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ABSTRACT OF THE DISSERTATION

Novel Insights Into the Mechanisms of Atherosclerosis

by

Rebecca Hernandez

Doctor of Philosophy, Graduate Program in Biomedical Sciences
University of California, Riverside, September 2024
Dr. Changcheng Zhou, Chairperson

Atherosclerosis is a chronic inflammatory disease characterized by the
accumulation of lipids, immune cells, necrotic cells, and other fibrous material in the sub-
intimal space of large arteries. The lack of medical intervention or lifestyle changes can
lead to advanced plaque development and plaque rupture, causing complete obstruction of
blood flow, and ultimately death. Novel small noncoding RNAs (sncRNAs) including
tRNA-derived small RNAs (tsRNAs) and rRNA-derived small RNAs (rsRNAs) have
emerged as new players in regulating biological processes in various diseases but their role
in atherosclerosis remains unknown. Using a novel PANDORA-seq method for the
detection of highly modified sncRNAs, we identified many dysregulated tsRNAs and
rsRNAs in the intima of high cholesterol diet (HCD)-fed LDL receptor-deficient (LDLR ")
mice as compared with traditional small RNA sequencing results. HCD-induced intimal
tsRNA-Arg-CCG may contribute to atherosclerosis by stimulating endothelial dysfunction.
Emerging studies also suggest paternal dietary exposures may affect offspring health via

tsRNA/rsRNA-mediated intergenerational transmission of paternal phenotypes. We found

Vi



that paternal HCD feeding can increase atherosclerosis in F1 female, but not F1 male,
offspring, which was associated with increased intimal inflammation in the F1 females.
Using PANDORA-seq, we confirmed that tsSRNAs and rsRNAs were also altered in the
sperm of HCD-fed mice, which correlated with expression changes in sncRNA-biogenesis
related genes in the epididymis. These studies highlight the function of tsRNA/rsRNA in
disease development and the transmission of diseased phenotypes. In addition to the
discovery of tsRNAs and rsRNAs in mediating atherosclerosis development, we also
investigated the effects of adventitial fibroblast [kB kinase  (IKKp) in regulating plaque
stability. The involvement of the adventitia on plaque development has been largely
overlooked. IKKf is a known pro-inflammatory molecule and has been previously
demonstrated to promote plaque development. Interestingly, we found that deficiency of
IKKB in fibroblasts rendered LDLR ™~ mice to develop unstable plaques characterized with
thin fibrous caps, large necrotic cores, and reduced collagen content. Single cell-
sequencing analysis revealed decreased smooth muscle cell population in fibroblast IKKf
deficient aortas, possibly due to reduced fibroblast to smooth muscle cell differentiation.
These results indicate that fibroblasts are crucial for maintaining the plaque stability in an
IKKB-dependent manner. Collectively, these studies revealed new contributors of
atherosclerosis development, including novel tsRNAs/rsRNAs, paternal diet, and

fibroblast IKK[ on atherosclerosis development and plaque stability.
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1. Chapter 1: Introduction

1.1 Atherosclerosis — an Overview

Atherosclerosis, or plaque development in the arteries, is the major contributor of
cardiovascular disease (CVD) and death worldwide. It is a multifactorial disease causing
narrowing of large and medium arteries, which reduces blood flow to major organs
resulting in deadly outcomes such as carotid artery disease, coronary artery disease,
peripheral artery disease, and chronic kidney disease. There are several risk factors
associated with atherosclerosis development including hypertension, elevated cholesterol,
diabetes, obesity, substance use, inactivity, and genetic factors. However, despite medical
intervention and lifestyle changes, atherosclerosis remains a significant health crisis

worldwide.

Atherosclerosis was initially believed to be associated with dysregulated lipid and
cholesterol storage, but in the 19" century Rudolf Virchow proposed that inflammation
may be the primary contributor to atherosclerosis (1). However, this idea was not explored
until the 1970s when Russel Ross introduced the “Response to injury” hypothesis, which
considers all of the interactions and inflammatory responses from the cells involved in
atherosclerosis and was later combined with his “Inflammation hypothesis™ (2, 3). Since
then, the link between atherosclerosis and inflammation has been extensively studied and
proven to be important in atherosclerosis development like Virchow first hypothesized.

Today, atherosclerosis is characterized by the uncontrolled accumulation of lipids, immune



cells, and other fibrous material into the sub-intimal space that is driven by chronic

inflammation (4-8).

At the cellular level, atherosclerosis is initiated when the inner intimal layer, composed
of endothelial cells, undergoes a phenotypic change, termed endothelial dysfunction,
stimulated by modified LDL such as oxidized-LDL (oxLDL) and the presence of other risk
factors. The endothelium fails to maintain vascular homeostasis during endothelial
dysfunction like vasodilation, eliminating reactive oxygen species, and maintaining an
appropriate inflammatory balance. Various chemotactic factors and adhesion molecules
are expressed by endothelial cells undergoing endothelial dysfunction, which aids in
monocyte migration and infiltration. Ox-LDL is rapidly taken up by monocyte scavenger
receptors upon monocyte infiltration, leading to the conversion of monocytes into lipid-
filled macrophage foam cells. The lesional foam cells can release inflammatory factors to
further contribute to the monocyte infiltration, lipid build-up, and a vicious inflammatory

cycle (Figure 1.1) (6-9).

While acute vessel wall inflammation leads to asymptomatic fatty streaks on the vessel
wall, chronic inflammation and the gradual, uncontrolled accumulation of foam and
necrotic cells develop into symptomatic plaques. If left untreated, the plaque increases in
size and may eventually rupture, exposing the thrombogenic core and giving rise to a
thrombus, or blood clot. Thrombosis can be life-threatening, causing complete blockage in
the brain, heart, or other major organs. Thus, controlling the stability of the plaque is
necessary to prevent thrombotic events. Though the mechanisms behind plaque instability

remain elusive, the characteristics of rupture prone plaques include a thin fibrous cap, small



extracellular matrix (ECM) component, large immune cell infiltrate, and a large necrotic

core (10).

It has been recognized for decades that vascular smooth muscle cells (VSMCs) in the
middle, or medial, layer undergo bi-directional phenotypic switching between contractile
to synthetic during atherosclerosis progression, enabling VSMC:s to proliferate and migrate
to the cap of the plaque (also termed, fibrous cap) (11). It is also believed that VSMCs
contribute to ECM deposition, such as collagen, to reinforce cap stability (11). Therefore,
dysregulation in VSMC phenotypic switching, or the lack of VSCMs at the cap may
contribute to plaque instability. Indeed, it has been documented that VSMCs are nearly
absent in human samples of ruptured plaque, further contributing to the notion that VSMCs
are essential for maintaining plaque stability (12). Besides their role in plaque stability,
VSMC:s are also believed to uptake lipids, rendering them foam cells, which may necrotize
and contribute to the necrotic core (11). Though this topic remains controversial, it suggests
that VSMCs can be both beneficial and detrimental to plaque stability and the mechanisms
dictating the fate of VSMCs are unknown and require further investigation. Interestingly,
other origins of VSMCs have been reported such as circulating or adventitial progenitor
cells (13, 14), alluding to the fact that cellular contributions to plaque stability is complex

and requires more research to trace the origins of fibrous cap cells.

1.1.1 Generational inheritance of CVD
The discovery and wide production of drugs targeting risk factors of CVD Such as
elevated cholesterol, hypertension, and glucose intolerance have decreased CVD age-

specific death rates (15, 16). Unfortunately, this declining trend is stabilizing, and CVD



remains the world’s leading cause of death despite the various medical interventions
available to treat the risk factors associated with disease progression (16). Thus, the
presence of atherogenic risk factors alone cannot fully explain the epidemiology of this
disease. Studies have demonstrated that parental suboptimal exposures such as an
unhealthy diet, ageing, or environmental toxicants can modify the germline epigenome,
affecting embryonic and fetal development resulting in adverse health outcomes in adult
offspring. Furthermore, various epidemiological studies, such as the Overkalix cohorts of
Northern Sweden and the Dutch famine of 1994, have provided evidence of generational
epigenetic inheritance through multigenerational analysis of these cohorts. For example,
studies of the Overkalix cohorts of Northern Sweden demonstrates that early life reduction
of food supply was correlated with decreased mortality rates in grandchildren (17).
Interestingly, these were sex-specific observations where grandson mortality was
associated with grandfather food supply, and granddaughter mortality was associated with
grandmother food supply (17, 18). Additionally, during the Dutch famine of 1994,
offspring from mothers who were in their last trimester during the famine became less
obese, whereas mothers who were in their early pregnancy resulted in higher obesity rates
in their offspring (19). These landmark studies provided some of the initial evidence of
nonmendelian inherited traits, which drove for a deeper exploration behind the mechanisms

of these inherited phenotypes.

In relation to cardiovascular disease, longitudinal cohort studies, such as the
Framingham cohort study, the Physicians’ Health study, and the Women’s Health Study

provide evidence that parental history of CVD or presence of associated risk factors in



parents serve as an independent risk factor for atherosclerosis development in offspring
(20-23). Though we cannot ignore familial lifestyles as a contributor of CVD trends in a
family group, rodent models have made it possible to investigate the association between
parental suboptimal exposures, such as diet, to CVD outcomes in a controlled environment.
A series of studies by Napoli and colleagues have demonstrated that maternal
hypocholesterolemia in human or rodent models increase fatty streak and subsequent
plaque size in fetal and postnatal offspring (24-26). Interestingly, early maternal
antioxidant or lipid lowering intervention can reverse maternal hypercholesterolemia-
elicited increase atherosclerosis development in their offspring (27, 28). The mechanism
behind maternal hypercholesterolemia-induced cardiometabolic disease in offspring have
not been fully investigated, but it has been suggested that maternal hypercholesterolemia
alters the macrophage epigenetic state, inhibiting LXRa and PPARg expression. In turn,
this promoted macrophage polarization toward an M1 inflammatory phenotype in the

offspring (29).

Besides maternal effects, paternal suboptimal diets can also affect offspring health.
For example, paternal high-fat diet (HFD) feeding in rodents can induce a range of
metabolic disorders in the offspring (30-32) Paternal low-protein diet can also affects
offspring health and impair vascular function and metabolic disorders in offspring (33-36).
Besides dietary challenges, environmental toxicants can also elicit inter- and trans-
generational adverse health effects in the offspring (37-40). For example, it was
demonstrated that maternal in utero exposure to lipopolysaccharides (LPS) in rats triggered

hypertension in F1 through F5 progeny (41), proving that environmental exposures may be



imprinted in the epigenome across multiple generations. Together these studies support the
concept that parental environmental exposures may interfere with offspring epigenetic
signatures resulting in adverse cardiometabolic phenotypes. Various well-known
epigenetic regulators have been proposed to contribute to intergenerational inheritance of
environment-induced phenotypes in mammals (42). Interestingly, sperm small non-coding
RNAs (sncRNAs) especially tRNA-derived small RNAs (tsRNAs) and rRNA-derived
small RNAs (rsRNAs) have been shown to directly contribute to the transmission paternal

metabolic phenotypes(32, 43-45).

1.2 Small noncoding RNAs- an Overview

It was originally thought that the noncoding regions of DNA do not contain any
function or benefit to the organism (46). However, when scientists discovered that only
<2% of the human genome encodes for protein, it was presumed that the remaining ~98%
must have a functional purpose. It quickly became evident that ncRNAs participate in
regulating molecular processes including gene regulation and may become dysregulated in
disease conditions such as atherosclerosis. ncRNAs can be categorized into small (<200
nt) or long (>200 nt) ncRNAs (sncRNA or IncRNA, respectively) that have similar
functions in regulating molecular processes (47). For example, sncRNAs and IncRNAs
control gene expression via chromatin remodeling by recruiting chromatic remodeling
complexes, transcriptional regulation via partial or complete complimentary sequences,
post-transcriptional modifications, and interference with translational machinery(48, 49).

IncRNAs and sncRNAs have also been identified as potential biomarkers for certain



diseases such as cancer and CVD (50-52). Thanks to the continual progress made towards
RNA detection, we are now aware of the diverse sncRNA subtypes, which includes
microRNA (miRNA), piwi-interacting RNA (piRNA), circular RNA (circRNA), and
highly modifies sncRNA species tRNA-derived sncRNA (tsSRNA) and rRNA-derived

sncRNA (rsRNA). Importantly, many of these remain underexplored.

tsRNAs (also referred to as tDRs, tRFs, or tiRNAs) have been gaining much
attention recently due, in part, to their evolutionary conserved sequences and roles in
regulating gene expression, translation, apoptosis, histone modifications, cell-cell
communication, and for their role in epigenetic regulation (53-56). However, tsSRNA
mechanisms of action are still being investigated. The first report investigating tsSRNAs in
atherosclerosis was a human study conducted by He et al in 2021, which involved plaque
samples from healthy individuals and patients with atherosclerosis. In the atherosclerotic
patients, 315 dysregulated tsSRNAs were identified including tsRNA-Gly-GCC (referred to
as tRF-Gly-GCC in the study). Further exploration revealed that tsSRNA-Gly-GCC may
regulate cell adhesion, proliferation, and migration in endothelial cells and VSMCs in vitro
(57). Though this study demonstrates the potential role of tsSRNAs in atherosclerosis

development, more studies are needed to elucidate their roles and mechanisms.

1.2.1 Detection of highly modified sncRNAs

With the continual progress made towards RNA detection, we are now aware of the
diverse sncRNA landscape, which includes the highly modified tsRNAs, rsSRNAs, piRNAs,
circRNAs, and others. However, RNA species such as tsSRNAs and rsRNAs contain high

levels of modifications (e.g., methylation and terminal modifications) that act as physical



barriers during cDNA construction and render it difficult to capture via traditional
sequencing methods (58-60). For example, Nl-methyladenosine (mlA), N3-
methylcytidine (m3C), and NIl-methylguanosine (m1G) are modifications found on
tsRNAs which block reverse transcription during traditional cDNA construction (58, 59).
As aresult, methylated tsRNAs and other sncRNAs escape library construction and remain
undetected. Additionally, several sncRNA species contain 3’ terminal modifications
including 3’-phosphate (3’-P) and 2’3’-cyclic phosphate (2°3’-cP) that block adaptor
ligation which also escape traditional library construction (60). Although these
modifications hinder our detection capacity of sncRNAs, they are essential for the stability

and function of RNA in normal and pathological conditions (30, 43, 61).

To address this technical obstacle, we developed a new technique, called PANDORA-
seq (Panoramic RNA Display by Overcoming RNA Modification Aborted Sequencing), to
overcome the limitations in sncRNA discovery (Figure 1.2), which can detect more rsRNA
and tsRNA than traditional-seq (59). Specifically, PANDORA-seq utilizes a pre-size-
selection step and enzymatic treatments to overcome RNA fragmentation and
modifications (Figure 1.2). The PANDORA-seq method has revealed distinct patterns of
tsSRNA and rsRNA expression profiles in a tissue and cell specific manner, which is not
detected with traditional-seq (59). PANDORA-seq has also been previously used to detect
dysregulated tsRNAs in sperm under certain conditions, such as chemical exposures (37,
62). By utilizing PANDORA-seq, we are now able to identify more tsRNA and rsRNA

species that become dysregulated in diseased conditions.



1.2.2 sncRNAs as epigenetic regulators and carriers of diseased phenotypes

The epigenome refers to the genomic chemical imprints that do not involve changes in
genetic sequences but can regulate gene expression patterns. This epigenetic information
can be inherited from parent to offspring and is also responsible for determining cell fates
(63). However, the epigenome is sensitive to environmental stimuli and may undergo
epigenetic re-programming, which can lead to changes in gene expression causing
phenotypic changes in the absence of genetic mutations. Epigenetic modifications and
regulators such as DNA methylation, histone modifications, and sncRNAs have been
proposed as the main mechanisms for the epigenetic transmission of disease risk across

multiple generations (63).

SncRNAs like piRNAs and tsRNAs have been known to exert epigenetic regulation.
piRNAs are a class of small noncoding RNAs that are mainly expressed in the germline
and interact with PIWI proteins. The piRNA/PIWI complex recruits epigenetic
modification factors to silence transposon elements, regulate chromatic remodeling via
histone modification, and perform DNA methylation (64-66). Similarly, tsSRNAs can also
interact with PIWI proteins to exert similar epigenetic functions, such as histone
modification (67, 68). Specifically, tsSRNA-Glu can interact with PIWIL4 to recruit H3K9
histone methyltransferases to stimulate CDA1 promoter methylation (67). tsSRNAs may
also participate in posttranscriptional gene silencing by acting similarly to miRNAs and
forming RISC complexes (69). tsRNAs have also been implicated in regulating histone

assembly via downstream heterochromatin-mediated transcriptional repression (70).



Further studies are required to fully elucidate the mechanism behind tsRNA-mediated

epigenetic regulation.

It has been discovered that mature mouse sperm carry a subset of tsRNAs and
rsRNAs, which are the dominant form of small RNAs in mature sperm (31, 71, 72). These
tsRNAs are also sensitive to expression and modification alterations with exposures to
certain stimuli (i.e., HFD, low protein diet, and EDCs) (31, 72-75). In fact, it was
discovered that the injection of highly modified sperm tsRNA/rsRNA-enriched RNA
fractions (30-40nt) from HFD-diet fed male mice into normal zygotes induced metabolic
disorders in the F1 offspring (30). It was further demonstrated that an RNA
methyltransferase, Dnmt2, can regulate the biogenesis of both tsSRNAs and rsRNAs, and
alter secondary sncRNA structures and biological properties which underline sperm RNA’s
biological impact in epigenetic inheritance (31). These emerging data promote the concept
that sperm RNAs and their RNA modifications form a sperm RNA code—a type of
epigenetic information beyond the DNA sequence that induces offspring phenotypes
mirroring paternal environmental stressors (32). Although the mechanism of tsRNA-
mediated epigenetic regulation of metabolic disease is still being investigated, these studies

set the stage to further examine a wider range of diseases, such as cardiovascular disease.

1.2.3 tsRNA biogenesis in the male reproductive system

The biogenesis of tsSRNAs is driven by systematized tRNA cleavage to produce
tRNA halves (~30 nt), shorter 3° and 5’ tsRNA fragments, or internal fragments (~18-22
nt) (55, 56). tsRNA halves are generated by anticodon loop cleavage by angiogenin (ANG)

(76-78), while the shorter fragments are generated by D-loop and T-loop Dicer-induced
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cleavage (78). Likewise, other ribonucleases (i.e., RNase T2, RNase L, RNase P, etc.) are
known to cleave tRNAs at various sites (55, 78). Modifications on mature tRNAs can also
regulate tRNA cleavage by promoting or suppressing cleavage at certain sites. For
example, DNMNT?2 is a methyltransferase that initiates m°C methylation on multiple
tRNAs, which prevents cleavage at those sites. On the other hand, loss of m>C methylation
increases cleavage susceptibility (79). Together the expression of cleavage and
modification enzymes (tsRNA-biogenesis genes) facilitate precise tsSRNA biogenesis,

which mediates biological processes in the cell.

External stimuli may alter the expression of tsSRNA-biogenesis genes in the male
reproductive system, resulting in changes in the tSRNA landscape in the sperm (30, 80).
Notably, sperm are unable to synthesize their own tsRNAs because they are highly
compacted and transcriptionally inactive. Instead, sncRNAs are trafficked from epididymal
epithelial cells during post-testicular maturation via extracellular vesicles called
epididysomes (81). Interestingly, it has been reported that sperm in the different
compartments of the epididymis contain varying levels of sncRNA subtypes and become
increasingly enriched with tsSRNAs by the time sperm has reached the cauda epididymis
(82). Therefore, changes in tsRNA-biogenesis genes in the epididymis in response to
external stimuli can alter the tsSRNA landscape that is eventually shuttled to the sperm,

leading to downstream epigenetic changes.
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1.3 IKKp and NF-kB Signaling — an Overview

Chronic low-grade inflammation has been established as a major contributor to the
development of atherosclerosis (7). Many inflammatory pathways that contribute to the
cardiometabolic disease risk are regulated by the transcriptional factor NF-xB, a master
regulator of the innate and adaptive immune responses (83, 84). In non-stimulated cells,
NF-kB remains in the cytoplasm bound to specific inhibitory proteins — the inhibitors of
NF-kB (IkBs). In response to various stimuli including proinflammatory cytokines,
infectious agents, reactive oxygen species, and free fatty acids, membrane-bound receptors
such as the tumor necrosis factor receptor family, interleukin-1 receptor, and toll-like
receptors, become activated leading to the activation of the IKK complex (85, 86). The
IKK complex is composed of two catalytic subunits (IKKa and IKKf) and a regulatory
subunit (IKKy/NEMO). IKKP and its serine-threonine kinase activity are essential for the
phosphorylation and ubiquitination of IkB leading to free NF-kB that can then translocate
to the nucleus and regulate the expression of many target genes (84, 87). In addition to
regulating the NF-kB pathway, more new targets of IKKP have also been identified,
including b-catenin, x-box binding protein, and insulin receptor-1 (Figure 1.3). The known
IKKp substrates and their functions in tumorigenesis, inflammation, diabetes, hormone

response, and cell survival have been discussed in detail in several comprehensive reviews

(88, 89).

1.3.1 The Role of IKKp in Atherosclerosis
For many years, the NF-xB pathway has been implicated in the pathogenesis of

atherosclerosis (90). For example, NF-«kB activation has been detected in atherosclerotic
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plaques, including macrophages, endothelial cells, and smooth muscle cells in both human
and animal models (91-94). Previous studies have implicated that NF-kB activation in
human atherosclerosis was IKKp-dependent and resulted in up-regulation of
proinflammatory and prothrombotic mediators (95). However, recently studies have
demonstrated that the functions of IKKp in atherosclerosis are complex and that IKKf in
different tissues or cell types may have different impact on atherosclerosis development in
animal models. As a significant player in atherosclerosis initiation and progression, studies
have suggested that the inflammatory response in endothelial dysfunction can be driven by
IKKB/NF-«B signaling (4, 91, 96). Gareus et al. previously demonstrated that inhibition of
NF-kB activity through the deletion of IKKYy, or expression of a dominant-negative IkBa
decreases atherosclerosis in atherogenic prone mice (4). They also found that inhibition of
NF-kB in endothelial cells reduced the expression of proinflammatory cytokines,
chemokines, and adhesion molecules, leading to decreased monocyte recruitment into the
plaque (4). Consistently, inhibition of IKKf in human umbilical vein endothelial cells has
been shown to block NF-kB activation, leading to decreased adhesion molecule gene
expression including E-selectin, ICAM-1, and VCAM-1 (97). By contrast, constitutive
activation of endothelial IKKf in mice increased monocyte infiltration into the subintimal
space, which contributed to exacerbating early and late-stage atherosclerosis (98). Indeed,
the rise of age-associated endothelial dysfunction is correlated with increased IKK
activation in arteries while pharmacological inhibition of IKK by salicylate has been shown
to improve age-related endothelial dysfunction (99). Thus, targeting endothelial cell IKK[3

may have beneficial effects against atherosclerosis development.
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The MI1, or proinflammatory, macrophage plays a key role in
atherosclerosis development, while M2, or anti-inflammatory, macrophages enhance
plaque regression and stability (100). Evidence suggests that IKKB/NF-kB pathway
activation polarizes macrophages to the M2, anti-inflammatory phenotype through
negative crosstalk with STAT1 (101, 102). To study the role of macrophage IKKf in
atherosclerosis, Kanters et al. transplanted IKKp-deficient bone marrow-derived
macrophages into atherogenic prone low-density lipoprotein receptor-deficient (LDLR ™)
mice. They found that the mice receiving IKK-deficient macrophages exhibited enhanced
atherosclerotic lesion development and increased necrosis, which suggests a protective role
of bone marrow-derived macrophage IKK[ against atherosclerosis development (103).
However, the same group used a similar method to delete IxkBa in myeloid cells, aimed to
activate NF-kB signaling. Interestingly, those mice displayed increased atherosclerosis
lesion size and leukocyte adhesion without significantly increasing NF-kB targeted genes
(104), indicating pro-atherogenic effects of canonical NF-kB activation. Several other
studies have also found that macrophage IKK/NF-kB pathway has pro-atherogenic effects
(105, 106). For example, inhibition of NF-kB in macrophages through the overexpression
of a trans-dominant and non-degradable form of IkBa can reduce macrophage foam cell
formation in vitro (105). Further, myeloid-specific IKK[ deficiency decreased diet-
induced atherosclerosis in LDLR™" mice by diminishing macrophage inflammatory
responses such as adhesion, migration, and lipid uptake in macrophages (106).

