skeletal muscle where both genes are highly expressed (Figure 9). As was
seen in mice (Figure 4a), a peak of H3K4me3 was localized at the 5’ end of the opossum chkb
gene (amplicon 03; Figure 10a). However, in contrast to the mouse locus, a second robust peak
of H3K4me3 was also localized upstream of cptlb at the CGI (amplicon 07). A ChIP assay for
serine 5-phosphorylated RNA Pol Il in opossum skeletal muscle also showed a second domain
of recruitment adjacent to the intergenic CGl island (amplicon 06; Figure 10b), consistent with
intergenic transcription initiation. Concomitantly, a ChlP for serine 2-phosphorylated RNA Pol Il
revealed discrete domains of elongating RNAPII downstream of these sites of initiation (Figure
10c). Considered together, the patterns of H3 acetylation and methylation and RNA Pol Il
recruitment support the inference from the disparate tissue specific expression of chkb and
cptlb that these genes are independently transcribed in opossum. Significantly, the sites of
intergenic histone modification and RNAPII initiation in the opossum locus are colocalized with
the CGl, suggesting that specific sequences in this region are involved in the independent
transcription of cptlb that were lost in the eutherian locus. It should be noted that the precise 5’
ends of opossum cptlb transcripts have not been mapped, such that transcription initiation in
the CGl region is possible. Our interpretation of these findings is that it is the loss of specific
functional elements in the intergenic region, not the reduction in intergenic distance per se, that
distinguishes the eutherian and marsupial chkb-cptlb loci. However, as cptlb then became
dependent on the chkb promoter for transcription in this model, the short intergenic distance

became functionally significant and selected for in eutherians.
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transcription start site and the Cptlb 5’ CGl in opossum skeletal muscle. Results of ChIP
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RNAPII serine 2 phosphorylation (elongating form). Amplicons are mapped in Figure 3c.
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A model for the emergence of BAT in a background of neutral UCP1 evolution.

In extant eutherians, the distinguishing phenotype of brown adipocytes includes the
coincidence of multilocular lipid droplets, UCP1 expression, numerous mitochondria, and
endogenous FAO. However, UCP1 has been under neutral selection since the emergence of
bony fish, and a persistent paradox is the ability of marsupials to produce multilocular
adipocytes that express functional UCP1 but cannot form thermogenic BAT. Indeed, the ex vivo
induction of multilocular adipocytes from embryonic limb bud mesenchyme has been
demonstrated in chicken [2], and cold-induced multilocular adipocytes have been shown in
Muscovy ducks, but with few mitochondria compared to mammalian BAT [142]. These
observations show that the underlying mechanism for inducing multilocular adipocytes, which
increases the surface area for lipolysis, has been in place since before the emergence of
mammals and suggest that the defining characteristic of eutherian BAT is thus an elevated
capacity for FAO in these cells. We propose that the coordinated high levels of co-expression of
chkb and cptlb in a multilocular adipocyte lineage due to an intergenic deletion in the eutherian
ancestor was a precipitating event that provided for the elevated mitochondrial FAO that caused
these cells to become BAT and may have thus contributed significantly to the evolution of
eutherian mammals.

In this model (Figure 11), chkb and cptlb were initially independently transcribed from
discrete insulated regulatory domains in the therian ancestor, as is retained in marsupials. Upon
deletion of the majority of intergenic sequence, a putative regulatory region associated with the
intergenic CGI in opossum that maintained independent cptlb expression was lost, and
dominant regulation of cptlb was subsequently co-opted by chkb-associated regulatory
seqguences (with potential reciprocal effects of cptlb-associated elements on chkb transcription),
which drove novel elevated cptlb expression in adipocytes in parallel with extant chkb
expression. The resulting increase in both mitochondrial fatty acid flux and PC synthesis for

mitochondrial membrane biogenesis drove an increase in endogenous FAO, providing for
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thermogenic levels of proton flux and the emergence of the brown adipocyte phenotype. The co-
expression of chkb and cptlb, likely through independently functioning factor binding sites at
each gene, may also be important for muscle FAO, and appears to have been in place prior to
the marsupial/eutherian divergence, evidenced by their relatively high co-expression in
opossum skeletal muscle (Figure 9a).

While the juxtaposition of the cptlb gene to a putative strong WAT-specific enhancer (as
appears to be associated with the opossum chkb gene) provides a potential molecular
mechanism for the novel expression of cptlb in an adipocyte lineage (and thus the capacity for
endogenous FAQ), this also raises the question of the role of elevated chkb expression
observed in marsupial WAT (Figure 9). An intriguing possibility is that it is causally linked to the
ability of marsupials to generate multilocular adipocytes in WAT, as is also characteristic of
eutherian beige and brown adipocytes. Cytoplasmic lipid droplets are composed of a triglyceride
core encapsulated by a phospholipid monolayer comprised predominantly of PC [143] such that
the formation of multilocular droplets with greater total lipid droplet surface area may require
elevated de novo PC synthesis, accounting for the high level of chkb expression in opossum
WAT. This would provide for elevated lipolysis to generate secreted fatty acids for FAO in
skeletal muscle, where cptlb expression is high (Figure 9a). Thus, the primordial marsupial BAT
may only be lacking the capacity for endogenous FAO provided by cptlb expression to become
thermogenic. Chkb expression was subsequently maintained at a high level in eutherian BAT
upon the linkage of the chkb and cptlb genes (Figure 4b), providing PC for both lipid droplet
and mitochondrial membrane synthesis. The low expression levels of Chkb and Cptlb in mouse
WAT (in contrast to their highest expression in BAT) further suggests the maintenance of a
distinct pathway in eutherians for the ontogeny of white adipocytes with a transcriptionally
inactive chkb-cptlb locus (Figure 4b), consistent with current models for the distinct

developmental origins of white and brown preadipocytes [144].
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Figure 11. Model for the structural and functional divergence of the marsupial and

eutherian chkb-cptlb loci. In the therian MRCA, the distally syntenic chkb and cptlb genes

were both expressed in skeletal muscle (SM), but only chkb was expressed in WAT as

mediated by proximal elements (gold triangles, bent arrows). This pattern was maintained in

marsupials due to the retention of the CGI associated with the marked peak of acetylation

upstream of cptlb, where putative regulatory complexes (green oval) may be insulating cptlb

from chkb-associated elements (gold triangles), and/or providing independent enhancer function

(dashed arrows). In eutherians, the deletion of the intergenic CGI eliminated the associated

putative insulator and/or activating function, allowing the regulation of cptlb to be co-opted by

chkb-associated sequences, with reciprocal crosstalk from cptlb-associated elements, which

resulted in novel co-expression of these genes in an adipocyte lineage that became BAT.
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Conclusions

The acquisition of BAT was a major evolutionary achievement in mammals that
significantly affected the scope of mammalian physiology, life history, and geography. In
addition, the FAO capacity of BAT has made it a potential therapeutic target to counteract a
positive lipid balance in the treatment of obesity. The central role of UCP1 in BAT function has
been firmly established, both biochemically and genetically, but the mechanistic basis for the
emergence of BAT in eutherian mammals has remained elusive. While previous studies have
characterized the functional evolution of the UCP gene family, they have also revealed the
insufficiency of UCP1 evolution alone to account for BAT function, and led to the prediction that
the acquisition of elevated mitochondrial oxidative capacity likely played a predominant role [87].
Consistent with this prediction, we conclude from the findings presented here that the
convergence of the chkb and cptlb genes in a common transcriptional regulatory domain in the
eutherian ancestor resulted in their coordinated expression, and provided for the novel
attainment of elevated mitochondrial FAO in an extant multilocular adipocyte lineage that
became canonical thermogenic BAT as a direct result of this event. Ongoing studies will resolve
the molecular mechanisms of the transcriptional and epigenetic co-regulation of the chkb and
cptlb genes, and the significance of their co-expression to mitochondrial structure, cellular FAO

capacity, and thermogenesis in eutherian striated muscle and BAT to test this hypothesis.
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Materials and Methods

Cell culture.

Mouse C2C12 myoblast cells (ATCC, Manassas, VA), DE2.3 brown preadipocyte cells
[145] (a gift of Bruce Spiegelman, Harvard University), and primary female human myoblasts (a
gift of Joseph Houmard, East Carolina University) were maintained in Dulbecco's modified
Eagle's medium (DMEM, Mediatech, Manassas, VA) supplemented with 10% fetal bovine
serum (Gemini Bio Products, West Sacramento, CA), 100 U/ml penicillin, 100 pg/ml
streptomycin, and 250 ng/ml amphotericin B (Gibco, Gaithersburg, MD). Upon reaching 80-90%
confluency, differentiation was induced by replacing growth medium with low-serum DMEM
containing 1% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 250 ng/ml amphotericin B.
On day six of differentiation verified microscopically by the formation of syncytial myotubes and
multilocular lipid droplets, respectively, myotubes and brown adipocytes were harvested for
analysis. To prepare BSA-conjugated palmitate, a solution of 1.7 mM fatty acid free BSA
(Sigma-Aldrich, St. Louis, MO) and 750 mM NaCl was prepared. Separately, 61.2 mg of sodium
palmitate (TCI America, Portland, OR) was dissolved in 17.6 ml of 750 mM NacCl at 70°C with
stirring until clear. To make BSA-conjugated 5 mM palmitate, the palmitate solution was mixed
with 20 ml of pre-warmed BSA solution at 37°C with stirring until clear, then diluted 1:2 with
750mM NacCl. A control solution containing only BSA was prepared in parallel. Solutions were
adjusted pH 7.4 with 1N NaOH, sterile filtered, and stored -20° C. For the palmitate treatment
experiment, cells were washed with PBS and treated with fresh media containing 50 uM BSA-

palmitate or BSA vehicle control for 4 h prior to transcript analysis.

Mouse and opossum tissue harvest and primary cell culture.
Tissues from female C57BL/6 mice (a gift of Kym Gowdy, East Carolina University) were

snhap frozen in liquid nitrogen and stored at -80° C until analysis of mMRNA and chromatin.
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Cultures of primary mouse myotubes were prepared as previously described [146, 147]. In
short, freshly harvested gastrochemius muscle was digested in 0.05% trypsin with 0.53 mM
EDTA and cultured in DMEM containing 4.5 g/L glucose, 10% FBS, 100 U/ml penicillin, 100
pg/ml streptomycin, and 250 ng/ml amphotericin B. After repeated selective passage to remove
fibroblasts, enriched myoblasts were differentiated in DMEM containing 1.0 g/L glucose, 1%
FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 250 ng/ml amphotericin B. Cultures of
primary mouse brown preadipocytes were prepared as previously described [148]. Briefly,
intrascapular brown adipose tissue was digested in 1.5 mg/ml collagenase A and cultured in the
same growth medium as primary skeletal muscle cells. Differentiation was induced with DMEM
containing 4.5 g/L glucose, 10% FBS, 0.5 uM IBMX, 5 uM dexamethasone, 20 nM insulin,1 nM
T3, 125 uM indomethacin (each from Sigma-Aldrich, St. Louis, MO), 100 U/ml penicillin, 100
pg/ml streptomycin, and 250 ng/ml amphotericin B. The Sears Lab (UCLA) maintains a breeding
colony of opossums (Monodelphis domestica) using established protocols [149, 150]. This
colony is comprised of pedigreed animals from the Texas Biomedical Research Institute (San
Antonio, TX) and their descendants. Adult female opossums were euthanized by carbon dioxide
inhalation to effect followed by cervical dislocation, and appropriate tissues dissected. All

procedures have been approved by the ECU and UCLA IACUC.

MRNA purification and qRT-PCR.

All primers for quantitative reverse transcription and PCR (gRT-PCR; Table 1) and
genomic quantitative PCR (qPCR; Table 2) were designed and validated as previously
described to ensure that the requirements for quantification by the comparative threshold cycle
(Cy) method were met [151]. RNA purification, cDNA synthesis, and qPCR were performed as
previously validated and described in detail [151]. Briefly, frozen tissue was finely ground in
liquid nitrogen and RNA was purified with Trizol reagent according to the manufacturer’s

instructions, and reverse transcribed using the Verso cDNA synthesis kit (Thermo Fisher
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Scientific, Waltham, MA). QPCR was performed with Power SYBR Green PCR Master Mix
(Thermo Fisher Scientific) in accordance with manufacturer’s instructions using a C1000
Touch™ Thermal Cycler (Bio-Rad, Hercules, CA). The specified primer pairs are shown in
Table 1. Transcript levels were measured by the comparative C; method using beta-2

microglobulin (B2M) as an internal control.

Chromatin immunoprecipitation assay (CHIP).

ChIP assays and analysis of fractions by qPCR were performed as previously validated
and described in detail [151]. Primer sequences are shown in Table 2. Frozen tissue samples
were finely ground in liquid nitrogen prior to the fixation and lysis procedure. Antibodies against
the following epitopes were used: normal rabbit IgG control (Millipore, Burlington, MA, #12-370),
panacetyl-H3 (Millipore #06599MI), trimethyl-H3Lys4 (Millipore #0473MI), RNA polymerase Il
CTD repeat (phospho-Ser5, Abcam, Cambridge, MA, #ab5131), RNA polymerase Il CTD repeat
(phospho-Ser2, Abcam #ab5095) and PRDM16 (Sigma Aldrich #SAB3500989). Bound:input
ratios were determined by the comparative C; value method as Bound/Input=2(input Ct-bound Ct)

using a 1% v/v aliquot of input chromatin.

Western blot of CPT1B.

Finely ground frozen tissue was used to prepare whole cell lysates for resolution by
SDS-PAGE, transfer to PVDF membrane, and immunodetection as previously described in
detail [152]. The anti-CPT1B rabbit polyclonal antibody (Thermo Fisher Scientific #PA5-79065)
was used at a 1:500 dilution. Beta tubulin was detected as a loading control using a previously

described monoclonal antibody [152].
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Phylogenetic analysis of chkb-cptlb loci.
The intergenic distances between chkb and cptlb genes in the indicated species were
determined using the publicly available Genome Browser [131] at the University of California

Santa Cruz Genomics Institute (http://genome.ucsc.edu) and the associated annotation tracks

[132]. Chkb-cptlb intergenic distances were calculated from the endpoints of the most
proximate mapped reference transcripts for the genes. In species for which the chkb and cptlb
transcripts have not been directly mapped, the endpoints of the alignments with the orthologous
mouse transcripts were used, which was corroborated by gene prediction algorithms. The set of
UCPL1* eutherians analyzed in Figure 8c consists of human (Homo sapiens), tarsier (Tarsus
syrichta), tree shrew (Tupaia belangeri), mouse (Mus musculus), squirrel (Spermophilius
tridecemlineatus), pika (Ochotona princeps), cat (Felis catus), dog (Canis lupus), microbat
(Myatis lucifugus), and tenrec (Echinops telfairi). The set of UCP1- eutherians consists of pig
(Sus scrofa), rock hyrax (Procavia capensis), elephant (Loxodonta africana), horse (Equus
caballus), cow (Bos taurus), dolphin (Tursiops truncatus), minke whale (Balaenoptera
acutorostrata scammoni), manatee (Trichechus manatus latirostris), Chinese pangolin (Manis

pentadactyla), and armadillo (Dasypus novemcinctus) [141].

Statistical analysis. Statistical significance of observed differences was determined by ANOVA

and a post hoc Tukey-Kramer multiple comparison test to identify highly significant differences

(0=0.05).
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Table 1. Primer sequences for mRNA quantification by gqRT-PCR.

Transcript Forward Primer Reverse Primer
Mouse
Chkb TCCCTGAGATGAACCTGCTG GGCGATGGGGTAGACTCTAG
Cptlb CAACTCCTGGAAGAAACGCC TCCACCTTGCAGTAGTTGGA
Chkb-Cptlb CCCCACCTCAAGTTTCTCCT TACTGCCTGGTGTGCTTCC
Cpt2 ACTAAGAGATGCTCCGAGGC AACAAGTGTCGGTCAAAGCC
Slc25a20 CTCTGGGACCTTGGACTGTT AAACCCAAAGAAGCACACGG
B2m CCCTGGTCTTTCTGGTGCTT CGTAGCAGTTCAGTATGTTCG
Opossum
chkb GCGCCTTTGGATAAGCTGAT TGGTTCCCAATGTCAAAGCC
cptlb GGGGTAGACTTCCAGCTCAG CATGACAACGACCAGCCAAC
cpt2 AGATACCTCAGTGCCCAGAG CTTTCAAAGGACCGGCAGAG
slc25a20 ACTCTGGGACGTTTGACTGT CCCCAATCCAAAGCCAAAGA
b2m TTGTGCTTCCTTCCCTACCT TGGAATCCTGACACGTAGCA
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Table 2. Primer sequences for ChIP assay fraction analysis by gPCR.

Amplicon Primer Sequences

m1 CCCACCTGCACGTTTATCTG CACTGAGAGCTGGAGAGAGG
m2 CTCTTCAGCCCCATCCCTAG GAAAGGGCCTCAAAGCTACG
m3 TAAACCTAACGGAGCCCACG CATCCTGCAAACCGTCCTTG
m4 AGGTGCTGCTACGACTCTAC TTGCTCCAGATGTCCGAACT
m5 ATTCCAATCTCCCCAGTCCC CCTTCTGAACCTCTGCCAGA
m6 CTCCTGGTGACCTTTTCCCT CACAAGGTTGCTGGAAGGTC
m7 GGCACACTAAGCACCTTCTG CTCAGAGCCTCCCGACTAAG
m8 CTCAAGTCATGGTGGGCAAC TCTTCCCACCAGTCACTCAC
m9 GAAGAGAGCCCATCCCTTGT TGTCTAAGCCAGTCCCTGTG
m1l0 CGATAGGGCTCTGTGGGATT TCTAACTTGCCCCTCCTTGG
mll AAAGAGATACCCCAGCTGCC CACTGCCTCAAGAGCTGTTC
ml2 GATGCCTGTAGTGTGCAAGG TCCCTTACTGAAGCCCTTGG
ol ACCCATTCACCTCTCCCAAG TGTGCTCAACCCTCTTCTCC
02 GCCTCAGCCAAGAAAACCCT TGGAAAGATGCCGAGGACTG
03 ACGTGACCTATGAGCAGACG CAGTCAGATACCCTCCGCAG
o4 CCGGCTTTATGGGGTCTTCC ACTAAGGTGGGAGATTGGGG
05 AAACAGGTAAAGGCCGAGGA CCAGAGGCCCCAGAATATGT
06 CACACCCAGATGTCTCCCCA GTGTGAAGGTGGAGGGTACA
o7 GAAGGGTCTGAGGGTCTGTG CAGCCAGCTTCAGGACAAAG
08 GGACCTTTCTGCCCTCATCTA CAGGAGCAGAAAGGAGCACT
09 GTTGGCTGGTCGTTGTCATG ATGCAGCAGATCATCCCCAT
010 ATGTCATGGTAAGAGCCGGG CGTCCCTGACTGTGACTTCT
o0ll CGGAATGGATTTGGAGCTGG CCTTGGATTTCAGCCTGCTC
012  AGATCTTCCCTCCACCCTCT CTGCTTTCTCGGTGGGGATA
013 CCTCCTTCCTCTCAATGCCA AGCTTGGCCCTAAACTCACT
hi CCCCAGCCAGAATCAGTTTT CTTGAACCCAGGCCTTGTTG
h2 GGAATGAATGAAGACGCGCA TGCTGAAGGAATGTGACCCT
h3 GCGATGCGGGTAGTATTGTT AGGCTTCGGTGTAATGAGGT
h4 TCCTGACTCTTGGCCATTGA CCTTCCTCACCGACTGACTT
h5 ACATCGGTGACCTTTTCCCT GGGTTTCTGTGCGGTGAAG
h6 GAGGCCCTGAAACACGTCTA CTCTGGGAGAAGCACCTGTG
h7 CTCAAGTCATGGTGGGCAAG GGGGAGGTGGAAGGTTAGAG
h8 TTCCCTGCTTCTGACACTGT CTCTCACGCAACACCAACAA
h9 AAGTGTCCTCTGCCCATGTG GCGGGGCAGAAGTAAAGG
h10  TTTTCCAAGTTCCCAAGGCC GTGTCCTTGGAGCCTGGG
h11 GTGTCTGTTGAACACCCACC CGACATGGGCAGGAATAGGA
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CHAPTER Ill: DELETION OF THE CHKB PROMOTER AND CPG ISLAND IN SKELETAL
MUSCLE AND BROWN FAT CELLS LEADS TO A SIGNIFICANT LOSS OF CPT1B
TRANSCRIPTS

Introduction

Phylogenetic analysis of the CHKB-CPT1B gene locus throughout vertebrate evolution
indicates that the genomic convergence of these two genes into close proximity coincides with
the emergence of mammals with higher basal metabolic rate and body temperature. CPT1B is a
crucial enzyme catalyzing the rate limiting step in the pathway of mitochondrial LCFA oxidation
and is thus an ideal candidate for a transcriptional regulatory path for the evolution of BAT. The
hypothesis at this point was that the reduction of intergenic sequence throughout vertebrate
evolution resulted in the co-option of CPT1B regulation and transcription by the promoter and
flanking region of CHKB in eutherian mammals. As shown in Figure 5 and 6, chromatin
immunoprecipitation assays show that histone 3 acetylation and trimethylation are largely
localized at the 5’ region of Chkb in murine DNA. These chromatin modifications are marks of
transcriptional activation; the addition of an acetyl group on the lysine residues of histone tails
works to neutralize their positive charges thereby weakening the interaction between the histone
proteins and the negatively charged DNA. H3K4Me3 is a strong mark of transcriptional
activation that correlates closely with the binding of transcriptional machinery. The unraveling of
the DNA from the tightly joined nucleosome structures allows for increased accessibility to
transcription factors and transcriptional machinery for gene expression, such that these
modifications are generally found at promoter regions of active genes.

Aoyama et al. were one of the first groups to characterize potential transcription factor
binding sites within the putative promoter region of Chkb in mice and showed the presence of
two CCAAT boxes (in inverse orientation), one SP1 binding site and one CREB binding site all

within the proximal promoter region situated around 55 bp upstream of the TSS [16, 17]. A



functional TATA box was not present in the proximal promoter region immediately upstream of
the TSS. Instead, a TATA-like sequence was found 135 bp upstream of the TSS that seems to
have no TBP binding and therefore no influence on transcription of the gene. Additionally, the
region within -1 to -500 (relative to Chkb TSS) showed to be heavily saturated with predicted
binding elements for MYOD, SRY, GATA-1/2/3, HSF2, C/EBPb, CRE-BP, and OCT-1
transcription factors. In silico analysis of the 2000 bp CHKB promoter region in humans also
showed a multitude of possible binding sites for SP1, Ets, GATA factors, SREBP, MZF1, NF-kB,
AP-1, and E2 transcription factors [112]. Considering that much of the CHKB genomic sequence
is conserved between humans and other mammals such as mice, we were confident in using
this information to direct our Cas9 directed mutagenesis in murine C2C12 myoblasts and DE

2.3 brown fat cells.

Interestingly, we discovered that a 475bp deletion in the promoter region upstream of the
Chkb TSS site showed no significant effects on Chkb or Cptlb transcript levels in C2C12
skeletal muscle cells. Instead, the inclusion of the Chkb CpG island along with the upstream
promoter deletion was necessary to detect significant reduction in not only Chkb transcripts but
Cptlb transcripts as well in both C2C12 skeletal muscle and DE 2.3 brown fat cells compared to

wildtype (WT).
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Results and Discussion

Isolation of a C2C12:ChkbA(promoter) deletion clone.