Collectively, these results indicate the role of macrophage IKKB/NF-kB in atherogenesis
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is complex and more studies are needed to completely understand how IKK functions in

myeloid cells to regulate atherosclerosis development.

In addition to endothelial and immune cells, VSMCs also play a key role in
atherogenesis. In the early stages of atherosclerosis, VSMCs undergo a phenotypic switch
from contractile to synthetic where they gain the ability to proliferate and migrate into the
intimal layer. This provides a beneficial effect as these VSMCs proliferate and migrate to
the cap of the plaque and reinforces its stability, lowering the risk for plaque rupture (107).
An earlier study demonstrated that IKKao and IKKP were activated in IL-1B-induced
proliferative response of human saphenous vein smooth muscle cells (108). Notably, the
proliferative ability of human VSMCs were diminished in [KKa and IKKP mutant
transfected cells (108). The role of VSMC IKKJ in atherosclerosis was also investigated
in LDLR ™" mice (109). Deficiency of IKKp in VSMCs driven by a SM22Cre-IKKB-flox
system protected LDLR”’  mice from diet-induced vascular inflammation and
atherosclerosis development (109). These studies suggest that inhibiting IKKB/NF-kB

signaling in the vasculature has anti-atherogenic effects.

1.3.2 Non-canonical mechanisms of IKKp

While deletion of IKKP in VSMCs decreased atherosclerosis development in
LDLR ™ mice (109), those mice were also protected from diet-induced obesity and insulin
resistance. Interestingly, many adipocyte precursor cells express SMC markers and
ablation of IKKp blocked adipocyte differentiation in vitro and in vivo, suggesting that
IKKp functions in adipocyte precursor cells to regulate adiposity (109). Indeed, selective

deletion of IKKp in the white adipose lineage further elucidated the role of adipose
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progenitor cell IKKf signaling in regulating adiposity and metabolic function (109, 110).
Deficiency of adipose progenitor IKK decreased high-fat feeding-induced adipogenesis
and systemic inflammation, resulting in decreased adiposity and insulin resistance in those
mice (109, 110). The function of IKKp in the regulation of adipogenesis was further
confirmed in mesenchymal stem cells (MSCs) (111). Mechanistic studies then revealed an
important crosstalk between IKKP and Wnt/B-catenin signaling (111). Interestingly, IKKf
is a P-catenin kinase that can directly phosphorylate the conserved degron motif of B-
catenin to prime it for B-TrCP-mediated ubiquitination and degradation (85, 111). Wnt/B-
catenin signaling has been well studied to inhibit adipocyte differentiation (112, 113) and
the impact of IKKJ signaling on adipogenesis was abolished in B-catenin-deficient MSCs
(85, 111). Thus, IKKB-mediated B-catenin phosphorylation may play a critical role in

regulating adipocyte differentiation and adiposity in obesity.

Insulin resistance is a very complex syndrome and IKKf has been shown to regulate
insulin resistance by directly interfering with the insulin signaling pathway (114). Once
stimulated by its ligand, insulin, the insulin receptor (IR) becomes activated and
phosphorylates IRS-1 on its tyrosine residues, leading to increased glucose uptake (115).
As a serine kinase, IKKf can ectopically phosphorylate IRS-1 on multiple serine residues,
which prevents proper signaling (116). Several studies have demonstrated that treatment
with glucose lowering drugs and molecules such as kaempferol (117), timosaponin B-II
(TB-II) (118), rosiglitazone (119), and bovine a-lactalbumin hydrolysates (a-LAH) (120)
can alleviate insulin resistance by decreasing or inhibiting IKKf levels/activity resulting in

a reduction of ectopic IRS-1 serine phosphorylation.
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Inflammation is an important contributor of insulin resistance, and adipose tissue
is one of the important tissues for this high-fat feeding-elicited inflammatory response
(121). Adipose IKKp signaling has been implicated in obesity-associated insulin
resistance. For example, studies have found that IKK[ deficiency in adipocyte precursors
or adipose lineage cells can protect mice from diet-induced obesity, systemic inflammation,
and insulin resistance (109, 110). Several studies demonstrated that IKKf deficiency and
XBP1 overexpression attenuates FFA-induced inflammation and impairment of insulin
signaling in cultured adipocytes (122, 123). While hepatic IKK increases nuclear
translocation of XBP1 (124), adipocyte IKKJ is inhibited by XBP1 (123), indicating a
more complex role of IKKB/XBP1 interaction in cardiometabolic disease. Overexpression
of IKKP in adipocytes also led to increased adipose tissue inflammation in mice (125).
Paradoxically, those mice were resistant to diet-induced obesity and insulin resistance,
likely due to increased energy expenditure (125). Deletion of adipocyte IKKf did not
affect obesity in mice but resulted in elevated adipose tissue inflammation, increased
macrophage infiltration and exacerbated insulin resistance (126, 127). With more new
molecular targets of IKK being discovered, there will be more opportunities for fully
understanding the complex function of IKKp in cardiometabolic diseases and for

developing new and effective therapeutic approaches.
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1.4 Scope of Dissertation

1.4.1 Identification and characterization of transfer RNA-derived small RNAs
associated with atherosclerosis development

The overall goal of this study is to utilize PANDORA-seq to identify previously

undetected sncRNAs, such as tsRNAs and rsRNAs, in the intima and sperm of

hypercholesterolemic LDLR™~ mice. Within this study we also investigate the

intergenerational transmission of cardiometabolic disease in the offspring of

hypercholesterolemic vs normocholesterolemic LDLR ™ mice.

Specific Aim 1: Identify and elucidate the role of tsSRNAs associated with atherosclerosis

development in male LDLR ™" mice using the PANDORA-seq method.

Specific Aim 2: Investigate the intergenerational effects of paternal hypercholesterolemia

on offspring cardiometabolic health.
Specific Aim 3: Identify the sncRNA landscape in the sperm of HCD-fed LDLR 7~ mice.

1.4.2 The role of fibroblast IKKp in atherosclerosis development

The overall goal of this study is to reveal the role of adventitial fibroblast IKK on
atherosclerosis plaque development and stability. Studies on atherosclerosis mainly focus
on the inner layers of the vasculature, and not much is known about the role of the

adventitia or adventitial fibroblasts in atherosclerosis development.

Specific Aim 1: Identify the role of fibroblast IKKf on plaque development utilizing

transgenic mouse models to delete IKKf in fibroblasts.
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Specific Aim 2: Evaluate the cellular heterogeneity and transcriptional features associated

with fibroblast IKK-deficient mediated plaque instability.
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1.5 Figures
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Figure 1.1 Schematic of atherosclerosis at the cellular level. The presence of risk factors

injures the intimal layer of endothelial cells causing endothelial dysfunction. Circulating
lipids, such as LDL, infiltrate the sub-intimal space and become oxidized (ox-LDL) due to
the inflammatory environment and further contribute to chronic inflammation. Endothelial
dysfunction increased chemokines and adhesion molecules that aid in monocyte
recruitment and infiltration into the subintimal space. The monocytes, now macrophages,
uptake ox-LDL with scavenger receptors and become macrophage foam cells. The foam

cells then necrotize and/or further contribute to the release of inflammatory cytokines.
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Figure 1.2 Schematic of PANDORA-seq workflow. Step 1: Small RNAs from intimal
total RNAs were excised from PAGE gel. Step 2: Purified small RNAs were subjected to
T4PNK treatment. Step 3: Purified small RNAs were subjected to Alkb treatment. Step 4:
NEBNext Small RNA Library Prep Set for Illumina was used for cDNA library
construction. Step 5: PCR products were purified with PAGE gel. Step 6: Final product
was sequenced and annotated using the SPORTSI.I pipeline. A detailed protocol of
PANDORA-seq is included in the Materials and Methods section. The image was created

by using BioRender.com.
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Figure 1.3: IKKP regulates many cellular processes associated with the

development of cardiometabolic diseases through NF-kB-dependent and -independent

mechanisms. IkB kinase (IKK); Nuclear factor kappa B (NF-kB); X-box binding protein

(XBP-1); Insulin receptor substate 1 (IRS-1); Insulin receptor (IR); Ubiquitination (Ub).
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2. Chapter 2: PANDORA-seq unveils the hidden small noncoding RNA landscape in

atherosclerosis of LDL receptor-deficient mice

2.1 Abstract

Small noncoding RNAs (sncRNAs) play diverse roles in numerous biological
processes. While the widely used RNA sequencing (RNA-Seq) method has advanced
sncRNA discovery, RNA modifications can interfere with the complementary DNA library
construction process, preventing the discovery of highly modified sncRNAs including
transfer RNA-derived small RNAs (tsRNAs) and ribosomal RNA-derived small RNAs
(rsRNAs) that may have crucial functions in disease development. To address this technical
obstacle, we recently developed a novel PANDORA-Seq (Panoramic RNA Display by
Overcoming RNA Modification Aborted Sequencing) method to overcome RNA
modification-elicited sequence interferences. To identify novel sncRNAs associated with
atherosclerosis development, LDL receptor-deficient (LDLR ™) mice were fed a low-
cholesterol diet or high-cholesterol diet (HCD) for 9 weeks. Total RNAs isolated from the
intima were subjected to PANDORA-Seq and traditional RNA-Seq. By overcoming RNA
modification-elicited limitations, PANDORA-Seq unveiled an rsRNA/tsRNA-enriched
sncRNA landscape in the atherosclerotic intima of LDLR™ mice, which was strikingly
different from that detected by traditional RNA-Seq. While microRNAs were the dominant
sncRNAs detected by traditional RNA-Seq, PANDORA-Seq substantially increased the
reads of rsRNAs and tsSRNAs. PANDORA-Seq also detected 1,383 differentially expressed
sncRNAs induced by HCD feeding, including 1,160 rsRNAs and 195 tsRNAs. One of

HCD-induced intimal tsRNAs, tsRNA-Arg-CCG, may contribute to atherosclerosis
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development by regulating the proatherogenic gene expression in endothelial cells.
Overall, PANDORA-Seq revealed a hidden rsRNA and tsRNA population associated with
atherosclerosis development. These understudied tsSRNAs and rsRNAs, which are much
more abundant than microRNAs in the atherosclerotic intima of LDLR™™ mice, warrant

further investigations.

2.2 Introduction

Atherosclerosis is a chronic inflammatory disease characterized by the
accumulation of cholesterol, immune cells, and fibrous elements in the sub-intimal layer
of the artery leading to plaque formation and cardiovascular events (5, 128-131). At the
cellular level, the initial stages of atherosclerosis development involve endothelial
dysfunction followed by macrophage infiltration, lipid accumulation, and vascular smooth
muscle cell (SMC) migration in the intimal layer of the vasculature (128, 129, 132). While
many cell types contribute to atherosclerosis (132-135), endothelial cells in the intimal
layer are critical for atherosclerosis initiation and progression (132). Many genetic and
environmental factors have been identified to contribute to atherosclerosis development
and endothelial dysfunction (136), such as environmental pollutants (137-140) and diet
(141). In addition to well-defined risk factors, numerous noncoding RNAs, such as long
non-coding RNAs (IncRNAs) and small non-coding RNAs (sncRNAs), have been shown
to play important roles in regulating atherosclerosis development (53, 142-145). For
example, several IncRNAs including MALAT1 and VINAS have been demonstrated to

regulate atherosclerosis development (53, 144, 145).
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For sncRNAs, most studies in the atherosclerosis research field focus on the
functions of microRNAs (miRNAs) in atherogenesis (53, 142, 143). In addition to
miRNAs, there are many other sncRNA categories including transfer RNA-derived small
RNAs (tsRNAs), ribosomal RNA-derived small RNA (rsRNAs), YRNA-derived small
RNAs (ysRNAs), and piwi-interacting RNA (piRNAs) (146-150). However, the functions
of these understudied sncRNAs in atherosclerosis and cardiovascular disease (CVD) are
mostly unknown. As compared to miRNAs, many of these sncRNAs including tsRNAs
and rsRNAs are highly modified since their precursors (e.g., tRNAs and rRNAs) bear
various RNA modifications such as RNA methylations (e.g., m'G, m'A and m>C) (146,
147, 151-153). In addition, terminal modifications (e.g., 3’-phosphate and 2’°,3’-cyclic
phosphate) also commonly occur during tsSRNA and rsRNA biogenesis (154-156). These
modifications can interfere with the reverse transcription and adaptor ligation processes in
the widely used cDNA library construction protocol for standard RNA sequencing (RNA-
seq) analysis (147, 154, 157, 158), which prevents the detection of highly modified
sncRNAs by the traditional RNA-seq method (146). To address this issue, we recently
developed an innovative RNA-seq protocol, PANDORA-seq (Panoramic RNA Display by
Overcoming RNA Modification Aborted Sequencing) which employs a combinatorial
enzymatic treatment protocol to remove key RNA modifications that block adapter ligation
and reverse transcription processes during cDNA library construction (147). PANDORA-
seq has enabled us to detect the highly modified sncRNAs including tsSRNAs and rsRNAs,
resulting in the discovery of higher abundant levels of tsSRNAs/rsRNAs in various tissues

and cell types that were undetectable by traditional RNA-seq (37, 146, 147).
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In the current study, we used PANDORA-seq to identify novel sncRNAs that are
associated with atherosclerosis development in LDL receptor-deficient (LDLR ") mice.
By overcoming RNA modification-elicited limitations, PANDORA-seq unveiled a
rsRNA- and tsSRNA-enriched sncRNA landscape in the atherosclerotic intima of LDLR ™~
mice, which was strikingly different from that detected by traditional RNA-seq. We also
found that one of the tsSRNAs, tsSRNA-Arg-CCG was upregulated in the atherosclerotic
intima of LDLR ™" mice. Interestingly, tsSRNA-Arg-CCG can affect the expression of pro-
atherogenic genes in human endothelial cells, which may contribute to atherosclerosis

development.

2.3 Methods

2.3.1 Animals

3-week-old male C57BL/6 LDLR " mice (Jackson Laboratories) were fed ad
libitum on a semisynthetic low-fat (4.2% fat) AIN76 diet containing either low cholesterol
(LCD; 0.02% cholesterol; Research Diets) or high cholesterol (HCD; 0.5% cholesterol;
Research Diets) for 9 weeks until they were euthanized at 12 weeks of age (138, 159-161).
All animals were housed in pathogen-free microisolator cages in a temperature-controlled
environment with a 12-h light-dark cycle. All experimental mice used in this study were
male. However, studying a single sex has limitations since sex differences have been
widely reported in mouse atherosclerosis studies (162). Body composition was measured
by EchoMRI (Echo Medical System) (163-165), and intraperitoneal glucose tolerance test

(IPGTT) was performed as previously described (160, 161). On the day of sacrifice, mice
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were fasted for 6 h following the dark cycle (feeding cycle) and blood and major organs
were collected as previously described (160, 164, 166). All animal studies were performed
in compliance with the approved protocols by the Institutional Animal Care and Use

Committee of the University of California, Riverside.

2.3.2 Blood Analysis

Serum total cholesterol and total triglyceride concentrations were measured using
the Wako Cholesterol E enzymatic colorimetric assay (Wako, 999-02601) and the Wako
L-type TG M assay (Wako, 994-02891) according to the manufacturer’s instructions
(FUJIFILM Medical Systems U.S.A., Inc., Richmond, VA, USA). The lipoprotein
fractions were isolated in a Beckman Coulter XPN100-IVD ultracentrifuge as previously
described (164, 167). Lipoprotein fractions were isolated by centrifuging 60 pL of serum
at 40,000 RPM for 5 h at 4°C in a Beckman Coulter Type 42.2 Ti Rotor at its own density
(1.006g/mL). The infranatant was then adjusted to a density of 1.063g/mL with solid
potassium bromide to harvest the VLDL (<1.006g/mL), LDL (1.006 < d < 1.063g/mL),
and HDL (d>1.063g/mL) fractions by spinning at 40000 RPM for 24 h at 4°C. The
cholesterol content of the lipoprotein fractions was then measured enzymatically (Wako,

cholesterol 999-02601).

2.3.3 Atherosclerotic Lesion Analysis

The atherosclerotic lesion sizes were quantified as previously described (135, 138,
168, 169). To quantify the plaque area at the aortic root, Optimal Cutting Temperature
(OCT)-compound-embedded hearts were sectioned at a 12-pum thickness keeping all the

three valves of the aortic root in the same plane, and stained with oil red O. To quantify
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atherosclerotic plaque area at the brachiocephalic artery (BCA), the OCT-embedded
brachiocephalic arteries were sectioned from distal to proximal at a thickness of 10um.
BCA atherosclerotic lesions from the 29base to the internal elastic lamina were quantified
in three equidistant oil red O-stained sections at 200, 400, and 600um proximal from the
branching point of the brachiocephalic artery into the carotid and subclavian arteries.
Images were taken and plaque size was quantified using a Nikon microscope (Nikon,

Melville, NY, USA).

2.3.4 Immunohistochemistry

The aortic root of the mice freshly embedded in OCT and sectioned were first fixed
in 4% PFA for 15 minutes and permeabilized with 0.1% Triton X-100 in PBS (PBST) for
15 min. The slides were then blocked with PBST containing 5% bovine serum albumin
(BSA) (Sigma-Aldrich, A9647) for 1 h at room temperature. For immunostaining, slides
were incubated with antibodies against CD68 (Bio-Rad AbD Serotec, MCA1957) and
aSMA (Abcam, ab5694) at 4°C for 12 to 15 hours (131, 160, 168). The sections were
rinsed with PBS and incubated with fluorescein-labeled secondary antibodies (Life
Technologies). The nuclei were stained by mounting the slides with DAPI medium (Vector
Laboratories). Samples were imaged and analyzed with a Nikon fluorescence microscope.
Images were taken, and the positively labeled area was quantified using a Nikon
microscope. For trichrome staining, the aortic root freshly embedded in OCT and sectioned
were stained with a trichrome stain (Masson) kit (Sigma-Aldrich, HT15) according to the
manufacturer’s instructions with some modifications to accommodate for frozen tissue

(131, 160, 170). Briefly, sections were fixed in 4% PFA for 30 min then stained with
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Biebrich Scarlet-Acid Fuchsin Solution for 1 min to stain the fibers red. The samples were
rinsed with ddH20 and placed in Working Phosphotungstic/Phosphomolybdic Acid
Solution for 1 hr followed directly with Aniline Blue staining for 1 min. Lastly, samples
were placed in 1% Glacial Acetic Acid for 2 min and mounted with Permount. Images
were taken and collagen content was quantified using a Nikon microscope (Nikon,

Melville, NY, USA).

2.3.5 Cell Culture and Transfection

Human endothelial cell line HMEC-1 was purchased from AATC (CRL-3243)
(171). HMEC-1 cells passaged less than 20 times were used for transfection. Synthetic
control Oligo and tsRNA-Arg-CCG Oligo (Sigma-Aldrich) was transfected into the cells
with Lipofectamine RNAIMAX (Thermo Fisher, 13778100) (172) followed by RNA
isolation after 24 hours. Total RNAs were isolated using TRIzol reagent (Sigma-Aldrich,

T9424) as previously described (37, 169).

2.3.6 Northern Blot

Northern blot was performed as we previously described (147). Total RNAs
isolated from HMEC-1 cells were separated by a 10% urea-PAGE gel followed by SYBR
gold staining of nucleic acids (Thermo Fischer, S11494) and immediately imaged. The
RNA was then transferred to a positively charged nylon membrane (Roche, 11417240001)
and ultraviolet crosslinked with 0.12] of energy. Membranes were hybridized with
PerfectHyb Plus Hybridization Buffer (Sigma-Aldrich, H7033) for 1 hour at 42°C. To
detect tsRNA-Arg-CCG, membranes were incubated overnight in 42°C with a DIG-labeled

oligonucleotide probe (5’DIG- CGAACCCACAATCCCCAGCT-3).
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2.3.7 Intimal RNA Isolation

The aortas of LDLR ™ mice were isolated and flushed with PBS followed by
intimal peeling using TRIzol reagent (Sigma-Aldrich, T9424) (145). A total of ~300-400
pL of Trizol was flushed into the aorta for 10 seconds (~100uL) followed by a 10-second
pause and repeated 3 times, as previously described (145, 173). The flowthrough was
collected in a 1.5mL Eppendorf tube followed by RNA extraction as previously described
(147, 164, 166). Total RNAs from the remaining aorta (media and adventitia) were also
isolated using TRIzol for gene expression analyses. Intimal RNA integrity and
concentrations were confirmed using an Agilent 2100 Bioanalyzer and Aligent RNA 6000

Nano Kit (Agilent Technologies Inc, 5067-1511) (147).

2.3.8 Quantitative Real-Time PCR Analysis

Quantitative Real-Time PCR (QPCR) were performed by using gene-specific
primers and SYBR Green PCR kit (Bio-Rad Laboratories) on a Bio-Rad CFX Real-Time-
PCR Machine as previously described (37, 138, 164). The sequences of primers used in

this study are listed in Table 2.1.

2.3.9 PANDORA-seq of intimal small RNAs
PANDORA-seq protocol has been recently described in our recent report (147).

Here we provided detailed information for PANDORA-seq of intimal small RNAs.

Isolation of specified size RNA from total RNAs

The RNA sample from the intima was mixed with an equal volume of 2x RNA

loading dye (New England Biolabs, B0363S) and incubated at 75 °C for 5 min. The mixture
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was loaded into 15% (wt/vol) urea polyacrylamide gel (10 ml mixture containing 7 M urea
(Invitrogen, AM9902), 3.75 ml Acrylamide/Bis 19:1, 40% (Ambion, AM9022), 1 ml 10x
TBE (Invitrogen, AM9863), 1 g I"! ammonium persulfate (Sigma—Aldrich, A3678-25G)
and 1 ml 1" TEMED (Thermo Fisher Scientific, BP150-100) and run in a 1x TBE running
buffer at 200 V until the bromophenol blue reached ~1cm from the bottom of the gel. Small
RNA of 15-50 nucleotides was visualized with SYBR Gold solution (Invitrogen, S11494)
and excised based on a small RNA ladder (New England Biolabs, N0364S) (147). The
RNA was eluted in 0.3 M sodium acetate (Invitrogen, AM9740) and 100 U ml~! RNase
inhibitor (New England Biolabs, M0314L) overnight at 4 °C. The samples were then
centrifuged for 10 min at 12,000x g at 4°C. The aqueous phase was mixed with pure
ethanol, 3 M sodium acetate and linear acrylamide (Invitrogen, AM9520) at a ratio of
3:9:0.3:0.01 and incubated at -20 °C for 2 hrs and centrifuged for 25 min at 12,000 x g at
4°C (147). After removing the supernatant, the precipitate was resuspended in nuclease-

free water.

Treatment of RNA with AIkB

The intimal RNA was incubated in a 50 pL reaction mixture containing 50 mM
HEPES (Fisher Scientific, 15630080), 75 uM ferrous ammonium sulfate, 1 mM a-
ketoglutaric acid (Sigma—Aldrich; K1128), 2 mM sodium ascorbate, 50 mg 1! bovine
serum albumin (Sigma-Aldrich, A9647), 4 uygmL™! AlkB, 2,000 U ml! RNase inhibitor
and RNA at 37°C for 30 min (147). Then, the mixture was added into 500 pL TRIzol

reagent for RNA isolation.
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Treatment of RNA with T4PNK

The intimal RNA was incubated in 50uL reaction mixture containing SpuL. 10x PNK
buffer (New England Biolabs, B0201S), | mM ATP (New England Biolabs, P0756S), 10 U
T4PNK (New England Biolabs, M0201L) and RNA at 37°C for 20 min (147). Then, the

mixture was added into 500uL TRIzol reagent for RNA isolation.

Small RNA library construction and deep sequencing

The adapters were obtained from the NEBNext Small RNA Library Prep Set for
[llumina (New England Biolabs, E7330S) and ligated sequentially. First, we added a 3’
adapter system under the following reaction conditions: 70°C for 2 min and 16°C for 18 h.
Second, we added a reverse transcription primer under the following reaction conditions:
75°C for 5 min, 37°C for 15 min and 15°C for 15 min. Third, we added a 5’ adapter mix
system under the following reaction conditions: 70°C for 2 min and 25°C for 1 h. First-
strand cDNA synthesis was performed under the following reaction conditions: 70°C for
2 min and 50°C for 1 h. PCR amplification with PCR Primer Cocktail and PCR Master Mix
was performed to enrich the cDNA fragments under the following conditions: 94°C for
30s; 17 cycles of 94°C for 15 s, 62°C for 30 s and 70°C for 15 s; 70°C for 5 min; and hold

at 4°C. Then, the PCR product was purified from PAGE gel.

Small RNA annotation and analyses for PANDORA-seq data

Small RNA sequences were annotated using the software SPORTS1.1 with one
mismatch tolerance (SPORTSI1.1 parameter setting: -M 1). Reads were mapped to the

following individual non-coding RNA databases sequentially: (1) the miRNA database
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34iRbase 21; (2) the genomic tRNA database GtRNAdb; (3) the mitochondrial tRNA
database mitotRNAdD; (4) the rRNA and YRNA databases assembled from the National
Center for Biotechnology Information nucleotide and gene database; (5) the piRNA
databases, including piRBase and piRNABank; and (6) the non-coding RNAs defined by
Ensembl and Rfam 12.3. The tsRNAs were annotated based on both pre-tRNA and mature
tRNA sequences. Mature tRNA sequences were derived from the GtRNAdb and
mitotRNAdb sequences using the following procedures: (1) predicted introns were
removed; (2) a CCA sequence was added to the 3’ ends of all tRNAs; and (3) a G nucleotide
was added to the 5’ ends of histidine tRNAs. The tsRNAs were categorized into four types
based on the origin of the tRNA loci: 5’ tsSRNA (derived from the 5’ end of pre-/mature
tRNA); 3" tsRNA (derived from the 3’ end of pre-tRNA); 3’ tsRNA-CCA end (derived from
the 3" end of mature tRNA); and internal tsSRNAs (not derived from 3’ or 5" loci of tRNA).
For the rsRNA annotation, we mapped the small RNAs to the parent rRNAs in an ascending
order of rRNA sequence length to ensure a unique annotation of each rsRNA (for example,
the rsRNAs mapped to 5.8S rRNA would not be further mapped to the genomic region
overlapped by 5.8S and 45S rRNAs). We then employed the edgeR algorithm (174) to
perform the comparison of sncRNA expression patterns between groups. We applied the
TMM algorithm to perform reads count normalization and effective library size estimation
and the likelihood ratio test to identify the differentially expressed sncRNA species. The
sncRNA species with a false discovery rate (FDR)< 0.1 and fold change (FC) > 2 were

deemed differentially expressed.
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2.3.10 Intimal Transcriptome Analysis

The creation of cDNA libraries and sequencing were performed using the Illumina
standard operation pipeline as previously described (160, 166, 169, 175, 176). For data
analysis, we applied the Salmon tool to quantify the mRNA expression from the raw
sequencing data with the default setting, based on the Ensembl mouse cDNA annotation
(GRCm38). We then employed the edgeR algorithm (174) to perform the comparison in
transcriptomic pattern between groups, using the TMM algorithm to perform read count
normalization and effective library size estimation and the likelihood ratio test to identify
the DEGs. The genes with FDR <0.1 and FC >2 was deemed differentially expressed. We
further performed pathway analysis upon the differentially expressed genes using the
definition from Kyoto Encyclopedia of Genes and Genomes (KEGG) project. For each
KEGG pathway, we computed a geneset score, using the Functional Analysis of Individual
Microarray Expression (FAIME) algorithm (177). A higher FAIME score suggests a higher
overall expression of a given pathway. All the RNA-seq datasets have been deposited in

the Gene Expression Omnibus (GSE213305).

2.3.11 Statistical Analysis

All data except the high-throughput sequencing data are presented as the mean +
SEM. Individual pairwise comparisons were analyzed by two-sample, two-tailed Student’s
t-test unless otherwise noted, with P<0.05 was regarded as significant using GraphPad
Prism. One-way analysis of variance (ANOVA) with uncorrected Fisher’s LSD test was
used for analyzing different origins of the tsSRNA/miRNA expression ratio under different

treatments. N numbers are listed in figure legends.
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2.4 Results

2.4.1 Feeding LDLR—/— mice a low-fat, high-cholesterol diet promotes
hypercholesterolemia without affecting adiposity and metabolic phenotypes

To investigate sncRNAs associated with atherosclerosis development, male
LDLR " mice were fed a low-fat (4.3% fat) AIN76 diet containing 0.02% or 0.5%
cholesterol for 9 weeks (159). We and others have successfully used this diet to induce
atherosclerosis development without eliciting obesity and associated metabolic disorders
in LDLR” or ApoE”" mice (159-161, 169, 178, 179). Consistently, we found that
LDLR ™ mice fed the relatively high-cholesterol diet (HCD, 0.5% cholesterol) had similar
body weight and growth curve as mice fed the low-cholesterol diet (LCD, 0.02%
cholesterol) (Figure 2.1A). HCD- and LCD-fed mice also had similar body composition,
including fat mass and lean mass (Figure 2.1B). Glucose tolerance tests also demonstrated
that exposure to these diets did not alter glucose tolerance in LDLR ™~ mice (Figure 2.1C).
Consistent with previous results (159, 178), HCD feeding led to elevated serum total
cholesterol levels without affecting triglyceride levels (Figure 2.1D). Lipoprotein fraction
analysis was then performed, and mice fed HCD had significantly higher atherogenic LDL
and VLDL cholesterol levels, but similar HDL cholesterol levels as compared with LCD-
fed mice (Figure 2.1E). Thus, the low-fat HCD can promote hypercholesterolemia without

inducing obesity or metabolic disorders in LDLR ™~ mice.
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2.4.2 High-cholesterol diet feeding effectively induces atherosclerosis development in
lean LDLR—/— mice

Atherosclerotic lesion areas were then analyzed in the aortic root and
brachiocephalic artery (BCA) of LCD or HCD-fed LDLR ™ mice. We found that HCD
feeding significantly increased atherosclerotic lesion areas in the aortic root of LDLR 7~
mice as compared with LCD-fed mice (183,487.7 + 48,193.4 mm? vs. 8,378.9 + 4,142.7
mm?) (Figure 2.1F). Short-term LCD feeding did not induce observable atherosclerosis
development in BCA of LDLR™" mice (Figure 2.1G). However, exposure to HCD
significantly increased the atherosclerotic lesion areas in the BCA of LDLR ™ mice

(8,559.8 + 3,652.6 mm?vs. 0 = 0 mm?) (Figure 2.1G).

In addition to lesion size, we characterized multiple factors that are associated with
atherosclerosis development, including macrophage infiltration, SMC migration, and
collagen production. As expected, immunostaining for macrophage and SMC markers
showed increased macrophage contents and SMC migration in the atherosclerotic plaque
of HCD-fed LDLR " mice (Figure 2.2, A-C). Furthermore, Masson’s Trichrome staining
also demonstrated that HCD feeding led to increased collagen content in the atherosclerotic
lesions of LDLR " mice as compared to LCD-fed mice (Figure 2.2D). Collectively, these
results demonstrate that the low-fat HCD feeding can effectively induce atherosclerosis

development in lean LDLR ™" mice.
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2.4.3 Transcriptome analysis reveals altered atherosclerosis-related gene expression
in the intima of HCD-fed LDLR—/— mice

We next isolated intimal RNAs for regular RNA sequencing (RNA-seq) analysis to
understand the transcriptomic changes in the intima of LDLR " mice. Total RNAs isolated
from the intima and remaining aortic fraction were first characterized by endothelial
marker (e.g., VE-Cadherin and Tie2) and SMC marker (Myhl1l and a-smooth muscle
actin) expression. Consistent with previous studies (145), our results confirmed the
enrichment of endothelial markers and the low expression levels of SMC markers in the
intima as compared with that of media/adventitia (Figure 2.3). By contrast, the
media/adventitial fraction has the high expression levels of SMC markers but low

expression levels of endothelial cell markers (Figure 2.3).

RNA-seq analysis of the intima uncovered 1,313 differentially expressed genes
(DEGS) in the intima of HCD-fed LDLR ™ mice as compared with LCD-fed mice with a
false discovery rate (FDR) of < 0.1 and fold change (FC) > 2 as the cut-off threshold (180)
(Figure 2.4A). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis then revealed
that many upregulated DEGs were enriched in several biological processes that contribute
to atherosclerosis development including “cytokine-cytokine receptor interaction,”
“chemokine signaling pathway,” and “cell adhesion molecules” (Figure 2.4B). In addition,
some DEGs were also enriched in lysosome and phagosome associated pathways that are
also important for atherosclerosis development (Figure 2.4B). By using the Functional
Analysis of Individual Microarray Expression (FAIME) algorithm, we verified the geneset

scores of these pathways were significantly increased in HCD-fed LDLR ™™ mice as
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compared with LCD-fed mice (Figure 2.4C). The genes associated with these pathways
were also upregulated in HCD-fed LDLR ™" mice (Figure 2.4D). Taken together, intimal
RNA-seq analysis confirmed the altered atherosclerosis-related genes and pathways that

are associated with the increased atherosclerosis in HCD-fed LDLR ™ mice.

2.4.4 PANDORA-seq but not traditional RNA-seq unveils a rsSRNA- and tsRNA-
enriched sncRNA landscape in the atherosclerotic intima of LDLR—/— mice

Many sncRNAs bear specific modifications, which can prevent the detection of
sncRNAs in widely used traditional RNA-seq methods (146). To overcome this obstacle,
we recently developed a novel small RNA sequencing method, PANDORA-seq, to
eliminate the RNA modification-elicited sequence interferences (147). To determine
whether PANDORA-seq can detect novel sncRNAs associated with atherosclerosis
development, intimal RNA was collected and processed through both traditional small
RNA-seq and PANDORA-seq followed by SPORTSI.1 bioinformatics analysis (147,
181). Since miRNAs are not as highly modified as other sncRNAs such as
rsRNAs/tsRNAs, they can be readily detected by traditional-seq (146, 147). Indeed,
traditional-seq detected a miRNA-enriched sncRNA landscape in the intima of both LCD
(47.9%) and HCD (55.9%)-fed LDLR '~ mice (Figure 2.5A). However, PANDORA-seq
revealed a totally different sncRNA landscape in which rsRNAs and tsSRNAs account for
83.1% (LCD) and 82.4% (HCD) of total detected sncRNAs in the intima of LDLR ' mice

(Figure 2.5A).

As rsRNA reads were dominant in PANDORA-seq results which consumed the

relative reads of other sncRNAs (Figure 2.5A), we filtered out rsRNAs from the total
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sncRNA reads and found that PANDORA-seq but not traditional RNA-seq detected an
increased tsSRNA:miRNA ratios in both LCD- and HCD-fed mice (Figure 2.5B). The
origins, from which the tsSRNAs are derived (5’tsRNAs, 3’tsRNAs, 3’tsRNAs with a CCA
end, and internal tsRNAs), were also analyzed. PANDORA-seq revealed an increased
relative expression of specific tsRNA origins as compared to traditional RNA-seq (Figure
2.5C). Consistent with previous studies, a majority of tsSRNAs are derived from the 5* end
of mature tRNAs (147). Specific rRNA loci, where rsRNA are derived, were also
evaluated, and the data demonstrate increased rsSRNA detection by PANDORA-seq (Figure
2.6). These results suggest that PANDORA-seq can detect highly modified sncRNAs such
as tsSRNAs and rsRNAs in the atherosclerotic intima of LDLR ™~ mice that were otherwise

undetectable by the traditional RNA-seq method.

2.4.5 PANDORA-seq detects more differentially expressed sncRNAs associated with
atherosclerosis development in the intima of HCD-fed LDLR—/— mice

We further analyzed both PANDORA-seq and traditional RNA-seq results to
determine how HCD feeding alters the expression levels of sncRNAs in the intima of
LDLR ™" mice. While traditional RNA-seq only detected a small number of differentially
regulated sncRNAs, including only 16 rsRNAs and tsRNAs, PANDORA-seq detected a
total of 1,383 differentially regulated sncRNAs (FC >2 and FDR <0.1), including 1160
rsRNAs and 195 tsRNAs (180) (Figure 2.7A). PANDORA-seq also detected 28
differentially regulated miRNAs in the intima of HCD-fed LDLR " mice (180) (Figure

2.7B). Many of those miRNAs are consistent with previous reports such as miR-146b,
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miR-155, and miR-125a, though the functions of these miRNAs on atherogenesis have not

been completely understood (142, 143).

Next, we compared rsRNA expression patterns between LCD and HCD-fed
LDLR ™ mice from individual ribosomal RNA (e.g., 5S, 12S, and 28S) by analyzing the
specific loci where rsSRNAs were derived (Figure 2.7C and Figure 2.6). The mapping of
rsRNAs from 58S, 1285, and 28S, used as examples, showed dynamic expression patterns in
response to HCD feeding detected by PANDORA-seq (Figure 2.7C). We also generated a
heatmap to compare the 195 significantly altered intimal tsSRNAs between HCD- and LCD-
fed mice detected by PANDORA-seq (180) (Figure 2.7D). Further, mapping of tsRNA
expression patterns on individual tRNA length scales (tRNA-Trp, tRNA-Arg, tRNA-Ser,
tRNA-Leu, and tRNA-Asp used as examples) revealed that those tsSRNAs also contain
distinct dynamic responses to HCD feeding (Figure 2.7E). The functions of those tsRNAs
are mostly unknown and more studies are required to investigate the role of those tsRNAs

in atherogenesis.

2.4.6 High-cholesterol diet-induced tsRNA-Arg-CCG affects pro-atherogenic gene
expression in endothelial cells in vitro
Endothelial cells play an essential role in regulating vascular inflammation and the
initiation and progression of atherosclerosis (133). To investigate the potential function of
tsRNAs identified by PANDORA-seq in atherosclerosis, we selected one of the HCD-
induced tsRNAs, tsSRNA-Arg-CCG for in vitro analysis. tsSRNA precursors, tRNAs, are a
highly conserved RNA species (55), and human and murine tRNA-Arg-CCG also shared

the same sequence (Figure 2.8A). We transfected synthetic tsRNA-Arg-CCG
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oligonucleotides into human endothelial cells, HMEC-1 cells (171). Northern blot was then
performed to confirm the successful overexpression of tsSRNA-Arg-CCG in HMEC-1 cells
(Figure 2.8B). Interestingly, we found that overexpression of synthetic tsSRNA-Arg-CCG
led to increased expression of several pro-atherogenic genes including IL-6, IL-1a, ICAM-
1, VCAM-1, and MCP-1 in HMEC-1 cells (Figure 2.8C). Therefore, tsRNA-Arg-CCG

may have pro-atherogenic properties in vivo, which warrants further investigation.

2.5 Discussion

sncRNAs are a major family of non-coding RNAs that play critical roles in
numerous biological processes. Certain small RNA populations such as miRNAs and
piRNAs have been extensively studied and have also been implicated in atherosclerosis
(182, 183). In addition to those well characterized sncRNAs, recent studies have revealed
the wide existence and unexpected functions of new classes of sncRNAs including tsRNAs
and rsRNAs (153, 181, 184, 185). However, the functions of those non-canonical sncRNAs
in atherosclerosis or CVD are mostly unknown. A major obstacle in discovering and
studying these sncRNA is that the currently widely used RNA-seq protocol generates
biased sequencing results and often fails to detect these species (146, 147). Many sncRNAs
including tsSRNAs and rsRNAs bear RNA modifications that interfere with adapter ligation
and reverse transcription processes during cDNA library construction process, leading to
unsuccessful detection of tsRNAs and rsRNAs in various tissues and cells (146, 147). For
example, tsSRNAs contain N'-methyladenosine (m'A), N3-methylcytidine (m*C), and N'-

methylguanosine (m'G) modifications that hinder reverse transcription process during
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traditional cDNA construction (58, 147). Additionally, some sncRNA species, including
tsRNAs and rsRNAs, contain 3’ terminal modifications such as 5’-phosphate and 2°3’-
cyclic phosphate that block adaptor ligation and escape traditional library construction
(60). Therefore, the modified tsRNAs, rsRNAs, and other sncRNAs may escape library
construction and remain undetected by traditional RNA-seq. To overcome this obstacle,
we recently developed PANDORA-seq based on a combination of enzymatic treatments
(e.g., TAPNK and AIkB treatments) with optimized protocols that improv both RNA 3’ and
5’ adapter ligation and reverse transcription during cDNA library construction (147).
PANDORA-seq has major advantages over previous methods designed to target either
adapter ligation or reverse transcription processes alone, leading to the identification of
abundant modified tsSRNAs and rsRNAs in various tissues and cells (37, 146, 147). In the
current study, PANDORA-seq unveiled a rsRNA- and tsRNA-enriched sncRNA landscape
in the atherosclerotic intima of LDLR ™~ mice which was strikingly different from that
detected by traditional RNA-seq. While miRNAs were the dominant sncRNAs detected by
traditional RNA-seq (e.g., ~56% of total sncRNAs in HCD-fed mice), PANDORA-seq
detected a substantially different sncRNA population with rsRNAs and tsSRNAs accounting
for >82% of total sncRNAs. In addition, traditional RNA-seq only detected a few
differentially expressed rsSRNAs and tsRNAs induced by HCD feeding but PANDORA-
seq detected more than 1,300 differentially expressed rsRNAs and tsRNAs. Thus, by
overcoming RNA modification-elicited limitations, PANDORA-seq revealed the hidden
rsRNAs and tsRNAs population associated with atherosclerosis development undetected

by traditional RNA-seq.
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To identify novel sncRNAs associated with atherosclerosis development, we fed
LDLR ™ mice a low-fat LCD or HCD for 9 weeks. As expected, HCD feeding resulted in
severe hypercholesterolemia and large atherosclerotic lesions in LDLR™" mice. The
atherosclerotic lesions of LCD-fed mice were quite small, partially due to the relatively
short feeding period (9 weeks) and young age of the mice (12 weeks old) at the time of
euthanasia. Previous studies using the same LCD but longer feeding period resulted in
larger atherosclerotic lesions (159, 169). However, the relatively big difference of
atherosclerotic lesion sizes between LCD and HCD-fed mice is ideal for the current study.
Aiming to identify genes and sncRNAs associated with atherosclerosis development, we
also focused on the intima of hypercholesterolemic LDLR”" mice and performed
transcriptome and sncRNA analyses via high-throughput RNA-seq and PANDORA-seq.
Previous studies have used whole aortic tissues for traditional RNA-seq (57, 186-188).
Since intima is the main site for atherosclerotic plaque initiation and development, we
chose to isolate RNAs from the intimal for further analyses. As expected, transcriptomic
analysis revealed enriched pathways for inflammatory and immune responses, which is
consistent with previous studies on whole atherosclerotic arteries and the well-established
role of the immune response in atherosclerosis (5, 186, 189). For example, the C-C motif
chemokine ligand family (CCL2, CCL3, CCL4 and CCLS5) associated with increased
inflammatory responses in atherosclerosis (190), were upregulated in the intima of HCD-
fed LDLR ™ mice. Our transcriptomic results are consistent with known functions of the
genes and pathways in atherogenesis based on previous human and rodent studies (186,

187, 191-193), which validated our experimental approach using intimal samples.
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Previous sncRNA studies in the atherosclerosis research field have mainly focused
on the function of miRNAs (53, 142, 143). Our PANDORA-seq results also revealed
differentially expressed miRNAs that are consistent with traditional-seq results and
previous reports. For example, miRNA-146, which targets the 3’UTR region of TRAF6 to
regulate NF-kB activation, has been shown to be associated with atherosclerosis
development or CVD in humans (194, 195). Consistently, we found miRNA-146b was
upregulated in the intima of HCD-fed LDLR " mice as compared with LCD-fed mice. In
addition, we also found that miRNA-31 was upregulated in atherosclerotic intima of HCD-
fed LDLR”" mice. miRNA-31 is expressed in both endothelial cells (196) and
macrophages (197), which targets the 3’UTR region of adhesion molecule E-selection and

may also contribute to atherosclerosis development (196-198).

Since miRNAs are not as highly modified as other sncRNAs such as rsRNAs or
tsRNAs (146, 147), miRNAs can then be readily detected by traditional-seq and becomes
the major small RNA species in traditional-seq results. However, these results are
misleading as traditional-seq failed to detect sncRNAs with extensive terminal/internal
modifications (146, 147). We have recently comprehensively compared the strengths of
PANDORA-seq to that of traditional-seq (146, 147), and demonstrated the advantages of
PANDORA-seq enabled by overcoming RNA modifications which generate sequencing
bias in the traditional-seq method. In addition to miRNAs, PANDORA-seq can detect other
highly modified rsRNAs and tsRNAs which were not detected by traditional-seq (146,
147). Our PANDORA-seq results showed that percentage of miRNA reads is very small

(~0.4-0.6%) but rsRNAs and tsRNAs are much more abundant as compared to miRNA
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reads, which is consistent with our recent studies (37, 147). However, these results do not
mean that PANDORA-seq failed to detect miRNAs, but rather more objectively represent

the true compositions of sncRNA population in the intima.

As compared to miRNAs, little is known about the function of tsSRNAs and rsRNAs
in CVD or atherosclerosis (53). These noncanonical sncRNAs have distinguishable
features on evolutionary origin, abundance, biogenesis, and functions (146). Recent studies
started to reveal the wide existence and functions of these new classes of sncRNAs (146,
153, 184, 185, 199). For example, tsRNAs are among the most ancient small RNAs in a
wide range of species across all domains of life (55) and have received much attention due
to their evolutionary conserved sequence and their roles in fundamental biological
processes (54-56, 199). The functions of tsRNAs in other disease models, including cancer
and metabolic disease, have been described (31, 55, 72, 200, 201). However, the role of
the tsRNAs in atherosclerosis or CVD are mostly unknown. In the current study,
PANDORA-seq but not traditional-seq identified many tsRNAs affected by HCD feeding
in the intima of LDLR ™ mice. We found that one of HCD-induced intimal tsRNAs,
tsSRNA-Arg-CCG may play a role in regulating pro-atherogenic gene expression in
endothelial cells in vitro. It is also important to note that tsRNA modifications can affect
their secondary structure and function (31, 61, 72, 146). Although we demonstrated the
pro-atherogenic properties of synthetic unmodified tsSRNA-Arg-CCG in vitro, endogenous
tsRNA-Arg-CCG with modifications may exert stronger or different phenotypes in vivo.
Future studies are required to understand the functions of those tsRNAs in endothelial cell

function and atherosclerosis and CVD.
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As a low-input and high-throughput method, PANDORA-seq allows us to detect a
vast amount of small RNAs from a low amount of RNA input from the intima.
Nevertheless, a potential limitation of PANDORA-seq is the loss of RNA products during
multiple RNA purification steps, which make it difficult to reach the level of single-cell
library preparation. To address this limitation in the future, one potential solution is to
improve the enzymes used in PANDORA-seq, which allows the library construction
process to be performed in a one-pot reaction, thereby reducing the number of RNA
purification steps and minimizing RNA loss. Combining the improved PANDORA-seq
method with fluorescence-activated cell sorting would enable investigators to perform
single-cell analysis for detecting cell type-specific highly modified sncRNAs. Future
studies using single-cell PANDORA-seq would increase our understanding of the cell-type

specific role of understudied sncRNAs in atherosclerosis.