Using a multiplexed CRISPR Cas9 approach, adapted from a published 2013 protocol
by Ran et al. [153], we initially planned to introduce two simultaneous double stranded breaks
that targeted a 475bp region within the proximal promoter of Chkb to be deleted. The region
was chosen as it was shown to be heavily saturated with a number of potential transcription
factor binding sites [16, 17]. Importantly, the selected deletion also encompassed both CCAAT
boxes (inverse orientation) and SP1 binding site which represent cis promoter elements with

strong influence on RNA transcription.

Deletion of the previously defined Chkb promoter does not affect Chkb or Cptlb

transcript levels.

The genotyping of the isolated clones showed a 475 bp ChkbAPromoter deletion
indicated by the presence of a single deletion band compared to the single WT band after
genomic PCR and gel electrophoresis (Figure 12). Interestingly, the C2C12 cells with the Chkb
upstream promoter deletion showed no significant differences in transcript levels of Chkb or
Cptlb compared to wildtype cells (Figure 13 A-B). We also did not observe a significant
difference in readthrough transcript levels between WT and mutant cells (Figure 13 C). This
observation may be explained by a dominant activity of sequences within the CpG island that
spans from upstream of the TSS to 5’ half of the first intron of the Chkb gene in the initiation of
transcription. We already indicated that the highest peaks of both acetylation of histone 3 and
trimethylation of histone 3 at lysine 4 are located at the Chkb CpG island (ChIP primer m3)
indicating this region can act as a platform with ample accessibility for the transcription initiation

complex to assemble compared to any other region within the Chkb-Cptlb locus. Accordingly,
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ChIP assays using the total histone 3 antibody showed nucleosome occupancy to be the lowest
at the CpG island (data not shown) which suggests that the DNA sequence in this region has
less affinity for histone binding and may allude to the inability of CpG islands to form stable
nucleosomes. This suggests that Chkb seems to function without a functional TATA-box and
may instead rely on SP1-mediated transcriptional activation. SP1 binding sites are plentiful
within CpG islands given the high propensity for GC rich sequences. SP1 is a very well
characterized mammalian transcription factor that belongs to the 26-member rich Sp/KLF family
of ubiquitously expressed transcription factors. It functions as a transcriptional activator of a
range of genes including housekeeping genes, cell cycle regulators, and tissue-specific genes.
SP1 therefore serves as a constitutive activator of housekeeping genes, by binding to the GC
boxes within the putative CpG islands and recruit TFIID via a tethering factor that is physically
associated with TATA binding proteins. Therefore, in this mechanism, the TFIID complex is
recruited to the promoter via protein-protein interactions between its tethering factor and the
DNA-bound Sp1, instead of a direct protein-DNA interaction [154]. There have been chromatin
looping mechanisms postulated to deliver the RNA polymerase complex to the upstream of the
TSS site to begin transcription, however assessment of the exact mechanism within our gene
locus would require future chromatin conformation capture (3C) assays. Additionally, SP1 sites
may also be prevalent in the region of DNA that comes in contact with the TSS after deletion of
the proximal promoter sequence along with RNA pol Il occupancy which could also explain why
we don’t see a significant drop of Chkb transcript levels with this deletion. Alternatively, we’ve
consistently observed a strong H3K4me3 signal at the Chkb CpG island which has been
demonstrated to recruit chromatin remodeling proteins that result in an open accessible
chromatin for transcription machinery, however there is also evidence for a direct relationship
between RNA Pol and H3K4me3. [155-157]. Furthermore, the binding of TFIID has also been
shown to precede TATA-binding protein (TBP) interaction with DNA [158]. Additionally,

Acetylation of histones has also been demonstrated to increase binding of TFIID to H3K4me3
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chromatin regions [156, 159]. ChIP assays using antibodies against TBP were unsuccessful in

showing any strong interactions with the Chkb-Cptlb gene locus (data not shown).
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Figure 12. C2C12 ChkbAPromoter mutant locus. A) The ChkbAPromoter deletion (475 bp)

removes the promotor region upstream of the Ch

3. Agarose gel shows genomic PCR at the Chkb

kb TSS. sgRNA sequences are listed in table

locus from wild type and deletion mutant.

Primers used for PCR are shown as black arrows for reference. The expected WT amplicon is

979 bp while expected deletion amplicon band is

504 bp. Black arrows represent forward and

reverse primers for endpoint PCR and are labeled “E1” in table 5.
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Figure 13. Transcript levels of Chkb, Cptlb and Chkb-Cptlb are similar in C2C12
ChkbAPromoter deletion mutants compared to WT. (A) Chkb transcripts are slightly lower in
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C2C12 mutants with proximal promoter deletion compared to WT cells. (B) Cptlb transcripts
show no difference in quantity between mutants and WT cells. (C) Chkb-Cptlb readthrough
transcripts show no significant difference in quantity between mutants and WT cells. Internally
controlled mRNA levels (vs. 82-microglobulin mMRNA) were normalized to the WT controls. The
data indicates the mean + SE (n=3). Student's t-test determined no statistical significance
between wild-type and mutant cells (P > 0.05).
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The lack of effect of a deletion of the putative Chkb 5’-flanking promoter suggests that
the sequences involved in RNAPII recruitment and transcription initiation lie elsewhere. One
possibility is the presence of an intragenic promoter, which has been a longstanding observation
at specific loci in multiple species. There are several published phenomena known as intron-
mediated enhancement (IME) occurring in a wide array of eukaryotes, including vertebrates,
invertebrates, fungi, and plants [160-166]. Similarly, an exon mediated activation of transcription
has also been found in mammalian cells [167, 168]. These types of introns and exons are
transcriptional enhancers that can directly influence transcription initiation. One of the most
widely studied IME introns is the UBQ10 intron 1 that has been shown to maintain transcription
of TRP1 gene when inserted within 1 kb downstream of the transcription start site of TRP1. The
most surprising finding of this study was that even after the deletion of the TRP1 proximal
promoter, transcript levels remained unchanged when the UBQZ10 intron was present within the
5’ region of the gene, indicating that this type of intron is capable of recruiting and guiding
transcriptional machinery to the TSS of the gene [169]. IMEs have been well studied mainly in
Arabidopsis thaliana and Oryza Sativa and are identified using a bioinformatics approach
implemented by Rose et al., however we cannot rule out the possibility that such a
transcriptionally regulatory intron or exon could be present within the 5’ of the CHKB gene
especially when we consider the existence of the CpG island that encompasses the first exon

and part of the first intron.

Inclusion of the Chkb CpG island (CGl) and 5’-flanking promoter in a new deletion.

In light of the lack of effect of the 5’-flanking promoter deletion of Chkb and Cptlb
transcript levels, we expanded the deletion to encompass not only the proximal promoter region
but also the 0.7 kb CpG Island which extends from -86 bp upstream of the TSS to +589 bp

downstream. To target this deletion, the 5’ sgRNA-directed cut remained the same, while a new
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3’ sgRNA was designed to induce a double stranded break 776 bp downstream of the TSS
located within the second exon. The new 1296 bp deletion would also encompass the Chkb
translation start codon, so we expected Chkb activity to be completely knocked out. Additionally,
we previously observed a low cell viability in both C2C12 and DE2.3 cells after FACS sorting in
the prior transfections signaling that this process for monoclonal isolation may be too harsh for
these cells. Therefore, considering that the pSpCas9 (BB) vectors contained a puromycin
resistance gene, we decided to use puromycin selection from this point onward for the full Chkb

A(promoter-CGl) deletions.

Isolation of C2C12:ChkbA(promoter-CGl) deletion clones

Using genomic gPCR screening with the gPCR primers listed in table 4, we were able to
identify two clones of interest in the C2C12 cell line and one clone of interest in the DE 2.3
brown fat cell line. We utilized the comparative C: method and anti-log transformation to
visualize loss of sequence based on amplicon enrichment levels relative to the internal control
amplicon g11. Amplicons are mapped for the WT and mutant C2C12 locus in figure 14A. QPCR
analysis of genomic DNA from C2C12 clone 1 showed a complete deletion of the intended
target indicated by low levels of amplicons g3, g4, g5, and g6 relative to g11 as opposed to
nearly equal levels of enrichment for amplicons outside of the intended deletion which are
similar to WT (Figure 14B). gPCR analysis of genomic DNA from C2C12 clone 2 however,
shows either a partial deletion or a heterozygous mixture consisting of a full deletion in one
allele and a partial deletion in the second allele. Because we see intermediate levels of g3 and
g4 amplicons and a complete loss of amplicons g5 and g6 relative to g11 compared to WT we
propose that one allele of this clone received the full intended deletion of the promoter and CpG
island while the other allele still maintains some sequence near the & cut site indicated by

~40% of g3 and g4 amplicons relative to g11 compared to WT, and a complete loss of g5 and
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g6 amplicons relative to g11 compared to WT (Figure 14C). Therefore, C2C12 clone 2 has
complete loss of CpG island in both alleles but still contains a partial upstream promoter

sequence.

Gel electrophoresis of endpoint PCR products from C2C12 ChkbApromoter:CGl clones
1 and 2 confirm our gPCR findings. Gel electrophoresis of genomic PCR products using primers
flanking the deletion (primer pair E2) shows a single band in clone 1 approximately 412 bp in
size indicative of a full deletion and the presence of 4 separate bands in clone 2 indicative of
differential cutting (Figure 15B). An additional genomic PCR using a primer pair (primer pair E3)
encompassed within the deletion confirmed the deletion as we observe a single band for WT
controls and no bands present for either deletion clone (Figure 15C). To confirm the exact size
and sequence of the amplicons for both C2C12 deletion clones, the bands were gel extracted
and submitted for next gen sequencing (NGS) which confirmed that C2C12 clone 1 had a 1296
bp deletion and the resulting band was 412 bp in size with the intended sequence (Figure 16A).
Only bands 1,3 and 4 were able to be resolved using NGS in C2C12 clone 2. Band 1 was 768
bp and the 940 bp deletion initiated 356 downstream of the intended 5’ sgRNA 1 cut site while
the 3’ cut site remained as expected for sgRNA 3 (Figure 16B). Band 3 had a 1296 bp deletion
and the resulting band was 412 bp in size with the intended sequence (Figure 16B). Band 4 was
379 bp in size and seemed to initiate 33 bp upstream of the 5 sgRNA 1 cut site indicating a
1329 bp deletion (Figure 16B). Bands 2 and 4 could just be artifacts of genomic PCR due to
nonspecific primer binding and we believe that bands 1 and 3 are the true amplicons

representative of the differential cutting sites between the two alleles in C2C12 clone 2.
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Figure 14. qPCR genotyping of C2C12 ChkbA(Promoter-CGl) mutant Clones 1 & 2 using
gPCR primers. (A) Amplicons, labeled G1-10, are mapped throughout the Chkb-Cptlb locus.
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Primer sequences for G1-G10 are listed in table 4. (B) Genomic DNA gPCR results of C2C12
deletion clone 1 using primers that amplified 100-150bp segments. (C) Genomic DNA gPCR
results of C2C12 deletion clone 2 using primers that amplified 100-150bp segments. Delta- Ct
values of G1-10 were acquired using a positive control gPCR primer pair (g11) within the Cptlb
gene. The exponential qPCR data (C; values) was antilog transformed to a linear expression

=2(911 Ct- (91-910) CY gnd normalized to WT.
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Figure 15. C2C12 ChkbA(Promoter-CGl) mutant locus. (A) The Chkb A(Promoter-CGl)
deletion (A 1296 bp) removes the promotor region of Chkb along with the entirety of exon 1,
intron 1, and the 5’ of exon 2 in C2C12 mutants. sgRNA sequences are listed in table 3. (B)
Agarose gel shows genomic PCR at the Chkb locus from C2C12 Chkb A(Promoter-CGl)
deletion clones 1 and 2. Primers used for endpoint PCR in are shown as black arrows for
reference. Expected length of Wt amplicons is 1708 bp and expected length of deletion
amplicon band is 412 bp. Clone 1 shows a single band of the expected size, clone 2 shows
multiple bands (green arrows) including the expected band (black arrow). (C) Agarose gel
shows genomic PCR at the Chkb locus from C2C12 WT and Chkb A(Promoter-CGl) deletion
clones 1 and 2. Primers used for endpoint PCR in are shown as red arrows for reference.