In summary, we used a novel PANDORA-seq to identify sncRNAs associated with
atherosclerosis development in LDLR ™" mice. By overcoming RNA modification-elicited
limitations, PANDORA-seq substantially increased the reads of rsSRNAs and tsRNAs, and
revealed a rsRNA- and tsRNA-enriched sncRNA landscape in the atherosclerotic intima
of LDLR ™ mice. We also found that one of HCD-induced intimal tsRNA-Arg-CCG has
pro-atherogenic properties and may contribute to endothelial cell dysfunction and
atherosclerosis development. To our knowledge, this is the first study to utilize
PANDORA-seq to investigate sncRNAs in atherosclerosis or CVD. Our results suggest
that the understudied rsRNAs and tsRNAs are much more abundant than miRNAs in

atherosclerosis-prone tissues. Findings from our studies will hopefully stimulate further
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investigations of the functions of these previously underexplored sncRNAs in

atherosclerosis or CVD.
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2.6 Figures and Tables

Table 2.1 Primer Sequences used for qPCR

| Genes | Primer sequences Genes | Primer sequences
hGAPDH 5’- AACTTTGGCATTGTGGAAGG -3’ hIL-6 5’- TAGTCCTTCCTACCCCAATTTCC -3°
5’- GGATGCAGGGATGATGTTCT -3° 5’- TTGGTCCTTAGCCACTCCTTC -3’
hVE- 5’- ATTGAGACAGACCCCAAACG -3’ hIL-la 5’- GCACCTTACACCTACCAGAGT -3’
Cadherin 5’-TTCTGGTTTTCTGGCAGCTT -3° 5’- TGCAGGTCATTTAACCAAGTGG -3’
hTie2 5’- AAGACATACGTGAACACCAC -3’ hIL-1pB 5’- GCAACTGTTCCTGAACTCAACT -3’
5’- AGTCAGAACACACTGCAGAT -3’ 5’- ATCTTTTGGGGTCCGTCAACT -3’
hMyhl1 5’-AAGGAAACACCAAGGTCAAGCAGC -3° hICAM-1 5’- GTGATCCCTGGGCCTGGTG -3’
5’- TCATTGCTCTCTGTGGCCTCATCT -3” 5’- GGAAACGAATACACGGTGATGG -3’
haSMA 5’- CGCTGTCAGGAACCCTGAGA -3’ hVCAM-1 5’- TACCAGCTCCCAAAATCCTG -3’
5’- CGAAGCCGGCCTTACAGA -3’ 5’- TCTGCTAATTCCAGCCTCGT -3’
hMCP-1 5’- TTAAAAACCTGGATCGGAACCAA -3°

5’- GCATTAGCTTCAGATTTACGGGT -3’
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Figure 2.1. A low-fat, high-cholesterol diet effectively promotes
hypercholesterolemia and atherosclerosis without inducing obesity and insulin
resistance in LDL receptor-deficient mice.

Three-week-old male C57BL/6 LDLR™™ mice were fed a low-cholesterol diet
(LCD, 0.02% cholesterol) or high-cholesterol diet (HCD, 0.5% cholesterol) for 9 weeks
until euthanasia at 12 weeks of age. (A-C) Growth curves (A), body composition (B) and
intraperitoneal glucose tolerance test (C) of LCD- and HCD-fed LDLR ™~ mice. (D) Serum
total cholesterol and triglyceride levels were measured. (E) Lipoprotein fractions (VLDL-
C, LDL-C, and HDL-C) were isolated, and the cholesterol levels of each fraction were
measured. (F) Quantitative analysis of the lesion area in the aortic root. Representative oil
red O-stained aortic root sections displayed below the quantification data (scale bar =
200um). (G) Quantitative analysis of the lesion area in the brachiocephalic artery (BCA).
Representative oil red O-stained BCA sections displayed below quantification data (scale
bar =200pm). LCD, low-cholesterol diet; HCD, high-cholesterol diet; VLDL-C, very low-
density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; HDL-C, high
density lipoprotein cholesterol. All data are plotted as means = S.E.M. (n=5-8 each group;

*P<0.05; **P<0.01; ***P<0.001).
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Figure 2.2. High-cholesterol diet feeding induces atherosclerosis development in lean
LDLR ™™ mice.

Three-week-old male LDLR ™~ mice were fed a low-cholesterol diet (LCD, 0.02%
cholesterol) or high-cholesterol diet (HCD, 0.5% cholesterol) for 9 weeks until

euthanasia at 12 weeks of age. (A) Representative images (scale bar=200um) of

immunofluorescence staining for CD68 (green), and aSMA (red) at the aortic root of
LCD and HCD-fed LDLR 7/~ mice. The nuclei were stained with DAPI (blue). (B and C)
Quantitative analysis of total CD68™ area (B) and total aSMA™ area (C) in

atherosclerotic lesions of LCD and HCD-fed LDLR ™/~ mice. (D) Representative images
(scale bar=500um) and quantification data of Masson’s Trichrome staining at the aortic

root to examine the collagen contents. All data are plotted as means + SEM (n=3-6 each

group; *P<0.05; **P<0.01; ***P<0.001).
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Figure 2.3. QPCR analysis of endothelia cell and smooth muscle cell markers in

isolated aortic RNAs.

Three-week-old male LDLR ™/~ mice were fed an LCD for 9 weeks until euthanasia at 12
weeks of age. Total RNAs were isolated from the intima and remaining aorta
(media/adventitia) and were used for QPCR analysis of the indicated endothelial cell
markers (A) and smooth muscle cell markers (B). All data are plotted as means £+ SEM

(n=3-7 each group; *P<0.05; **P<0.01; ***P<0.001).
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Figure 2.4. High-cholesterol diet feeding affects many atherosclerosis-related
gene expression in the intima of LDL receptor-deficient mice.

Three-week-old male LDLR™ mice were fed an LCD or HCD for 9 weeks. Total
RNA was isolated from the intima and used for RNA-seq analysis. (A) Volcano plot of
differential expressed genes (DEGs) in the intima of HCD-fed LDLR ™~ mice as compared
with LCD-fed mice. Colored dots represent the enriched (red dots) or depleted (blue dots)
DEGs with a false discovery rate (FDR) of < 0.1 and fold change (FC) > 2 as a cut-off
threshold. (B) KEGG pathways significantly associated with upregulated DEGs in intimal
of HCD-fed LDLR™™ mice. The P-values were computed by Fisher’s exact test. The
vertical dash line indicates the significance level of o = 0.05. The y-axis displays the KEGG
pathways while the x-axis displays the adjusted P-values. (C) Geneset scores of the
prioritized KEGG pathways. The geneset score was calculated using the FAIME algorithm.
(D) Heatmap representation of DEGs involved in the pathways of “Cytokine-cytokine
receptor interaction,” “Chemokine signaling pathway,” and “Cell adhesion molecules”
“Lysosome,” “Phagosome,” “Hematopoietic cell lineage,” “B cell receptor signaling
pathway,” and “Antigen processing and presentation.” Each column shows one individual
gene, and each row shows a biological replicate of mouse. Red represents relatively

increased gene expression while blue denotes downregulation (n=5 each group).
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Figure 2.5. Read summaries and length distributions of different sncRNA
categories in the intima of LDL receptor-deficient mice under traditional RNA-seq
and PANDORA-seq.

Three-week-old male LDLR ™~ mice were fed an LCD or HCD for 9 weeks. Total
RNA was isolated from the intima and used for PANDORA-seq or traditional small RNA
sequencing. (A) Dynamic landscapes of intimal sncRNAs including miRNAs, tsRNAs,
rsRNAs, and piRNAs detected by traditional-seq and PANDORA-seq protocols. Zoomed
panels of miRNAs and tsRNAs detected by PANDORA-seq are shown on the right. (B)
Relative tsSRNA/miRNA ratios under traditional-seq and PANDORA-seq protocols. (C)
tsRNA responses to traditional-seq and PANDORA-seq in regard to different origins (5’
tsRNA, 3’ tsRNA, 3’ tsRNA-CCA end, and internal tsSRNAs). The y axes represent the
relative expression levels compared with total reads of miRNA. Different letters above the
bars indicate statistically significant differences (P<0.05). Same letters indicate P> 0.05.
Statistical significance was determined by two-sided one-way ANOVA with uncorrected

Fisher’s LSD test. All data are plotted as means + S.E.M. (n=4-5 in each group).
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Figure 2.6. Comparison of rsRNA-generating loci by rsRNA mapping data detected
by PANDORA-seq and traditional RNA-seq. Three-week-old male LDLR ™/~ mice
were fed an LCD or HCD for 9 weeks. Total RNA was isolated from the intima and used
for PANDORA- seq or traditional RNA sequencing. Comparison of rsRNA-generating
loci by rsRNA mapping data on 5S rRNA, 5.8S rRNA, 18S rRNA, 28S rRNA, 12S
rRNA, and 16S rRNA detected by traditional RNA-seq and PANDORA-seq (n=4-5 in

each group).
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Figure 2.7. Identification of significantly altered intimal sncRNAs associated
with atherosclerosis development in LDL receptor-deficient mice by PANDORA-seq
and traditional RNA-seq.

Three-week-old male LDLR ™~ mice were fed an LCD or HCD for 9 weeks. Total
RNA was isolated from the intima and used for PANDORA-seq or traditional small RNA
sequencing. (A) Volcano plot of differentially expressed intimal sncRNAs identified by
Traditional (left) and PANDORA-seq methods (right). Colored dots represent the
differentially expressed tsSRNAs (red dots), rsSRNAs (pink dots), or miRNAs (blue dots)
with a false discovery rate (FDR) < 0.1 and fold change (FC) > 2 as the cut-off threshold.
(B) Heatmap representation of differentially expressed intimal miRNAs detected by
PANDORA-seq. (C) Comparison of rsRNA-generating loci by rsRNA mapping data on
5S rRNA, 12S rRNA, and 28S rRNA detected by PANDORA-seq. (D) Heatmap
representation of differentially expressed intimal tsRNAs detected by PANDORA-seq. (E)
Dynamic responses to LCD or HCD of representative individual tsRNAs (pictured right).
Biological replicates are represented in each row (B) or column (D). Red represents
relatively increased expression while blue represents decreased expression with an FDR <

0.1 and F'C >2 as the cut-off threshold (n=4-5 each group).
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Figure 2.8. tsRNA-Arg-CCG affects pro-atherogenic gene expression in
human endothelial cells in vitro.

(A) Sequences of human and murine tRNA-Arg-CCG and tsRNA-Arg-CCG (top),
and representative figure of tRNA-Arg and tsRNA-Arg-CCG indicated with a red line
(bottom; black arrowheads indicating cleavage site). (B and C) Human endothelia cells,
HMEC-1 cells were transfected with synthetic tsSRNA-Arg-CCG oligo. The expression
levels of tsRNA-Arg-CCG after transfection was assessed with Northern blot (B).
Expression levels of indicated genes were analyzed by QPCR (C) (n=4; **P<0.01;

#£%P<().001).
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3. Chapter 3: Paternal hypercholesterolemia elicits sex-specific exacerbation of

atherosclerosis in adult offspring of LDL receptor-deficient mice

3.1 Abstract

Emerging studies suggest that various parental exposures affect offspring
cardiovascular health, yet the specific mechanisms, particularly the influence of paternal
cardiovascular disease (CVD) risk factors on offspring cardiovascular health, remain
elusive. The present study explored how paternal hypercholesterolemia affects offspring
atherosclerosis development using the LDL receptor-deficient (LDLR ") mouse model.
We found that paternal high-cholesterol diet feeding led to significantly increased
atherosclerosis in F1 female, but not male, LDLR " offspring. Transcriptomic analysis
highlighted that paternal hypercholesterolemia stimulated pro-atherogenic genes, including
Ccnl and Ccn2, in the intima of female offspring. Sperm small non-coding RNAs
(sncRNAs), particularly tRNA-derived small RNAs (tsRNAs) and rRNA-derived small
RNAs (rsRNAs) contribute to the intergenerational transmission of paternally acquired
metabolic phenotypes. Using a newly developed PANDORA-seq method, we identified
high-cholesterol feeding elicited changes in sperm tsRNA/rsRNA profiles that were
undetectable by traditional RNA-seq, potentially key factors mediating paternal
hypercholesterolemia-elicited atherogenesis in offspring. Interestingly, high-cholesterol
feeding altered sncRNA biogenesis-related gene expression in the epididymis but not testis
of LDLR " sires, which may have led to the modified sperm sncRNA landscape. Our

results underscore the sex-specific intergenerational impact of paternal
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hypercholesterolemia on offspring cardiovascular health and contribute to the

understanding of chronic disease etiology originating from parental exposures.

3.1 Introduction

Atherosclerosis is a complex disease characterized by the accumulation of
cholesterol in large arteries, leading to plaque development in the intimal layer of the artery
(136, 202, 203). Despite major advances in diagnoses and treatments, atherosclerotic
cardiovascular disease (CVD) is still the leading cause of mortality and morbidity
worldwide (204, 205). While many modifiable risk factors such as smoking, diet, and
obesity have been well-established to contribute to atherosclerosis, there are also genetic
and epigenetic factors that can increase the risk of developing atherosclerotic CVD (139),
which may reduce the effectiveness of lifestyle interventions and current therapeutic
interventions. Therefore, it is critical to identify these genetic and epigenetic factors and
understand their mechanisms in atherosclerosis development to enhance patient
preventative care through early detection methods.

In addition to the well-known traditional risk factors, strong evidence has suggested
that parental environmental influences can impact the health of future generations (21, 22,
30, 31, 33-36, 206-210). Several large-scale clinical studies including the Framingham
Heart Study, the Physicians’ Health study, and the Women’s Health Study have
demonstrated the impact of parental CVD on offspring cardiometabolic health and revealed
that offspring of parents with a history of early-onset CVD have a higher risk of developing

CVD, even after adjusting for other risk factors (21-23). A few other human and animal
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studies have also demonstrated that maternal or in utero exposure to certain CVD risk
factors can elicit increased CVD risk in offspring. For example, hypercholesterolemia in
mothers during pregnancy can significantly increase the number and size of fatty streaks
in fetal aortas (24, 211). The Fate of Early Lesions in Children (FELIC) study
demonstrated that aortic lesions in children of hypercholesterolemic mothers progressed
much faster than that of children of normocholesterolemic mothers (25, 212). Animal
studies also demonstrated that maternal or perinatal hypercholesterolemia can cause
increased cardiovascular dysfunction or atherosclerosis development in the offspring (29,
213,214). We also reported that maternal exposure to an atherogenic endocrine disrupting
chemical (EDC), bisphenol A, led to exacerbated atherosclerosis in the adult offspring in
mice (215).

While most studies have focused on the effects of maternal factors on offspring
health, emerging evidence suggests that paternal exposures can also affect offspring’s
cardiometabolic heath (30-36, 45, 209, 210, 216, 217). For example, we previously
demonstrated that paternal high-fat diet (HFD) feeding in mice can induce metabolic
disorders in the offspring (30-32). Several other studies also found that exposure of male
rats or mice to HFD can lead to increased diabetic phenotypes or metabolic disfunctions in
offspring (45, 209). Paternal exposure to low-protein diets caused impaired vascular
function and metabolic disorders in mouse offspring (33-36). In addition to dietary
exposure, we and others reported that paternal exposure to a range of environmental
toxicants can have inter- and trans-generational adverse effects on the metabolic health of

their offspring (37-40). While various sperm epigenetic factors have been proposed to
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contribute to intergenerational inheritance of environment-induced phenotypes in
mammals (42), sperm small non-coding RNAs (sncRNAs) especially tRNA-derived small
RNAs (tsRNAs) and rRNA-derived small RNAs (rsRNAs) can significantly contribute to
the intergenerational transmission of paternally acquired metabolic phenotypes (32, 43-
45).

While previous studies suggested that paternal factors affect offspring metabolic
health, there are no animal studies investigating the impact of paternal exposures to
unhealthy diets on atherosclerosis development of offspring. In the current study, we
investigated the impact of paternal hypercholesterolemia on offspring atherosclerosis
development in LDL Receptor-deficient (LDLR ") mice. We reported here that paternal
high-cholesterol diet (HCD) feeding led to significantly increased atherosclerosis in F1
female LDLR™" offspring. We then used an innovative small RNA-seq method,
PANDORA-seq (59, 146) to unveil the paternal hypercholesterolemia-elicited sperm

sncRNA changes that may contribute to paternally acquired atherosclerosis in offspring.

3.2 Methods

3.2.1 Sex as a biological variant

Our study examined both male and female LDLR " mice and we found there were
sex-dimorphic effects for atherosclerosis development in F1 offspring. For FO mice, only
male LDLR ™" mice were exposed to different diets since the study was designed to

investigate the impact of paternal exposures on offspring atherosclerosis development.
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3.2.2 Animals

3-week-old littermate male LDLR ™" mice (The Jackson Laboratories) were fed ad
libitum on a semisynthetic low-fat (4.2% fat) AIN76 diet containing low cholesterol (LCD;
0.02% cholesterol; Research Diets) or high cholesterol (HCD; 0.5% cholesterol; Research
Diets) for 8 weeks before mating with age-matched LCD-fed female LDLR™" mice
(C57BL/6 strain, Jackson Laboratories) (159, 160, 178-180). Male mice were housed with
female mice with free access to LCD during the light cycle. Male mice were returned to
their cages overnight with their assigned LCD or HCD, and female mice were maintained
on LCD during mating, gestation, and lactation. Female mice were never exposed to HCD.
After copulation was confirmed by vaginal plug detection, the male mice were removed
from the mating cage and humanely euthanized. These initial mouse pairs are designated
FO. The F1 offspring were weaned at 3 weeks of old and were given an LCD until
euthanasia at 19 weeks old. To ensure the atherosclerotic phenotype we observed was not
batch specific, 7 LCD-fed sires were mated with 8 control females and 6 HCD-fed sires
were mated with 7 control females. Eight litters were generated from LCD-fed sires and 7
litters were generated from HCD-fed sires. At least one mouse from each litter was used
for the study. All animals were housed in pathogen-free microisolator cages in a
temperature controlled (~21°C) environment with a 12 hr light-dark cycle. On the day of
euthanasia, mice were fasted for 6 hr following the dark cycle (feeding cycle). Mice were
anesthetized with ketamine/xylazine (100/10 mg/kg BW) by intraperitoneal (IP) injection.
The peritoneum and chest cavity of the mouse was opened to expose the heart. Blood was

collected from the right ventricle of the heart using a 23G needle and ImL syringe.
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Following blood collection, the right atrium was nicked and 10mL of saline was injected
into the left ventricle to perfuse the circulatory system, which also killed the mouse by
exsanguination. The major tissues and organs were collected and weighed as previously
described (160, 163, 166, 180). All animal studies were performed in compliance with
the approved protocols by the Institutional Animal Care and Use Committee of the
University of California, Riverside.
3.2.3 Metabolic phenotype analysis

Body weights (BW) were measured weekly. Body lean and fat mass was measured
by NMR spectroscopy (EchoMRI, Echo Medical System). Intraperitoneal glucose
tolerance test (IPGTT) was performed as previously described one week before sacrifice
(37, 160).
3.2.4 Sperm isolation

Sperm from FO mice were collected as previously described (59, 138). Mature
sperm was released from the cauda epididymis and incubated in 5 mL of PBS at 37°C for
15 min. Afterwards, the sperm were filtered through a 40um cell strainer to remove any
residual tissue debris. Sperm were then incubated in somatic cell lysis buffer (0.1% SDS
and 0.5% Triton X-100) for 40 min on ice to remove somatic cells. Sperm was pelleted and
collected in 1 ml of Trizol (Sigma-Aldrich, T9424) for RNA isolation.
3.2.5 Blood analysis

Blood samples were collected from the right ventricle and centrifuged at 1500x g
for 15 min at 4°C. The upper clear phase (serum) was collected for lipid analysis. Serum

total cholesterol and total triglyceride concentrations were measured using the Wako
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Cholesterol E enzymatic colorimetric assay (Wako, 999-02601) and the Wako L-type TG
M assay (Wako, 994-02891) according to the manufacturer’s instructions (FUJIFILM
Medical Systems U.S.A., Inc., Richmond, VA, USA). The lipoprotein fractions were
isolated in a Beckman Coulter XPN100-IVD ultracentrifuge as previously described (161,
180, 218).
3.2.6 RNA isolation

Total RNAs were collected from FO mouse sperm, testis, caput, and cauda
epididymis, F1 mouse intima, and cultured cells as previously described (37, 59, 164, 180).
For the intimal RNA isolation, aortas of F1 mice were isolated and flushed with PBS
followed by intimal peeling using TRIzol reagent (Sigma-Aldrich, T9424). A total of ~300-
400uL of Trizol was flushed into the aorta for 10 seconds (~100uL) followed by a 10
second pause for 3 times as previously described (180). The flowthrough was collected in
a 1.5mL Eppendorf tube followed by RNA extraction.
3.2.7 Atherosclerotic lesion analysis

The atherosclerotic plaque sizes were quantified as previously described (138, 168,
169). To quantify the plaque area at the aortic root, Optimal Cutting Temperature (OCT)-
compound-embedded hearts were sectioned at a 12um thickness keeping all the three
valves of the aortic root in the same plane, and stained with oil red O. To quantify
atherosclerotic plaque area at the BCA, the OCT-embedded brachiocephalic arteries were
sectioned from distal to proximal at a thickness of 10um. BCA atherosclerotic lesions from
the lumenal to the internal elastic lamina were quantified in three equidistant oil red O-

stained sections at 200, 400, and 600um proximal from the branching point of the
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brachiocephalic artery into the carotid and subclavian arteries. Images were taken and
plaque size was quantified using a Nikon microscope (Nikon, Melville, NY, USA).
3.2.8 Cell culture

Human endothelial cell line HMEC-1 was purchased from ATCC (catalog no.:
CRL-3243) (180). Cells were treated with 1mg/ml CCN1 or CCN2 for 1, 3, or 4 hours and
then used for the indicated QPCR and Wester blotting experiments. For macrophage
adhesion assay, HMEC-1 cells were pretreated with 10ng/mL TNFa, Img/mL CCN1 or
CCN2 for 24 hours. LDLR " mice were injected with ImL of thioglycolate for 3 days to
stimulate macrophage production. Isolated peritoneal macrophages were stained with
calcein acetoxymethyl and incubated with HMEC-1’s for 4 hours. The attached
macrophages were fixed and counted under a fluorescence microscope. mESCs containing
an Oct4-GFP reporter was kindly provided by Dr. Sihem Cheloufi (University of
California, Riverside, CA). mESCs were maintained in stem cell media and passaged every
two days in gelatin coated dishes as we previously described (59).
3.2.9 mESC transfection and embryoid body formation assay

mESC transfection and embryoid body formation assays were performed as we
previously described (59). mESCs were transfected with vehicle, control oligos, and
tsRNA/rsRNA pool oligos for EB differentiation assay. After 24 hours, the EBs were
collected and total RNAs were extracted for further analysis. For each transfection, three
independent replicates were performed. Vehicle and control oligos were used as controls.
The tsRNA/rsRNA pool oligo contained the following RNAs: tsRNA-Glu-CTC/TTC (5°-

ACCGCCGCGGCCCGGGTTCGTTTCCCGGTCAGGGAAC-37),
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mt-tsRNA-His-GTG
(5’-GGTGAATATAGTTTACAAAAAACATTAGACTGTGAATCTGACAA-3’),
rsRNA-18S (5’-TGGATCTTGGGAGCGGGCGGGCGGTCCGCCGCGAGGCGA-3’),
and
rsRNA-28S
(5’-CGCGACCTCAGATCAGACGTGGCGACCCGCTGAATTTAAGCAT-3’
and 5’-TCCTTCTGATCGAGGCCCAGCCCGTGGACGGTGTGAGGCCG-3’).
3.2.10 Quantitative Real-Time PCR

We measured the relative mRNA expression levels by Quantitative Real-Time PCR
with the SYBR Green (Bio-Rad, 170-8886) kit using a Bio-Rad CFX Real-Time-PCR
Machine (Bio-Rad, 184-5096) (37, 164, 180). The primer sequences are included in Table
3.1
3.2.11 Western Blotting

Western blotting experiments were performed as previously described (37, 163,
218). Primary antibodies including anti-Actin (1:5000 dilution, Millipore Sigma A2066),
anti-p65 (1:1000 dilution, Cell Signaling, 3034), and anti-Phospho-p65 (Ser 536) (1:1000
dilution, Cell Signaling, 93H1) and anti-rabbit secondary antibodies (1:5000 dilution,
Millipore Sigma 12-348) were used for these experiments.
3.2.12 Immunofluorescence staining

The cryo-sections of mouse aortic root and cultured human HMEC-1 cells were
used for immunofluorescence staining as previously described (168, 180). For

immunostaining, samples were incubated with antibodies against MOMA2 (Bio-Rad,
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MCAS519a), MCP-1 (Abcam, ab7202), IL-6 (Bio-Rad AbD Serotec, MCA1490), a-SMA
(Abcam, ab5694), CCN1 (R&D, 4055CR050), CCN2 (R&D, 9190CC050), or p65 (Santa
Cruz Biotechnology, sc-372) at 4°C for 12 to 15 hours. The sections were rinsed with PBS
and incubated with fluorescein-labeled secondary antibodies (Life Technologies). The
nuclei were stained by mounting the slides with DAPI medium (Vector Laboratories).
3.2.13 RNA sequencing and transcriptomic data analysis

The creation of cDNA libraries and sequencing were performed using the Illumina
standard operation pipeline as previously described (37, 166, 175, 176). For data analysis,
we applied the Sa/mon tool to quantify the mRNA expression from the raw sequencing
data with the default setting, based on the Ensembl mouse cDNA annotation (GRCm38).
We then employed the edgeR algorithm (174) to perform the groupwise comparison in
transcriptomic pattern, using the TMM algorithm to perform reads count normalization and
effective library size estimation and the likelihood ratio test to identify the DEGs. The
genes with a false discovery rate (FDR) <0.1 and a fold change (FC) >1.5 was deemed
differentially expressed. We further performed gene ontology analysis upon the
differentially expressed genes using the definition from GO project. The DAVID
bioinformatics tool (219) was applied to detect the GOBP terms enriched by the DEGs.
For each prioritized GOBP term, we computed a geneset score, using the Functional
Analysis of Individual Microarray Expression (FAIME) algorithm (177). A higher FAIME
score suggests an increased overall expression of a given GOBP term/geneset. All the

RNA-seq datasets have been deposited in the Gene Expression Omnibus (GSE251713).
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3.2.13 PANDORA-seq of sperm small RNAs

PANDORA-seq protocol has been described in detail in our recent reports (37, 59,
180). Briefly, sperm total RNAs isolated for LCD and HCD fed male LDLR ™" mice was
ran through a 15% urea polyacrylamide gel. Small RNA of 15-50 nucleotides was
visualized with SYBR Gold solution (Invitrogen, S11494) and excised (59). A sample of
the eluted RNA was stored in -80°C for Traditional-seq. The remaining RNA was eluted
and then treated with T4APNK reaction mixture (5ul 10x PNK buffer, ImM ATP, 10U
T4PNK) followed by RNA isolation with TRIzol. The collected RNAs were then treated
with AlkB mixture (50mM HEPES, 75uM ferrous ammonium sulfate, ImM a-ketoglutaric
acid, 2mM sodium ascorbate, 50mg/l BSA, 4ug/ml AlkB, 2,000 U/ml RNase inhibitor)
followed by RNA isolation with TRIzol. The recombinant AlkB enzyme was prepared by
Dr. Linlin Zhao (University of California, Riverside, CA) as previously described (59).
The adapters (New England Biolabs, E7330S) were ligated sequentially (3’ adapter,
reverse transcription primer, then 5’ adapter). First-strand cDNA synthesis was performed
followed by PCR amplification with PCR Primer Cocktail and PCR Master Mix to enrich
the cDNA fragments. Finally, the PCR products were purified from PAGE gel and prepared
for sequencing at the Genomics Center of University of California, San Diego (Illumina
system) (37, 59, 180).

Small RNA sequences were annotated using the software SPORTSI.1 with one
mismatch tolerance (SPORTSI.1 parameter setting: -M 1). Statistical significance among
different groups was determined by two-sided one-way ANOV A with uncorrected Fisher’s

least significant difference test. Pairwise comparison of differentially expressed sncRNAs
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(average raw counts of each sncRNA >10 in the compared treatments) among different
diets was performed using the R package DEseq2 with a normalized RPM fold change > 2
and P <0.05. All the small RNA-seq datasets have been deposited in the Gene Expression
Omnibus (GSE251713).
3.2.14 Statistics analysis

All data except the high-throughput sequencing data are presented as the mean +
S.EM. Individual pairwise comparisons were analyzed by two-sample, two-tailed
Student’s t test. One-way analysis of variance (ANOVA) was used for analyzing different
origins of the tsSRNA/miRNA expression ratio under different treatments (uncorrected
Fisher’s LSD test) or when the statistical significance of more than two groups were
analyzed (Bonferroni's multiple comparison test). Two-way ANOVA was used when
multiple comparisons were made, followed by a Bonferroni multiple comparisons test.
Data analysis was performed using the GraphPad Prism 10 software with statistical
significance set at P < 0.05.
3.2.15 Study approval

All animal studies were performed in compliance with the TACUC protocols
approved by the University of California, Riverside.
3.2.16 Data availability

All the RNA-seq datasets have been deposited in the Gene Expression Omnibus
under the accession code GSE251713. Values for graphs in the figures and supplemental

figures are provided in the Supporting Data Values file.
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3.3 Results

3.3.1 Male LDL receptor-deficient mice fed a low-fat, high-cholesterol diet develop
severe hypercholesterolemia and atherosclerosis

To investigate the effects of paternal hypercholesterolemia on offspring
cardiometabolic health, 3-week-old male LDLR ™ mice were fed a low-fat AIN76 diet
(4.3% fat) containing either 0.02% or 0.5% cholesterol for 8 weeks before mating with age
matched control LDLR ™ female mice (159, 180) (Figure 3.1A). The HCD containing
0.5% cholesterol has been previously used to promote severe hypercholesterolemia or
atherosclerosis in mice without inducing obesity and other metabolic disorders (159, 160,
178-180). Pregnant female LDLR ™" mice were housed separately and fed a low-
cholesterol diet (LCD) containing 0.02% cholesterol after the vaginal plug was identified
(embryonic day 0.5).

Consistent with our previous studies (180), LDLR " mice fed a HCD had similar
body weight or growth curve and lean/fat mass as that of LCD-fed LDLR ™ mice (Figure
3.2, A and B). As expected, HCD feeding led to elevated serum total cholesterol levels
without affecting triglyceride levels (Figure 3.1B). Lipoprotein fraction analyses showed
that HCD-fed mice had significantly elevated atherogenic LDL and VLDL cholesterol
levels, but similar HDL cholesterol levels as compared to LCD-fed mice (Figure 3.1C).
Atherosclerotic lesions at the aortic root were then measured in those mice. As expected,
HCD feeding led to larger atherosclerotic lesion sizes at the aortic root of LDLR ™™ mice

as compared with mice fed the LCD (Figure 3.1D). Thus, LDLR ™ mice fed with this low-
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fat HCD developed severe hypercholesterolemia and large atherosclerotic lesions without

increased obesity.

3.3.2 Paternal high-cholesterol diet feeding does not affect serum lipid levels and
metabolic phenotypes in F1 LDL receptor-deficient offspring

F1 LDLR ™ litters from LCD or HCD-fed sires were weaned on postnatal day 21
and fed an LCD for 16 weeks before euthanasia at 19 weeks of age. Paternal HCD feeding
did not affect the birth weight and growth curve of the F1 litters before weaning (Figure
3.3A). After weaning, both male and female offspring from HCD-fed sires also had similar
growth curve and body weight as offspring from LCD-fed sires (Figure 3.3, B and C). In
addition, body composition was analyzed, and paternal HCD feeding did not affect lean or
fat mass of male and female offspring (Figure 3.3, D and E). There were also no changes
on major organ weights between the offspring of LCD and HCD-fed sires (Figure 3.3, A
and C). We also performed glucose tolerance test (GTT) in the offspring and found that
paternal HCD feeding did not affect the glucose tolerance in the offspring (Figure 3.3 B
and D).

We next measured the serum total cholesterol and triglyceride levels of the F1
offspring. While HCD feeding induced hypercholesterolemia in the sires, it did not affect
the total cholesterol or triglyceride levels in the F1 offspring (Figure 3.4, F and G). In
addition, offspring of HCD-fed sires also had similar VLDL, LDL, and HDL cholesterol
levels as compared to the offspring of LCD-fed sires (Figure 3.4, H and I). Taken together,
these results demonstrate that paternal HCD feeding did not affect metabolic phenotypes

or serum lipid profiles in the offspring.
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3.3.3 Paternal hypercholesterolemia leads to exacerbated atherosclerosis in F1 female
but not male LDL receptor-deficient offspring

To investigate the impact of paternal hypercholesterolemia on atherosclerosis
development in the offspring, we analyzed the atherosclerotic lesion area at the aortic root
and brachiocephalic artery (BCA) of F1 LDLR ™ mice. Paternal HCD feeding did not
significantly affect atherosclerosis development in the male offspring since F1 male
LDLR ™ mice from HCD-fed sires had similar lesion sizes at the aortic root (63,910.06 +
18,068.08 pum? vs. 83,190.78 + 14,110.76 um?) and BCA (840.31 + 397.60 um? vs.
1,267.31 + 303.04 um?) as compared to male offspring from LCD-fed sires (Figure 3.5, A
and B). Interestingly, female offspring from HCD-fed sires developed significantly larger
atherosclerotic lesions at both the aortic root (322,168.11 + 44,583.68 um?vs. 53,287.69 +
21,105.56 um?) and BCA (12,388.15+ 3,410.31 pm? vs. 3,960.33 £ 1,368.80 um?) as
compared to female mice from LCD-fed sires (Figure 3.5, C and D).

We next evaluated the atherosclerotic plaque composition of F1 LDLR ™ offspring.
While paternal HCD feeding did not affect the smooth muscle cell (SMC) contents in the
plaques of F1 male or female offspring (Figure 3.6, A and B), paternal
hypercholesterolemia led to significantly increased macrophage contents in the
atherosclerotic plaques of F1 female but not male mice (Figure 3.6, C and D). We also
assessed the collagen contents and necrotic cores in the atherosclerotic plaques of these
mice and found that paternal HCD feeding did not affect collagen contents in male

offspring but tended to increase collagen levels in female offspring (Figure 3.7, A and B).
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In addition, the necrotic core sizes were not affected by paternal hypercholesterolemia in
either male or female offspring (Figure 3.7, C and D).

Since inflammatory responses are the driving force of atherosclerosis development
(128, 133, 161), we then analyzed the expression of key proinflammatory proteins
including IL6 and MCP1 in the atherosclerotic plaques of the offspring. While MCP1
protein levels in the offspring were not affected by paternal hypercholesterolemia, paternal
HCD-feeding led to significantly increased IL6 protein levels in the atherosclerotic plaques
of F1 female but not male LDLR ™™ mice (Figure 3.6, E-H). Collectively, these findings
demonstrated that paternal hypercholesterolemia elicited sex-specific atherogenic effects
in the offspring of LDLR ™~ mice, which were independent of serum lipid levels.
3.3.4 Transcriptomic analysis reveals altered atherosclerosis-related gene expression

in the intima of female offspring from high-cholesterol diet-fed sires

To further understand the paternal hypercholesterolemia-elicited atherogenic
effects in offspring, RNAs were isolated from the intima of F1 male and female offspring
for RNA sequencing (RNA-seq) analysis. RNA-seq analysis revealed that paternal HCD
feeding led to 197 differentially expressed genes (DEGs) in the intima of male offspring,
and most of them (164) were downregulated genes (Figure 3.8A). By contrast, paternal
HCD feeding led to 147 upregulated genes but only 21 downregulated genes in the intima
of female offspring (Figure 3.8B).

We then performed Gene Ontology (GO) analysis (166, 220) and the results
uncovered that the upregulated genes by paternal HCD feeding in the F1 female but not

male intima were enriched in several biological processes related to atherosclerosis or
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2 ¢

inflammation including “immune system process”, “positive regulation of tumor necrosis

factor production”, “neutrophil chemotaxis”, “integrin-mediated signaling pathway”,

“innate immune response”, “positive regulation of phagocytosis”, and “receptor-mediated

endocytosis” (Figure 3.8, C and 5D).

Functional Analysis of Individual Microarray Expression (FAIME) algorithm was
then performed to evaluate the geneset scores of the GO biological process (GOBP) terms
(180). FAIME results confirmed that paternal hypercholesterolemia led to significant
upregulation of geneset scores of those GOBP terms associated with atherosclerosis or
inflammation processes in female but not male offspring (Figure 3.9A). Consistently, the
genes associated with these GOBP terms were upregulated in the intima of F1 female but
not male mice from HCD-fed sires as shown in the heatmap (Figure 3.9B).

3.3.4 CCN1 and CCN2 proteins are elevated in the lesions of F1 females from high-
cholesterol diet-fed sires and promote pro-atherogenic gene expression in
endothelial cells in vitro

While paternal HCD feeding led to significant upregulation of some known pro-
atherogenic and pro-inflammatory genes or pathways in the intima of F1 female but not
male offspring, several other DEGs induced by paternal hypercholesterolemia have not
been well studied. To explore novel genes or pathways that may contribute to paternal
hypercholesterolemia-elicited atherogenic effects in the offspring, we investigated several
candidate genes including Ccnl and Ccn2—two upregulated intimal genes in female
offspring that are implicated in regulating vascular function and inflammatory responses

(221-224).

81



We first evaluated the protein levels of CCN1 and CCN2 in the atherosclerotic
plaques by immunofluorescent staining. Consistent with RNA-seq results, both CCN1 and
CCN2 protein levels were significantly elevated in the atherosclerotic plaques of F1 female
but not male offspring from HCD-fed sires as compared to the offspring from LCD-fed
sires (Figure 3.10, A and B). Interestingly, we found that CCN1 and CCN2 proteins can be
co-localized with both macrophages and endothelial cells in atherosclerotic lesions (Figure
3.11). To elucidate the potential role of CCN1 and CCN2 in regulating endothelial cell
function related to atherosclerosis, we treated human endothelial cells, HMEC-1 cells (171,
180), with recombinant human CCN1 or CCN2 proteins. Interestingly, both CCN1 and
CCN2 protein treatments led to increased expression of several key pro-atherogenic genes
including Veamli, Icaml, Mcpl, and 116 in HMEC-1 cells (Figure 3.12A).

To determine whether CCN1 and CCN2 can regulate endothelial cell function, we
examined the impact of CCN1 and CCN2 treatment on macrophage adhesion properties to
endothelial cells. Freshly isolated primary macrophages from LDLR™ mice were
incubated with HMEC-1 cells treated with CCN1, CCN2, or TNFa. Similar to TNFa
treatment, CCN1 and CCN2 treatment increased macrophage adhesion to HMEC-1 cells
(Figure 3.12B). Previous studies have demonstrated that CCN1 and CCN2 can activate
NF-«B signaling in other cell types (221, 222, 225, 226). NF-kB is a master transcriptional
factor that regulates immune responses and has also been shown to promote atherosclerosis
development (133, 135, 161). Interestingly, we found that treatment of HMEC-1 cells with
CCNI1 and CCN2 led to increased phosphorylation of NF-xB p65 subunit and induction of

p65 nuclear co-localization (Figure 3.13), indicative of NF-kB signaling activation. Taken
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together, these results demonstrate that paternal HCD feeding leads to increased intimal

expression of CCN1 and CCN2 in female offspring, which may promote endothelial cell

dysfunction through NF-«B signaling pathway.

3.3.5 PANDORA-sequencing detects differentially expressed tsRNAs and rsRNAs in
the sperm of hypercholesterolemic LDLR—/— male mice.

Sperm contain specific sncRNAs including tsRNAs and rsRNAs that have been
reported to function as transmissible epigenetic regulators to mediate offspring’s metabolic
phenotypes (30, 32, 44). Many sperm tsRNAs and rsRNAs are highly modified and these
RNA modifications render sncRNAs undetectable by widely used traditional RNA-seq
methods. To overcome this limitation, we utilized a newly developed small RNA
sequencing method, PANDORA-seq (59), which can unveil a more comprehensive
tsRNA/rsRNA landscape in sperm and other tissues (59, 180).

To investigate whether exposure to HCD can elicit sncRNA changes in the sperm
of LDLR™ mice that may confer pro-atherogenic effects in offspring, we isolated total
RNAs from sperm of LCD- and HCD-fed male LDLR™ mice and conduced both
traditional RNA-seq and PANDORA-seq. The sequence data were then analyzed using the
SPORTS1.1 bioinformatics tool (59, 181). Consistent with our previous results (37, 59),
PANDORA-seq but not traditional RNA-seq uncovered abundant tsSRNA and rsRNA
populations in sperm of both LCD and HCD-fed mice (Figure 3.14A). In addition, only
PANDORA-seq can detect that exposure to HCD induced differentially expressed sperm
total tsSRNAs and rsRNAs. We then analyzed the origins of sperm tsRNA related to their

loci from tRNA precursors including 5’tsRNAs, 3’tsRNAs, 3’tsRNAs with a CCA end,
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and internal tsRNAs. PANDORA-seq results showed elevated relative expression of
specific genomic and mitochondrial (mt)-derived tsSRNA origins (normalized to miRNAs)
as compared to traditional RNA-seq results (Figure 3.14B). Interestingly, most genomic
tsRNAs were derived from the 5’-end of mature tRNAs while many mitochondrial tsRNAs
originated from 5’end and internal regions of tRNAs (Figure 3.14B). Overall, PANDORA-
seq detected 813 differentially regulated tsRNAs and rsRNAs elicited by HCD feeding as
shown in the heatmap (Figure 3.14C). Further, mapping of tsSRNA and rsRNA expression
patterns on selected individual tRNA or rRNA length scales including tRNA-Asp-GTC,
tRNA-Ser-CGA, mt-tRNA-His-GTG, and 5.8S rRNA revealed that these tsSRNAs/rsRNAs
also contain distinct dynamic responses to HCD feeding (Figure 3.14, D and E, and Figure
3.15, A and B). The functions of these tsSRNAs or rsRNAs as epigenetic regulators are
mostly unknown, but previous studies from us and others have demonstrated that sperm
sncRNA fractions enriched by tsSRNAs/rsRNAs contributed to the epigenetic inheritance
of paternally acquired metabolic disorder through zygotic injection (30, 31, 80, 227, 228).
Thus, it is plausible that these altered tsRNAs or rsRNAs contribute to paternal
hypercholesterolemia-induced intergenerational atherogenic effects.
3.3.6 Exposure to high-cholesterol diet alters sncRNA biogenesis-related genes in the
epididymis

The biogenesis of sperm sncRNAs including tsRNAs mainly occurs in the
epididymis rather than testis (32, 43, 75). To determine whether changes in the sperm
sncRNA profile from HCD-fed LDLR "~ mice are due to altered tsSRNA/rsRNA biogenesis

in the epididymis, we examined the expression of sncRNA biogenesis-related genes in the
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testis, caput and cauda epididymis (Figure 3.16A). HCD feeding did not significantly affect
the expression of sncRNA biogenesis-related genes in the testis or caput epididymis
(Figure 3.16, B and C). Interestingly, exposure to HCD led to increased expression of
several key sncRNA biogenesis-related genes inducing tsRNA cleavage enzymes Ang,
Rnasel, and Rnaset? and RNA modification enzymes Met#/3 in the cauda epididymis
(Figure 3.16D). There results indicate that hypercholesterolemia affects tsSRNA/rsRNA
biogenesis-related gene expression in the epididymis (primarily in the cauda), leading to
the altered sperm sncRNA landscape.
3.3.7 Hypercholesterolemia-stimulated sperm tsRNAs/rsRNAs induce early
transcription changes in murine embryoid bodies

We previously demonstrated that tsSRNAs and rsSRNAs can affect murine embryonic
stem cell (mESC) differentiation and embryoid body (EB) transcriptome (59). To explore
the potential functions of the dysregulated sperm tsRNAs/rsRNAs, we transfected a pool
of selected tsRNAs and rsRNAs including tsSRNA-Glu-CTC/TTC, mt-tsRNA-His-GTG,
rsSRNA-18S, and two rsRNAs derived from rRNA-28S that were stimulated by HCD
feeding into mESCs followed EB formation. Interestingly, we found that transfection of
these tsRNAs/rsRNAs led to significantly increased expression of several pro-atherogenic
or endothelial dysfunction-related genes including Endothelin (Endl), E-selectin (Sele),
and //1b (Figure 3.17). In addition, the expression levels of Sox/7, a key transcription factor
regulating cardiovascular development and endoderm differentiation (229, 230), was also

elevated by transfection of those tsRNAs/rsRNAs (Figure 3.17). Thus, HCD feeding-
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stimulated sperm tsRNAs and rsRNAs may have adverse effects on offspring

cardiovascular development or atherogenesis.

3.4 Discussion

Increasing lines of evidence demonstrates that parental exposure-acquired diseased
phenotypes can be encoded in the germline epigenome and transmitted to future
generations, leading to adverse health outcomes (217, 231-234). While many studies have
investigated the adverse effects of maternal exposures to suboptimal factors on offspring
cardiometabolic health, little is known about the contribution of paternal factors to CVD
risk in offspring. In the current study, we investigated the effects of paternal HCD feeding
on offspring atherosclerosis development in LDLR ™~ mice (Figure 3.18). We found that
paternal hypercholesterolemia significantly increased atherosclerosis in F1 female but not
male LDLR™™ mice. Interestingly, paternal hypercholesterolemia-elicited sex-specific
atherogenic effects in the offspring were independent of serum lipid levels or metabolic
dysfunction. RNA-seq analysis then revealed that paternal hypercholesterolemia can lead
to upregulation of many known pro-atherogenic genes or pathways in the intima of F1
female mice. We then identified two potentially novel pro-atherogenic genes, Ccnl and
Ccn2, that may contribute to increased atherosclerosis development in female F1 LDLR 7~
mice by regulating pro-atherogenic gene expression in endothelial cells. Using the
innovative PANDORA-seq method, we revealed that HCD feeding can alter the sperm
tsRNA and rsRNA landscape, which may contribute to paternally acquired atherosclerosis

in offspring. We also discovered that exposure to HCD alters sncRNA biogenesis-related
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genes in the epididymis but not testis, which may lead to the altered sperm sncRNA
landscape. Although the exact mechanism through which sperm tsRNAs and rsRNAs
mediate paternally acquired atherosclerosis in offspring remain elusive, we found that
hypercholesterolemia-stimulated sperm tsSRNAs and rsRNAs can induce early transcription
changes in murine embryoid bodies. Several pro-atherogenic or endothelial dysfunction-
related genes were upregulated by these tsRNAs/rsRNAs in EBs, which may lead to
adverse effects on cardiovascular development or increased atherosclerosis in the
offspring. Our study demonstrated that paternal dietary exposure could elicit sex-specific
intergenerational atherosclerosis in offspring using appropriate animal models.

Human longitudinal studies, such as the Framingham Offspring Study have
suggested that the presence of parental CVD risk factors can lead to increased CVD in
offspring (20, 21, 23). Moreover, clinical and animal studies have demonstrated that
maternal exposures to suboptimal environmental factors such as unhealthy diets and
toxicants may lead to CVD complications including hypertension (213, 235, 236),
increased intima-media thickness (237, 238), altered lipid profile (239), and increased
atherosclerosis (24, 25, 29, 214) in offspring. In addition to maternal influences, offspring
CVD can be closely associated with paternal CVD risk factors in humans (21-23, 206).
However, very limited studies have investigated paternal exposure-elicited
cardiometabolic disease risk in animal models. Further, most of the paternal studies
including our previous ones have focused on the intergenerational transmission of
paternally acquired metabolic disorders but not CVD (30-32, 36, 37, 80, 209, 216, 217,

240). In the current study, we utilized the widely used atherosclerosis prone LDLR ™~

87



mouse model to investigate the impact of paternal HCD feeding on offspring
atherosclerosis development. We report that paternal hypercholesterolemia can lead to
increased atherosclerosis development and intimal pro-atherogenic gene expression in
female LDLR ™~ descendants, demonstrating the atherogenic effects of paternal unhealthy
diet exposure in offspring.