Expected length of Wt amplicons is 805 bp while no amplicons are expected in deletion
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mutants. The marker is DPNI-digested pBlueScript(KS-) plasmid fragments. Black endpoint
PCR primers are labeled “E2” in table 5. Red endpoint PCR primers are labeled “E3” in table 5.
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Figure 16. Sequencing results of C2C12 ChkbA(Promoter-CGl) deletion clones 1 and 2
amplicons. Next gen sequencing of the gel extracted genomic PCR products from figure 15.
(A) C2C12 clone 1 amplicon was confirmed to be cut exactly at the predicted sgRNA cut sites
resulting in a 414 bp amplicon with a 1296 bp deletion. (B) C2C12 clone 2 genomic PCR
showed 4 bands in figure 15, however only the 1st, 39, and 4™ bands were resolved during

sequencing. Sizes and exact cut sites are shown for the three C2C12 clone 2 amplicons.
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Genotyping indicates the presence of a DE 2.3 mutant with a ChkbA(Promoter-CGl)

deletion

Genomic gPCR screening amplicons are mapped across the WT and mutant DE 2.3
locus in figure 17A. Analysis of DE2.3 ChkbA(Promoter-CGl) deletion mutant indicates a larger
deletion than anticipated as we see low levels of amplicons g2 and g7 along with g3, g4, g5, g6
relative to g11 compared to WT (Figure 17B). As g2 and g7 are just upstream and downstream
of the proposed deletion, respectively. We theorize that this was a result of non-homologous
end joining (NHEJ) repair process that removed an additional amount of DNA sequence in the

DE 2.3 mutant.

To account for the additional DNA sequence loss in DE 2.3 ChkbA(promoter-CGl)
mutant we used a different set of forward and reverse flanking primers (primer pair E4 in table
5) for endpoint PCR that would amplify 2587 bp in WT cells (Figure 18A). Gel electrophoresis
indicated a single amplicon band around slightly above the 1030 bp marker band, possibly a
1050 bp amplicon (Figure 18B). We can therefore hypothesize that these mutants had a
deletion around 1540 bp instead of the anticipated 1296 bp deletion. DNA repair is not an exact
process; therefore, we theorize that the NHEJ repair process resulted in the removal of an
additional ~ 241 bp of DNA sequence. An additional genomic PCR using a primer pair
encompassed within the deletion confirmed the loss of sequence as we observe a single band
for WT controls and no bands present for either deletion clone (Figure 18C). To confirm the
exact size and sequence of the DE deletion amplicon, the bands were gel-extracted and
submitted for next gen sequencing which showed a 1070 bp amplicon indicating that this mutant
received a 1517 bp deletion (Figure 19). Based on NGS we were able to determine that an
additional 179 bp of sequence was removed upstream of the 5 sgRNA1 cut site and an

additional 42 bp of sequence was removed downstream of the 3' sgRNA3 cut site.
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Figure 17. qPCR genotyping of DE2.3 ChkbA(Promoter-CGl) deletion mutant using gPCR
primers. (A) Amplicons, labeled G1-10, are mapped throughout the Chkb-Cptlb locus. sgRNA
cute sites are portrayed and dotted lines represent possible additional DNA sequence that may
have been deleted by NHEJ repair. Primer sequences for G1-G10 are listed in table 4. (B)
Genomic DNA gPCR results using primers that amplified 100-150bp segments. Delta- Ct values
of G1-10 were acquired using a positive control gPCR primer pair within the Cptlb gene. The
exponential gPCR data (C; values) was antilog transformed to a linear expression =2(control Ct-g1-

910 ¢ and normalized to WT.
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Figure 18. DE2.3 ChkbA (promoter-CGIl) mutant locus. (A) The ChkbA (promoter-CGl)
deletion (1296 bp) removes the promotor region of Chkb along with the entirety of exon 1, intron
1, and the 5’ of exon 2 in DE2.3 mutants along with an additional 221 bp sequence via NHEJ
confirmed via fragment sequencing. SgRNA sequences are listed in table 3. (B) Agarose gel
shows genomic PCR at the Chkb locus from WT and the DE2.3 ChkbA (promoter-CGl) deletion
mutant. Primers used for endpoint PCR in are shown as black arrows for reference. Expected
length of Wt amplicons is 2587 bp and expected length of deletion amplicon band is 1291 bp. A

single band is observed for the deletion mutant (indicated by black arrow) however it is shorter
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than expected size. (C) Agarose gel shows genomic PCR at the Chkb locus from DE WT and
ChkbA (promoter-CGl) deletion mutant. Primers used for endpoint PCR in are shown as red
arrows for reference. Expected length of Wt amplicons is 805 bp while no amplicons are
expected in deletion mutants. The first marker is HindllI- digested lambda DNA and the second
marker DPNI-digested pBlueScript(KS-) plasmid fragments. Black endpoint PCR primers are
labeled E4 in table 5. Red endpoint PCR primers are labeled E3 in table 5.
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Figure 19. Sequencing result of DE 2.3: ChkbA(Promoter-CGl) deletion mutant amplicon.
Next gen sequencing of the gel extracted DE 2.3 mutant band from figure 18 confirms a deletion
of 1517 bp.
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Chkb, Cptlb, and readthrough transcripts are undetectable in C2C12 ChkbA(promoter-

CGI) mutants.

QRT-PCR analysis of C2C12 mutants with the ChkbA(promoter-CGl) deletion,

unsurprisingly, showed severe diminishment in Chkb transcripts (Figure 20A) that was
statistically significant (P<0.05). Surprisingly, we also observed a similar degree in diminishment
in Cptlb transcripts levels rendering them virtually undetectable (P<0.05) (Figure 20B).
Transcript levels of the major read through Chkb-Cptlb transcripts also followed the same trend
of significant reduction in both mutants compared to WT (P<0.05) (Figure 20C). Conversely, we
observed minor to significant increases in the transcript levels of other mitochondrial enzymes
also involved in the carnitine-acyl-carnitine shuttle system. Transcripts of Slc25a20, the
carnitine-acylcarnitine translocase, were slightly increased in both clones compared to WT,
however, were not statistically significant (Figure 20 D). CPT2, located within the inner
mitochondrial membrane, replaces the carnitine with a CoA to complete the transport of LCFA-
CoA into the mitochondrial matrix. We found a significant increase in Cpt2 transcripts in clone 1
compared to WT (P<0.05) while there were no significant changes between clone 2 and WT
(Figure 20 E). Transcript levels of Cptla, the predominant liver isoform of the CPT1 family,
were increased in clone 1 compared to WT, although not quite statistically significant (P=
0.0585) (Figure 20F). Cptla transcripts were not significantly different between clone 2 and WT
(P=0.2058) (Figure 20F). in deletion mutants compared to wild type cells (Figure 20 F)
indicating an upregulation in expression, potentially to compensate for the loss of Cptlb

expression to maintain FAO levels.
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Figure 20. Chkb, Cptlb, and readthrough transcripts are undetectable in the both C2C12:
Chkb A(Promoter-CGl) deletion clones compared to WT. (A) Chkb transcripts are
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undetectable in mutants compared to WT. (B) Cptlb transcripts are undetectable in mutants
compared to WT. (C) Chkb-Cptlb readthrough transcripts are undetectable in mutants
compared to WT. (D) Slc25a20 transcripts show a slight increase in deletion mutants compared
to WT. (E) Cpt2 transcripts show a slight increase in deletion mutants compared to WT. (F)
Cptla transcripts are increased in both deletion mutants compared to WT. Internally controlled
MRNA levels (vs. B2-microglobulin mMRNA) were normalized to the C2C12 WT. The data
indicate the mean = SE (n=3). Student's t-test was used to determine statistical significance

between wild-type and mutant cells (*P < 0.05).
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Loss of histone acetylation is observed across the entire Chkb-Cptlb locus in C2C12

ChkbA(promoter-CGIl) mutants.

Chromatin immunoprecipitation assays using antibodies to detect histone 3 acetylation
(anti-pan Acetyl-H3) show a reduction in acetylation across the entire Chkb-Cptlb gene locus
for both C2C12 clones (Figure 21). C2C12 clone 1 shows that with the deletion of the CpG
island and promoter there is a drastic reduction in acetylation signal in all regions around the
deletion as well (Figure 21A). Interestingly, we do observe a slight increase in acetylation of
histones occupying the Cptlb gene locus, represented by amplicons 7-10, in C2C12 clone 1
compared to WT (Figure 21B). However, increase in modification at the Cptlb locus does not
amount to any significant independent expression of Cptlb as shown by our gRT-PCR data
(Figure 20B). AcH3 ChIP on C2C12 clone 2 shows a relatively higher AcH3 signal at the m1
and m2 amplicon compared to all other sites of the gene locus (Figure 21C). Considering that
Clone 2 still possesses one allele containing the part of the upstream Chkb promoter where the
m2 amplicon is located, we do see a bound/Input ratio >1 (figure 21C). However, due to the loss
of the CpG island in both alleles we still notice a drastic reduction in histone acetylation across
the entire gene locus which becomes more apparent when we compare the Ach3 Chip assay to
WT C2C12 cells (Figure 21D). Therefore, we can confidently say that the chromatin
modifications localized to the Chkb 5’ region, specifically the CpG island, are crucial in
maintaining an open/active chromatin domain that encompasses both genes, and the loss of the
active site results in an inactive unacetylated domain. Accordingly, ChIP assays using RNA Pol
Il Ser5P (initiation form) and RNA Pol 1l Ser2P (elongation form) provide more evidence for a

transcriptionally inactive gene locus (Figure 22).
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Figure 21. H3 acetylation in both C2C12 AChkb(promoter-CGl) clones is reduced
throughout the Chkb-Cptlb locus compared to WT. Results of ChIP assays with a
panacetyl-H3 antibody. ChIP assay enrichment levels determined by gPCR, normalized to 1%
v/v of input chromatin. The exponential gPCR data (C; values) was antilog transformed to a
linear expression of bound/input ratios as Bound/Input=2(nput Ctbound Ct) (A) C2C12
AChkb(promoter-CGl) clone 1. (B) Comparing Acetyl-H3 Chip of C2C12 Clone 1 and C2C12
WT. (C) C2C12 AChkb(promoter-CGl) clone 2. (D) Comparing Acetyl-H3 Chip of C2C12 Clone
2 and C2C12 WT. Amplicons are mapped in Figure 3b.
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Loss of the CpG island in C2C12 mutants results in diminished RNA Pol Il occupancy.

Serine-5 and Serine-2 phosphorylated RNA Pol Il ChIP assays of C2C12 ChkbA(prom-
CGl) clone 1 shows little apparent occupancy of either form of RNA Pol Il as we notice
Bound/Input DNA ratios close to 1 suggesting not much enrichment in antibody-containing ChiP
samples compared to no antibody controls (Figure 22A-B). This loss in RNA Pol Il processing is
more apparent when we compare the RNA Pol Il Ser5P and RNA Pol Il Ser2P Chip assays
between C2C12 clone 1 and WT C2C12 cells, respectively (figure 22C-D). As a result,
transcription of Cptlb is fully dependent on the recruitment of transcriptional machinery to the

Chkb &’- flanking region and specifically to the CpG island in C2C12 skeletal muscle cells.
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Figure 22. Deletion of Chkb CpG island in C2C12 cells results in little to no
transcriptional activity throughout the Chkb-Cptlb locus. Results of ChIP assays.
C2C12: Chkb A(promoter-CGl) clone 1: (A) RNAPII serine 5 phosphorylation (initiating
form), (B) RNAPII serine 2 phosphorylation (elongating form). C2C12 wild type: (C)
RNAPII serine 5 phosphorylation (initiating form), (D) RNAPII serine 2 phosphorylation
(elongating form). Amplicons are mapped in figure 3B.
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Chkb, Cptlb, and readthrough transcripts are reduced in the DE 2.3 Chkb A(promoter-

CGlI) mutant.