It is intriguing that paternal hypercholesterolemia can lead to increased
atherosclerosis in female but not male offspring in LDLR™ mice. Parental exposure-
elicited sex-specific effects on offspring cardiometabolic health have been reported in both
human and animal studies (206, 241). For example, human studies suggest that maternal
undernutrition may lead to increased adiposity and body weight in middle-aged female but
not male descendants (241, 242). In animal studies, maternal hypercholesterolemia also
led to early atherosclerosis development in female but not male offspring in apolipoprotein
E-deficient (29, 214) and circulating lipid levels were unlikely to be the main factor
contributing to accelerated atherosclerosis development in the offspring. An earlier study
in rats claimed that F1 female but not male offspring from HFD-fed sires had glucose
tolerance impairment (209). A very recent report showed that paternal HFD feeding in
mice led to increased metabolic disorders in male offspring, but female offspring were not
included in the study (45). We also demonstrated that paternal exposure to a plastic-
associated EDC, dicyclohexyl phthalate elicited sex-specific transgenerational effects in
F2 offspring in mice (37). Interestingly, paternal EDC exposure induced glucose
intolerance in F2 female but not male descendants (37). The mechanisms responsible for

sex differences in the intergenerational inheritance of metabolic phenotypes remain largely
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unknown. Several potential mechanisms related to sex hormones (216, 241, 243, 244), sex
chromosomes (17, 245), mitochondrial function (246, 247), or developmental epigenetic
reprogramming (241) have been suggested. Further, the sex-difference in offspring
phenotype may also derived from the different sperm RNA information carried in X versus
Y sperm (248), with mechanisms remain unknown. Sexual dimorphic responses to early
life perturbations, from either ancestral side remain an important but understudied research
topic. Future studies are required to understand the detailed mechanisms for sex differences
in the intergenerational transmission of paternally acquired cardiometabolic phenotypes.
In addition to known pro-atherogenic genes, our RNA-seq analysis identified two
potentially new pro-atherogenic genes, Ccnl and Ccn2, that may contribute to increased
atherosclerosis in F1 females. CCN1 and CCN2 are matricellular proteins that are essential
for cardiovascular development during embryogenesis (221, 222, 249, 250). The
expression of these genes is reduced later in life and can be increased in atherosclerotic
plaques of both human and rodents (221-224, 251, 252). We found that CCN1 and CCN2
can be co-localized with both endothelial cells and macrophages within atherosclerotic
lesions. The function of CCNs in macrophages have been previously reported (253, 254),
but their role in endothelial cell biology remains unclear. We then discovered that CCN1
and CCN2 proteins can activate NF-kB signalling and stimulate pro-atherogenic gene
expression in endothelial cells in vitro. Thus, it is plausible that the increased endothelial
Ccnl/Ccen?2 expression may affect other cell types such as macrophages to contribute to the

exacerbated atherosclerosis in F1 female mice from HCD-fed sires.
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Emerging evidence supports the notion that the paternal environment can influence
offspring health, but the underlying molecular mechanisms remains largely unknow.
Recent studies by us and others have demonstrated that environmental exposures including
unhealthy diet, environmental toxicants, and stress, can alter the sperm RNAs to mediate
intergenerational inheritance (30, 31, 37, 45, 80, 255-259). We previously discovered that
mouse sperm is enriched with a subset of sncRNAs including tsRNAs and rsRNAs that
contribute significantly to intergenerational inheritance of paternally acquired metabolic
disorders (30-32, 43, 44, 71). The injection of sperm total RNAs or tsSRNA/rsRNA-
enriched RNA fractions from HFD-exposed sires can induce offspring phenotypes that
fully or partially recapitulated the paternal environmental input, including obesity and
altered glucose metabolism (30, 31), thus demonstrating that sperm RNAs have causal
effects in mediating intergenerational inheritance in mammals. Many sperm
tsRNAs/rsRNAs are highly modified and these RNA modifications may shape the RNA
secondary structures and biological properties to mediate epigenetic inheritance (31, 43,
61). While RNA modifications are essential for the functions of sncRNAs such as tsRNAs
(43, 260, 261), these modifications can also interfere with either reverse transcription or
adaptor ligation process when constructing cDNA library for RNA-seq analysis, thereby
limiting the sncRNA detection capacity of the traditional RNA-seq method. To address this
obstacle, we utilized the PANDORA-seq method which enabled us to identify highly
modified sncRNAs that are otherwise undetectable by traditional RNA-seq (59, 146). In
the current study, PANDORA-seq revealed abundant tSRNA/rsRNA expression in the

sperm of LDLR ™" mice as compared to traditional RNA-seq results. These results were
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consistent with our recent results demonstrating that these understudied tsRNAs/rsRNAs
are much more abundant than the well-studied miRNAs across many human and murine
tissues or cells including sperm (37, 59, 180, 260, 261). Interestingly, HCD-feeding also
led to upregulation of sperm mitochondrial tsSRNAs (mt-tsRNAs) that have recently been
linked to mitochondrial dysfunction in HFD-fed mice and obese humans (45, 262). These
sperm sncRNAs have also been shown to affect altered early-embryo transcription which
may lead to offspring metabolic disorders (45). Therefore, the sperm nuclear and
mitochondrial-derived sncRNAs could act as potentially key factors in mediating paternal
hypercholesterolemia-elicited atherosclerosis in offspring.

To explore how the altered sperm sncRNAs may affect offspring cardiovascular
heath, we investigated the impact of a pool of sperm tsRNA/rsRNA on murine EB
transcription changes. We and others have demonstrated that tsSRNAs/rsRNAs including
sperm mt-tsSRNAs can affect EB or early-embryo transcription (45, 59). Therefore, we also
included HCD-stimulate sperm mt-tsRNAs in our assays. Interestingly, we found that
overexpression of these sperm tsRNAs/rsRNAs including sperm mt-tsRNA led to
increased expression of pro-atherogenic genes such as Endl1, Sel4 and 111 in murine EBs.
While IL-1B has been well-established to promote atherosclerosis, END1 and SELE are
markers for endothelial dysfunction and may also contribute to the development of CVD
(263-266). In addition, the expression levels of Sox/7 were also elevated by
overexpression of those tsSRNAs/rsRNAs. Sox17, an essential factor controlling endothelial
and hematopoietic cell lineages (229, 230), also plays an important role in regulating

endothelial cell function and can be upregulated in response to endothelial dysfunction
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(229). Itis plausible that tsSRNAs/rsRNAs-elicited early transcription changes in EBs lead
to adverse effects on of the increased expression of pro-atherogenic genes causing adverse
effects on atherogenesis later in life. Future studies are needed to investigate the functions
and detailed mechanisms of these tsSRNAs/rsRNAs in mediating HCD feeding-induced
intergenerational atherosclerosis risk.

It is interesting that HCD feeding can alter the sperm tsSRNA/rsRNA landscape. The
biogenesis of sperm sncRNAs including tsRNAs mainly occurs in the epididymis (32, 43,
75). Epididymal but not testicular sperm sncRNAs are also more susceptible to unhealthy
diet exposures (45). While the mechanisms underlying the diet-induced sperm sncRNA
changes remain unknow, it is possible that dietary changes altered the levels or activities
of related enzymes for RNA modifications and cleavage enzymes, leading to altered
tsRNA/rsRNA biogenesis. We found that HCD feeding mainly affects the expression of
RNA biogenesis-related genes in cauda epididymis but not in testis and caput epididymis.
Specifically, exposure to HCD led to significantly increased expression of cleavage
enzymes Ang, Rnasel and Rnaset2, and modification enzymes Mett/3 in cauda epididymis.
Ang, Rnasel and Rnaset2 are ribonucleases that cleave tRNAs into tsRNAs, have been
shown to alter the sperm tsRNA/rsRNA composition (62, 80). Ang has also been well-
documented to be induced under various stress conditions including inflammation (80,
267). Mettl3 is a m®A methyltransferase that can also regulate RNA translation and many
biological processes (268). It is plausible that the high cholesterol environment affects the
expression levels or activities of these enzymes to modulate sperm sncRNA biogenesis in

the epididymis, leading to an altered “sperm RNA code” that impacts offspring health (32,
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44, 55). Future studies are required to study the detailed mechanism through which
consumption of unhealthy diets affects sperm tsRNA/rsRNA biogenesis to mediate
intergenerational transmission of paternally acquired CVD and other chronic diseases.

In summary, we investigated the impact of paternal hypercholesterolemia on
offspring atherosclerosis development in LDLR™™ mice and revealed that paternal
hypercholesterolemia induced sex-specific atherogenic effects in LDLR™ offspring.
Paternal HCD feeding led to significantly increased atherosclerosis in F1 female but not
male LDLR ™" mice. The increased atherosclerosis in female offspring was also corelated
with elevated pro-atherogenic gene expression in the intima. PANDORA-seq then
uncovered that HCD feeding can lead to altered sperm tsRNA and rsRNA profiles, which
could be key contributing factors that convey intergenerational transmission of paternally
acquired atherosclerosis in offspring. The altered sperm sncRNA profiles were probably
due to HCD-elicited changes in epidydimal RNA modification and cleavage enzymes.
Lastly, hypercholesterolemia-stimulated sperm tsRNAs and rsRNAs can induce early
transcription changes of cardiovascular development and atherosclerosis-related genes in
murine EBs. Our findings will hopefully stimulate further investigations of the impact of
parental exposures on offspring cardiovascular health and the underlying mechanisms of

parentally acquired CVD and other chronic diseases.
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3.5 Figures and Tables

Table 3.1. Primer Sequences used for QPCR

| Genes | Primer sequences Genes | Primer sequences
hGAPDH 5’- GGCCTCCAAGGAGTAAGACC-3’ hIL-1B 5’- CGCCAATGACTCAGAGGAAGA-3’
5’- AGGGGAGATTCAGTGTGGTG-3’ 5’- AGGGCGTCATTCAGGATGAA-3’
hMCP-1 5’- GATGCAATCAATGCCCCAGTC-3’ hICAM-1 5’- ATGCCCAGACATCTGTGTCC-3”
5’- TCCTTGGCCACAATGGTCTT-3’ 5’- GGGGTCTCTATGCCCAACAA-3’
hIL-6 5’- GGTACATCCTCGACGGCATCT-3’ hVCAM-1 5’- TTTGACAGGCTGGAGATAGACT-3"
5’- GTGCCTCTTTGCTGCTTTCAC-3’ 5’- TCAATGTGTAATTTAGCTCGGCA-3’
mGAPDH 5’-AACTTTGGCATTGTGGAAGG-3’ mALKBH3 5’-GCCAGGTAGCCATCCCTT-3’
5’-GGATGCAGGGATGATGTTCT-3’ 5’-AGGGGAAGCTGGCTGAGT-3’
mDNMT2 5’-AGCCTGTGGCTTTCAGTATCA-3’ mRNase L 5’-TAGGCGAACACATCAATGAGGA-3’
5’-TTGGCTGACTTTCTTCAACTACTGC-3’ 5’-CTGCCTCTGGAACGCTGAG-3’
mNSUN2 5’-TTGGACGACGACGAGGA-3’ mRNase T2 5’-ACTATGGCCCGATAGAGCAGA-3’
5’-CCATTCTCCTCTAGCGAACATG-3’ 5’-ATTGGCTGCGATTAGAAGACC-3’
mMETTL3 5’-CAGTGCTACAGGATGACGGCTT-3’ mDICER1 5’-GGTCCTTTCTTTGGACTGCCA-3’
5’-CCGTCCTAATGATGCGCTGCAG-3’ 5’-GCGATGAACGTCTTCCCTGA-3’
mADARI1 5’-TGAGCATAGCAAGTGGAGATACC-3’ mANG 5’-CATCCCAACAGGAAGGAAGGA-3’
5’-GCCGCCCTTTGAGAAACTCT-3” 5’-ACCTGGAGTCATCCTGAGCC-3’
mALKBHI1 5’-AAGCGAAGACCCCGAAGTTTA-3’ mBMP4 5’-TTCCTGGTAACCGAATGCTGA-3’
5’-CAGTGGCGACTTGCTCTGA-3’ 5’-CCTGAATCTCGGCGACTTTTT-3"
mSox17 5’-GATGCGGGATACGCCAGTG-3’ mID1 5’-CCTAGCTGTTCGCTGAAGGC-3’
5’-CCACCACCTCGCCTTTCAC-3’ 5’-CTCCGACAGACCAAGTACCAC-3’
mlIL-1B 5’-TTCAGGCAGGCAGTATCACTC-3’ mTMEMI1000 5’-GACAATGGAGAAAAACCCCAAGA-3’
5’-GAAGGTCCACGGGAAAGACAC-3’ 5’-GGTAGCAGGAGAGTTCGGC-3’
mE-Selectin 5’-ATGCCTCGCGCTTTCTCTC-3’ mTGFB1 5’-CCACCTGCAAGACCATCGAC-3’

mEndothelin

5’-GTAGTCCCGCTGACAGTATGC-3’
5’-GCACCGGAGCTGAGAATGG-3’
5’-GTGGCAGAAGTAGACACACTC-3’

5’-CTGGCGAGCCTTAGTTTGGAC-3’
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Figure 3.1. Male LDL receptor deficient mice fed a low-fat, high-cholesterol
diet develop severe hypercholesterolemia-mediated atherosclerosis.

Three-week-old male LDLR ™~ mice were fed a low-cholesterol diet (LCD, 0.02%
cholesterol) or high-cholesterol diet (HCD, 0.5% cholesterol) for 8 weeks before mating
with female LDLR ™ mice. The F1 offspring were weaned at 3-week-old and were fed an
LCD for 16 weeks. (A) Schematic representation of experimental design and generation of
F1 offspring. (B) Serum total cholesterol and triglyceride levels were measured (n=4-6,
*#%P<0.001, two-sample, two tailed Student’s t-test). (C) Lipoprotein fractions (VLDL-C,
LDL-C, and HDL-C) were isolated from serum, and the cholesterol levels of each fraction
were measured (n=5-6, **P<(.01, ***P<(0.001; two-sample, two tailed Student’s t-test).
(D) Quantitative analysis of the lesion area in the aortic root of LCD and HCD-fed LDLR 7/~
mice (n=7, ***P<0.05, two-sample, two tailed Student’s t-test). Representative images are
shown to the right. VLDL-C, very low-density lipoprotein cholesterol; LDL-C, low density
lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol. All data are plotted

as means = S.E.M.
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Figure 3.2. High-cholesterol diet feeding does not affect body weight and

adiposity in LDLR™ mice.

Three-week-old male LDLR ™™ mice were fed an LCD or HCD for 9 weeks. (A)
Growth curves were measured (n=5-6, two-way ANOVA followed by Bonferroni’s
multiple comparison test). (B) Body composition of LDLR ™ mice fed an LCD or HCD
were measured (n=3, two-sample, two tailed Student’s t-test). All data are plotted as

means = S.E.M.
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Figure 3.3. Paternal hypercholesterolemia does not affect organ weight or

glucose tolerance tests in F1 LDLR ™ offspring.

Three-week-old male LDLR ™™ mice were fed an LCD or HCD diet for 8 weeks
before mating with female LDLR /" mice. Three-week-old F1 offspring were fed an LCD
for 16 weeks and euthanized at 19 weeks of age. Major organ weights (A and C) of male
and female offspring were measured (n=9-18, *P<0.05, two-sample, two tailed Student’s
t-test). (B and D) Intraperitoneal glucose tolerance test (IPGTT) of male and female
offspring was performed (n=8-10, two-way ANOVA followed by Bonferroni’s multiple

comparison test). All data are plotted as means + S.E.M.
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Figure 3.4. Paternal high-cholesterol diet feeding does not affect body weight
and serum lipid levels in F1 offspring.

Three-week-old male LDLR ™~ mice were fed an LCD or HCD diet for 8 weeks
before mating with control female LDLR ™~ mice. Three-week-old F1 offspring were fed
an LCD for 16 weeks and euthanized at 19-weeks of age. (A) Birth weight (Day 0) and
body weight of F1 pups before weaning (n=5; two-way ANOVA followed by Bonferroni’s
multiple comparison test). (B and C) Growth curves of male (B) and female (C) F1
offspring were measured (n = 9—14; two-way ANOVA followed by Bonferroni’s multiple
comparison test). (D and E) Lean and fat mass were measure in male (D) and female (E)
F1 offspring (n=9-11, two-sample, two tailed Student’s t-test). (F and G) Serum cholesterol
and triglyceride levels were measured in male and female offspring (n=9-10, two-sample,
two tailed Student’s t-test). (H and I) Serum lipoprotein fractions (VLDL-C, LDL-C, and
HDL-C) were isolated from male (H) and female (I) F1 offspring and cholesterol levels
from each fraction were measured (n=7-9, two-sample, two tailed Student’s t-test). VLDL-
C, very low-density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol;

HDL-C, high density lipoprotein cholesterol. All data are plotted as means + S.E.M.

101



F1 Males

O Paternal LCD

@ Paternal HCD

102

B
&~ 200,000 ° 4,000
£ ~
2 3
® 150,000 o = 3,000 o
® o o
c o © o
[ ]
S 100,000 % ° 5 2,000 o
<9 7
= °
g —— —— 4+
= 50,0001 o r <C 1,000 1 4
£ o o o
S 0e®e ) S—
< 0 o0 i———e—— e oo000o—
N B -
2 e 4,‘ ‘4‘ e 5 )7
: b { o 5
TA N \,j B %
F1 Females
A Paternal LCD A Paternal HCD
&~ 600,000 7 — 40,000
o~
5 4 £ 1
= A < 30,0001 N
5 400,000 1 3
c ©
% % § 20,0001 R
= A, Aa 3
g 200,000 %
s 28 R g 10,000 Iy
= @ % Ak
< 0 0 AAA
e -
£



Figure 3.5. Paternal hypercholesterolemia increases atherosclerosis
development in F1 female LDL receptor-deficient offspring.

Three-week-old male LDLR ™~ mice were fed an LCD or HCD diet for 8 weeks
before mating with control female LDLR ™ mice. Three-week-old F1 descendants were
fed an LCD for 16 weeks. (A-D) Quantitative analysis of the lesion area at the aortic root
(A and C) or brachiocephalic artery (B and D) of male (A and B) and female (C and D)
offspring (n=7-11, *P<0.05, two-sample, two tailed Student’s t-test). Representative oil red
O-stained sections displayed below the quantification data (scale bar = 200um). All data

are plotted as means + S.E.M.
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Figure 3.6. Paternal high-cholesterol diet feeding elicits macrophage
accumulation and inflammation in atherosclerotic plaques of F1 offspring.

Three-week-old male LDLR ™~ mice were fed an LCD or HCD diet for 8 weeks
before mating with control female LDLR ™~ mice. Three-week-old F1 descendants were
fed an LCD for 16 weeks (A-H) Representative images of immunofluorescence staining of
aSMA (A and B), MOMA-2 (C and D), IL-6 (E and F), and MCP-1 (G and H) at the aortic
root of male and female offspring (scale bar=100pum). The nuclei were stained with DAPI
(blue). Quantification analysis of staining areas is displayed as indicated (n=4-9, *P<0.05,

two-sample, two tailed Student’s t-test). All data are plotted as means + S.E.M.
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or necrotic core formation in the aortic root of F1 offspring.

Three-week-old male C57BL/6 LDLR " littermates were fed an LCD or HCD diet
for 8 weeks before mating with female LDLR " mice. Three-week-old F1 offspring were
fed a LCD for 16 weeks and euthanized at 19-weeks of age. (A and B) Masson’s Trichrome
stain was used to measure the collagen content at the aortic root of male (A) and female
(B) offspring. Representative images are shown to the left of each data set (scale
bar=100um). (C and D) Hematoxylin and eosin staining was used for analyzing the
necrotic core at the aortic root of male (C) and female (D) offspring. Representative images
are shown to the left of each data set (scale bar=200um). Statistical significance was

determined by independent t-test. All data are plotted as means = S.E.M. (n=4-5).
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Figure 3.8. Paternal hypercholesterolemia elicits transcriptomic changes in the
intima of F1 LDL receptor-deficient mice.

Three-week-old male LDLR ™~ mice were fed an LCD or HCD diet for 8 weeks
before mating with control female LDLR ™ mice. Three-week-old F1 descendants were
fed a LCD for 16 weeks. Total RNAs were isolated from the intima of F1 offspring and
used for RNA-seq analysis. (A and B) Volcano plot of differentially expressed genes
(DEGS) in the intima of male offspring (A) and female offspring (B) from HCD-fed
LDLR " sires. Colored dots represent the enriched (red dots) or depleted (blue dots) DEGs
with a false discovery rate (FDR) of < 0.1 and a fold change (FC) > 1.5 as a cut-off
threshold. (C and D) Gene Ontology Biological Process (GOBP) terms significantly
associated with upregulated DEGs in intima of male offspring (C) and female offspring
(D) from HCD-fed sires. The P-values were computed by the modified Fisher’s exact test
using the DAVID bioinformatics tool. The vertical dash line indicates the significance level
of a=0.05. The y-axis displays the GOBP terms while the x-axis displays the P-values. (n

= 4-7 each group).
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Figure 3.9. Paternal hypercholesterolemia alters atherosclerosis-related gene
expression in the intima of female F1 offspring.

Three-week-old male LDLR ™~ mice were fed an LCD or HCD diet for 8 weeks
before mating with control female LDLR ™ mice. Three-week-old F1 descendants were
fed a LCD for 16 weeks. Total RNAs were isolated from the intima of F1 offspring and
used for RNA-seq analysis. (A) Geneset scores of the prioritized GOBP terms of male and
female offspring from LCD or HCD-fed sires. The geneset score was calculated using the
FAIME algorithm. (B) Heatmap representation of DEGs involved in the indicated GOBP
terms. Each column shows one individual gene, and each row shows a biological replicate
of mouse. Red represents relatively increased gene expression, whereas blue denotes

downregulation (n = 4-7 each group).
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Figure 3.10. CCN1 and CCN2 proteins are elevated in the atherosclerotic

lesions of F1 female LDL receptor-deficient descendants from high-cholesterol diet-

fed sires.

Three-week-old male LDLR ™ mice were fed an LCD or HCD diet for 8 weeks
before mating with control female LDLR ™" mice. Three-week-old F1 descendants were
fed an LCD for 16 weeks. (A-B) Representative immunofluorescence images of CCN1
(green) and CCN2 (red) at the aortic root of F1 male (A) and female (B) offspring. The
nuclei were stained with DAPI (blue) (scale bar=100um). Quantification analysis of stating

areas is displayed as indicated (n=4-5, *P<0.05, two-sample, two tailed Student’s t-test).

All data are plotted as means + S.E.M.
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Figure 3.11. CCN proteins are co-localized with macrophage and endothelial

cells in atherosclerotic lesions.

(A) Representative images of CD31 and CCN1 or CCN2 immunofluorescent
staining in the aortic root of LDLR™~ mice (scale bar=100um). (B) Representative images
of 3 experimental replicates for MOMA-2 and CCN1 or CCN2 immunofluorescent staining

in the aortic root of LDLR ™" mice (scale bar=100um).
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Figure 3.12. CCN1 and CCN2 proteins promote pro-atherogenic gene
expression in endothelial cells in vitro.

(A) Human endothelial cells, HMEC-1 cells, were treated with 1pg/ml CCNI1 or
CCN2 for 4 hours followed by total RNA isolation. The expression levels of indicated
genes were analyzed by quantitative real-time PCR (n=7-11, *P<0.05, ***P<0.001, two-
sample, two tailed Student’s t-test). (B) HMEC-1 endothelial cells were pre-treated with
50 ng/ml CCN1 or CCN2 or 10ng/mL TNFa for 24 hours before incubating with calcein
acetoxymethyl-stained peritoneal macrophages isolated from LDLR ™" mice for 4 hours.
Adhered cells were counted under a fluorescence microscope. Quantitative analysis of the
adhered cells is displayed to the left of representative images (scale bar=250um, n=6-7,
*P<0.05, **P<0.01, one-way ANOVA followed by Bonferroni’s multiple comparison

test). All data are plotted as means + S.E.M.
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Figure 3.13. CCN proteins stimulate NF-kB activation in human endothelial

cells.

(A) Human endothelial cells, HMEC-1 cells, were treated with 1 pg/ml CCN1 or
CCN2 for 1 hour followed by protein extraction. Immunoblotting of phosphorylated NF-
kB subunit p65, total 65, and Actin (left) and quantification data (right) (n=3, *P<0.05,
*P<0.05, one-way ANOVA followed by Bonferroni’s multiple comparison test). (B)
Representative immunofluorescence staining images of 3 experimental replicates for NF-
kB p65 (green) in HMEC-1 cells treated with vehicle control or 1 pg/ml CCN1 or CCN2
for 3 hours. The nuclei were stained with DAPI (blue). (scale bar= 50um). All data are

plotted as means + S.E.M.
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Figure 3.14. PANDORA-seq reveals significantly changed sperm tsRNAs and
rsRNAs induced by high-cholesterol diet feeding in male LDL receptor-deficient
mice.

Three-week-old male LDLR ™ mice were fed an LCD or HCD for 9 weeks. Total
RNAs were isolated from the sperm and used for PANDORA-seq and traditional small
RNA sequencing. (A) Sperm tsRNA and rsRNA relative expression (normalized to
miRNAs) under traditional-seq and PANDORA-seq protocols. (B) Sperm tsRNA
responses to traditional-seq and PANDORA-seq in regard to different genomic or
mitochondria tRNA origins (5’ tsRNA, 3 tsRNA, 3° tsRNA-CCA end, and internal
tsRNAs). The y -axes represent the relative expression levels compared with total reads of
miRNA. Different letters above the bars indicate statistically significant differences
(P<0.05). Same letters indicate P>0.05. Statistical significance was determined by two-
sided one-way ANOVA with uncorrected Fisher’s least significant difference test. All data
are plotted as means = SEM. (C) Heatmap representation of differentially expressed sperm
tsRNAs detected by PANDORA-Seq. Biological replicates are represented in each row.
Red represents relatively increased expression, whereas blue represents decreased
expression with adjusted P value<0.05 and fold change (FC) >2 as the cutoff threshold. (D
and E) Dynamic responses to LCD or HCD of representative sperm tsRNAs (D) and
rsRNAs (E) detected by PANDORA-seq. Mapping plots are presented as mean + SEM

(n=3 in each group).
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Figure 3.15. PANDORA-seq reveals dynamic changes to high-cholesterol diet

feeding of representative sperm tsRNAs and rsRNAs.

Three-week-old male LDLR 7~ mice were fed an LCD or HCD for 9 weeks. Total
RNAs were isolated from the sperm and used for PANDORA-seq. (A-B) Dynamic
responses to the LCD or HCD of representative individual sperm tsRNAs (A) and sperm
rsRNAs (B) detected by PANDORA-seq. Mapping plots are presented as mean + SEM (n

= 3 in each group).
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Figure 3.16. Hypercholesterolemia alters the expression of sncRNA biogenesis-
related genes in cauda epididymis.

(A) Schematic of the testis and epididymis. Sperm generated in the testis undergo
maturational changes during transiting through the caput and cauda epididymis. (B-D)
Three-week-old male LDLR ™ mice were fed an LCD or HCD for 9 weeks. Total RNAs
were isolated from the testis (B), and caput (C) and cauda (D) epididymis. The expression
levels of indicated genes related to sncRNA biogenesis were analyzed by quantitative real-
time PCR (n=3, *P<0.05, **P<0.01, two-sample, two tailed Student’s t-test). All data are

plotted as means + S.E.M.
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Figure 3.17. Hypercholesterolemia-stimulated sperm tsRNAs/rsRNAs induce

early transcription changes in murine embryoid bodies.

Murine embryonic stem cells were transfected with a pool of tsSRNA/rsRNAs,
control oligo or vehicle followed by 24 hours of embryoid body (EB) formation assay.
Total RNA was isolated from EBs for gene expression analysis. The expression levels of
indicated genes were analyzed by quantitative real-time PCR (n=3, *P<0.05, **P<0.01).
Statistical significance was determined by one-way ANOVA followed by Bonferroni’s

multiple comparison test. All data are plotted as means + S.E.M.
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Figure 3.18 Schematic of the impact of paternal exposure to the high-
cholesterol diet on sperm sncRNAs and offspring atherosclerosis development.
Paternal high-cholesterol feeding led to significantly increased atherosclerosis and intimal
inflammation in F1 female, but not male, LDLR " offspring. PANDORA-seq identified
an altered sncRNA landscape in the sperm of high-cholesterol diet-fed LDLR ™" sires.
Overexpression of a pool of sperm tsSRNAs/rsRNAs that were upregulated in the sperm of
hypercholesterolemic sires induced transcription changes in embryoid bodies that may
contribute the increased atherosclerosis in the adult offspring. The image was created with

BioRender.com.
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4. Chapter 4: Fibroblast IKKp deficiency impairs plaque stability in LDLR ™ mice

4.1 Abstract

Atherosclerosis is a chronic inflammatory disease involving the contribution of
multiple cell types in the vasculature and immune cells. IKKB is a well-known
proatherogenic molecule that contributes to chronic inflammation in the vasculature.
Besides inflammation, IKKpB can also participate in cell survival and differentiation.
Adventitial fibroblasts are metabolically active cells that help to maintain a balance in
immune response and structural integrity within the vasculature. However, their
contribution to atherosclerotic plaque development remains elusive. To investigate the
function of fibroblast IKKp in atherosclerosis development, we generated an inducible
fibroblast IKKB-deficient LDLR '~ mouse model. We report the important role of fibroblast
IKKB on atherosclerotic plaque stability. Fibroblast IKKp-deficient LDLR™" mice
developed features of a vulnerable plaque including a thin fibrous cap, large necrotic core,
and reduced extracellular matrix. Single cell analysis revealed downregulation in fibroblast
to smooth muscle cell differentiation leading to decreased smooth muscle cell population
in fibroblast IKKf-deficient aortas. These findings reveal the important role of fibroblast
IKKB in maintaining plaque stability through fibroblast to smooth muscle cell

differentiation.

4.2 Introduction

Atherosclerosis is a complex inflammatory disease characterized by the gradual and

chronic accumulation of lipids and immune cells into the subintimal space of arteries (7).
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Inflammation is recognized as a main driver for atherosclerosis development, leading to
increases in plaque size, which reduces blood supply to major organs. If left untreated,
atherosclerotic plaques may rupture causing significant blood flow obstruction and leading
to stroke, heart attack, or other deadly cardiovascular events. (269, 270). Characteristics of
a vulnerable (or unstable) plaque include a large necrotic core, thin fibrous cap, small
extracellular matrix (ECM) component, and increased immune cell accumulation (270).
Vascular smooth muscle cells (VSMCs) contribute to plaque stability since they are the
main cell type found at the fibrous cap and can synthesize ECM (271, 272). Additionally,
ruptured plaques in human samples are often devoid of VSMCs (12), further supporting
their importance in plaque stabilization. However, the origins of plaque VSMCs are
controversial, with medial, circulating, and adventitial origins being suggested (13, 14,

272).

The NF-kB/ IKKf signaling pathway is one of the most well-established inflammatory
pathways to be activated in atherosclerosis (84, 90, 96). Transgenic mouse models have
been utilized to target the NF-xB/ IKKf signaling pathway to elucidate its atherogenic roles
in endothelial cells, macrophages, and VSMCs (5, 8). For example, NF-«B inhibition or
IKKB deletion in endothelial and myeloid cells decreases macrophage intimal
accumulation and protects mice from atherosclerosis (4, 106). IKKJ can interact with
several important signaling molecules besides NF-«kB such as B-catenin, BAD, and IRS-1
that are essential for regulating cell survival, differentiation, and insulin signaling (133).
Thus, IKK can be implicated in more than just inflammation, and may also contribute to

cell survival and differentiation (111, 126, 165).
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While the intima and media in atherosclerosis development has been well studied (133),
the outer adventitial layer has been overlooked and its role in atherosclerosis remains
incompletely understood. Though initially thought to provide only structural support, the
adventitia is the most complex layer of the vascular wall which contains fibroblasts,
progenitor cells, immune cells, nerves, and its own blood supply (vaso vasorum) (273,
274). Adventitial fibroblasts respond to various external stressors and act as an “injury
sensor.” Some of these responses include proliferation, alteration of the ECM,
differentiation into other cell types and their migration to the other layers, and the release
of inflammatory factors affecting neighboring VSMCs and ECs (274). Furthermore, a
previous study showed that monocyte chemoattractant protein-1 (MCP-1) is expressed in
the adventitia prior to atherosclerosis development (275). Other evidence of early
adventitial activation includes neovascularization and immune cell infiltration in the vaso
vasorum of the adventitia (276-278). A more recent study found that adventitial progenitor
cells may differentiate to fibroblast-like smooth muscle cells (also called myofibroblasts)
that contribute to plaque stability (14). These studies support the notion that adventitial
activation may be a crucial component involved in atherosclerosis, termed the “outside-in”

hypothesis (273).

To explore the role of adventitial fibroblast IKK[3 on atherosclerosis development, we
utilized C57BL/6 mice and the inducible Cre-LoxP system to generate a fibroblast specific
(Colla2-CreERT) knockout of IKKP mouse model crossed with LDLR deficient
background (IKKB*FPLDLR ). We revealed that fibroblast IKKB deficiency resulted in

features of vulnerable plaque formation including a thin fibrous cap, decreased collagen
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deposition, and large necrotic core as compared with control littermates. Single cell-
sequencing analysis demonstrated a marked decrease in the VSMC population in
IKKBAFPLDLR ™ mice correlating with a decrease in fibroblast to smooth muscle cell
differentiation. This study provides further insight into the implications of adventitial cells,
such as fibroblasts, on atherosclerosis development and the potential for IKKf in mediating

fibroblast to VSMC differentiation.

4.3 Methods

4.3.1 Animals

Fibroblast-specific IKKB-knockout (IKKBAF®) mice were previously generated by
breeding mice carrying loxP-flanked IKKJ alleles (IKKBF/F) with the indicible Colla2-
CreERT transgenic mice (163). To increase the susceptibility to atherosclerotic plaque
development, IKKBAf® mice were then bred with LDLR” mice to generate
IKKBFFLDLR ™" and IKKB*FPLDLR™" mice. All mice used in this study had the
IKKBFFLDLR ™" double-mutant background, and IKKBAF®LDLR™" mice carried the
heterozygous knock-in for the inducible Colla2-CreERT. To induce cre expression, 4-
week-old male IKKBFFLDLR ™~ and IKKBAFPLDLR " littermates were injected with 75
mg tamoxifen/kg body weight for 5 consecutive days followed by 1 week clearance. At 6-
weeks-old, mice were fed a Western-type HFD (21% fat and 0.2% cholesterol) for 12
weeks until they were euthanized at age 18 weeks. All experimental mice used in this study
were male. There are limitations in studying a single sex because sex differences have been

widely reported in various mouse atherosclerosis studies. Body weight was measured
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weekly, and body composition was analyzed by EchoMRI (EchoMRI Corp) for measuring
the fat and lean masses of mice at the end of the study. On the day of euthanasia, mice were
fasted for 6 hrs following the dark cycle (feeding cycle), and major tissues were collected.
All animals were housed in an animal facility under a protocol approved by the University

of California, Riverside institutional animal care and use committee.

4.3.2 Atherosclerotic Lesion Analysis

To quantify the plaque area at the aortic root, Optimal Cutting Temperature (OCT)-
compound-embedded hearts were sectioned at a 12-um thickness keeping all the three
valves of the aortic root in the same plane. Sections were then stained with oil red O.

Images were taken and plaque size was quantified using a Nikon microscope as previously

described (135, 138, 168, 169). (Nikon, Melville, NY, USA).

4.3.3 Histopathology analysis

Aortic root OCT sections were fixed in 4% PFA for 15 minutes and washed with
Ix PBS. Aortic root necrotic cores and cap thickness were analyzed via H&E staining as
previously described (279). The cap thickness was measured for each H&E image by
measuring the average distance of cap at each necrotic core using the InteredgeDistance
Image J macro. Picrosirius red stain kit (Polysciences; 24901) was used to stain collagen
fibers according to the manufacturer’s instructions and as previously described (279), and

the total area was measured.

4.3.4 Immunofluorescence staining
Aortic roots OCT sections were used for immunofluorescence staining. Samples

were first fixed in 4% PFA for 15 minutes and washed with 1x PBS. Fixed slides were
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blocked for 1 hr in 5% BSA. After blocking, slides were washed 3x and then incubated in
CD68 (Bio-Rad; MCA1957) and aSMA (Abcam; ab5694) primary antibodies in 4°C
overnight. The next day, the slides were washed 3x and incubated in secondary antibodies
(Life Technologies) for 1 hr at room temperature. Tissues were mounted with DAPI
mounting media (Vectashield) and imaged on a Nikon microscope (Nikon, Melville, NY,

USA).

4.3.5 RNA isolation and qPCR

Total RNA was isolated from the adventitia, media/intima, and mouse tissues using
TRIZOL Reagent (Sigma-Aldrich, T9424), and quantitative reverse transcription
polymerase chain reaction was performed using gene-specific primers and the SYBR
Green PCR Kit (Bio-Rad Laboratories) on a Bio-Rad CFX Real-Time-PCR Machine as
previously described (37, 138, 164). The sequences of the primer sets used in this study are

listed in Table 4.1.

4.3.6 Single cell-RNA sequencing

Single cell preparation

Aorta from mice were dissected and maintained in HBSS for the harvest to maintain
cell viability. After the harvest, tissues were rinsed in HBSS to remove red blood cells. The
digestion enzyme cocktail was prepared fresh in HBSS containing Hyaluronidase
(60U/mL), Liberase TM (5mg/mL), and DNase I (12U/mL). Three aortas for each
condition were pooled and minced with dissection scissors in 20ml of digestion cocktail.
The minced tissue was then digested in 1.5mL digestion cocktail at 37°C for 30 min. The

single-cell suspension was centrifuged at 600 rcf for 10 min and washed with FACS buffer
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in 1xPBS containing 2% FBS (Sigma; F4135), SmM EDTA, 20mM HEPES (Gibco;
15630080), 1mM sodium pyruvate (Corning; MT25000Cl1) 2x before filtering through a
70mm filter. Samples with >70% viability were then fixed with the Chromium Next GEM
Single Cell Fixed RNA Sample Preparation Kit (10x Genomics; 1000414) for 16 hours and
stored according to the manufacturer’s instructions in -80°C until further processing using
the 10x Genomics Single Cell Gene expression Flex kits (10x Genomics; 1000495,

1000422, 1000251) and Chromium X instrument.

Single cell RNA-sequencing and Data Analysis

The processed samples were sequenced at the Genomics Center of University of
California, San Diego (Illumina system). The raw single-cell RNA sequencing data was
preprocessed using CellRanger v8.0.0 (10x Genomics), including aligning reads to the
mouse reference genome (mm10-2020-A), and generating cellxgene expression count
matrices. Using the generated gene expression count matrices, an in-house single-cell
RNA-seq pipeline was built based on the Seurat R package (R v4.2.3, Seurat v4.3.0) (280),
including ambient RNA removal, quality control, cell filtering, clustering, cell type
annotation, differential gene expression, and visualization. Ambient RNA was removed
using SoupX v1.6.2 (281). Doublets were identified by cxds function using scds v1.14.0
(282). Only the identified singlets expressing 200 to 8000 genes that were detected in at
least three cells and with mitochondrial gene content below 20% were kept for further
analysis.

Cells of good quality from the two experimental groups were integrated using

Harmony (283). Principal component analysis (PCA) over the identified 2000 highly
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variable genes was applied for dimension reduction (dimensions = 25) and clustering. Cell
clustering was performed on integrated data with a shared nearest-neighbor (SNN) graph-
based method using the FindNeighbors function included in Seurat, followed by the
Louvain algorithm for modularity optimization (resolution = 0.8) using FindClusters
function. After the cell clusters were determined, their top 5 marker genes were identified
with the FindMarkers function. For cell type annotation, the top marker genes based on the
adjusted p value were manually curated to match canonical cell types and their marker
genes based on literature research and public resources from scRNA-seq databases. Cell
type annotation was also consolidated by enrichR v3.1 using top 100 markers and by
SingleR v2.0.0.

Differentially expressed genes (DEG) between the positive group and negative group
were identified in each cell type. Gene Ontology (GO) enrichment analyses were conducted
for up-regulated DEGs and down-regulated DEGs in each cell type using clusterProfiler
v4.6.2 (284). A GO term was deemed significantly enriched if the adjusted p-value (with

Benjamini-Hochberg correction) was below 0.05.

4.4 Results

4.4.1 Generation of inducible fibroblast-specific IKKp—deficient mice without
altering metabolic phenotypes

To investigate the role of fibroblast IKKf on atherosclerosis development in vivo,

we generated LDLR knockout (LDLR ") mice with inducible fibroblast-specific IKKf

deficiency (termed IKKBAFPLDLR ") by crossing IKKBAF® mice with LDLR ™" mice. All
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mice used in this study had IKKB”FLDLR ™" double mutant background, and IKKBAFi®
LDLR ™" mice contained heterozygous Colla2-CreERT knock-in. Four-week-old male
IKKBAFPLDLR ™ mice were 1.P. injected with 75 mg tamoxifen/kg body weight per day
for 5 days to induce Cre expression (163). IKKB*F®PLDLR " mice remained viable and

healthy with no obvious phenotypic deviations after tamoxifen treatment (data not shown).

After 1 week of tamoxifen clearance, adventitia and intimal fractions from aortas
along with major organs were isolated from male IKKBFFLDLR "~ and IKKBAF®LDLR 7~
littermates to confirm knock out of IKKp in adventitial fibroblasts. The results confirmed
significant decrease in Tkkb mRNA exoression in the adventitia of IKKBAF®PLDLR ™" mice
as compared with IKKB”FLDLR ™" control littermates (Figure 4.1A). There were no
significant changes in Zkkb expression in the intima or other major organs including liver,

kidney, white adipose tissue, or intestine (Figure 4.1A).

4.4.2 Deficiency of IKKp alters plaque stability in LDLR—/— mice

To investigate whether deficiency of fibroblast IKKP affects atherosclerosis
development, six-week-old mice were fed a high fat diet (HFD; 42% kcal from fat) for 12
weeks to induce atherosclerosis plaque development. Since we previously identified IKKf
as a key regulator in adipose differentiation and survival (109, 111, 126), we first analyzed
the metabolic phenotype of these mice. There was no difference in body weights, organ
weights, body composition, or glucose tolerance between IKKB"FLDLR ™ and
IKKBAFPLDLR ™ mice fed a HFD (Figure 4.1, B-D), suggesting fibroblast IKKf knock
out does not affect the metabolic phenotypes of these mice. Atherosclerotic plaque areas

were then quantified at the aortic roots of IKKB*FPLDLR™™ and IKKBFFLDLR "~
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littermates. Interestingly, IKKBAF® LDLR "~ mice developed similar atherosclerotic plaque
size to those of IKKB*FFLDLR ™ mice (Figure 4.2A). We next sought to determine if
fibroblast IKKf deficiency affects features of plaque stability which are characterized by
fibrous cap thickness, collagen contents, necrotic core size, macrophage accumulation, and
smooth muscle cell contents. Quantification of collagen deposition in the plaques of the
aortic root showed reduced collagen contents in IKKB*FPLDLR ™" mice compared with
control littermates (Figure 4.2B). Immunostaining for macrophage and smooth muscle cell
(SMC) markers at the aortic roots revealed no changes in macrophage or SMC contents
between IKKBAFPLDLR " and IKKB*FFLDLR " mice (Figure 4.2, C and D). We then
measured the plaque necrotic core size and cap thickness at the aortic roots. We observed
an increase in necrotic core size and thinner fibrous caps in IKKB*FPLDLR ™" mice
compared with their control littermates (Figure 4.2E). Consistently, gene expression
analysis showed increase expression of pro-apoptotic genes Bakl and Bax and decreased

Bcl-2 gene expression in the aortas of IKKBAFPLDLR " mice (Figure 4.3B).

Adventitial fibroblasts have been shown to respond to changes in the
microenvironment and become activated during atherosclerosis (274). Thus, we also
analyzed the aorta for genes related to fibroblast activation including 7gfb, which promotes
fibroblast to myofibroblast transition, and Acta2 (also known as aSMA), which is a marker
for myofibroblasts. Aortas from IKKBAF®LDLR " mice exhibited a decrease in Tgfb gene
expression and a trending decrease in Acta2 suggesting a decrease fibroblast response and

transition to myofibroblasts (Figure 4.3A). Together, this data demonstrates a dysfunction
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in fibroblast activation due to IKKP deficiency linked to features of a vulnerable

atherosclerotic plaque in LDLR ™ mice.

4.4.3 scRNA-Seq identifies shifts in vascular cell phenotypes induced by fibroblast
IKKp deficiency

To further elucidate the role of IKKf on fibroblasts function in atherosclerosis
development, three aortas were pooled from IKKBFFLDLR ™~ and IKKB*F*PLDLR ™" mice
and subjected to single-cell RNA-sequencing (scRNA-seq). Datasets from
IKKBFFLDLR " and IKKBAFPLDLR ™ samples were combined for filtering and quality
check, and then process through the Seurat pipeline, which yielded 30 clusters (Figure
4.4A). The clusters were annotated using known gene markers for aortic cells (Figure 4.4,
B and C) resulting in 10 main cell types consisting of Endothelial cells (clusters 10, 14,
25), VSMC:s (clusters 0, 2, 4, 5, 12, 23, 28), Transitioning cells (cluster 6, 29), Fibroblasts
(clusters 1, 3, 8, 15, 17, 22), Proliferating or stem-like cells (cluster 24), Macrophages
(clusters 7,9, 13, 19, 21, 26), Oligodendrocytes (clusters 11, 20), T cells, (clusters 18, 27),
B cells (cluster 30), and Erythrocytes (cluster 16). The transitioning cell clusters express
both fibroblast and VSMC markers (Figure 4.4D). Further supporting this annotation, Gene
Ontology (GO) gene enrichment pathway analysis of the transitional cell cluster compared
with FibroblastColl revealed features resembling VSMCs including muscle cell
development, differentiation, and migration (Figure 4.4 E). On the contrary, GO gene
enrichment pathway analysis of the transitional cell cluster compared with the VSMC

cluster revealed features resembling fibroblasts including extracellular organization
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(Figure 4.4 E). This data confirms this cell cluster represents a transitional state between

fibroblasts and SMCs.

4.4.4 Fibroblasts from IKKp -deficient aortas display a decreased VSMC population
associated with a reduction in smooth muscle cell differentiation
Next, we analyzed the changes in cell populations between control and fibroblast
IKKB-deficient aortas. There were no changes in the two fibroblast clusters, but we
identified a decrease in the SMC cluster and an increase in immune cell clusters including
macrophages, T cells, and B cells (Figure 4.5, A-C). VSMCs comprised 53.4% of the total
cell population in control aortas, whereas fibroblast IKK[-deficient aortas only contained

34.4% of VSMCs (Figure 4.5 C).

We further investigated the changes in the FibroblastColl cluster between control
and the fibroblast IKKf-deficient aortas since there was no change in their population size.

GO gene enrichment pathway analysis revealed a decrease in pathways related to VMSC

9 ¢ 2 ¢C

differentiation including “muscle cell differentiation,” “muscle cell migration,” “muscle
cell development,” smooth muscle cell migration,” vascular associated smooth muscle cell
proliferation,” and “muscle cell proliferation” (Figure 4.6 A). We then generated violin
plots to confirm the decrease in genes associated with SMC development including Acta2,
Itga8, Myhll, Csrp2, Myl9, Nrld2, Tpmli, Rockl, Postn, and Dmpk (Figure 4.6 B). This
data suggests a decrease in fibroblast-to-SMC differentiation and potential migration to the
cap of the plaque, which would explain the vulnerable plaque phenotype in

IKKBAFPLDLR ™ mice compared with control littermates. Interestingly, FibroblastColl

cells also demonstrate an increase in antigen processing and presentation by GO gene
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enrichment analysis including “antigen processing and presentation”, “antigen processing

b 1Y

and presentation of peptide antigen”, “antigen processing and presentation of exogenous
antigen”, “antigen processing and presentation of endogenous peptide antigen”, and more
can be seen in Figure 4.6 A. Fibroblasts can act as antigen presenting cells (APCs), which
may lead to an increase in immune cell recruitment via the vaso vasorum and adventitial
lymphatic system, or activation of adventitial resident immune cells (292). Together this

data suggests IKKf is necessary for fibroblast differentiation into VSMCs, proliferation,

and migration.