Chkb transcripts in brown adipocyte mutants with a full deletion of Chkb promoter and
CpG island were expectedly reduced by a significant margin compared to WT DE 2.3 (P < 0.05)
(Figure 23A). However, unlike the skeletal muscle C2C12 cell mutants, Cptlb transcript levels in
brown adipocyte mutants were only reduced to a quarter of the levels observed in wild type
brown fat cells (Figure 23B) and readthrough transcripts were reduced but not undetectable
compared to WT (Figure 23C). This was a surprising observation and what it meant was that
perhaps the regulation and activation of the Cptlb gene in brown fat cells was not completely
dependent on Chkb, but rather the evolutionary cooption resulted in elevated levels of Cptlb
transcripts that supplemented the basally present Cptlb transcripts produced via an
independent mechanism targeted at the promoter of Cptlb. While transcript levels of Slc25a20
and Cpt2 are relatively similar in mutants compared to WT DE 2.3 cells (Figure 23 D-E), we
notice a greater than 3-fold increase in Cptla transcripts in DE 2.3 mutants vs WT that was

statistically significant (P>0.05) (Figure 23F).
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Figure 23. Chkb and Cptlb expression are reduced in the DE 2.3 Chkb CpG island
deletion clone compared to WT. (A) Chkb transcripts are reduced by approximately 17-fold
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compared to WT. (B) Cptlb transcripts are reduced by approximately 4.5-fold compared to WT.
(C) Chkb-Cptlb readthrough transcripts are reduced by approximately 5-fold compared to WT.
(D) Slc25a20 transcripts show no significant difference between the WT and mutant. (E) Cpt2
transcripts show no significant difference between the WT and mutant. (F) Cptla transcripts are
increased by approximately 3.5-fold compared to WT. Internally controlled mRNA levels (vs. 82-
microglobulin mMRNA) were normalized to the WT controls. The data indicate the mean + SE
(n=3). Student's t-test was used to determine statistical significance between wild-type and
mutant cells (*P < 0.05).
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H3K4me3 is diminished in DE 2.3: ChkbA(Promoter-CGl) deletion mutants compared to

WT

To further characterize the activity at the Chkb-Cptlb locus within DE2.3 mutants, we
performed ChIP assays using H3K4me3 antibody as well as serine-2 and serine-5
phosphorylated RNA Pol Il antibodies. HeK4me3 antibody ChIP revealed that while the deleted
seguence encompassing primers m2 and m3 was expectedly not present, there was still a
relatively higher trimethylation signal present at the m1 primer position and a moderate signal at
the m5 position relative to the other sites on the mutant Chkb-Cptlb locus (Figure 24A).
However, when we compare the H3K4me3 ChIP assay in De2.3 deletion mutants to WT DE 2.3
cells, we see a drastic reduction in H3K4me3 signal at all sites of the locus and therefore we
can conclude that deletion of the CpG island results in a significant loss of the “open” chromatin
structure driven by the Chkb CpG site (Figure 24B). However, it is important to note that we still
see moderate enrichment of H3K4me3 at the Cptlb promoter which may be contributing to the

remaining transcript pool in these mutants.
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Figure 24. Histone 3 lysine 4 trimethylation (H3K4me3) is drastically reduced in DE 2.3
deletion mutants compared to WT. (A) DE 2.3:ChkbA(Promoter-CGl) deletion. (B)
Comparison of H3K4me3 ChIP between DE 2.3 deletion mutant and De 2.3 WT. Amplicons are
mapped in figure 3B.
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Pol Il occupancy is drastically reduced at all sites throughout the locus in DE 2.3

AChkb(promoter-CGl) deletion mutants.

ChIP assays on the DE 2.3 mutant using antibodies for the initiating (serine-5
phosphorylated) form of RNA Pol Il revealed maintenance of independent recruitment near the
Cptlb promoter represented by amplicon m5 (Figure 25A). When we compare the RNA pol Il
Ser5P ChIP of the mutants to wild type De2.3 cells and adjust the scale for bound/input DNA
enrichment we notice that while Pol Il initiation is virtually undetectable at the Chkb 5’ region the
occupancy of RNA Pol Il serbp at the 3’ half of Chkb (m5 amplicon) Cptlb promoter (m6
amplicon) in deletion mutants is comparable to WT (Figure 25C) and may explain that the 20-
25% of Cptlb transcripts still being produced in DE2.3 mutants are likely a result of this
separate recruitment of RNA Pol Il to transcribe Cptlb independent of Chkb CGl influence. This
finding is further corroborated by Bound/Input ratio of DNA being >1 for Ser2P RNA Pol Il
occupying amplicons of Cptlb (amplicons m6-m12) compared to controls (Figure 25B) however
the quantity of RNA Pol Il Ser2P is drastically diminished when compared to WT DE gene loci
(Figure 25D). Taken together, RNA Pol Il Chip assays along with gRT-PCR transcript data for
this mutant suggest that the ablation of the Chkb CpG island and 5’-flanking region results in a 4
to 5-fold reduction of Cptlb transcripts and the residual transcripts that are still being produced
is a result of transcription initiation still occurring near the Cptlb promoter. Therefore, we can
conclude that in brown fat cells, the co-option of Cptlb transcription and regulation by the Chkb
5’ flank and CpG island resulted in 4-5 fold increase of Cptlb activity to fuel BAT function.
Furthermore, ChIP assays using PRDM16 and PGC1a antibodies indicated independent
binding at the Chkb 5’ region (especially the CpG island) and the 5’ of the Cptlb gene (Figure
26 A-B). Briefly, PRDM16 has been shown to control a bi-directional switch between skeletal

muscle and brown fat cell fate as well as promoting BAT-specific genes and downregulating
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expression of WAT specific genes through chromatin mediator complex recruitment [58, 63, 64,
170]. PGC1la is a master regulator of mitochondrial biogenesis and coregulator of genes
involved in energy metabolism. It's important to note that ChlP assays using anti-PRDM16 and
anti-PGC1la showed a more robust interaction at the Chkb 5’ region compared to the 5’ region of
Cptlb, suggesting that while Cptlb transcription may not be completely dependent on the Chkb
5’ region, a significantly higher contribution to the Cptlb transcript pool is made by initiation at
the Chkb 5’ region. The interactions of a brown fat specific TF in Prdm16, and a transcriptional
coregulator of FAO genes in PGC1a with the Chkb-Cptlb gene locus is quite significant and

provides further evidence for their coordinated nature in BAT.
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Figure 25. Independent RNA Pol Il initiation at the intergenic region and elongation
across Cptlb may be contributing to the transcript pool that is still detectable in brown
fat cells with the ChkbA(promoter-CGl) deletion. Results of ChIP assays. DE2.3:
ChkbA(promoter-CGIl) mutant: (A) RNAPII serine 5 phosphorylation (initiating form), (B)
RNAPII serine 2 phosphorylation (elongating form). DE 2.3 wild type: (C) RNAPII serine 5
phosphorylation (initiating form), (D) RNAPII serine 2 phosphorylation (elongating form).
Amplicons are mapped in figure 3B.

99



Mouse BAT tissue

N
(3]

N
o
—

mcontrol OPRDM16

—
(4]
1

—
o
1

Bound/Input Ratio
(normalized to control)

0 - Ol
mi m2 m3 m4d m5 mé m7 m8 m9 m10 m11 m12

B . Amplicon

-
o

. I Econtrol @PGC1a

Bound/input Ratio
(normalized to control)

O = N W & OO N 0 DO
1

ml m2 m3 m4d m5 mé m7 m8 m9 m10 mi1 mi2

Amplicon

Figure 26. Independent binding of PRDM16 and PGC1la at the Chkb 5' region and Cptlb
gene. (A) Anti-PRDM16 ChIP gPCR results in murine BAT shows robust binding at the Chkb 5’
flank and CpG island along with additional recruitment at the beginning of the Cptlb. (B) Anti-
PGC1a ChIP gPCR results in murine BAT show binding at the Chkb CpG island along with an

additional peak of localization at the beginning of Cptlb gene
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Respirometry assays indicate a similar low rate of FAO in WT and mutant cells, but an

overall decrease in mitochondrial oxidative function in mutant cells.

Figure 27 shows Oxygen consumption rates of C2C12 wt and ChkbA(promoter-CGl)
deletion clone 1 using Oroboros O2K respirometer. Both samples were grown and differentiated
into myotubes as previously described. Cells were collected and washed with 1xPBS after
which point the cells were suspended in Buffer Z (ImM EGTA) to a final concentration of 0.5
million cells/mL. Digitonin was used at a final concentration of 30ug/mL as a mild detergent to
permeabilize the cells for 10 minutes with gentle agitation. Cells were centrifuged at 1000 RPM
for 10 minutes and washed once with fresh buffer Z. The cell pellet was suspended in the same
volume of buffer Z (0.5 million cells/ mL) before running on the O2K respirometer. 1mM malate
and 0.5mM ADP were added together first which caused an increase in O, consumption
signaling the presence of an endogenous substrate (figure 27 A-B). Addition of 20uM Palmitoyl-
CoA resulted in no increase in respiration in WT or mutant cells which persisted even after the
addition of 5mM carnitine (figure 26 A-B). This finding would not be surprising in Cptlb KO
mutants however the same finding in WT cells indicates that perhaps C2C12 cells are not
utilizing LCFAs at a high level. To assess cell viability and mitochondrial function, PMGSO
(5mM pyruvate, 1ImM Malate, 5mM glutamate, 5mM succinate, and 250uM of octanoyl-
carnitine) was added together which indicated a dampened change in oxygen consumption rate
(AJOy) in response to the PMGSO substrates in C2C12 ChkbA(promoter-CGl) deletion clone 1
compared to WT. The AJO, after addition of PMGSO in WT C2C12 myotubes was 201
[pmol/(s*ml)] (figure 27A), while the AJO; after addition of PMGSO in C2C12 deletion mutants
was only 97 [pmol/(s*ml)] (Figure 27B). This indicates that while the cells from both sample
groups were still viable, the depletion of Chkb and Cptlb in the mutant resulted in an overall

dampened mitochondrial response compared to WT cells. As a control, the sample C2C12 wt
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and mutant samples were assayed using palmitoyl-carnitine as a substrate, thereby bypassing
CPT1B activity, however we again detected no changes in oxygen consumption in either cell
type in response to only PC as the substrate (figure 27 C-D). However, we did again notice a
diminished AJO; after addition of PMGSO in C2C12 ChkbA(promoter-CGl) compared to WT.
The AJO; after addition of PMGSO in WT C2C12 myotubes was 153 [pmol/(s*ml)] (figure 27C),
while the AJO; after addition of PMGSO in C2C12 deletion mutants was only 113 [pmol/(s*ml)]
(Figure 27B). The DE 2.3 WT and mutant cells also showed very low respiration from FAO and
no differences between the two cell types in response to palmitoyl-CoA and carnitine possibly

due to the cytotoxic effects of the LCFAs (data not shown).
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Figure 27. O2K respirometry assays show low rates of FAO in C2C12 WT and C2C12
ChkbA(promoter-CGl) clone 1 myotubes. (A-B) pre-permeabilized myotubes were assayed
for oxygen consumption rate when supplied with palmitoyl-CoA and Carnitine sequentially to
assess the Carnitine shuttle system and CPT1B function. PMGSO= pyruvate, malate,
glutamate, succinate, octanoyl-carnitine added together to assess cell viability/ mitochondrial
function. (A) C2C12 wt myotubes. (B) C2C12 ChkbA(promoter-CGl clone 1 myotubes. (C-D)
Pre-permeabalized myotubes were assayed for oxygen consumption rate when supplied with
palmitoyl-carnitine as a substrate to bypass the activity of CPT1B. (C) C2C12 wt myotubes. (D)
C2C12 ChkbA(promoter-CGl) clone 1 myotubes.
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Chka is expressed at similar levels to Chkb in WT cells and the expression remains

unchanged between WT and mutant cells.