4.5 Discussion

Atherosclerotic plaque instability leading to rupture is the major cause of
thrombotic events. In the current study, we investigated the role of fibroblast IKKf3 on
atherosclerosis development in HFD-fed male LDLR™" mice. While fibroblast IKKf
knockout did not affect plaque size, the plaques of IKKB*FPLDLR " mice contained
features of a vulnerable plaque including a large necrotic core, thin fibrous cap, and
decreased collagen composition compared to their control littermates. Single cell-
sequencing further revealed a decrease VSMC and increase immune cell population in the
aortas of IKKBAFPLDLR " mice compared with controls. Interestingly, gene enrichment
analysis revealed a decrease in fibroblast to VSMC differentiation and migration in the
aortas. These results suggest that IKKB may be necessary for fibroblast to VSMC

differentiation, and adventitial fibroblasts may be a more important contributor to
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atherosclerosis than previously thought. Overall, we show that fibroblast IKKf may be

necessary for plaque stability and beneficial to prevent thrombotic events.

The origins of plaque cells are complex and are often derived from various sources.
For example, VSMCs or -like cells are believed to be derived from a variety of sources
including activated adventitial fibroblasts (fibromyocytes or myofibroblasts), adventitial
progenitor cells (14), circulating progenitor cells (13), or even endothelial and macrophage
cells (285). Adventitial fibroblasts remain in a quiescent state and become activated under
pathological conditions where they proliferate, alter the ECM, and differentiate into aSMA-
expressing myofibroblasts or VSMCs (286). It is unclear whether a portion fibrous cap
cells are derived from activated adventitial fibroblasts since aSMA is a marker for VSMCs
and activated fibroblasts. Nonetheless, myofibroblasts are known to migrate to the intima
during neointimal formation of injured arteries (287, 288). A recent study also identified
cells of adventitial progenitor origin at the media, plaque core (possible foam cells), and
the cap of the plaque (14). Interestingly, we found that fibroblasts contribute significantly
to plaque stability in an IKKf-dependent manner. Single-cell RNA analysis revealed that
aortas from IKKPBAF®LDLR™ mice contained a fibroblast cluster with significantly
decreased genes involved in muscle cell differentiation, development, and migration. We
hypothesize that fibroblasts contribute to plaque stability by differentiation to smooth
muscle-like cells that migrate to the cap and provide structural stability. To confirm this
hypothesis, future studies will involve the use of a reporter mouse line to track Colla2-

CreERT expressing fibroblasts after 12 weeks of HFD. Like Dubner et al. (14), we expect
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to find cells of fibroblast origin at the fibrous cap of the plaque and a decrease of these cells

with IKK knockout.

Besides fibroblasts, the adventitia is home to populations of resident immune cells
including macrophages, T cells, and B cells (289). In addition, it is believed that immune
cells can infiltrate through the vasa vasorum of the adventitia under inflammatory
conditions leading to the development of arterial tertiary lymphoid organs (ATLOs) in the
adventitia. Indeed, several studies have demonstrated an increase in immune cell
infiltration and adventitial ATLO formation in rodent and human plaques (191, 290, 291).
Interestingly, the stage of ATLOs in human plaques positively correlated with plaque
instability (291). Fibroblasts can also function as antigen presenting cells (APCs) (292),
which is a crucial step in the hosts adaptive immune response and for presenting antigens
to activate T cells. In addition to a decrease in VSMC differentiations, we identified an
increase in genes involved in antigen presenting, which may have led to the increase in
immune cell clusters in our single cell data. The contribution of adventitial fibroblasts as
APCs on atherosclerosis development has not been well studied and requires further

investigation.

It is intriguing we identified a protective role of fibroblast IKK since previous
reports have consistently shown that IKK in other vascular cells, such as endothelial cells
and macrophages, increases plaque burden due to its pro-inflammatory effects (133).
However, the role of IKKf has not been well studied and we provide evidence that IKK]
is necessary for normal fibroblast function and response to changes in their

microenvironment. We previously reported that IKKP deficient cardiac fibroblasts can
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blunt angiotensin-II-induced expression of aSMA (279). Fibroblast IKKf deficiency also
decreases collagen production in mouse hearts and in vitro (279), suggesting IKKp may
also be necessary for collagen synthesis. In the current study, we show that IKK[3-deficient
fibroblasts result in plaque formation with decreased collagen deposition and thinner
fibrous cap, suggesting that adventitial fibroblasts contribute to plaque stability.
Collectively, these results reveal IKKf as a potential regulator of fibroblast to VSMC
differentiation in the context of atherosclerosis. Deficiency of IKKp in fibroblasts may lead
to features of an unstable plaque via decreased VSCM differentiation during

atherosclerosis. However, in vitro studies are needed to confirm the role of IKKf in

fibroblasts.

In summary, we investigated the role of fibroblast IKKP signaling on
atherosclerosis development and revealed a key role of fibroblast IKKf on maintaining
plaque stability. IKKB*F’PLDLR " mice developed vulnerable plaques with a thin fibrous
cap, large necrotic core, and small ECM component. Plaque instability in these mice was
correlated with a decrease in VSMC population and increase immune cell population in the
aortas. The reduction in aortic VSMCs was probably due to a decrease in fibroblast to
VSMC differentiation with IKKf ablation. Likewise, the increase in immune cells could
have been due to the increase in fibroblast APC function, though the role of IKKp in
fibroblast antigen presentation remains unknown. We anticipate our findings will stimulate
further studies on the complexity of the adventitia and its role in atherosclerosis

development.
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4.6 Figures and Tables

Table 4.1. Primer Sequences used for QPCR

| Genes | Primer sequences Genes | Primer sequences
mGAPDH  5’-AACTTTGGCATTGTGGAAGG-3’ mIKKp 5’-AAGGAGGAGATCTCCGAAGATACTT -3’
5’-GGATGCAGGGATGATGTTCT-3’ 5’-TAAGAGCCGATGCGATGTCA -3’
mB-actin 5’- GGCTGTATTCCCCTCCATCG-3’ mBlc2 5’-TTCGCAGCGATGTCCAGTCAGCT-3’
5’- CCAGTTGGTAACAATGCCATGT-3" 5’-TGAAGAGTTCTTCCACCACCGT-3’
mTGFb 5’- TGACGTCACTGGAGTTGTACGG-3’ mBax 5’-TGAAGACAGGGGCCTTTTTG-3’
5’- GGTTCATGTCATGGATGGTGC-3” 5’- AATTCGCCGGAGACACTCG-3’
maSMA 5’- TCCTGACGCTGAAGTATCCGATA-3’ mBid 5’- TCCACAACATTGCCAGACTA-3’
5’- GGCCACACGAAGCTCGTTAT-3’ 5’- CACTCAAGCTGAACGCAGAG-3’
mBakl1 5’- CAGCTTGCTCTCATCGGAGAT-3’
5’- GGTGAAGAGTTCGTAGGCATTC-3’
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Figure 4.1. Generation of LDLR ™™ mice with inducible fibroblast-specific IKKp—

deficiency without affecting metabolic phenotypes of LDLR ™ mice.

Four-week-old male IKKB*FPLDLR ™" and IKKB¥FLDLR ™" mice were i.p. injected
with 75mg/kg tamoxifen per day for 5 days to induce Cre expression. At six-weeks-old
those mice were fed a HFD for twelve weeks. (A) Major organs and aorta fractions were
collected from IKKBAFPLDLR ™" and IKKB”FLDLR ™ mice 1 week after completion of
tamoxifen injections followed by total RNA isolation. IKK3 mRNA expression levels in
major organs of IKKBAFPLDLR™" and IKKB"FLDLR ™ were analyzed by quantitative
real-time PCR (n=3-5, two-sample, two-tailed Student’s t-test). (B) Growth curves of male
IKKB*FPLDLR ™" and IKKB”FLDLR ™ mice on HFD for twelve weeks were measured
(n=7; two-way ANOVA followed by Bonferroni’s multiple comparison test). (C)
Intraperitoneal glucose tolerance test was performed 11 weeks after diet (n=5; two-way
ANOVA followed by Bonferroni’s multiple comparison test). (D) Fat mass and lean mass
were measured in both IKKBAFPLDLR " and IKKB"FLDLR " mice (n=6-7; two-sample,

two tailed Student’s t-test). HFD, high fat diet. All data are plotted as means + S.E.M.
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Figure 4.2. Fibroblast IKKp deficiency causes plaque vulnerability in HFD-fed

LDLR™ mice.

Four-week-old male IKKB*FPLDLR ™" and IKKB¥FLDLR ™" mice were i.p. injected
with 75mg/kg tamoxifen per day for 5 days to induce Cre expression. At six-weeks-old
those mice were fed a HFD for twelve weeks. (A) Quantitative analysis of the lesion area
at the aortic root of IKKBAFPLDLR ™~ and IKKBFFLDLR ™" mice (n=7). Representative oil
red O-stained sections displayed below the quantification data (scale bar= 200um). (B)
Quantitative analysis of collagen deposition at the aortic root of IKKBAFPLDLR ™" and
IKKBFFLDLR ™ mice (n=5-6, *P<0.05, two-sample, two tailed Student’s t-test).
Representative Sirius red-stained sections displayed below the quantification data (scale
bar= 200um). (C-D) Quantitative analysis of the macrophage (CD68) (C) and smooth
muscle cell (aSMA) (D) at the aortic root of IKKBAFPLDLR " and IKKB"FLDLR " mice
(n=6, two-sample, two tailed Student’s t-test). Representative immunofluorescent staining
displayed below the quantification data. Nuclei were stained with DAPI (scale bar=
200um). (E) Quantitative analysis of the necrotic core area (left) and cap thickness (right)
at the aortic root of IKKPAFPLDLR™ and IKKBFFLDLR™ mice (n=7, *P<0.05,
*#%P<0.001, two-sample, two tailed Student’s t-test). Representative H&E-stained
sections displayed below the quantification data (scale bar= 200pum). All data are plotted

as means = S.E.M.
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Figure 4.3. IKKJ deletion in fibroblasts decrease markers of fibroblast activation

and increase apoptosis in aortas. Four-week-old male IKKB*F®LDLR™" and

IKKBFFLDLR ™" mice were i.p. injected with 75mg/kg tamoxifen per day for 5 days to

induce Cre expression. At six-weeks-old those mice were fed a HFD for twelve weeks.

Total RNA form aortas were isolated. (A-B) The expression of fibroblast activation (A) or

(B) apoptotic genes were analyzed by quantitative real-time PCR. (n=3-4, *P<0.05,

**P<0.01, two-sample, two tailed Student’s t-test). All data are plotted as means + S.E.M.
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Figure 4.4. Identification of cell clusters in IKKB**"LDLR™" and

IKKB"FLDLR ™™ mouse aortas by scRNA-seq

Four-week-old male IKKB*FPLDLR ™" and IKKB¥FLDLR ™" mice were i.p. injected
with 75mg/kg tamoxifen per day for 5 days to induce Cre expression. At six-weeks-old
those mice were fed a HFD for twelve weeks. The aortic arch, brachiocephalic artery, and
carotid arteries were isolated and processed for scRNA-seq. 3 mice per condition were
pooled for analysis. (A) UMAP of all cells that passed quality assessment, and the identity
of each cluster was assigned using marker genes. (B) UMAP of annotated cell clusters
based on marker genes. (C) Feature plots showing VSMC markers (Myhl1, Acta?) and
Fibroblast markers (Dcn, Lum) (D) Gene Ontology (GO) biological process pathway
analysis showing the differences between the Transitioning]1 cluster and the FibroblasColl

clusters or VSMC clusters.
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Figure 4.5. scRNA-seq analysis reveals shift in VSCM population in IKKp

deficient aortas.

Four-week-old male IKKB*FPLDLR ™" and IKKB"FLDLR ™" mice were i.p. injected
with 75mg/kg tamoxifen per day for 5 days to induce Cre expression. At six-weeks-old
those mice were fed a HFD for twelve weeks. The aortic arch, brachiocephalic artery, and
carotid arteries were isolated and processed for scRNA-seq. 3 mice per condition were
pooled for analysis. (A) UMAP of cell clusters between the two conditions. (B) Stacked
bar plot of the relative proportions of each cell cluster per condition. (C) Percentage value

of the proportion of each cell cluster per condition.

147



A FibroblastCol1 Upregulated GO_BP

response to interferon-beta
response to interferon-gamma

cellular response to interferon-beta

antigen processing and presentation

antigen processingfpresentation of peptide antigen
cellular response to interferon-gamma.

antigen processing/presentation of exagenous peptide antigen
antigen processing/presentation of exagenous antigen
antigen processing/presentation of endageno peptide antigen
antigen processing/presentation of endogenos antigen via MHC class |
positive regulation of adaptive immune response:
antigen processing/presentation of endogenos antigen
antigen processing/presentation of peptide antigen via MHC class |
regulation of immune effector process
lymphocyte mediated immunity
regulation of adaptive immune response-
positive regulation of adaptive immune response... (GO:0002824;
antigen processing/presentation of peptide antigen via MHC class Ib
cytokine-mediated signaling pathway
antigen procassing/presentation via MHC class Ib : t
000 0.05 010
GeneRatio

FibroblastCol1 Downregulated GO_BP

muscle cell differentiation

muscle contraction

muscle system process

striated muscle cell differentiation
muscle cell migration

actomyosin structure organization
myofibril assembly

striated muscle cell development
muscle cell development

muscle tissue development
Kinase signaling pathway
smooth muscle cell migration

smaoth muscle contraction

cellular component assembly invalved in morphogenesis
regulation of myotube differentiation

receptor protein seri ine kinase signaling pathway
negative regulation of myotube differentiation

regulation of cellular response to growth factor stimulus-
vascular associated smooth muscle cell proliferation
muscle cell proliferation

regulation of receplor protein

0.00 0
GeneRatio

015

0.20

p.adjust

padjust

1e-07

2e-07

3e-07

4e-07

5e-07

1e-05

2605

Eaprossion| cesl

-

Exprssinn el

Exarzssion enel

. IKKETLDLR . IKKBEFOLOLR

Acta2
plyeers

tyh11
pessn

=

Myl9
et

<

Tpm1
ez

<

Zaprsien el

Postn
e

=

=xpesasir Lwl

Itga8
i

A u
a
2
n

Crp2
peptien

O

Nr1d2

ety
Z Q‘
'
»

Figure 4.6 scRNA-seq analysis reveals Fibroblast IKKp deficiency decreases SMC

differentiation in aortas.

Four-week-old male IKKB*FPLDLR ™" and IKKB¥FLDLR " mice were i.p. injected

with 75mg/kg tamoxifen per day for 5 days to induce Cre expression. At six-weeks-old

those mice were fed a HFD for twelve weeks. The aortic arch, brachiocephalic artery, and

carotid arteries were isolated and processed for scRNA-seq. 3 mice per condition were

pooled for analysis. (A) Gene Ontology (GO) Biological Process enrichment analysis of

the FibroblastColl cluster between IKKB*FPLDLR ™ and IKKBFFLDLR ™ aortas. (B)

Violin plots of the expression of selected genes from the downregulated GO BP analysis

for the FibroblastColl cluster from IKKB*F*PLDLR " and IKKBFFLDLR " aortas.
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5. Chapter 5: Conclusion and Future Directions

Atherosclerosis has remained the leading cause of mortality worldwide despite
significant advancements in the understanding of its etiology. This compilation of studies
revealed the role of unexpected contributors of atherosclerosis development including
tsRNAs/rsRNAs, paternal diet, and adventitial fibroblasts. The following sections in this
chapter will discuss the main findings and future directions needed to confirm our results

and hypothesis, or to expand on the current findings.

5.1 tsRNAs in atherosclerosis development

Research surrounding tsRNAs and rsRNAs has been gaining much attention
recently, and progress has been made in elucidating their functions in cancers and
neurological diseases (56, 293, 294). However, highly modified sncRNAs, such as tsRNAs
and rsRNAs, often escape detection due to the limitations of traditional-sequencing
methods. The newly developed PANDORA-seq method overcomes the limitations of
traditional-seq and detects tsSRNAs/rsRNAs at a higher capacity (59). We revealed a large
population of dysregulated tsRNAs/rsRNAs in the intima of high cholesterol-fed
atherogenic mice, which may have inflammatory functions. One of the HCD-stimulated
upregulated tsRNAs, tsRNA-Arg-CCG, induced genes related to endothelial dysfunction

1n vitro.

5.1.1 Exploring the mechanism of tsRNA-Arg-CCG
It is important to point out that although modifications on tsRNAs hinder their

detection, these modifications are essential for their structure and function (31, 61, 72,
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146). For example, the tsRNA modification pseudouridylation is essential for controlling
translation that dictates stem cell fates. Dysregulation of pseudouridylation on tsRNAs was
implicated in diseases such as myelodysplastic syndrome (295). Endogenous modifications
on HCD-induced tsRNA-Arg-CCG were not investigated and the synthetic tsRNA-Arg-
CCG oligo used in our study did not contain modifications. Therefore, our in vitro studies
do not entirely reflect endogenous conditions, and it is possible that endogenous tsRNA-
Arg-CCG may elicit an exacerbated response. To test this, tsSRNA-Arg-CCG can be
isolated from mouse tissue via a biotinylated pull-down method using a complimentary
synthesized biotinylated tsRNA oligo, and further purifying the sample through size
selection. The purified endogenous tsRNA-Arg-CCG can then be used in future
experiments to assess its role in vascular inflammation and endothelial dysfunction.
Whether tsRNAs/rsRNAs identified by PANDORA-seq can also be used as biomarkers for
advanced or unstable plaques would be of great translational interest and should be

investigated in future studies.

Besides regulating gene expression, tsSRNA fragments can also act as “sponges” to
sequester proteins and prevent them from interacting with their targets. For instance,
tRNA-Glu, tRNA-Asp, tRNA-Gly, and tRNA-Tyr fragments can sequester the oncogenic
Y-box binding protein to suppress tumor formation. It would be interesting to investigate
whether tsRNA-Arg-CCG regulates atherogenic inflammatory genes via IkB sponging to
increase Nf-kB nuclear localization, which can be determined via the pull-down method

mentioned previously to identify tsSRNA-protein interactions via LC-MS/MS (296, 297).
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Results from these experiments would provide insight into the pro-atherogenic roles and

mechanism of action of tsSRNA-Arg-CCG, which would advance the field.

5.2 The effects of paternal hypercholesterolemia on atherosclerosis and sperm
sncRNA profile

Studies have suggested that the presence of parental risk factors can transmit
cardiovascular disease to their offspring (21, 24, 25, 29). However, majority of these
studies have only investigated inheritance through the maternal side. Whether the paternal
presence of atherogenic risk factors can also affect offspring cardiovascular health remains
elusive. In addition, small non-coding RNAs (sncRNAs) in sperm act as epigenetic agents
in mediating offspring’s metabolic phenotypes (32) and are sensitive to changes in
expression and modification patterns by dietary exposures (30, 61, 71, 79, 298, 299). It has
been previously demonstrated that that the expression patterns of tsRNAs and rsRNAs in
sperm, along with their associated RNA modifications establishes the “sperm RNA code”
required for intergenerational transmission of paternally acquired metabolic disorders (30,
32, 79). Several studies have confirmed that injection of dysregulated sperm small RNAs
into zygotes can transmit paternal phenotypes to offspring (30, 79, 80, 257, 300, 301).

In our study, we identified paternal exposure to a HCD led to increased
atherosclerosis in their female offspring. We also revealed that a high cholesterol diet
(HCD) can alter the expression patterns of sperm tsSRNAs/rsRNAs, which were associated
with expression changes in sncRNA-biogenesis related genes in the epididymis.
Collectively, these results support the idea that paternal hypercholesterolemia alters

components of the sperm RNA code, possibly linked to increased atherosclerosis of the
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offspring. A pool of upregulated tsRNAs and rsRNAs that were identified with
PANDORA-seq were able to induce early transcription changes in embryoid bodies, but
whether this translates to atherosclerosis development in the offspring remains to be
explored. Nonetheless, these studies suggest paternal hypercholesterolemia may be
imprinted in the germline that affects atherosclerosis development in the offspring. These
studies also provide a foundation to facilitate more research on tsSRNA/rsRNA epigenetic
regulation of atherosclerosis.

5.2.1 Exploring tsRNAs/rsRNAs as epigenetic carriers of atherosclerosis

Several groups have confirmed that the injection of sperm RNA can elicit health-
related dysfunction in offspring (30, 79, 80, 257, 300, 301). We hypothesize that features
of atherosclerosis are imprinted in the “sperm RNA code” from HCD-fed mice. To test this
hypothesis, sperm sncRNA fragments from HCD or LCD-fed LDLR—/— mice can be
injected into normal zygotes to generate viable offspring. The cardiometabolic phenotype
of the offspring from injected zygotes would determine if HCD-derived sperm sncRNAs
can recapitulate similar phenotypes observed in our studies, thus providing evidence that
sperm may carry an atherogenic “RNA code.”

Besides investigating the phenotypic effects of sperm sncRNAs on offspring
cardiometabolic health, their effects on early embryonic development would provide
additional insight into their mechanism of action. Several studies have investigated the
impact of sperm sncRNAs on early embryonic development. These studies have found
essential pathways dysregulated in embryos form injected zygotes such as metabolic

regulation (30) and mitochondria energy production (45) that proceeds to affect adult
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offspring health. To establish a mechanism of sperm sncRNA-mediated atherogenesis in
the offspring, we would need to analyze the altered pathways during embryonic
development and correlate these findings with the offspring phenotype. Together these
studies will identify the effects of HCD-induced dysregulated sperm on offspring
cardiometabolic health and contribute to the advancement of sperm RNA as an epigenetic

regulator.

5.3 The role of fibroblast IKKp on atherosclerotic plaque stability

The study of the adventitial layer in atherogenesis has been largely ignored due to
the lack of understanding of its contribution to vascular disease. The adventitia is a complex
layer consisting of multiple cell populations with the fibroblast being the most abundant
cell type. Fibroblasts become activated in response to external factors and changes in the
microenvironment (276). However, their role in atherosclerosis development has not been
well studied. IKKf is a known pro-atherogenic molecule that drives the inflammatory
response in the inner vascular wall. However, IKKB has many other substrates whose
downstream roles include cell survival, proliferation, and differentiation (133) and its

function in fibroblasts remains elusive.

We investigated the function of adventitial fibroblast IKKB on atherosclerosis
development. While we did not observe any changes in plaque size from fibroblast IKKf-
deficient mice compared with controls, we did observe a decrease in plaque stability.
Interestingly, single cell-sequencing revealed a decrease in the smooth muscle cell
population in fibroblast IKKB-deficient aortas, consistent with human studies showing

VSMCs are reduced in ruptured plaques (12). Gene enrichment pathway analysis revealed
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that the reduced VSMC population could be a result of impaired fibroblast-to-VSMC
differentiation. These results reveal the important role of fibroblast IKKpB signaling in
plaque stabilization via VSMC differentiation, but more studies are needed to confirm and

strengthen these results.

5.3.1 Exploring the role and mechanism of IKKp on fibroblast activity

Several studies have reported that fibroblasts migrate to the intima to contribute to
neointima formation (287, 288). However, fewer studies have reported on the role of
fibroblasts on atherosclerosis development despite early reports of adventitial pathology in
patients with atherosclerosis (191, 275, 290, 291). We hypothesize that plaque VSMCs can
be derived from adventitial fibroblasts, and IKKf deficiency decreases fibroblast to VSMC
differentiation and migration. Future studies will utilize a reporter mouse model (mTmG)
to track the fate of Colla2-CreERT-expressing fibroblasts after 12 weeks of HFD. The
reporter model would reveal whether Colla2-CreERT expressing cells migrate from the
adventitia to the cap or other areas of the plaque (i.e., necrotic core). sScRNA-seq may also
be performed on aortas of reporter mice to confirm the cellular identities of Colla2-
CreERT expressing cells after 12 weeks HFD and whether they do indeed contribute to

VSMC clusters.

We previously demonstrated that angiotensin-II treatment on primary cardiac
fibroblasts increases aSMA expression, which is attenuated by IKKf knockout (279). To
confirm the current single cell-sequencing results, in vitro experiments will be conducted
to determine if fibroblast IKKp deficiency can reduce fibroblast-to-VSMC differentiation

after free fatty acid (FFA) treatment. Further in vitro mechanistic experiments may be
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performed to determine whether IKKp regulates fibroblast to VSMC transition via b-
catenin degradation or other pathways. Together these experiments will confirm our

current hypothesis that plaque VSMCs can be derived from adventitial fibroblasts in an

IKKB-dependent manner.
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