We wanted to also look at the expression of the other isoform of Choline kinase, Chka,
in both of our wild-type cell lines at basal conditions and also wanted to compare transcript
levels of Chka between mutants and WT. We found that Chka is expressed similarly between
C2C12 mutants and WT (figure 28 A) and DE mutants compared to WT (Figure 28 B). We also
wanted to compare the levels of expression of Chka to Chkb in WT cells and found that C2C12
WT cells express both forms of choline kinase at similar levels (figure 28 C) and DE WT cells
also express both forms of choline kinase at similar levels (figure 28 D). The lack of any severe
morphological differences between mutants and WT cells from both lines can be attributed to

compensatory PC biosynthesis via CHKA.
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Figure 28. Chkais also expressed in WT and mutant cells at similar levels. (A) Chka
transcript levels are similar between C2C12 mutants and WT cells. (B) Chka transcript levels
are similar between DE mutant and WT cells. (C) Basal Chka transcript levels are only slightly
less than Chkb transcript levels in C2C12 WT cells. (D) Basal Chka transcript levels are similar
to Chkb transcript levels in DE WT cells. Internally controlled mRNA levels (vs. 32-microglobulin
MRNA) were normalized to the WT controls. The data indicates the mean + SE (n=3). Student's
t-test determined no statistical significance in transcript levels between wild-type and mutant
cells (P > 0.05). Student's t-test determined no statistical significance between Chkb and Chka
transcript levels in wild-type C2C12 or DE 2.3 cells (P > 0.05).
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Conclusions

Our findings using Crispr/Cas9 to delete the Chkb 5’ flank and CpG island in
transformed murine C2C12 skeletal muscle and DE 2.3 brown fat cell lines showed significant
changes in chromatin modifications and transcriptional regulation. We can confidently state that
the Chkb CpG island is crucial in maintaining an open chromatin domain that encompasses
both the Chkb and Cptlb genes in WT cells while deletion of the CpG island results in a severe
loss of acetylation and trimethylation across the entire locus as well as diminished RNA Pol
occupancy in both mutant cell lines. Furthermore, transcriptional initiation predominantly occurs
at the Chkb CpG island, and the RNA polymerase is able to either transcribe the entire locus or
be delivered to the Cptlb promoter region via a looping mechanism to transcribe the Cptlb
gene as a separate product from Chkb. Interestingly, we did discover independent recruitment
of RNAP Il at the Cptlb promoter region in DE 2.3 brown fat cells that seems to be functional,
albeit to a much smaller degree compared to the Chkb 5’ region. We find that in DE 2.3 this
independent transcription may be contributing to the transcript pool, yet we still observe an
almost 75-80% reduction in transcript levels compared to WT cells. Further evidence for a
functional Cptlb promoter is given by ChIP assays using PRDM16 and PGC1la antibodies that
show while the dominant region for binding is localized at the Chkb CpG island, there is a
separate site of binding localized to the beginning of Cptlb. Another important piece of evidence
for a transcriptional connection between these two genes is the presence of a detectable
readthrough fusion transcript that contains exons from both genes which likely performs a
regulatory role in maintaining and open and active chromatin domain. While transcription of
Cptlb in skeletal muscle cells seems to be almost completely dependent on the Chkb 5’ CpG
island, 20-25% of the Cptlb transcript pool in brown fat cells is made up from independent
Cptlb-promoter mediated transcription while 75-80% is driven by Chkb 5- mediated Cptlb

transcription.
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One of the limitations associated with using transformed cell lines as our model as
opposed to an animal model is that they may not being functionally relevant or similar to the
actual physiological system. We observed no drastic differences in morphology between
mutants and WT cells from both cell lines. As changes in PC levels would be the likely culprit for
any alterations in cell membrane structure and integrity, we believed that knocking out Chkb
would be the reason for any observed differences. The lack of differences could be attributed to
the consistent expression of Chka that remained unchanged between WT and mutants and is
expressed at a similar level compared to Chkb based on gRTPCR transcript data.
Unfortunately, we found that functional assays to test for mitochondrial respiration using
Oroboros O2K respirometer showed no significant differences in response to PCoA/PC between
mutants and WT cells. In fact, even the WT cells did not respond significantly to palmitoyl-coA
and carnitine or palmitoyl-carnitine as substrates. However we did observe dramatic differences
in the AJO; after addition of PMGSO between WT and mutant C2C12 myotubes, with mutants
showing a diminished mitochondrial response compared to WT. We can therefore say that the
drop in mitochondrial function may likely be due to loss of Chkb and Cptlb. While it was
disheartening to see that neither WT nor mutant cells utilized palmitoylCoA or palmitoylcarnitine,
we acknowledge that this could likely be a result of a shift in substrate preference for
transformed cell lines that have been passaged continuously and maintained in high glucose
media for extended periods of time. We also observed possible cell apoptosis resulting from
palmitoylCoA addition in several O2K assays in both C2C12 and DE 2.3 cells (data not shown).
LCFAs can have a detergent-like effect on permeabilized cells and lead to cytotoxicity;
therefore, we believe that a more sensitive assay is needed using intact cells. Furthermore, we
also discovered an increase in Cptla expression in mutant cells compared to WT indicating the
ability for these cells to invoke a compensatory action for the loss of CPT1B. We propose that
this amplified expression of Cptla may be driven by the culture media conditions in which these

cells proliferate and differentiate. Even when we compare the basal expression of Cptla vs.
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Cptlb in WT cultured DE 2.3 and C2C12 cells, we find that Cptla is already more highly
expressed than Cptlb. Contrarily, transcript analyses of freshly excised murine cardiac, skeletal
muscle, and brown fat tissue indicate a much higher expression of Cptlb compared to Cptla,
while Cptla expression is higher in liver compared to Cptlb. These findings are expected based
on what we know about Cptla and Cptlb tissue specificity, so the question is, why is there such
a big shift in preference for Cptla over Cptlb in cultured cells? Additionally, gRT-PCR analysis
of primary cells cultured from murine skeletal muscle show the same shift in preference for
Cptla over Cptlb after being cultured and maintained in high glucose DMEM media
(supplemented with 10% FBS). Transcript levels of Chka, the other isoform of Choline kinase,
are unchanged between the C2C12 and DE mutants and WT populations, however it is
important to note that basal expression of Chka is comparable to Chkb in WT DE 2.3 cells
suggesting that there isn’t a strong tissue specific preference for Chkb in the C2C12 or DE cell
lines. We also observed a reduction of Myoblast determination protein 1 (MyoD) transcript levels
in both C2C12 ChkbA(promoter-CGl) deletion clones compared to WT, with C2C12 clone 1
showing a more significant drop in transcript levels compared to clone 2 (data not shown).
Whether this is a direct outcome of ablated Chkb or Cptlb expression is not certain and needs

to be characterized further.

It is possible that respirometry assays using O2K may not be sensitive enough to detect
the low level of FAO occurring in C2C12 and DE 2.3 cells, and therefore a more sensitive assay
is required. Using radiolabeled [1-**C]-palmitic acid as a substrate supplied directly in basal
glucose-free media to intact cells, and measuring CO- production would be a more sensitive
detection method and would also allow for longer incubation time. To determine if CPT1A is in
fact able to compensate for loss of CPT1B in mutant DE 2.3 and C2C12 cells, future studies will
need to be done to known down Cptla and assess mitochondrial respiration and ATP

production from LCFA substrates. Furthermore, it will be more informing and physiologically
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relevant to generate a transgenic mouse model with the same ChkbA(promoter-CGl) deletion.
This would allow for body temperature measurements and whether the mice would have
difficulties dealing with cold exposure. Additionally, a transgenic mouse model would also make
it possible to test how the mice respond to cold challenges, and what effects the catecholamine
stimulation has on brown adipocyte induction in mice with a loss of Chkb and Cptlb.
Furthermore, it would also be possible to test whether the mutant mice are more prone to

obesity and other metabolic disorders when provided with high-fat diet compared to WT mice.

These findings are crucial in establishing a regulatory and transcriptional connection
between the Chkb and Cptlb genes in both skeletal muscle and brown fat cells. We also were
able to elaborate on the importance of CpG islands in maintaining an open chromatin domain
and being the major site for transcriptional initiation. The loss of the Chkb CpG island therefore
resulted in a complete loss of Chkb and almost a complete loss of Cptlb transcripts, providing
further evidence for the dependence of Cptlb on Chkb after the condensation of the intergenic
space not only brought the genes in close proximity but also removed the Cptlb- specific CpG

island in eutherians.
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Materials and Methods

CRISPR Design and Planning

SgRNA-specifying oligo sequences were chosen with the smallest off target cleavage scores
according to the CHOPCHOP algorithm available online. The selected sgRNAs targeted either
the proximal promoter sequence upstream of the Chkb transcription start site or exonic
sequences within the coding sequence of the Chkb gene according to refseq genomic
sequence. A 4-nucleotide “CACC” sequence was added to the 5’ end of the sgRNA- specifying
sequence and “AAAC” was added to the 5’ end of the reverse complement of the sgRNA-
specifying oligo sequence for cloning using the Bbsl restriction enzyme. Additionally,
considering that the expression of the sgRNA is driven by the U6 RNA polymerase Ill promoter
in these constructs, a Guanine nucleotide “G” was added immediately following the “CACC”
sequence due to its preference for a guanine nucleotide as the first base of the transcript.
Subsequently, a “C” was added to the reverse complement sgRNA following the “AAAC”
sequence. The type Il CRISPR system is one of the most well characterized systems that uses
the Cas9 nuclease to perform double stranded genomic cuts. One stipulation, however, for
Cas9 is the requirement of a protospacer adjacent motif (PAM) recognition sequence.
Therefore, the target DNA sequence must immediately be followed by a 5’-NGG-3’ PAM site for
Cas9 to induce a double strand break, alternatively; the gRNA for the reverse complement
strand should be followed by a 5’-NCC-3’ motif. The DNA break occurs exactly 3 base pairs

upstream of the PAM recognition site on both strands.

We utilized the CHOPCHOP web tool (https://chopchop.cbu.uib.no/) to pick the optimal

gRNAs that targeted cut sites at or near our desired regions. All chosen gRNAs were within the
top 10 list based on Cas9-specific efficiency, off-target effects and mismatches, existence of
self-complementarity regions, and GC content. sSgRNA 1-3 sequences are listed in table 3.
pSpCas9(BB)-2A-Puro CRISPR Cas9 (PX459) V2.0 was a gift from Feng Zhang (Addgene
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plasmid # 62988 ; http://n2t.net/addgene:62988 ; RRID:Addgene_62988) that already contained
the tracrRNA binding scaffold sequence and only required the insertion of the “25-mer” sgRNA
annealed oligos. Lyophilized gRNA oligos were resuspended in nuclease-free molecular grade
dH20 to a final concentration of 100 yM. 300 pmoils of the top and bottom single stranded
oligos were first phosphorylated separately using T4 Polynucleotide Kinase (10 units) (New
England Biolabs) at 37°C for 1 hour. The enzyme was heat-inactivated at 65°C for 30 minutes.
30 pmol of top and bottom phosphorylated ssDNAs were subsequently annealed in annealing
buffer with the following temperature conditions: 95°C for 5 minutes; and then removing the heat
block and letting it gradually cool down to 22°C on the benchtop. 1ug of circular PsPCas9(BB)
plasmid was then digested using Bbsl restriction enzyme (20 units) (New England Biolabs) in
NEB 2.1 buffer (1x) at 37°C overnight. 100ng of the digested plasmid was run on a 1% agarose
TAE gel to confirm complete digestion. The presence of a single band at 9.175kb confirms
complete digestion of the plasmid into linear DNA. The annealed sgRNA oligos were
subsequently cloned into pSpCas9(BB) using a 3:1 insert to vector molar ratio. 100ng of
digested PspCas9 (BB) (0.017 pmol) and 820 ng of annealed oligos (0.053 pmol) in 1x DNA
ligase buffer and 1 uL of T7 DNA ligase enzyme (3000 units) (New England Biolabs). The
reaction was placed in an ice bath at approximately 12°C and allowed to gradually warm to

room temperature (22°C-25°C) overnight.

Bacterial transformation

Chemically competent IM109 E Coli were transformed with the sgRNA:Cas9 ligated
plasmids using the heat-shock method. 100uL of JM109 cells were pipetted into appropriately
labeled round bottom tubes with 100ng of respective gRNA: Cas9 plasmids and incubated on
ice for 15 minutes. Each tube was then placed into a 42°C water bath for 45 seconds followed

by a 2-minute incubation on ice. 1 mL of LB media was added to each tube and the tubes were
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incubated at 37°C and shaken at 225 RPM for 1 hour. After an hour, bacterial growth was
observed indicated by turbid media. 100uL of the bacterial culture was spread onto LB agar
plates containing 150 pg -* ampicillin and incubated at 37°C overnight. The next day, plates
were inspected for colony growth and 5-10 colonies, per transformation, were picked to check
for proper insertion of the sgRNA into the Cas9 plasmid. These colonies were grown in 5 mL of
150 pg -t ampicillin containing LB media at 37°C with 225 RPM overnight, after which point
plasmid DNA was extracted and precipitated from 1.5mL of bacteria culture using the alkaline

lysis protocol described in the Sambrook and Russell Molecular cloning laboratory manual.

SgRNA:Cas9 Plasmid verification

Plasmids were checked for proper gRNA insertion using Bbsl digestion, where plasmids
with the insertion would be protected from enzyme cutting and therefore would be
distinguishable from digested vectors using gel electrophoresis. After overnight digestion, DNA
samples were loaded and ran on a 1% agarose gel in TAE buffer. Clones containing plasmids
with gRNA insertion were identified by the presence of a DNA smear and multiple bands
representing circular, and supercoiled plasmid conformations. 1 mL of bacteria culture medium
from positive colonies was transferred to 500mL of LB media containing 150 ug* ampicillin and
incubated overnight in 37°C with vigorous shaking (250 RPM). To obtain a large quantity of pure
transfection grade sgRNA:CAS9 plasmids, large-scale plasmid preps were performed using the
Qiagen Maxiprep kit according to their protocol. Plasmids were dissolved in nuclease-free dH0,
and concentrations were checked using NanoDrop® ND-1000 UV-Vis Spectrophotometer
(Thermo-Scientific). To confirm that these plasmids had been successfully ligated with the
sgRNA insert, 0.5 pg of plasmid DNA from sgRNA:Cas9 insert plasmids as well as negative
control PspCas9(BB) vectors were digested overnight with 5 units of Bbsl (NEB) according to
the manufacturer’s protocol. Gel electrophoresis of the digestion products showed the presence

of circular and supercoiled plasmid bands for the sgRNA:Cas9 plasmids as opposed to a single
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band of linear digested control vectors at 9.2kb, suggesting that the sgRNAs had been ligated
into the vector and resulting in the loss of Bbsl cut site. To determine if the inserted SgRNA was
ligated correctly, samples were sent off to get sequenced via Sanger sequencing from the U6

promoter using the U6 promoter Forward primer.

Transfections

To set up for transfections, C2C12 myoblast cells and DE 2.3 pre-adipocyte cells were
plated from frozen stock and placed in an incubator. Once the plates reached 80-90%
confluence, cells were split into 3 wells of a 6 well plate per transfection, so that each well would
be 80-90% confluent by the time of transfection. Since transfections were performed using
Lipofectamine 2000, the cells were plated using antibiotic-free DMEM media with 10% FBS to
prevent antibiotic-induced cytotoxicity during plasmid uptake. Transfections were performed
using lipofectamine 2000 according to the manufacturers protocol (Invitrogen). For a single well
of cells in a 6-well plate, the total amount of DNA to be used for transfection is 2500ng. We
therefore added equal molar amounts of 5’ -cas9:sgRNA1 and 3’ -Cas9:sgRNA2/3 constructs to
induce two simultaneous double stranded breaks and subsequent deletion of targeted
sequences. Furthermore, 1/10 of a molar volume of pMaxGFP plasmid was added to serve as a
fluorescent marker. 1200ng of Cas9:sgRNAL plasmid and 1200ng of Cas9:SgRNA2 were mixed
equaling to a total molar concentration of 0.414pmol to which 90ng of pMaxGFP was added
which equated to 0.041pmoils into 150uL of Opti-MEM reduced serum media (Gibco) (per well).
We also transfected one well from each cell line with 2400ng PspCas9(bb) empty Cas9 vector
(0.414 pmol) with no gRNA along with 1/10 molar volume of GFP (0.041 pmol) to serve as a
negative control. A 3:1 ratio of lipofectamine 2000 volume per microgram of total DNA was
empirically confirmed to provide the best transfection efficiency therefore, 7.5uL of
Lipofectamine 2000 reagent was diluted in a separate tube containing 150uL of Opti-MEM

media. The contents of the two tubes were combined and incubated at room temperature for 15
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minutes before slowly pipetting the mixture drop by drop into the respective wells. Cells were
placed back into the 37°C incubator overnight. After 24 hours, cells were checked for GFP
fluorescence using light microscopy. Transfected C2C12 wells indicated around a 30%
transfections efficiency (based on 1/10 molar volume of GFP), while De 2.3 adipocytes had a

15% transfection efficiency.

Fluorescence activated cell sorting.

We elected to use pMaxGFP plasmid (Lonza) as a visual reporter for transfection
efficiency and plasmid uptake. Cells were first lifted with light trypsinization and counted using a
hemocytometer; a small aliquot of the cell suspension was mixed with 0.4% Trypan Blue at a
1:4 volume ratio to assess cell viability. Cells were then centrifuged, and the supernatant was
aspirated; based on the cell count, enough Fluorescence activated cell sorting (FACS) buffer
was added to the cell pellet to generate a single cell suspension of 1 million cells/mL. The FACs
buffer composition was 25mM of HEPES buffer containing 5mg/mL BSA adjusted to a pH of 7.5.
The BD FACSAria fusion flow cytometer was used to sort single GFP-fluorescent cells into 96
well plates. We avoided high GFP-fluorescing cells as there is a good chance a high amount of
GFP can induce cell death via ER-mediated stress. Instead, we choose to sort cells with
medium to low GFP intensity to avoid this problem. All wells contained 100uL of 25%
conditioned media to promote single cell division and proliferation. Briefly, conditioned media
was made by first growing wild type cells to 60-70% confluence in regular high glucose DMEM
media with 10% serum and antibiotics. While the cells were still in log growth phase, the media
was carefully removed, sterile filtered through a 0.2 um filter, and transferred into sterile 15mL
tubes. 25% conditioned media was made by mixing the conditioned media with fresh regular
DMEM supplemented with 20% FBS and antibiotics at a volume ratio of 1:3. Plates were placed
into the 37°C incubator for 10-14 days to allow for wells to get confluent while regularly checking

the plates every 2 days and replenishing with fresh growth media as needed.
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Colony growth and expansion

Once wells in 96-well plates were at least 90% confluent, cells were trypsinized and 80%
of the cell solution was plated into a replica 96-well plate while the remaining 20% of the cells
replated in the same plate to continue proliferating for expansion. The cells were expanded from
96 wells into 24 wells and finally into 6 well plates. After reaching 80-90% confluency in 6 well
plates, cells were frozen down using complete media containing 20% FBS and 8% DMSO and
kept in -80 °C. Once the replica 96-well plates wells were close to 100% confluency, the cells

were lifted and collected in 1.5mL Eppendorf tubes for DNA extraction.

Genomic DNA extraction

Cell pellets were suspended in 100uL ice cold 1x PBS containing 40ug of Proteinase-K
and 30ug of RNase A after which point, 100uL of cell lysis buffer (L0mM Tris pH 8.0, 200mM
NaCl, 10mM EDTA pH 8.0, 0.5% SDS) was added to the cell suspension and mixed by inverting
repeatedly. Cells were lysed at 56 °C with occasional vortexing. DNA was extracted with an
equal volume of buffer-saturated phenol/chloroform/isoamyl alcohol (25:24:1) and precipitated
using 2.5x volume of 100% ethanol. DNA pellets were washed with 70% ethanol and
suspended in nuclease-free water. The concentration and purity were measured using

NanoDrop.

Genomic Endpoint PCR screening

Polymerase chain reaction (PCR) was performed using different sets of primer pairs
flanking the deletion, listed in table 5, using the OneTaq 2x master mix with standard buffer. In
some cases, a primer pair encompassed within the Chkb(promoter-CGl) deletion, primer pair E3
listed in table 5, were also used as an additional verification step for deletion. PCR was
performed using the following cycling conditions: 95 °C for 3 min; 35 cycles of 95 °C for 30 s, 60

°C for 45 s, and 68°C for 1 min/kb; 68 °C for 5 minutes. PCR products were separated by gel
115



electrophoresis with ethidium bromide staining and visualized using UV fluorescence on the
ChemiDoc™ Imaging System (BioRad). The presence of WT Nondeletion band would indicate
that the deletion has not taken place, the presence of a single deletion band would indicate a bi-
allelic deletion, and the presence of both deletion and nondeletion bands would represent a

heterozygous deletion.

Genomic gPCR screening

A second level of screening was also done using gPCR primer pairs that amplify 100-
150bp regions of the DNA spanning the entire Chkb-Cptlb locus. CRISPR screening Amplicons
are mapped in figure 3B and 5B for C2C12 and DE2.3 mutants, respectively. Genomic qPCR
was performed using and the following cycling conditions: 95 °C for 5 min; 35 cycles of 95 °C for
30 s, 60 °C for 45 s, and 68°C for 1 min/kb; 68 °C for 5 minutes using Power SYBR Green PCR
Master Mix (Thermo Fisher Scientific) in accordance with manufacturer’s instructions using a

C1000 Touch™ Thermal Cycler (Bio-Rad, Hercules, CA).

RNA extraction and qRT-PCR analysis

All primers for quantitative reverse transcription and PCR (gRT-PCR; Table 1) and
genomic quantitative PCR (qPCR; Table 2) were designed and validated as previously
described to ensure that the requirements for quantification by the comparative threshold cycle
(Cy) method were met [151]. RNA purification, cDNA synthesis, and gPCR were performed as
previously validated and described in detail [151]. Briefly, cells were directly lysed in 6 well
plates using trizol reagent and RNA was purified according to the manufacturer’s instructions.
RNA was reverse transcribed using the Verso cDNA synthesis kit (Thermo Fisher Scientific,
Waltham, MA). QPCR was performed with Power SYBR Green PCR Master Mix (Thermo
Fisher Scientific) in accordance with manufacturer’s instructions using a C1000 Touch™

Thermal Cycler (Bio-Rad, Hercules, CA). The specified primer pairs are shown in Table 1.

116



Transcript levels were measured by the comparative C; method using beta-2 microglobulin

(B2M) as an internal control.

Puromycin selection

Puromycin antibiotic kill curves were performed to empirically derive the lowest
concentration of puromycin that would result in 100% cell death for wild type C2C12 and DE 2.3
cells. Cells were equally split and grown in 24-well plates until 80-90% confluent. Media was
replenished with varying concentrations of puromycin ranging from 0.5ug/mL to 10ug/mL and
plates were incubated 24 hours at 37 °C. After 24 hours, cell survival percentages were noted
for each well. All wells were replenished with fresh media containing puromycin and incubated
for another 24 hours. After 48 total hours of puromycin selection, the lowest concentration of
puromycin that resulted in 100% cell death was noted and used for puromycin selection of
CRISPR mutants. Ideal puromycin concentration for C2C12 cells was discovered to be 2ug/mL
while DE2.3 cells required a concentration of 3ug/mL for 100% cell death within 48 hours.
Transfections were carried out as described earlier for ChkbA(promoter-CpG) deletions as well
as negative control transfections for both cell lines using only the empty pspCas9(BB) vector
and GFP. After 24 hours, the media was changed with fresh complete DMEM (10%FBS 1%
Pen/strep) supplemented with the predetermined concentrations of puromycin. Cells were
placed into 37 °C incubator for 24 hours; after 24 hours the percentage of surviving cells were
noted, and media was replenished with puromycin, and cells were placed back into the
incubator for an additional 24 hours. After a total of 48 hours of puromycin selection, media was
removed, and wells were washed with 1x PBS and replenished with regular complete DMEM
growth media (10% FBS and 1% pen/strep) and cells were allowed to recuperate overnight
before limiting dilutions. Surviving cells were plated at a concentration of 1 cell per well in 96
well plates to isolate monoclonal cell populations. Cells were passaged as described previously

and genomic DNA was extracted for PCR screening.
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FAO Respiration (Oroboros O2K)

Mitochondria respiration assay was performed in a high-resolution respirometer (02K,
Oroboros) to determine the steady-state rate of oxygen consumption (JOZ2, i.e., e— flow through
electron transport system, ETS). Intact cells at empirically determined concentrations (0.5 or 1
million cells per ml) in buffer Z were loaded into the O2K chamber (1ml) with temperature setting
at 37°C and continuous stirring. After loading to O2K chamber (0.5 ml, 37°C, continuous
stirring). After baseline respiration was established, cells were energized with various
mitochondrial substrate combinations along with ADP. Malate (1mM) was added to maintain the
tricarboxylic acid cycle, followed by ADP (0.5mM) to stimulate respiration. Substrates were
added in the following concentrations: palmitoyl-CoA (20 uM), I-carnitine HCI (5mM), palmitoyl-
carnitine (20uM). PMGSO: pyruvate (5mM), malate (1mM), glutamate (5mM), succinate (5mM),

octanoyl-carnitine (250uM).
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Table 3. Primer sequences for CRISPR genotyping analysis by gPCR.

Top strand Bottom strand
SgRNA-1 AAGCTACGAGTTTCGGTGTA TACACCGAAACTCGTAGCTT
SgRNA-2 TAGGCCAATCCCGAGCGCCG CGGCGCTCGGGATTGGCCTA
SgRNA-3 CGTGGTTCGGTAGTGAGCAT ATGCTCACTACCGAACCACG

Table 4. Primer sequences for CRISPR genotyping analysis by qPCR.

Amplicon Primer Sequences

gl CCCACCTGCACGTTTATCTG CACTGAGAGCTGGAGAGAGG
g2 TCGGATCCCATTACATACAGACT GCACTGATCCCTCTTCCAGA
g3 CTCTTCAGCCCCATCCCTAG GAAAGGGCCTCAAAGCTACG
g4 TTAACGTCTCCCTCTTCCCG TAAGAATCAGTCCGGCGTGT
g5 CCACAGGCTCGGCTAATCTA ATGGACGATGGTAGTTTGCG
g6 TAAACCTAACGGAGCCCACG CATCCTGCAAACCGTCCTTG
g7 AGGTGCTGCTACGACTCTAC TTGCTCCAGATGTCCGAACT
g8 ATTCCAATCTCCCCAGTCCC CCTTCTGAACCTCTGCCAGA
g9 CTCCTGGTGACCTTTTCCCT CACAAGGTTGCTGGAAGGTC
gl0 GGCACACTAAGCACCTTCTG CTCAGAGCCTCCCGACTAAG
gll CTCAAGTCATGGTGGGCAAC TCTTCCCACCAGTCACTCAC
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Table 5. Primer sequences for Endpoint PCR.

Amplicon Primer Sequences

El CTCTTCAGCCCCATCCCTAG CATCCTGCAAACCGTCCTTG
E2 TAACCGCTTAGCCACCTCTT ACCAAGGAGTCTACACCCTG
E3 TTAACGTCTCCCTCTTCCCG CATCCTGCAAACCGTCCTTG
E4 CCCACCTGCACGTTTATCTG ACCAAGGAGTCTACACCCTG

120



CHAPTER IV: SIGNIFICANCE AND FUTURE DIRECTIONS

This project provided more needed information to decipher the molecular pathway required for
BAT emergence in placental mammals. The peculiar, conjoined nature of Chkb and Cptlb may
have been an important arrangement that allowed for elevated expression of Cptlb through a
more constitutively active Chkb promoter. The Chkb-Cptlb apposition is unique and conserved
in eutherians. Furthermore, the transcriptional and regulatory linkage allowed for co-expression
of these genes, which are functionally connected, at higher levels in cells that utilize higher rates
of FAO (skeletal muscle, heart, and BAT). These findings support a model in which the genomic
convergence of syntenic CHKB and CPT1B genes through an intergenic deletion resulted in
their coordinated expression as a conjoined gene in eutherians and provided for the novel
attainment of elevated mitochondrial FAO in an extant cold-induced multilocular adipocyte
lineage, contributing to the evolution of thermogenic BAT in eutherian mammals. We also found
evidence for Chkb-Cplb synteny being constrained by a functional UCPL1 (figure 8) and loss of
UCP1 leading to relaxation of constraints on Chkb-Cptlb synteny that are evident in the Saurian
clade (figure 8b).

It's important to also mention the existence of a skeletal muscle based non-shivering
thermogenesis mechanism that seems to predate BAT-based NST in mammalian evolution.
Briefly, calcium slippage from the sarcoendoplasmic reticulum ATPase (SERCA) results in heat
production through continued ATP hydrolysis, meanwhile myofibril contraction does not take
place. This mechanism can occur naturally as described and may be present to some extent in
some fish and reptiles. However, a mammalian-specific muscle NST may also be present that
involves sarcolipin (SLN) acting as a regulator and uncoupling the SERCA pump to cause futile
calcium cycling and heat production from ATP hydrolysis. Anecdotal evidence in hibernating

echidnas, of the monotreme clade, indicated that the organism rewarmed in its hibernaculum



from 13°C to 18°C without any noticeable shivering or muscular movements [92]. This means
that perhaps muscle NST may have predated classical UCP1-dependent BAT thermogenesis
and may have been the predominant NST program in metatherians such as marsupials and
monotremes. The question arises though, if muscle NST was existent in mammals, why was
there a need for BAT NST? A few proposed explanations suggest that muscle NST may not
have been sufficient to help defend body temperature from cold exposure at birth, or for rapid
arousal from torpor and furthermore, a possible disturbance in locomotion from muscle NST
which would’'ve been a costly trade-off for survival against predation [91, 93-95].

Additionally, this work highlights the ability of CpG islands to act as promoters, even
being located within the 5’ coding region of the gene, without any functional TATA boxes. We
found significant enrichment of transcriptional initiation along with H3K4me3 and AcH3
chromatin modifications specifically localized to the Chkb CpG island in C2C12 and DE cells,
primary myocytes cultured from humans and mice, as well as in excised murine skeletal muscle,
heart, and BAT tissue. The expression of Cptlb is higher in mouse skeletal muscle, heart, and
BAT tissue compared to cultured primary and transformed cells, however transcriptional
initiation is still predominantly localized to the Chkb CpG island suggesting that the dependence
of Cptlb expression being coupled to Chkb is not merely a feature of culture conditions rather it

is present at every level of the physiological system.

Although we have presented the scenario where both genes are transcribed in concert,
transcription of Chkb is not necessarily required to transcribe Cptlb, instead, just the mere
maintenance of an open chromatin domain encompassing both genes may be the only
requirement for increased Cptlb expression. The presence of a detectable read through
transcript may also play a regulatory role (IncRNA) in maintaining this open chromatin state to
allow for RNAPol Il processing through the entire Chkb- Cptlb locus and RNA Pol pausing in

the intergenic region to transcribe Cptlb as a separate mRNA product.
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We have also discovered the presence of a CpG island within the intergenic sequence in
the distal promoter region of the opossum cptlb gene which serves as an independent site of
transcriptional initiation and histone modifications for cptlb unlinked from the CHKB activity.
Furthermore, expression data for the CHKB and CPT1B genes in various opossum tissues
suggest that the CHKB gene is associated with a WAT specific enhancer while CPT1B is more
highly expressed in skeletal muscle. The intergenic deletion and specifically the deletion of the
Cptlb-specific CpG island may have resulted in novel expression of CPT1B in the newly

acquired BAT that has the characteristics of WAT and skeletal muscle.

Using C2C12 skeletal muscle and De 2.3 brown fat murine transformed cell lines,
respectively, had obvious functional limitations, however we discovered that CRISPR-mediated
deletion of the Chkb promoter and CpG island resulted in a drastic reduction in not only Chkb
but also Cptlb transcript levels. Furthermore, the deletion also resulted in a loss of histone
modifications and RNA Pol Il initiation and elongation that spans the entire Chkb-Cptlb
chromatin domain. These cell models were informative on the transcriptional and regulatory
mechanism of Chkb-Cptlb especially considering we are only in the beginning stage of this
project. While we did not discover strong morphological differences that would be expected from
the loss of Chkb, we can attribute this to the compensatory action of Chka which is still highly
expressed in mutants and WT to contribute to the PC pool. Additionally, we even detected an
increased expression of Cptla with the knockout of Cptlb. It will be more physiologically
significant to induce the same CRISPR-mediated deletion in a transgenic mouse model
because O2K respiration assays indicated that the rate of FAO was already very low in C2C12
and DE 2.3 WT cells which is not surprising considering these cells have been maintained in
high glucose (25mM) media suggesting a shift in substrate preference for glucose over fatty acyl
CoAs. While neither group of cells (mutants or WT) showed significant change in oxygen

consumption when supplied with palmitoylCoA or palmitoylcarnitine, we did observe a
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diminished change in oxygen flux in C2C12 mutant 1 compared to wildtype in response to
PMGSO addition, indicating that overall mitochondrial function is perturbed in the mutants with

the ChkbA(promoter-CGl) deletion.

Though still in its infancy, we hope that further characterization of the Chkb-Cptlb gene
locus could be used as a therapeutic target to combat obesity and metabolic disorders. Of
course, as obesity results from increased triglyceride storage leading to lipotoxicity and leakage
into the plasma, the formation of more thermogenic adipocytes to ameliorate the positive lipid
balance via increased Chkb-Cptlb expression would be a way to amplify and take advantage of

the natural framework already present in the body.

This dissertation successfully addresses the emergence of BAT, a formative event in the
evolution of placental mammals with a novel focus on the evolution of the CHKB-CPT1B gene
locus beyond the occurrence of functional UCP1. The elevated capacity for homeothermy from
BAT provided significant advantages including exploitation of new ecological niches, increased
maternal energy investment in reproduction, and support for smaller-bodied mammalian
survival. Aside from the BAT based homeothermy, the apposition of CHKB and CPT1B resulted
in an elevated basal metabolic rate which includes skeletal muscle FAO. Additionally, this
project explored the conjoined gene phenomenon and addressed how changes in regulatory
sequences can influence the evolution of phenotype. Deletion of the intergenic region which
likely included a CPT1B-specific CpG island enhancer resulted in syntenic genes and a novel

transcription regulatory network dominated by the upstream CHKB gene.
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